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1 | INTRODUCTION

Energy generation is a global interest of research which
dramatically influences the quality of our daily life and

Jianxiong Zhu, Minglu Zhu, and Qiongfeng Shi contributed equally to

this work.

the industrialization development of modern society.
In dealing with the global energy shortage and current
environmental pollution, searching for sustainable power
sources with reduced carbon emissions and renewable
energy technologies are urgent for green economics and
healthy development of human civilization."'** More-
over, as the world is marching into the era of the internet
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of things (IoT) and the fifth-generation wireless networks
(5G), various self-powered electronics are considered as
the building blocks for the foundation of the coming
industrial revolution toward a smart world.*>** This wide
distribution of self-powered electronics cover spheres of
application ranging from industrial electronics to per-
sonal electronics, wearable electronics to implantable
electronics, and macrosystem to a sustainable system in
every corner of our life. With the development trends of
the electronic devices in miniaturization, lightweight,
and portability, a sustainable power supplying solution is
needed to meet the requirement of the upcoming intelli-
gent world, where the traditional batteries are facing a
challenge due to their limited lifetime, environmental
impact, and periodical replacement.?**” In order to over-
come such drawbacks, the best solution is to design
devices that can pull energy from their surroundings. As
a matter of fact, mechanical energy is one of the most
widespread and abundant energies in the environment,
making mechanical-to-electrical energy transduction a
promising technique for powering small electronics.?**
Many mechanisms for energy harvesting have already
been developed including piezoelectric effect, electro-
static effect, and electromagnetic (EM) induction, and so
on. However, those technologies normally necessitate
complicated structures and operate under high-frequency
stimuli, with low transducing efficiency and low voltage
output in the low-frequency domain, which dramatically
constrains their potential applications in the intelligent
World.2’6’35_42

To overcome those disadvantages, the triboelectric
nanogenerator (TENG) was first invented by Zhong Lin
Wang in 2012, and has attracted worldwide research inter-
ests and underwent significant developments, becoming a
promising technology in energy harvesting and especially
in nanoenergy and nanosystem (NENS),!?1%2%23:43:65 The
working mechanism of TENG comes from the coupling of
the triboelectrification effect and the electrostatic induc-
tion effect. When two dissimilar triboelectric materials
come in contact and separation from one another, elec-
trons will flow back and forth through the external circuit
to keep balance because of the instantaneous voltage dif-
ference.’**”> Normally, the working mechanism of
TENG can be divided into four fundamental modes: the
vertical contact-separation mode, the in-plane sliding
mode, the single-electrode mode, and the free-standing
mode. To increase the efficiency of energy harvesting from
TENG, plenty of researches have been carried out along
the direction of the nano and micro surface structuration
for augmented charge generation.*”*”° With the benefit of
charge generation and transfer, the various self-powered
sensors with their unique functions were well-developed,
such as the physical sensors, the chemical/gas sensors,

and the fluid sensors.!**>%*>8%81 Beyond its excellent
energy harvesting capability and wide collection of self-
powered sensors it enables, TENG can also be easily inte-
grated into NENS to detect or interact with its surrounding
environment, such as blue energy sensor nodes, wearable
sensors/human-machine interfaces (HMIs), neural inter-
faces/implanted devices, and optical interfaces/wearable
photonics.®”>”” Furthermore, by integrating with other
potential technologies for a sustainable system, TENG
hence unlocks a vast pool of applications targeting proper-
ties like more power output, self-healing, and synergy with
IoT in the intelligent world.”*”>

In this article, we systematically report the progress of
TENG technology along its path from energy harvesting,
self-powered sensing to NENS. With the various advan-
tages of the TENG technology to convert mechanical
energy into electricity and potential applications in the
intelligent system, a roadmap is summarized for the tech-
nology development, research directions, and the commer-
cialization of TENG. Starting from the introduction of the
TENG mechanisms including the ways of charge genera-
tion and energy-boosting from composite materials,
mechanical structure design, and external circuit-assisted
(bennet doubler, diode, and switches), we then present the
universal adaptability of TENG to all kinds of physical and
chemical sensing scenarios with self-powered strategy.
After that, we further introduce its diversified applications
in NENS, such as blue energy, wearable electronics/HMI,
neural interfaces/implanted devices, and optical inter-
faces/wearable photonics. With the aid of TENG technol-
ogy in NENS mentioned-above, the resultant smart system
with advanced self-powered sensor nodes enables a broad
range of impressive applications in many scenarios, such
as sports training simulation, medical rehabilitation, enter-
tainment, and machine learning-assisted approaches for
convenience of human life. Moving forward to the new
research directions beyond TENG technology, with the
rapid development of the information industry and 5G,
the self-sustained NENS would be dramatically benefited
from the hybrid energy harvesting technologies (ie, EM
and/or piezoelectric integration), dielectric-elastomer-
enhancement, self-healing, shape adaptive capability, and
IoT sensor nodes. In the last section of this review, per-
spectives about the future development trends of the
TENG technologies are discussed, that is, toward
multifunctional and sustainable intelligent systems.

2 | ROADMAP OF TENG
TECHNOLOGY

Since the starting point from the year of 2012 about the
triboelectric mechanism in terms of the contact and
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separation mode, TENG technology has been developed
extensively from the energy harvesting to the sustainable
and intelligent NENS. The energy harvesting using
TENG technology is sufficient to drive many electronics
and to make self-powered electronics networks viable as
shown in Figure 1. The first phase of the roadmap of
TENG technology is about the in-depth understanding of
the mechanisms for energy-boosting and achievable form
of a voltage (alternative current, AC, and direct current,
DC).8%* Beyond taking advantage of the micro/nano
surface structures, the pre-charging process, the external
circuit units (diode, switch, or charge pump), and the
design of the mechanical structure (surface pattern and
operation programming) would be the novel research
direction for efficiency improvement. For example, a cou-
pling of the triboelectrification and dielectric polarization
from the ferroelectric material was reported in 2017 with
an energy density of 430 pC/m>* Very shortly, the
approach of a supplement channel using a diode with
~10 times more voltage output and the solution using an
external-charge pump for high and stable output were
reported in 2018, respectively.®? As for the achievable
form of voltage for directly powering electronic units, the
coupling the triboelectrification effect and electrostatic
breakdown was proposed in 2019.”*

With the generated power from mechanical sources
using TENG technology, a large quantity of self-powered
physical sensors has been developed, such as the
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pressure/force sensor, the tactile sensor, the strain/bend-
ing sensor, the acceleration and rotation sensors for the
applications in tactile, sensory robotics, HMI, and
healthcare monitoring. For example, researchers reported
a tactile sensory matrix for various human-machine
interactions’! and a TENG-based gyroscope ball for mon-
itoring the healthcare biomechanical parameter in vari-
ous human motions in 2016.°® On the aspect of the
fluidic, a flexible microfluidic pressure sensor using both
the triboelectrification and the capacitive mechanism for
more complex human motion monitoring was discussed
in 2017.”°> To achieve minimalist and flexible electronic
devices, a bio-inspired spider-net-coding design forming
a single-electrode interface was first reported in 2019.%°
Except the above-mentioned physical sensing, since early
2018, the chemical/gas sensors’’ using TENG technology
were gradually developed to match with digital robotics/
man. With the benefit of those technologies in energy
harvesting, the second phase of the roadmap of TENG
technology enables self-powering capabilities inside sen-
sors to sustainable NENS. To get rid of the use of the bat-
tery, the enormous number of self-powered sensors
(physical sensors and chemical/gas sensors) got benefits
from TENG technologies in the era of 5G, also TENG
technology provided a feasible solution for minimal
power consumption of sensors in operation. Meanwhile,
beyond the energy harvesting and self-powered sensing,
NENS integration with the aid of the TENG technology is

Development Roadmap of TENG
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attracting more and more attention to solve the smart to
sustainable applications, such as the applications in blue
energy, wearable HMI, neural interface/implanted
device, and optical interface/photonics. For example, a
biodegradable TENG was developed for in vivo energy
harvesting as a sustainable power source in 2016.”® Later
in 2018, a jellyfish-inspired TENG with the waterproof
and shape-adaptive property was reported for blue energy
harvesting.”® Here, the blue energy is mainly in the forms
of wave energy, tidal energy, thermal energy, and
osmotic energy, which was first proposed in 2016 with
the duck-shaped TENG'® and further a tube-structured
TENG'! using a liquid-solid interface in 2018. In 2016,
the implantable device was reported to provide potentials
for self-sustainable neuromodulation, sensing, therapy,
muscle stimulation, and powering electronics.'”> As to
the sustainable wearable HMIs, human-machine interac-
tion is reported regarding in cyberspace or controlling of
advanced robots in 2017.1°> Meanwhile, the TENG tech-
nology also has augmented a wide range of optical func-
tions including light emission, photodetection, and
optical modulation for the realization of applications
including self-powered luminescence, smart display,
wireless communication, personal privacy protection,
motion monitoring, the self-powered optical wireless
transmission (in 2019),'** and even further nanophotonic
modulation by integrating TENG with AIN
nanophotonics (in 2020).'°?

As a promising technique for energy harvesting from
the ambient environment, TENG has shown great advan-
tages as a power supply for IoT in simple structure and
with unique advantages (high efficiency, high energy
density, cost-effectiveness, and good reliability). Beyond
TENG technology, along with the third phase of the
roadmap of TENG technology, the combination of EM
and piezoelectric technologies with TENG for hybrid
energy harvesting is later summarized, respectively.
Moreover, the dielectric elastomer can also be employed
to enhance the performance of TENG, which provides
the flexibility and stretchability, that is, multilayer
elastomeric-enhanced-TENG (in 2017)'°° and fully
stretchable TENG (in 2019).'°” Another new research
direction is to endow TENGs with new functionalities by
exploring novel materials including shape memory, self-
healing, and shape adaptive. With the enhancement of
energy harvesting and unique properties from other
materials, the NENS would be a feasible solution to
obtain ambient energy sources and to act as multi-
functional sensors. Energy supply toward distributed IoT
sensor nodes is a critical challenge. In 2018, wireless
TENGs with the ability for wireless power delivery are
developed, which extends TENGs' potential in unprece-
dented noncontact and wireless applications.'®® As a vast

promising energy harvesting technology of TENG, inte-
gration with this technology shows superior advantages
of both simple and diverse configurations, remarkable
flexibility, high output performance, no material limita-
tion, cost-effectiveness, and good scalability.

3 | FROM ENERGY TO SELF-
POWERED SENSORS

With the development of new mechanisms for energy-
boosting and achievable form of a voltage (AC and DC)
in TENG technology, the approaches for the stable and
expectation charges could be discussed, such as the com-
posite materials, the external circuit units (diode, switch,
or charge pump), and the design of the mechanical struc-
ture (surface pattern and operation program-
ming).5?*+19%11% The TENG technology as power sources
would dramatically drive the development trends of the
era of the coming 5G and IoT. To help the readers to
understand the development of the self-powered sensors
in TENG technology, the multi-functional sensors (physi-
cal sensors, chemical/gas sensors, advanced designed
multi-sensors) are discussed along with the energy
harvesting as follows.

3.1 | Mechanisms in energy-boosting

The triboelectric effect has been first proposed years
ago.**®® This phenomenon refers to the surface charge
transfer between two dissimilar materials for balancing
the electrochemical potential when they are brought into
contact, due to the distinct electronegativity. To be more
specific, the electrons can be transferred from the
attached-electrode of the relatively positive material to
the electrode close to the relatively negative material as
the variation of their effective work functions. Addition-
ally, these materials with strong triboelectric effects usu-
ally have low conductivity, and the electrode films are
then attached with those materials for making TENG in
operation, as the opposite charges can be induced on the
electrodes via electrostatic induction. In general, the
group of Zhong Lin Wang has concluded four typical
operation modes as shown in Figure 2A. The first is the
vertical contact-separation mode, in which the physical
contact and separation of two materials cause the poten-
tial drop, and the external connection allows the elec-
trons to flow and balance the potential difference.
Second, the lateral sliding mode can be described as two
materials that have relative parallel sliding motion
against each other, resulting in the triboelectric charges
and the polarization of the variation against the contact
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FIGURE 2 Mechanisms in materials/structure/circuit based energy-boosting. A, Four basic modes of TENG. B, Contact and separation
of electrons transfer using an electron cloud potential well model. Reproduced with permission. Copyright 2018, Wiley-VCH.*’ C, Giant
voltage enhancement via the charge supplement channel. Reproduced with permission. Copyright 2018, American Chemical Society.** D,
Working mechanism using composite material, the dielectric polarization ferroelectric material. Reproduced with permission. Copyright
2017, Nature.®® E, The “charge pump” and self-charge excitation in TENG for improving the output density. Reproduced with permission.
Copyright 2019, Nature.®® F, Working mechanism using a combination of diode and switch in TENG for effectively harvesting human
walking energy. Reproduced with permission. Copyright 2019, Wiley-VCH.? G, Comparison of the charge-voltage curve in the cycle of three
conditioning circuits (Bennet's doubler, half-wave rectifier, and full-wave rectifier). Reproduced with permission. Copyright 2018,

Elsevier.”* H, Working principle for DC output by triboelectrification and electrostatic breakdown. Reproduced with permission. Copyright
2019, American Association for the Advancement of Science.®* I, Working process for DC output from charge generation, charges
transportation, and charges releasing by repulsive force. Reproduced with permission. Copyright 2020, Elsevier'*

area. The third one is single electrode mode, except the  electrode is connected to the ground to ensure the poten-
free moving side, there is only one electrode connected to ~ tial change. Finally, the freestanding mode can be
the corresponding triboelectric material, and the defined as the symmetric electrodes on the back of one
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triboelectric material that can lead to the electron flow
when another material is moving across the surface and
leads to imbalanced charge distribution. All of these four
operation modes guarantee the feasibility of TENGs to be
applied to diversified scenarios for practical usage, rang-
ing from energy harvesting to physical and chemical sen-
sors. With the aid of electrostatic induction, electrons
relating to the surface of materials would flow from one
electrode to the other electrode through the external load
to obtain a new balance of the potential.'>"> To better
explain the charge generation and the charge transfer in
the contact interface of TENG, as shown in Figure 2B, an
electron cloud potential well model was reported to
describe the TENG theory as a function of temperature
(Figure 2B-11).8” The triboelectric electrons from the
instantaneous contact and separation would have flowed
from high potential to low potential as shown in
Figure 2B-III. To increase the efficiency of energy
harvesting, a supplement channel using a diode in TENG
was demonstrated with ~10 times more voltage output
(from ~230 V to ~4750 V) than that without any external
electrical element as shown in Figure 2C.** The supple-
ment channel enables the highest voltage out due to a
mechanism of replenishing in TENG. Except for the
external circuit in assisting energy harvesting, from the
aspect of the composite material (piezoelectric material),
Figure 2D reported a charge density of 1003 pC/m* by
the coupling effect of the triboelectrification and dielec-
tric polarization from the ferroelectric material of BaTiO;
(BTO) nanoparticles.® It was assumed that the dielectric
polarization from the ferroelectric material is acted as an
internal “charge pump” for much higher energy output
in TENG. Along this direction on the “charge pump,”
another possible solution is that an external “charge
pump” would be an ideal strategy (called a self-charge
excitation) for high and stable output of 1.25 mC/m? as
shown in Figure 2E.***° It noted that the function of the
external “charge pump” is similar to the charge accumu-
lation, which provides maximum energy output in a
short time. Similar to the theory of “charge pump”, the
combination of the diode and switch in the electrical cir-
cuit system is another potential solution for applicable
energy output. As shown in Figure 2F, a self-enhancing
conditioning circuit was reported for exponential amplifi-
cation of the output electrical energy.”®°*°* The switch
“on” and “off” are controlled by the foot motions when a
human walks. With the aid of the conditioning circuit,
the more complicated electrical system (with a combina-
tion of more diodes and switches in time sequence) for
energy-boosting can be achieved as shown in
Figure 2G.”*> The comparisons of the different electrical
circuits (called the half-wave rectifiers, the full-wave rec-
tifiers, and Bennet's doubler) were discussed in

Figure 2G-1I, which demonstrated the more power out-
put from the bennet doubler than the other mechanisms
(the half-wave rectifiers or the full-wave rectifiers).

Most of the existing electric devices and IoT sensor
nodes are in operation with the DC power source. Thus,
the external electrical circuit is needed to aid the output
voltage from conventional TENG (AC form).**'*° To
improve the efficiency of TENG in DC form, as shown in
Figure 2H, a DC output for the next-generation TENG
was reported by the coupling of the triboelectrification
effect and electrostatic breakdown with a charge density
of 430 uC/m.** The DC output from TENG shows good
performance and can be directly applied to the electrical
device. In the same period, the dual-TENG configuration
was developed as shown in Figure 2I, which takes the
advantage of two TENGs' interactions (AC + AC) for a
DC output.’® Here, the charges would be in unidirec-
tional flow through charge transportation (by tribo-
polarity reversal material among the ultra-negative and
ultra-positive materials). Due to the charge transport and
repulsive discharge, a much higher DC output voltage
was obtained through the air breakdown discharge. Fur-
thermore, the capability of the dual-interaction TENGs is
well demonstrated by all kinds of wireless networks and
continuous motion control for real-time VR applications.

3.2 | Self-powered physical sensors

Since TENGs can directly convert various forms of
mechanical/physical stimuli into electrical outputs based
on the four self-generated operation modes, the sensory
information contained in the output signals can be
adopted as the ideal indicator to reflect the external phys-
ical parameters. Along the past few years, a large quan-
tity of self-powered physical sensors have been developed
by using diversified TENG configurations, including pres-
sure/force, tactile, strain, bending, acceleration, and rota-
tion sensors, and so on.'*'® Here, several typical kinds
of TENG-based self-powered physical sensors are sum-
marized and discussed. Detection of pressure/force which
is one of the most common stimuli to trigger the opera-
tion of TENGs is of great significance to enable the appli-
cations in tactile sensing, sensory robotics, HMI, and
healthcare monitoring.'**'*® As illustrated in Figure 3A,
a self-powered pressure sensor was constructed with a
weaving structure for noninvasive measurement of blood
pressure and pulse wave.'” When external pressure is
applied, the charged weaving structure is compressed
toward the bottom dielectric layer and electrode, leading
to voltage generation by the variation of electrical poten-
tial difference. Measurements show that the pressure sen-
sor exhibits a high sensitivity of 45.7 mV/Pa, a rapid
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Self-powered physical sensors. A, Triboelectric pressure sensor with a weaving structure for noninvasive blood pressure

measurement. Reproduced with permission. Copyright 2018, Wiley-VCH.'*° B, High-resolution triboelectric tactile sensory matrix.

Reproduced with permission. Copyright 2016, Wiley-VCH."*® C, Stretchable fiber-shaped TENG for self-powered strain sensing. Reproduced
with permission. Copyright 2016, Wiley-VCH.'*! D, Triboelectric acceleration sensor with the encapsulated liquid metal droplet. Reproduced
with permission. Copyright 2017, American Chemical Society.'** E, TENG-based gyroscope ball for monitoring left, right, forward, and

backward motions. Reproduced with permission. Copyright 2017, Wiley-VCH.*® F, Structural design of TENG-based wind sensor with a pie-

shaped rotator and a stator. Reproduced with permission. Copyright 2019, Wiley-VCH.'** G, The microfluidic pressure sensor and the

outputs in response to the applied force. Reproduced with permission. Copyright 2016, Elsevier.”
plasma driven by freestanding TENG. Reproduced with permission. Copyright 2018, Nature

response time of <5 ms, and excellent stability with per-
formance maintained over 40 000 motion cycles. Then a
pulse sensing system is developed to precisely monitor
the pulse status from different body parts of humans,
such as fingertips, wrist, ear, and ankle. Based on the
large database of 100 people, the blood pressure results

H, Schematic and photos of triboelectric
134

measured by the pressure sensor show only a small dis-
crepancy of 0.87% to 3.65% compared to those measured
by a commercial device. Thus, the developed self-
powered pressure sensor demonstrates promising poten-
tials in human health monitoring toward higher conve-
nience and self-sustainability. On the other hand, the
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tactile sensory matrix formed by the integration of multi-
sensors can achieve real-time stimulus mapping for vari-
ous human-machine interactions."**'*° As shown in
Figure 3B, a self-powered triboelectric tactile sensory
matrix was developed to realize high-resolution tactile
mapping by pressure-sensitive pixels.'** When an object
contacts or moves on the top polydimethylsiloxane
(PDMS) surface, electrical signals are generated on the
corresponding pixels according to the charge transfer
between the sensing electrodes and the ground. Through
multi-channel data acquisition, a 16 X 16 sensory matrix
is able to achieve both single-point and multi-point tactile
mapping in a real-time manner, with a resolution of
5 dpi and pressure sensitivity of 0.06 kPa~'. To reduce
the device complexity and shorten the measuring time
for larger matrices, a cross-type electrode layout (ie, row
and volume electrodes) other than individual electrodes
can be adopted, which greatly decrease the electrode
number from m X n to m + n and largely enables the
real-time tactile mapping. Another type of common self-
powered physical sensors, that is, strain sensors, are nor-
mally developed by elastomer-based stretchable
TENGs.'"*"1%3 Figure 3C presented a stretchable fiber-
shaped TENG for power generation and self-powered
strain sensing.'*’ With the fabricated elastic fiber struc-
ture and the stretchable electrodes, the fiber-shaped
TENG can withstand a high stretching strain up to 70%.
It is demonstrated that the sensor output increases with
the stretching strains (from 10%, 20%, 30%, 50%, to 70%),
where higher sensitivity is achieved in the lower strain
range (<50%). The developed fiber-shaped TENG can be
used for power generation and self-powered strain sens-
ing in the application of stretchable wearable electronics.
In terms of vibration measurement, acceleration sensors
are indispensable components to extract the interesting
vibration features.'**'** To achieve high sensitivity and
self-powered sensing capability, a TENG-based accelera-
tion sensor was proposed in Figure 3D, in which an
encapsulated liquid metal droplet (mercury) acts as the
movable mass."** On the top surface, polyvinylidene fluo-
ride (PVDF) thin film with nanofiber-networked struc-
ture is utilized as the negative triboelectric layer to
improve the contact area and the output performance. As
a result, an open-circuit voltage (V,.) of 155 V and a
short-circuit current (I,.) of 300 nA can be reached at an
acceleration level of 60 m/s?. Besides, the acceleration
sensor shows a large sensing range from 0 to 60 m/s?, as
well as a high sensitivity of 0.26 Vs?/m, which can be
applied for acceleration measurement of various human
motions and mechanical equipment.

Beyond the single-functional self-powered physical
sensor, TENG technology can also be applied as multi-
functional sensors.”®!*®13*1>* A5 shown in Figure 3E, a

3D symmetric TENG-based gyroscope ball with dual
capability of energy harvesting and self-powered sensing
was reported for healthcare biomechanical parameters
monitoring about the motion, acceleration, and rota-
tion.”® The TENG-based gyroscope ball can reach up to a
sensitivity of 6.08, 5.87, and 3.62 V/g, which demon-
strates good performance in hand motion recognition
and human activity. Except for the TENG-based gyro-
scope, Figure 3F reported the ability to detect the simul-
taneously wind speed and direction based on an
anemometer TENG."? V. of 88 V and I, of 6.3 pA can
be reached with the optimization of sensitivity, resolu-
tion, and wide measurement scale. After that, on the area
of the liquid-solid interface, a flexible microfluidic pres-
sure sensor based on triboelectrification and the capaci-
tive mechanism was reported for more complex human
motion monitoring applications as shown in Figure 3G.*>
The dynamic pressure can be identified by the TENG
without external power supply. Meanwhile, the capaci-
tive mechanism is used for the detection of both dynamic
pressure and static pressure. Moreover, the other interest-
ing topic is about the plasma physical sensor as shown in
Figure 3H."** The microplasma by integrating TENGs is
developed by mechanical stimuli, where TENG was used
to provide the power for the plasma source. The tribo-
electric microplasma offers a promising, facile, portable,
and safe supplement compared to traditional plasma
sources, which enriches the diversity of plasma applica-
tions based on the TENG technology.

3.3 | Advanced physical sensors with
particular electrode design/single electrode

To achieve certain functionalities, advanced electrode
designs can be incorporated into the conventional
TENGsS, resulting in various TENG configurations with
specifically designed electrodes.”>**>'®" As depicted in
Figure 4A, to quantitatively differentiate the forward and
the backward finger bending motion, a bending sensor
was designed by integrating traditional grating electrodes
with two plane electrodes.'®® For a certain bending direc-
tion, the charge flow induced by the big plane electrodes
is unidirectional, while the charge flow induced by the
grating electrodes shows an alternative feature. Through
the combination, the overall output signals have a unique
polarity for one bending direction, where the number of
alternative peaks indicates the actual bending angle. That
is, a forward finger bending will generate positive output
signals, while a backward finger bending will generate
negative output signals. In this way, both the bending
direction and the bending angle can be determined by
this advanced electrode design. It is demonstrated that an
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FIGURE 4 Self-powered physical sensors with advanced electrode designs. A, Finger bending sensor by integrating traditional grating
electrodes with two plane electrodes to detect both bending directions and angles. Reproduced with permission. Copyright 2018,

Elsevier.'®* B, Barcode system with an information electrode and a reference electrode for speed-independent sensing. Reproduced with
permission. Copyright 2017, Elsevier.'®* C, Minimalist single-electrode interface with bio-inspired spider-net-coding design. Reproduced
with permission. Copyright 2019, Wiley-VCH.?® D, Self-powered data storage system by the parallel-connected metal patterns on a PTFE
substrate. Reproduced with permission. Copyright 2018, Wiley-VCH."** E, Analogue smart skin with only four edge electrodes for tactile
sensing. Reproduced with permission. Copyright 2016, American Chemical Society.'®® F, Unidirectional switch-based TENG with both
direct-current output and maximized energy transfer. Reproduced with permission. Copyright 2018, Wiley-VCH.'® G, Auto-power-
management electrode design by the operation-driven switch connections between serial capacitors and parallel capacitors to achieve higher
charging efficiency. Reproduced with permission. Copyright 2016, Elsevier'*®

angle sensing resolution of 3.8° can be achieved, showing  barcode system is normally developed based on the varia-
great potentials in practical self-powered bending moni-  tion of output signal magnitude associated with the
toring and human-machine interfacing. Previously, a  encrypted information, which is highly dependent on the
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swiping speed and thus with low stability. Hence a
barcode system with an additional reference electrode
other than just the information electrode was developed
to get rid of the swiping speed effect, as shown in
Figure 4B.'®> When swiping the reference electrode (ie,
periodic metal patterns) on one side and the information
electrode (ie, purposely arranged metal patterns) on the
other side together, the encrypted information can be
detected by comparing the information outputs with
respect to the reference outputs. A positive peak means a
binary bit of “1”, whereas a negative means a binary bit
of “0”. Then in between, if there are also peaks in the ref-
erence output, then the same number of bits should be
added into the information output, according to the for-
mer binary bit. With the reference electrode, the
encrypted information can still be successfully identified
even under random swiping speed, indicating its good
reliability to be applied in self-powered barcode systems
for personalized identification and information security.
To realize multi-directional sensing and control with
minimalist design, a single-electrode interface based on
bio-inspired spider-net-coding (BISNC) configuration was
proposed in Figure 4C.°° First, all the grating electrodes
are connected together as a single-electrode output, while
for each direction, the width or position of the grating
electrode is encoded with binary information for differen-
tiation. Hence, according to the generated output signal
patterns, the encoded information as well as the sliding
direction can be detected. Moreover, the detection mech-
anism is only based on the relative output peak magni-
tudes or the peak positions in the time domain, thus
exhibiting high stability and robustness in practical usage
scenarios regardless of the ambient humidity and sliding
speed/force. This wearable and minimalist interface can
provide great advantages over the traditional pixel-based
interfaces, such as facile device structure, layout design,
electrode connection, signal readout, data acquisition,
and processing. Based on the binary coding concept,
parallel-connected metal patterns could also be used for
self-powered data storage, as illustrated in Figure 4D.'**
The stored data is incorporated into the parallel-
connected metal patterns on a polytetrafluoroethylene
(PTFE) film. When the scanning probe slides on the pat-
terned surface, contact electrification and electrostatic
induction between them will produce an alternative
quasi-square voltage according to the contacting area (e,
metal or PTFE). The resultant crest and trough of the
voltage signal can be coded with binary bits of “1” and
“0”, respectively. Meanwhile, the time interval of the
crest and trough indicates the number of the same bits
for constant scanning speed. According to the demon-
strated data and numerical calculation, a maximum data
storage density of 38.2 Gbit/in® is theoretically predicted,

which can pave a new path to high-density data storage
with widespread applications.

For the conventional tactile sensors, they are com-
monly developed based on integrated pixel array, which
shows significant complexity in layout, connection, and
signal processing, especially when a higher resolution is
required. Unlike the conventional pixel-based sensor
arrays, an analog smart skin was developed with only
four edge electrodes, as presented in Figure 4E.'®> The
analog smart skin is able to detect single-point contact
locations based on the contact electrification at the con-
tact area and the planar electrostatic induction to the
four edge electrodes. The location detection is realized
using the voltage ratios of the two pairs of opposite elec-
trodes, which define the horizontal and vertical position
of the contact point, respectively. Benefited by this ana-
log localizing method, the resolution of two dimensional
(2D) location detection is as small as 1.9 mm, showing
that a high-resolution detection can be achieved with
only sensing electrodes. Along with the TENG advance-
ment, the switch can be introduced into the operation
cycles of TENG to achieve maximum energy transfer.
Furthermore, novel electrode design could even enable
unidirectional switch, realizing both direct-current out-
put and maximized energy transfer simultaneously
(Figure 4F).' Due to the characteristics of the switch,
the maximized energy transfer can always be reached
regardless of the connected load resistance, that is, wide
impedance matching. Then a passive power manage-
ment circuit is designed to boost the charging efficiency
of this TENG, with an actual measured efficiency for
capacitor charging of 48.0%. In practical demonstra-
tions, an electronic watch and a quantum-dot light-
emitting diode (LED) can be successfully driven by the
unidirectional switch-based TENG and the passive cir-
cuit. Likewise, to address the low charging efficiency of
TENGs due to its high voltage but low current charac-
teristics, another advanced electrode design was pro-
posed in Figure 4G.'®® The auto-power-management
design is based on operations-driven switch connections
between serial capacitors and parallel capacitors at dif-
ferent stages of operation. That is, there are N capacitors
connected in series during the charging-capacitor stage
and gives the total voltage N times higher than the volt-
age of each capacitor. Afterward, the automatic switches
will make those N capacitors connected in parallel dur-
ing the powering-electronics stage, so that the total volt-
age is changed to be the same as a single capacitor.
Hence, the output voltage of TENG can be lowered for
each capacitor, whereas the output current can be
enhanced during the powering stage. As a comparison,
the charging rate for a supercapacitor can be increased
by five times with the auto-power-management
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electrode design, which greatly enhances the charging
capability of TENGs.

3.4 | Self-powered chemical/gas sensors

Other than the various physical sensors, different types of
self-powered chemical/gas sensors have also been devel-
oped based on the TENG technology, playing important
roles in the applications of human health, environmental
and industrial monitoring. The chemical/gas sensors with
TENG technology own the advantages of small size, zero-
power consumption, and compatibility, which results in

FUNGTIONAL MATERIALS FOR GREEN ENERGY AND ENVIRONMENT

good matches with the development of 5G technologies
in all kinds of extreme environments and complicated
systems. As shown in Figure 5A, a triboelectric sensor
was demonstrated by using PDMS with pyramids and Pd
nanoparticle coated ZnO nanorods to detect the H, leak-
age for potential industrial applications. Exposure to the
H, atmosphere, the proposed device provides the output
voltage with a value of 1.1 V at 10 000 ppm, showing a
great response (373%) and acceptable response time
(100 seconds) at this concentration. These early findings
suggest TENG as an effective approach for environmental
monitoring.'®” Apart from a metal oxide, the conductive
polymer holds remarkable promises for gas sensing due
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to abundant active sites and tunable electrical prop-
erty.'”®> Accordingly, Cui et al reported self-powered poly-
aniline (PANI) NH; sensor based on the triboelectric
effect as provided in Figure 5B, in which PANI serves as
not only the electrification layer but also the active ele-
ment for NH; screening. Large I, of 45.7 pA and V. of
1186 V in the air offers the opportunity toward sensitive
NH; sensing due to obviously reduced outputs. With
good selectivity to NH;, the room-temperature sensor
experiences a high sensitivity of 0.21 V/ppm and a desir-
able limit of detection of 500 ppm.®’

In addition to applications in environmental monitor-
ing, respiration, as an important vital parameter, is
another possible process that needs to integrate gas sen-
sors. As shown in Figure 5C, Wang et al demonstrated a
Ce-doped ZnO-PANI nanocomposite film to track the
NH; level in human respiration based on TENG. The
self-powered NH; sensor exhibits an obvious reduction
with increased concentration from 0.1 to 25 ppm.
Remarkably, a good performance (ie, low limit of detec-
tion) is observed when exposed to a trace-level NH;
atmosphere ranging from 0.1 to 1 ppm, showing a prom-
ising future for practical usage.'®® Besides, owing to an
urgent need on fully wearable electronics, materials with
intrinsic softness such as textiles have drawn attention in
recent years.'’® The work from Lee's group described an
arch-shaped CO, sensor by leveraging triboelectric mech-
anism and polyethyleneimine (PEI) decorated fabric. The
sensitivity of the device from 500 ppm to 9000 ppm is cal-
culated to be 2.69 x 10™* nC/ppm when the active textile
contacts with PTFE (Figure 5D). Looking forward, this
smart textile sensor enables incorporation into real gar-
ments for healthcare applications.'®® However, it is gen-
erally known that triboelectric output is susceptible to
ambient variation, especially for humidity and force.
Thus, as demonstrated in Figure 5E, Wang et al devel-
oped a suspended water-air triboelectric CO, sensing
platform with the capability of two major interferences
elimination (ie, humidity and force). Two single-variable
processes that are humidity-dependent and force-
dependent contact-separation electrification can be sepa-
rately determined under different CO, concentrations.
Such a novel design inspires the humidity-susceptible tri-
boelectric sensors toward stable ones.'””

In general, there are two approaches to achieve a self-
power gas sensing system. One is employing TENG as a
self-powered sensor, another is involving TENG as a
power source to maintain the operation of other types of
gas sensors. As depicted in Figure 5F, a TENG-driven
chemoresistive sensor was developed for room tempera-
ture NO, detection under UV illumination (365 nm),
where the capacitance of the interdigital electrodes
(IDEs) experienced a proportional decrease with

increased NO, concentration.!”* Furthermore, as shown
in Figure 5G, Lee et al demonstrated a multifunctional
gas sensor array powered by polyimide-based polymer
(6 FDA-APS) TENG that possesses the most negative
electrostatic potential to provide high charge density
(860 pcm™?). The self-powered multiplexed gas sensing
array enables the identification of H,, CO, and NO, via
principal component analysis of distinct current signal
profiles. In practical application, the self-powered sensing
system is integrated into an electronic watch, where spe-
cific gas is corresponding to light-emitting diodes (LEDs)
with different light colors.'”

Except for gas molecule recognition, TENG could
afford the capability for other chemical monitoring. For
example, as shown in Figure 5H, Lin's group introduced
a micropatterned PDMS based TENG for a self-powered
electrochemical sensor, that could detect the lactate con-
centration in human sweat. Compared with the domi-
nant effort on self-powered physical physiological signal
monitoring, a deep understanding of chemical informa-
tion in human biofluids holds remarkable potential for
more penetrating health assessment.'”®  Similarly,
Khandelwal et al included metal-organic framework
(MOF) into the TENG system as one of the electrification
layers to build a novel material based self-powered tetra-
cycline sensor (Figure 5I). Through the interaction
between MOF and benzene ring of tetracycline, the as-
prepared TENG device shows a maximum response of
96.4% with calculated sensitivity of 3.12 V/pm.'”* Afore-
mentioned works are summarized in Table 1 for a clear
comparison.

4 | TOWARD NENS

Beyond the energy harvesting and the self-powered sens-
ing by individual TENG, NENS in the concept of inte-
grated systems are rapidly emerging in various research
areas for their promising future in diversified applica-
tions, that is, blue energy, wearable electronics/HMI,
neural interface/implanted device, and optical interfaces/
photonics, and so on."””*#* This section summarizes vari-
ous aspects of the research applications using TENG
technology in terms of materials, transducing mecha-
nisms, and applications in an intelligent system.

41 | Blue energy

The blue energy, naming energy from the ocean area,
now attracts massive attention due to its advantages of
less dependence on weather, seasonality, and day-night
rhythm.'®> Refer to the macro scale of over 70% of the
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TABLE 1 The summary of triboelectric gas sensors
Target Limit of Response Recovery
analyte Material Sensing range Sensitivity detection time (s) time (s) References
H, PDMS/Pd/ZnO 10-10 000 ppm  0.35%. ppm™ 10 ppm 100 (5000 ppm) N.A. [167]
NH; PVDF/PANI 500-10 000 ppm  0.028%. ppm ™" 500 ppm 40 (1000 ppm) 225 (1000 ppm) [97]
CO, PDMS/PEI 1000-6000 ppm 4.8 x 10~ nC. ppm™" 1000 ppm <5 2 [168]
Co, PTFE/PEI 1000-14 000 ppm 2 x 10™#nC. ppm™ 1000 ppm N.A. N.A. [169]
NH; PDMS/PANI/ 0.1-25 ppm 13.66%. ppm ™" 0.1 ppm 109 (1 ppm) 233 (1 ppm) [170]
Ce-doped ZnO
NO, ZnO-RGO 20-100 ppm 0.196%. ppm ™" N.A. 566 (100 ppm) 547 (100 ppm) [171]
H,/CO/NO, 6FDA-APS PI/Ag-SnO, 5-100 ppm N.A. N.A. 600 (25 ppm) 550 (25 ppm)  [172]
Lactate PDMS/Gelatin/PdAu ~ 107°-107> M 0.650 mA. M™* 10°M NA. N.A. [173]
coated Carbon fiber
Antibotic  MOF of ZIF-8/Kapton 0-80 pM 1.25%. pM ™! NA. N.A. N.A. [174]

Earth's surface covered by ocean, the blue energy pre-
sents a promising potential to solve the energy crisis of
traditional fossil fuels. The blue energy is mainly in the
forms of wave energy, tidal energy, thermal energy, and
osmotic energy. Among these forms of energy, the wave
energy around the global coastline has reached more
than 2 TW according to the estimation.'®® Most existing
researches limited the principles around piezoelectric,
electromagnetic, and capacitive for sensing and energy
harvesting applications. However, TENG based technol-
ogy shows its tremendous advantages (high-voltage out-
put and simple structure) and potential application
opportunities for green energy harvesting and various
functional sensing. Former types of research have proved
that TENGs potential in harvesting mechanical energy,
thus various kinds of TENGs are also proposed as blue
energy harvesters."”®”'® Current blue energy harvester
based on TENG can be roughly divided into two types:
encapsulated devices relying on solid-solid contact,’*'*°
and direct liquid-solid contact.'*'**> The encapsulated
devices minimize the adverse impacts from humidity
environment but introduce the complexity of fabrication
and maintenance.'**"**® The devices based on liquid-solid
contact TENG are normally thin-film typed devices
which can be attached on well-designed structure, but
their performances are limited by the materials’ electrifi-
cation with water, surface roughness, and ambient
conditions, 199202

An overview of TENG in harvesting blue energy is
illustrated in Figure 6. Different types of devices have
been progressed to efficiently harvesting blue energy. As
shown in Figure 6A, Liu et al proposed a torus-structured
TENG (TS-TENG) which encloses an inner nylon ball
inside a torus shell.”*®> The ball can be rolling inside when
TS-TENG is triggered by water waves, and generate elec-
tricity with six pieces of trapezoid fluorinated ethylene

propylene (FEP) electrodes equipped on each semi-torus
shells. Owing to this circumferential symmetry of the
torus shell, the TS-TENG can harvest random wave
energy from all directions. With an agitation's frequency
of 2 Hz and an oscillation angle of 5°, the TS-TENG is
expected to give a maximum peak power density of
0.21 W/m?. Moreover, 16 units have been organized into
arrays of 4 x4 with parallel connection, successfully
powering various electronics such as a thermometer or a
commercial wireless transmitter. Compared with a for-
mer single rolling ball, a fully encapsulated duck-shaped
TENG with a number of small Nylon balls has been
reported by Ahmed et al in Figure 6B."% According to
COMSOL simulation of electric potential distribution,
the maximum charge quantity increases by reducing the
ball diameter and increasing the electrode width. More-
over, multilayered duck-shaped TENG has been fabri-
cated to utilize the space of the encapsulated package.
When three of these devices are linked with a stiff shaft,
the output power reaches to 1.366 W/m? in tests of water
waves. A commercial wireless temperature sensor
(eZ430-RF2500T, Texas Instruments) is successfully
powered with a 1 mF capacitor as a storage unit for con-
versed electricity from water waves. Spherical structure is
more commonly used to package TENG device.?*>*
Yang et al. proposed a self-assembly network based on
spherical TENG units for blue energy harvesting as
shown in Figure 6C.2** Benefit with assembly magnetic
joints, scattered spherical TENG units can spontaneously
assemble together agitated by water waves. Thus, the net-
work is capable of self-healing up after a rupture occurs
in extreme conditions like storms. FEP pellets and 3D
electrodes are applied in a single unit. In the test of 4 X 9
arrays assembled with 2 X 9 TENG units and 2 X 9 model
balls, a peak power of 34.6 mW and average power of
9.89 mW for the network can be achieved with a matched
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FIGURE 6 TENG for blue energy applications. A, A torus structured TENG with a movable solid nylon ball. Reproduced with
permission. Copyright 2019, Elsevier.’® B, A duck-shaped TENG with multiple movable nylon balls. Reproduced with permission.
Copyright 2016, Wiley-VCH.'® C, A ball-shell structured TENG network using magnets on the connection points. Reproduced with
permission. Copyright 2019, Elsevier.?>* D, An oblate spheroidal blue energy harvester based on multiple TENG operation modes.
Reproduced with permission. Copyright 2019, Wiley-VCH.?® E, A tube structured TENG based on liquid-solid interface contact
electrification. Reproduced with permission. Copyright 2019, Elsevier.® F, A buoy structured TENG based on liquid-solid interface contact
electrification. Reproduced with permission. Copyright 2018, Wiley-VCH"

impedance around 50 MQ, with the average power den-
sity of 2.05 W/m? for per spherical TENG unit. A wireless
transmitter is operated with a capacitor of 236.6 pF
charged to about 3.5 V by this network. Oblate spheroidal
TENG (OS-TENG) has been further reported for all-
weather blue energy harvesting by Liu et al exhibited in
Figure 6D.?°> Through calculation, the iron shot applied
in OS-TENG goes farther than that in sphere shell under
the same slant angle. Moreover, 42% of sphere shell vol-
ume can be saved in OS-TENG, which means less mate-
rial consumption, easier mass manufacture, and greater
applicability for large-scale TENG arrays. The network of
OS-TENG can maintain stability without an external
frame and presents the potential of harvesting substantial
power energy from the ocean in all-weather.

The operation of TENG based on liquid-solid contact
is closely related to the variable water environment. As
shown in Figure 6E, Xu et al proposed a highly sensitive
wave sensor focused on smart marine equipment.**® The
wave sensor is made of a copper electrode covered by a
poly-tetra-fluoroethylene film with a microstructural sur-
face. The output voltage increases linearly with wave
height with a sensitivity of 23.5 mV/mm for the electrode
width of 10 mm, implying that the wave sensor could
sense the wave height in the millimeter range. When it is
equipped on 3D printed marine platform's leg in a water
wave tank, the wave sensor is successfully monitoring
wave around a simulated offshore platform in real-time.
Besides as sensors, TENG based on liquid-solid contact

also can be applied as a blue energy harvester. Li et al
reported a buoy structured TENG containing three cylin-
ders with different diameters,”®” and both liquid inside
and outside can help TENG generate electricity in move-
ments like up and down, shaking, or rotation. As shown
in Figure 6F, this buoyed TENG has been applied to pre-
vent metal corrosion and establish a self-powered wire-
less SOS system.

4.2 | Wearable sensors/HMI

Currently, the dominant HMIs still belong to touchpad,
keyboard, mouse, and joystick. Although the voice and
vision control is showing the rapid expansion in recent
years, the privacy issue and the precision of controlling
are frequently concerned. Hence, the wearable HMIs
possess their necessities in realizing the advanced
manipulation with the digital world. Meanwhile, in
addition to the TENG based pure physical sensor, the
optimization can be implemented to design the wear-
able TENG HMI, with great conformability, lower cost,
and more functions.*'*'*

A stretchable transparent TENG tactile sensor was
proposed by Wang et al for tracking the motion trajectory
as shown in Figure 7A. The fabricated device consists of
the PDMS electrification layer, two layers of Ag
nanofiber-based electrodes made by electrospinning,
cross-bar shape matrix, and a response time of 70 ms.



ZHU ET AL EcoMaf —WI LEY. 15 of 45

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

(C) mmmmrm)

i~ Electrification layer

1

! |

! |

! 1

: i — 2} 3 {__y direction (top) electrode |

. it 1 Dielectric layer |

i Row electrodes | 5 _;:r ~+— Adhesive layer |

N s N B ! z we, | xdirection (bottom) electrode |

| POMS I < Substrate |

| Insulator lay@fm. — I X Gl |

: o 1 N A 7

1 > E |

Ag NFs: = oy N
: Coumn etectr » 3 : I = |
& = . s | it L

! D - Right! v ey EX VA ! 3 -.,i ~ :

! g 2 'g A e =Y @\ Cotton __o " , { - , 1 e & 5 |
! \'Z s substrate L

B . . Sl | |

\ |

: - ! !

1
= B 2| 1
i
Wis s e !
BN o2 s E = :
3 ALALIL ol emi 3D Control g = !
% e : Je—v % T— ¥ 1
" s - s— a e I It ! 9 PO [ Gt POV
5., ]/\/ ] ! e
» ¥ugians i o 1 1 N B e B D Prinsing Mot
0 - L T — .
e | "
i 5 —‘u L :
e l
i PR A1 T 1
iy = !
»
F — v |
. S T ;
Tt

« &n
- &n
) watural tatex Acryic @ rer

Finger

“. CNT-TPE modified sensor
superhybrophobic textile

-« Nanostructured ecoflex
Encapsulation layer

Palm Ball

FIGURE 7 Wearable TENG for HMI applications. A, Stretchable transparent triboelectric tactile sensor with metalized nanofibers.
Reproduced with permission. Copyright 2018, Wiley-VCH.**® B, Wearable touchpad using a crossline array of fabric TENG. Reproduced
with permission. Copyright 2019, Elsevier.>*° C, Graphene-based stretchable/wearable self-powered touch sensor. Reproduced with
permission. Copyright 2019, Elsevier.?** D, Triboelectric flexible patch as 3D motion control interface. Reproduced with permission.
Copyright 2018, American Chemical Society.'*® E, Triboelectric single-electrode-output control interface using a patterned grid electrode,
and HMI using a ring-shaped triboelectric patch. Reproduced with permission. Copyright 2019, Elsevier.'*>*** F, TENG 3D-control sensor.
Reproduced with permission. Copyright 2018, Elsevier.”** G, Eye motion-triggered communication system using TENG. Reproduced with
permission. Copyright 2017, American Association for the Advancement of Science.** H, Fabric glove-based intuitive interface. Reproduced
with permission. Copyright 2018, Elsevier.>* I, Machine learning glove using conductive superhydrophobic textile for gesture recognition.
Reproduced with permission. Copyright 2020, Wiley-VCH.**¢ J, Haptic-feedback smart glove for virtual/augmented reality applications.
Reproduced with permission. Copyright 2020, American Association for the Advancement of Science*

The acquired data from an 8 x 8 tactile array demon-
strated the detection of finger operation instruction when
playing Pac-Man. As a skin patch, it shows a stable signal
output at 100% strain.”'® Moreover, by utilizing cloth as
the largest platform on the human body, the wearable

HMIs with textile-based TENGs are also reported. Jeon
et al have developed a wearable fabric touchpad as
shown in Figure 7B. The nickel-coated fabrics were used
to make the rows and columns of a crossline array. Each
column or row of electrodes contains seven n-shaped unit
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cells act as a pixel, and a 7 x 7 array was formed. With a
PTFE stylus and the wool cover, the writing path could
be recorded by row and column electrodes.”*® An
ultrathin stretchable TENG mesh was developed by fabri-
cating a stack of polyethylene terephthalate (PET),
bilayer graphene, and PDMS using the transfer tech-
nique, with a thickness of 18 pm. The S-shaped design
could afford a strain of 13.7% and 8.8% along x and y
direction respectively as shown in Figure 7C.**' However,
these wearable sensing arrays usually applied crossbar
type electrodes which would increase the difficulty of
data processing. The analog approach is then neces-
sary.'®®> Chen et al have developed a silicon-based TENG
touch patch with only four electrodes for the multipixel
array, while still maintained the capability of trajectory
tracing as shown in Figure 7D. Two electrodes formed an
electrode pair which was placed at the patch. The finger
touch induced triboelectric signal in the middle pixels
could then be detected and processed as a voltage ratio
from the electrode pair, and the grating structure ensured
the automatic contact-separation motion during slid-
ing."*® Besides, a series of minimalist electrode-based
wearable HMIs using PTFE thin film and Al electrode
(Figure 7E) were reported by Shi et al By specific design
of electrode pattern, that is, asymmetric mesh, ring
shape, the finger sliding along different directions would
generate different peaks, which represented the
corresponding control commands.'>**> On the other
hand, a 3D control sensor made by liquid metal mixed
within the PDMS sphere was presented as shown in
Figure 7F. The underneath electrodes were designed into
four quadrants, to respond to the shear force caused by
pushing the PDMS sphere, so that the 3D rotation and
translation control can be achieved.** For assisting those
disabled or elderly, some special methods of operation
are crucial.”>* Pu et al. has presented the glasses mounted
TENG made by natural latex membrane, FEP, and ITO
electrode (Figure 7G). The proposed device could detect
the eye blink induced deformation and programmed the
blinking pattern into the control command, to assist the
disabled patient to operate the appliance.?** Similarly, by
applying the membrane structure, a triboelectric cochlea
device for an intelligent auditory system was developed.
With the holes on the membrane, the acoustic wave
induces the deformation and vibration, which could gen-
erate the triboelectric electric signal output under varied
input frequency. The inner boundary design of the mem-
brane enabled the tunable frequency response to achieve
the optimized solution of hearing aid.'*

Human hand as an important tool to achieve human-
machine interaction is in charge of various dexterous
motions in cyberspace or controlling of advanced
robots.'®>?*”2?® He et al have developed a facile designed

TENG glove based on poly (3,4-ethylene dioxythiophene)
polystyrene sulfonate (PEDOT: PSS) coated cotton fabric
as shown in Figure 7H. By applying the arch-shaped strip
on each joint of a finger, the conductive PEDOT: PSS
coating could generate the triboelectric output with the
silicone coating on the glove, and hence, to indicate the
bending motion of each finger for realizing HMI.>*> Addi-
tionally, with the aid of the machine learning technique,
a TENG glove made by superhydrophobic CNT-TPE coat-
ing was reported by Wen et al as shown in Figure 71.°%°
The proposed glove not only enhanced the durability of
the textile-based TENG sensor under high humidity but
also demonstrated the gesture recognition capability. Mov-
ing forward, Zhu et al reported a smart glove consists of
TENG based finger bending sensor and a palm sliding sen-
sor, as well as a piezoelectric haptic stimulator (Figure 7J).
The hemisphere shaped soft finger sensor enabled the
detection of both up-down bending and left-right swing-
ing. And the palm sliding sensor was in charge of sensing
the interaction with the external object. By applying
machine learning and haptic feedback, the integrated
glove demonstrated the advanced interaction in baseball
and surgical training, with intuitive control and accurate
object recognition.”* Generally, TENG based wearable sen-
sors expose the great potential of being the next generation
of self-powered HMIs for the detection of multi-
dimensional physical activities.”” Meanwhile, there are
also several obstacles that need to be considered, such as
sensitivity, environmental influences, and so on.

4.3 |
devices

Neural interfaces/implanted

Recent breakthroughs about the implantable device using
TENG have provided great potentials for self-sustainable
neuromodulation, muscle stimulation, sensing therapy,
and powering other medical devices, which reduces the
heavy reliance on battery and prolongs the lifetime of
these devices. As shown in Figure 8A,G. Yao et al pres-
ented a vagus nerve stimulation system based on a flexi-
ble TENG. In response to the stomach movement, the
self-generated signal stimulates the nerve that adminis-
trates the food intake and hence affects the obesity possi-
bility. This strategy successfully reduces the rate of food
intake and eventually achieves 38% of weight reduc-
tion.”*> Apart from the direct utilization of TENG as a
neural interface, unremitting efforts on indirect nerve
stimulation in which the generated current is applied to
the neural electrode, establish another branch of implant-
able TENG for neuromodulation. Accordingly, a flexible
neural clip interface integrated with TENG is provided in
Figure 8B. The zigzag multilayer TENG is connected with
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FIGURE 8 TENG for neural interfaces and implantable devices. A, Weight control via an implanted self-powered TENG device for
vagus nerve stimulation. Reproduced with Permission. Copyright 2018, Nature Publisher.?** B, Implantation of triboelectric

neuromodulation integrated with flexible neural clip for bladder nerve stimulation. Reproduced with Permission. Copyright 2019,

Elsevier.”*' C, Low-current direct stimulation for muscle function loss treatment using TENG. Reproduced with Permission. Copyright 2019,

Wiley-VCH.® D, Triboelectric active sensor for real-time cardiac monitoring. Reproduced with Permission. Copyright 2016, American
Chemistry Society.'*® E, Cancer therapy by an implantable magnet TENG. Reproduced with Permission. Copyright 2019, Wiley-VCH.*** F,
Near-infrared irradiation-induced self-healing TENG for potential implantable electronics. Reproduced with Permission. Copyright 2019,

Elsevier.** G, in vivo powering of the pacemaker by respiration-driven implanted TENG. Reproduced with Permission. Copyright 2014,

Wiley-VCH.>** H, Biodegradable TENG as an implantable power source. Reproduced with Permission. Copyright 2016, American

Association for the Advancement of Science”®

the neural electrode that is implanted onto the peripheral
nerve for the adjuvant stimulation of inactive bladder.'
The mechano-neuromodulation is further developed by the
same group, leading to the extended applications in limb
function rehabilitation®> and motoneuron excitability
investigation.”** Additionally, a similar mechano-muscle

stimulation using a self-powered TENG system is described

in Figure 8C. The stacked-layered TENG is connected with
a multiple-channel epimysia electrode, where the electric
current flows through the needle electrodes to stimulate the
muscle for loss function recovery. With further study, it is
found that systematic mapping can be achieved to over-
come the low efficiency of muscle stimulation due to the
low current of TENG.®
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As the representative of implantable TENG for sensing
shown in Figure 8D, Lee's group demonstrated a triboelec-
tric active sensor that is implanted on the surface of an
adult swine to record the heart and respiratory rate, where
the triboelectric pair is composed of Al and nanostructured
PTFE with the biocompatible PDMS encapsulation. The
implantable triboelectric sensor maintains its functionality
during 72 hours of continuous operation, indicating the
perspective for long-term use.'”” Meanwhile, leveraging
TENG into an implantable drug delivery system makes
the way to self-sustainable therapeutic systems. Thus,
magnet TENG driven in vivo drug delivery system for can-
cer therapy is presented in Figure 8E, in which the spe-
cially designed structure eliminates the commonly used
spacer via magnet integration. Stimulated by electric out-
puts, a drug-loaded red blood cell membrane provides a
well-controlled drug release, inhibiting the growth of can-
cer cells and accelerating the cell apoptosis.”** Although
the robustness of implantable devices is considered at the
beginning of design, the damage is inevitable in the pro-
cess of implantation and usage, inducing painful surgical
replacement. Therefore, the self-healable TENG is vitally
important to reduce the extra medical cost and pain of
patients. Guan et al. proposed a self-healing TENG
induced by near-infrared irradiation (NIR) for potential
implantable electronics as shown in Figure 8F. The
zipper-like self-healing process of disulfide metathesis can
be expressed as that the carbon nanotube in epoxy effi-
ciently absorbs the heat from near-infrared and transfers it
to the epoxy layer, enabling self-healable capability pro-
vided by dynamic disulfide bonds.>*® Last but not least,
implantable TENG was also usually adopted to scavenge
biomechanical energy and sustain the operation of elec-
tronics. As shown in Figure 8G, the breath-driven implant-
able TENG is directly used to power a pacemaker that
stimulates the rat heart regulated by the TENG. It was the
early work that demonstrates TENG based in vivo
biomechanical-energy harvesting in 2014.*** Moving for-
ward, the same group designs a biodegradable TENG as
an implantable power source, which provides bright future
for matured transient medical device development
(Figure 8H). The biodegradable polymers and absorbable
metals are employed to fabricate the device that shows the
Ve of ~40 V and I of ~1 pA. In the application scenario,
the biodegradable TENG is used to power the grating elec-
trodes, promoting the growth of nerve cells.”®

44 | Optical interface/wearable
photonics

While the development of TENG has advanced various
electronic applications, it has also brought indispensable

advantages to optical applications. The optical platform
complements the electronic platform by providing intui-
tive display functions, offering a sensing platform that is
invulnerable to EM interference, and enabling high-
speed wireless transmission of information. The TENG
technology, since its invention, has augmented a wide
range of optical functions including light emission, pho-
todetection, and optical modulation for the realization of
applications including self-powered luminescence, smart
display, wireless communication, personal privacy pro-
tection, and motion monitoring.

The simplest way of using TENG for light emission is
to directly use TENGs output current to power LEDs.
The TENG produces two pulse-like currents upon
mechanical contact and separation. The peak current
amplitude is enough to turn on a series of LEDs. In 2012
right after the invention of TENG, a series of 50 LEDs
was lightened up by a simple TENG with PTFE and PET
as the two triboelectric layers.**” The maximum instanta-
neous output power was recorded as 4.125 mW by finger
tapping. An interesting design call “TENG tree” was
reported in 2018 (Figure 9A).**® The TENG trees are
composed of leaves and stems that are fabricated using
the almost identical TENG platform with Al and Kapton
as the triboelectric layers. Four supercells (a leaf-TENG
and a stem-TENG) are connected in parallel to boost the
output current. Due to the free-standing triboelectric
layer, this design is suitable for wind energy harvesting in
particular. At a wind speed of 11 m/s, 145 LEDs could be
lightened up with high illumination intensity. In princi-
ple, the number of lightened LEDs can be scaled up by
connecting more TENGs in parallel, with the help of a
power management system to synchronize the current
output. Another way for TENG-enabled light emission is
to utilize the triboelectrification-induced electrolumines-
cence.”**?* As shown in Figure 9B-I, when an object
slides on the triboelectric layer, an abrupt electric poten-
tial can be built across the ZnS: Cu particles in the
PMMA matrix, leading to the green light emission of the
phosphor.” Based on this mechanism, an image acquisi-
tion system is developed that mimics a writing pad
(Figure 9B-II). The continuous trajectory of the word
“light” and its corresponding Chinese character is suc-
cessfully recorded (Figure 9B-III). To enhance the lumi-
nescence intensity, a similar device with microsized
contact was developed.**” The electric field at the micro-
pillar edges is higher due to the abrupt change of electric
potential at material interfaces. The resultant lumines-
cence intensity is enhanced by two folds compared with a
plain-surface counterpart. And each microsized pixel
could act as a luminescence pixel. A method of optimiz-
ing the luminescence resolution was proposed in 2019.%*
An Ag nanowires layer was included whose function is to
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FIGURE 9 TENG for optical applications. A, LEDs driven by TENGs output current. Copyright 2018, Wiley-VCH.?*® B,
Triboelectrification induced electroluminescence. Reproduced with permission. Copyright 2016, Wiley-VCH.”* C, TENG for OTFT controlled
OLED. Reproduced with permission. Copyright 2015, Wiley-VCH.**° D, TENG tactile sensing array with visualization function. Reproduced
with permission. Copyright 2014, American Chemical Society.>** E, TENG enabled self-powered optical wireless transmission. Reproduced
with permission. Copyright 2018, Royal Society of Chemistry."® F, Self-powered UV light detection system with alarm LED. Reproduced with
permission. Copyright 2020, American Chemical Society.>*' G, TENG for MoS, phototransistor. Reproduced with permission. Copyright
2015, Wiley-VCH.?** H, Self-powered optical scanner by coupling a micromotor with TENG. Reproduced with permission. Copyright 2019,
Springer.'% I, Optical modulation by TENG-driven liquid crystal alignment. Reproduced with permission. Copyright 2019, Wiley-VCH.'** J,

Nanophotonic modulation by integrating TENG with AIN nanophotonics. Reproduced with permission. Copyright 2020, Wiley-VCH?**

guide the direction of electric fields and confine it within enhanced by 90% while a lateral spatial resolution of
the profile boundary by leveraging the electric static =~ 500 pm was achieved. In the same year, a textile-based
shielding effect. The luminescence intensity was triboelectrification-induced electroluminescence system
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was reported toward wearable applications.”*® The third
method of TENG for light emission is leveraging the
TENG voltage output as the gate voltage for organic thin-
film transistor (OTFT) that monitors an organic light-
emitting device (OLED). Figure 9C-I presents the system
schematics.>* The electrostatically induced TENG volt-
age serves as the OTFTs gate voltage and changes its
channel characteristics. As the distance between two tri-
boelectric layers increases, the larger gate voltage turns
on the channel (Figure 9C-II). The corresponding larger
source-drain current produces stronger light emission. In
terms of practical applications, self-powered instanta-
neous tactile imaging was realized by using an electret
film-enhanced TENG matrix. When pressing pixels in the
matrix, the pressed areas generate triboelectric charges,
and the consequent electrostatically induced current that
lights up the embedded LEDs. The intensity of LEDs
reveals the tactile information as shown in Figure 9D.**
The luminescence also serves for wireless optical commu-
nication.?>*! One characteristic system uses a camera
to capture the image of the lightened LED (Figure 9E).
The TENG device is transparent and simply composed of
a PDMS triboelectric layer, an ITO electrode, and a PET
substrate. The detected light intensity reflects the applied
force on TENG. Complemented by the machine learning
assisted image recognition, the system is able to perform
identity recognition defined by finger sweeping patterns
on a 4 x4 TENG-driven LED arrays. More recently, a
self-powered low detection limit and high sensitivity
wind speed sensor was demonstrated based on
triboelectrification-induced electroluminescence.**
Another characteristic system was proposed by con-
necting the TENG in parallel with a capacitor-inductor
oscillating circuit and a laser diode (LD)."”> The amplitude
and frequency of the wirelessly transmitted signal depend
on different interaction force and the embedded identity
capacitor respectively. To generate a strong wireless sig-
nal, a high TENG current is required. A microswitch is
embedded in the system to regulate the discharging time.
All the triboelectrically generated charges flow instanta-
neously when the switch is turned on, leading to a peak
power of hundreds of mW. As a result, the transmitted
signal can travel more than 3 m in the ambient. TENG
has also benefited photodetection applications.?>® As
shown in Figure 9F, with the help of TENG, self-powered
photodetection for ultraviolet (UV) light exposure alarm
has been realized.>*! In this work, the TENG was con-
nected in series with a UV detector and a resistor type
LED (Figure 9F-1). The TENG output current depends on
the impedance match between TENG and the UV detec-
tor. Upon UV illumination, the impedance of the UV
detector changes and leads to the variation in TENGs
output which further determines the brightness of the

LED for visual assessment of UV exposure (Figure 9F-II).
Similar to the application of TENG for OFTF-controlled
OLED, TENG has also been applied to phototransistors.
Figure 9G-I shows the device configuration where the
charge generated by the contact of Al and FEP induces a
voltage on the back-gate silicon to modulate the SiO,
dielectric layer.>***** Via the successful control of back-
gate, the photo responsivity of the MoS, phototransistor
can be enhanced by around 4-fold to reach 700 A/W at
low excitation power (Figure 9G-1I). Beyond light emis-
sion and photodetection, optical modulation is equally
important for light manipulation. In 2019, a self-powered
optical scanner achieved by coupling a micromotor and a
TENG was proposed.”*® The generated electrons from
TENG are applied to two fixed electrodes via a rectifying
circuit as shown in Figure 9H-I. The micromotor with
four electrodes is placed between the two fixed elec-
trodes. Upon contact, the electrons from the fixed elec-
trodes are transferred to the micromotor electrodes
(Figure 9H-II). Due to the repulsive force, the micro-
motor rotates clockwise. The clockwise motion is contin-
ued by the attractive force as the motor further rotates.
Finally, the next rotation cycle starts after the charge
neuralization. When the TENG slides a range of 5 cm at
0.1 Hz, the micromotor starts to rotate and reach over
1000 r/min at 0.8 Hz. The operation efficiency can reach
a high value of 41%. Furthermore, as shown in
Figure 9H-III, barcode recognition is demonstrated by
using the TENG-driven micromotor for an optical scan-
ner.'*> Self-powered optical modulation was also realized
by coupling a TENG and a dielectric elastomer. As shown
in Figure 9I-I, the system is simply composed of a TENG
made of PTFE in the single-electrode configuration, and
a polymer dispersed liquid crystal.>® Due to the
triboelectrically generated voltage induced alignment
change in the liquid crystal, the transmittance of the lig-
uid crystal changes from 85% to 5%, this is enough for
privacy protection (Figure 9I-II, IIT). Besides polymer dis-
persed liquid crystal, self-powered elastomer-based tun-
able displays are also realized by TENG.'°***° The
voltage output from TENG induces rippling of the elasto-
mer that varies its transparency. Recently, TENG has
been successfully applied for nanophotonic modulation.
Conventionally, nanophotonics adopt silicon photonic
modulators that require high current for modulation,
making them incompatible with TENGs high voltage but
low current feature. As shown in Figure 9J-1, in the pro-
posed system, aluminum nitride (AIN) photonics replace
silicon photonics. Due to the second-order nonlinearity
in AIN, the modulation efficiency of the ring resonator
modulator is boosted by the high voltage from TENG.
Since the top and bottom electrodes sandwich the ring
resonator, the capacitive nature of this photonic device
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does not degrade TENGs high voltage output. Self-
powered photonic modulation was demonstrated for
Morse code communication (Figure 9J-II). On the other
hand, the nanophotonic modulator enables the open-
circuit working condition of the TENG so that stable and
real-time sensing can be realized using TENG. An analyt-
ical model was proposed to find a one-to-one correspon-
dence between the force applied on TENG and the
resultant transmission from the photonic modulator
(Figure 9J-III). This characteristic was utilized for human
motion monitoring (Figure 9J-IV).**

5 | MORE THAN TENG FOR
SUSTAINABLE SYSTEMS

Moving forward to the new research directions more
than TENG technology, this section summarizes the
hybrid energy harvesting technologies, such as integra-
tion with EM generator (EMG) and/or piezoelectric nan-
ogenerator (PENG), dielectric-elastomer-enhancement,
self-healing, shape adaptive capability, self-sustained
NENS, and/or IoT sensor nodes, and so on, toward the
realization of sustainable systems.

5.1 | Hybrid generation by TENG
and EMG

As a promising technique for energy scavenging from the
ambient environment, TENG has shown great advan-
tages while serving as a power supply for wireless sensor
networks (WSN) and IoT with simple structure, relatively
high efficiency of power density, cost-efficiency, and good
reliability.”®!%%13%257 However, the energy supplied only
by TENG is still not enough due to insufficient sustain-
able power output and also low output current caused by
the intrinsic characteristics of TENG.'%?°%2% Therefore,
to increase the output power density and utilize various
ambient energy sources more effectively, the integration
of other energy scavenging mechanisms with triboelectric
has been widely explored in the past few years, including
piezoelectric, thermoelectric, solar cell, and EM, 6260262
Compared with other kinds of energy generators, EMGs
would have an advantage of compensation for the draw-
back (low power density in high frequency) in TENG,
which is the low output current, with their large induc-
tion current and high-power generation.?**2%° Figure 10
shows several typical examples for the hybridized
triboelectric-electromagnetic energy generators.>*®27
The energy generator shown in Figure 10A is aiming
at scavenging the ambient energy from airflow, which
contains two EMG units and two TENG units.*®® The

Kapton film with the magnet in an acrylic tube is able to
contact the upper side and bottom side of the acrylic tube
with the driven of wind as shown in Figure 10A-IL
Thanks to the transformer to balance the impedance of
TENG and EMG, the final overall current can reach
nearly 4 mA and enable the charge of a 3300 pF capacitor
up to 2 V in 50 seconds. To further increase the conver-
sion efficiency of airflow, Figure 10B proposed a hybrid-
ized triboelectric-electromagnetic energy generator with
a rotating-sleeve-based structure with improved effi-
ciency to 36.4%.°%” Apart from the wind energy, the appli-
cation of the generator with a similar structure can also
be extended to another wide-spread renewable and clean
energy source, called the ocean energy from the water
wave. However, as encountered at sea, variable environ-
mental conditions pose a new challenge for energy gener-
ation devices like TENG to avoid degradation of the
output. For example, condition like high humidity is well
known to counter the triboelectrification effect.?’”! Hence,
perfect encapsulation with the consideration of the
mechanical transmission is essential for this hybridized
triboelectric and EM energy generator applied in a harsh
environment with large humidity or even underwater.
One of the solutions is provided in Figure 10C, of which
the moving part of the TENG is driven through the non-
contact magnetic force.”*® This enables complete isola-
tion of the TENG part from the environment and ensures
the robustness. With the transformers and rectifiers to
balance the impedance and also the synchronous design
of TENG and EMG to keep them operating in phase,
their output now can be directly added together, and
great charging performance is achieved as shown in
Figure 10C-III. Besides using the sliding mode of TENG,
Figure 10D shows a cubic structure designed for the
water wave with the utilization of freestanding contact
mode of TENG aiming at more effective energy transmis-
sion.**® Except for wind energy and ocean energy, a non-
resonant hybridized generator based on elastic impact in
Figure 10E was proposed to harvest mechanical vibration
energy sources in the ambient environment.>’® With the
non-resonant structure, the output power can become
more stable and less influenced by the limitations of real-
world vibration, such as random and large frequency var-
iation range.

5.2 | Hybrid generation by TENG
and PENG

The well-known triboelectric series built through the
years are essential tools for designing a TENG.?’**”
However, the nature of the series itself shows one main
drawback of TENG, namely the finite values of surface
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and charging curves for a 1000 pF capacitor. Reproduced with permission. Copyright 2020, Wiley-VCH>"
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charges available in a material. This intrinsic limiting fac-
tor forced researchers into countless directions to push
back the limit of power generation using triboelectricity.
Coupling electromagnetic-based generators with tribo-
electric ones, as seen in section 5.1, is a smart way to
enhance the efficiency of nanogenerators in terms of the
ratio between the energy harvested and the energy avail-
able. Such coupling relies principally on enhancing the
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mechanical behavior of the harvesting device to comple-
ment the part of the motion that is not covered by the
TENG. This mechanism-oriented method has also been
seen with piezoelectric-based generators through
approaches such as wind energy harvesters in rotation
(Figure 11G), and flying ribbon motion, footwear-inte-
grated, and wearable energy harvesters, broadband vibra-
tion harvesters, and friction-like motion harvesters.?’3-28¢

Flapping Blade

Energy
storage circuit sensor armay Flexible substrate

HPET WAl WPTFE MSpacer WPEI

Vortices

1
1
1
I
1
1
1
1
!
1
!
v concmoncrcon:
!
1
1
1 M
i
. Sl 5 20
: — N Time (s)
1 a0 0 n ;
: 8 06
[~ —e—TENG =
: 220 —pzT
H 845 ——vovp  fos
ﬁ : 3
. > 10 \\\ 02
1 s
- : 00 TS oo
10 20 30 40 50 60 P ® {
Time (s) | 00 02 04 06 08 10 12
= Aluminum  EIPVOF  EEIPDMS  m Electrode | NaCl solution (g)
(G) e vrvene

50 100 150 200 250

Rotation speed (rpm) Rotation speed (rpm)

m 2 oA
008 s0mvis
30 mvis|
H Tomm
20.00
@
2
3
§-0.08 . -
E 00 04 08 12 i =)
o Potential (V) or o3 o4 o9 F——F =

FIGURE 11 TENG and PENG hybrid energy harvesting. A, Self-powered multifunctional monitoring system using hybrid integrated
triboelectric nanogenerators and piezoelectric microsensors. Reproduced with permission. Copyright 2019, Elsevier.”’ B, Hybrid PE-TENG
flapping-blade wind energy harvester. Reproduced with permission. Copyright 2016, IEEE.*”* C, Self-powered and self-functional
piezoelectric and triboelectric hybrid wearable sock. Reproduced with permission. Copyright 2019, American Chemical Society.'*’ D, A
hybrid PE-TENG with PVDF nanoparticles and PTFE film for mechanical energy harvesting. Reproduced with permission. Copyright 2017
WILEY-VCH.?”® E, Hybrid PE-TEND self-charging electrochromic supercapacitor package. Reproduced with permission. Copyright 2018,
Wiley-VCH.?’® F, A one-structure-based PE-PyE-TE-PVC coupled nanogenerator for simultaneous energy harvesting. Reproduced with
permission. Copyright 2016 Wiley-VCH.>”” G, Hybrid PE-TENG for highly efficient and stable rotation energy harvesting. Reproduced with
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Yet, it is the augmented electrostatic induction method
from the integration of polarized piezoelectric material
into the TENG that has garnered the most interest in
recent years. This method is based on the synergetic cou-
pling between the electric field and charges separation of
the PENG and TENG, as shown by Yang et al using alumi-
num and zinc oxide nanorod.”®” One paper even demon-
strated that leveraging this phenomenon, the triboelectric
series can even be neglected since the same material,
under inverse polarization, can generate remarkable out-
put signals from PE-TENG hybrid harvester.”®® However,
to get the maximum out of this electrostatic coupling in
PE-TENG, researchers have been hard at work to find the
optimal material combination for the task. Polyvinylidene
fluoride (PVDF), being a polymer with piezoelectric prop-
erties, is the most popular material for hybrid PE-TENGs
since it allows for flexibility, which is a desirable property
for applications such as wearable sensors and energy
harvesters. PE-TENG motion sensors using PVDF fibers
as only the piezoelectric layer or as both the piezoelectric
layer and triboelectric contact surface have been
reported, along with vibration sensors and nanogenerators
made with polarized PVDF film and PVDF
nanoparticles.”’>***?%* One eloquent example of the poly-
valence of PVDF is displayed in Figure 11B. A flapping-
blade wind energy harvester with TENG integrated wing-
like outer frame oscillates up and down, following the vor-
tices created by the wind perturbations. The high ampli-
tude motion actuates the PE-TENG hybrid system for
high-output wind energy generation.””* Another polymer
with similar properties of PVDF is poly(vinylidene
fluoride-co-trifluoroethylene) (P(VDF-TrFE)), from which
various wearable nanogenerators have been realized.***>*°
In Figure 11E, one particular device based on P(VDF-
TrFE) integrates electrochromic supercapacitors alongside
the nanogenerator, hence leveraging high output power
density and high energy storage, both propitious for sus-
tainable self-powered systems.>’® For other applications,
flexibility is not always a requirement, and rigid piezoelec-
tric ceramics such as lead zirconate titanate (PZT) are used
as a layer into PE-TENG for enhanced output and mea-
surement capacity. Figure 11C depicts a wearable smart
sensors system compound of PZT pads attached to a
PEDOT: PSS-coated fabric TENG. The assembled PE-
TENG monitors a wide variety of environmental and phys-
iological factors such as humidity, temperature, and pres-
sure variation during on foot motion.'?” Such ambulatory
pattern monitoring capabilities were also investigated
using PE-TENG,*” allowing for data collection for gait
analysis and health monitoring based on PE-TENG sen-
sors. Combining flexible polymers with rigid piezoelectric
ceramics has been extensively investigated in the last years
to push further back the intrinsic energy harvesting limit

set by the material physics behind TENG, leading to the
creation of a multitude of composite polymers with greatly
improved characteristics. Using BTO nanoparticles embed-
ded in a polymer matrix layer to act as a triboelectric con-
tact and polarized piezoelectric layer has been reported for
P(VDE-TfFE) and PDMS composite.****°" The later, BTO
+ PDMS has even been microstructured and combined
with multiwalled carbon nanotube (MWCNT) for aug-
mented surface area.>*®>%* Triboelectric contact and a pie-
zoelectric layer made of barium zinc-onate titanate
(BZTO) nanopatrticles variations and optimized in concen-
tration forming a composite with PDMS and PVDF have
also shown great performances.***>% Furthermore, flexi-
ble ZnSnO; nanocubes in PDMS with optimized mixing
concentration for triboelectric contact and the piezoelec-
tric layer’®; along ZnO nanorods, nanowires and
nanoflakes in PDMS and LiZnO nanowires inside PVDF
matrix with MWCNT,?73973% for triboelectric contact
and the piezoelectric layer have been investigated.*'°

Besides polymer composites with enhanced triboelec-
tric and piezoelectric properties, another family of mate-
rials has garnered much interest for its great mechanical
properties. Fabric-based triboelectric contact and piezo-
electric layer are fast developing and several working
designs have been unveiled. In Figure 11D, PVDF
nanoparticles and woven PTFE fiber film have been
assembled into a flexible PE-TENG core. Improved con-
tact surface due to the nature of the woven fabric and
polarized nanoparticle film can indeed provide good
energy harvesting capabilities while still maintaining cru-
cial mechanical properties.”’> The PEDOT: PSS-coated
smart sock with embedded PZT chips presented in
Figure 11C also shows a good balance between triboelec-
tric and piezoelectric materials on textiles for health care
monitoring and rehabilitation. It achieved great wearing
comfort and shape conformality to not only provide
detection of foot motions, but also achieve the sweat
sensing via sensor fusion concept, that is, use PZT as a
reference sensor to measure the degradation of triboelec-
tric output under increasing sweat level.'*’ Similarly, He
et al presented a device,>'! where the full PE-TENG itself
follows an inter-woven fabric-like design that can be put
into contact with the wearer's skin or clothes. Experi-
ments demonstrate that the device is able to attach to dif-
ferent body parts and generate a valuable biomechanical
energy output. Furthermore, an all-fiber hybrid PE-
TENG wearable has also been presented by Guo et al,
pushing even further the development of fully wearable
PE-TENG based systems for motion detection and health
monitoring in the upcoming IoT era.*®°

It is undeniable that material synthesis and develop-
ment for optimizing PE-TENG currently benefit from a
strong momentum. Nonetheless, other directions in the
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PE-TENG research have also made great progress. Inte-
grated PE-TENG devices used as sensors and energy
harvesting in different applications have also recently
emerged. A self-powered flexible multifunctional system
based on TENG energy harvesters and TENG gas sensors
coupled with piezoelectric micromachined ultrasonic
transducer has been developed.”® This system monitors
ambient parameters such as temperature, relative humid-
ity, and gas concentration. Simultaneous detection of
parameters has been achieved with good overall stability
and great selectivity in terms of CO, sensing
(Figure 11A). With academia and industry's growing
interest in IoT devices and flexible electronics, the inte-
gration of TENG for energy harvesting and sensing into a
configurable flexible self-powered multifunctional sens-
ing system is assured to stay a primary topic of research.
Going even further than PE-TENG, some teams have
presented TENG systems taking advantage of multiple
other sources of energy such as temperature variation via
pyroelectric nanogenerators (PyENG) and even photovol-
taic cells (PVC), as seen in Figure 11F.*’”*'? Other
designs rely on EM to enhance the efficiency of vibra-
tional energy harvesting by combining PE-EM-TENG in
one system,>’? illustrated in Figure 11H. In the era of the
IoT, where integrated self-sustained wireless sensor
nodes are getting closer and closer to reality, this kind of
engineering approach based on multi-effect coupled gen-
erators to improve the efficiency is indeed an important
direction not only for TENG but for all nanogenerators in
general.

5.3 | Dielectric-elastomer-
enhanced TENG

Dielectric elastomers can be employed to enhance the
performance of TENG in different ways. They can pro-
vide flexibility and stretchability to triboelectric layers
which can improve the output performance through
increasing the tribo-surface charge. In addition, adequate
stretchability is essential for the application of TENG
with the next generation of soft and stretchable
electronics.

Dielectric elastomers are introduced into TENGs to
improve their output performance in many works. For
example, Li et al*"> proposed a fully stretchable triboelec-
tric nanogenerator (FS-TENG). It is made up of a porous-
PDMS friction layer with an anti-nickel foam structure
and a flexible electrospun electrode (Figure 12A). Flexible
TENGs are usually constructed by flexible friction layer
materials such as PDMS, polyurethane (PU), and silicon
rubber.?'” However, porous PDMS in this work increases
the surface-to-volume ratio and surface roughness, which
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enhances the output performance. In addition, the inte-
gration with the electrospun electrode makes the TENG
fully stretchable. The electrical output and mechanical
flexibility of FS-TENG are significantly improved with an
optimal output voltage of 92V and electrical output
reduction by only 21.2% with up to 50% stretch ratio.
Nayak et al in 2019 also presented a TENG made from a
mouldable soft porous material (Figure 12B).3'* The
pores in the material act as tiny TENGs. The porous
material is made of a composite of a liquid metal alloy
(LMA), Ecoflex 0030, and NaCl particles that are used as
a water-scalable sacrificial template to create pores in the
elastomer. An optimum composite of (LMA: NaCl:
Ecoflex =3:5: 10) shows I, of ~466 nA and V. of ~78 V
for a sample of 5 cm X 5 cm X 1 cm subjected to 5 mm
compression relaxation cycles. The output current is
nearly 20% higher than previously reported triboelectric
foams based on PDMS and PZT/CNT of the equivalent
area. Wang et al. in 2016 proposed a triboelectric layer
that is formed by embedding aligned carbon nanotubes
(CNTs) on the PDMS surface (Figure 12C).*"> The CNT-
PDMS layer acts as an effective triboelectric layer to
donate electrons. It does not only increase electron gener-
ation for high output performance but also shows notable
stretchability. For example, the CNT-PDMS layer with
40 pm CNT shows a TENG output voltage of 150 V and a
current density of 60 mA/m? which undergoes a 250%
and 300% enhancement compared to the TENG using
directly doped-PDMS/multiwall carbon nanotubes,
respectively. Highly stretchable and healable energy gen-
erators are essential for the development of soft electron-
ics. Parida et al in 2019 developed a new extremely
deformable and healable TENG.'"” Significant works
have been done before for highly stretchable and
healable TENGs. The stretchability was limited to
~1000%. Most of these generators are based on commer-
cial elastomers like PDMS, silicon rubber, and VHB.
However, Parida et al proposed a composite which is
highly conductive, extremely stretchable, and healable
based on thermoplastic elastomer with liquid metal parti-
cles, and silver flakes (Figure 12D). The elastomer is used
as a matrix for the conductor and a triboelectric layer
with a stretchability of 2500%, and it is made of polyure-
thane acrylate (PUA). The challenge to achieve such high
stretchable and mechanical durable TENG is the inter-
face compatibility between the triboelectric layer and the
conductor. However, they address this problem by devel-
oping TENG with high stretchable and healable PUA
elastomer which acts as a triboelectric layer and, also as a
polymer matrix for the conductor consisting of liquid
metal and silver flakes. The high stretchability and
heapability of the developed PUA can be ascribed to the
supramolecular hydrogen-bonding interactions with a
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FIGURE 12 Dielectric-elastomer-enhanced TENG. A, Fully stretchable triboelectric nanogenerator (FS-TENG) composed of an
electrospun electrode and a porous PDMS friction layer with anti-nickel foam structure. Reproduced with permission. Copyright 2019,

Elsevier.*"* B, Liquid-metal-elastomer foam-based TENG for energy harvesting and force sensing. Reproduced with permission. Copyright

2019, Elsevier.*™* C, Stretchable and high-performance TENG using aligned carbon nanotubes. Reproduced with permission. Copyright
2016, The Royal Society of Chemistry.*'* D, Stretchable and self-healing conductor-TENG based on the thermoplastic elastomer. Reproduced
with permission. Copyright 2019, Nature.'®” E, Multilayer elastomeric-enhanced-TENG. Reproduced with permission. Copyright 2017,
Wiley-VCH.'% F, Self-powering and control of elastomeric optical grating using TENG. Reproduced with permission. Copyright 2017,
Elsevier.*' G, Triboelectric tunable smart optical modulator (SOM) based on TENG-DEA. Reproduced with permission. Copyright 2017,

Wiley-VCH?**

large number of weak hydrogen bonds, which repeatedly
break and reform during mechanical damage. Elastomers
are used to improve the output performance of TENG by
structure modification. Li et al in 2017 presented an inno-
vative multilayer elastomeric TENG and corresponding
self-charging power system (Figure 12E).'°® Due to the
materials and structure innovation of the proposed
TENG, it performs an outstanding electric output with
the maximum volume charge density of ~0.055 C/m>.
The improvement by this TENG comes from the high
flexibility and stretchability of the elastomer, which can
improve the effective contact area between two triboelec-
tric layers and consequently surface charge generation.
The structure of the proposed TENG consists of two main
parts, a plane dielectric-conductive-dielectric part lays
over a conductive-dielectric-conductive as shown in
Figure 12E. The thickness of the conductive layer is
~0.3 mm, and the dielectric layer is ~1 mm for each
part. In this manner, the whole space taken by the

multilayer TENG can be divided into several layers of
small arch-shaped space. Each small arch is one unit.
When the units are stacked together closely without any
spare space, the whole space can be efficiently utilized
for high charge density and corresponding to electric cur-
rent density. This design has another advantage. Since
the plane and wavy parts can be lengthened for effective
contact and separation, the structure would be also effec-
tive for harvesting stretching mechanical energy. Struc-
ture parameters of this TENG are also optimized in this
work based on both experimental and simulation results
for high volume tribocharge density.

On the other side, TENGs are used to power/control
dielectric elastomer actuators (DEA). DEAs demonstrate
excellent properties as artificial muscles. The main obsta-
cle for the remote operation of DEA is the need for a high
voltage source. The required driving voltage is in terms of
few kilovolts TENG has a unique advantage as its output
voltage is quite high even its size is rather small.>'® Some
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applications are presented based on the TENG-DEA sys-
tem. For example, Chen et al in 2017 introduced a tun-
able optical gratings system (TOGs) based on TENG
(Figure 12F).>'® TOGs are usually constructed by silicon-
based micro-fabrication technology, so they relied on
rigid elements that give them a limited tuning range®'® as
well as slow response and high power loss.**® Another
alternative approach for efficient TOGs based on soft ele-
ments and DEA are also introduced. In fact, they cannot
give the same precision as hard elements, however large
and continuous tuning range, as well as low fabrication
cost and fast response, could be obtained. Chen et al. uti-
lized a single electrode TENG based on contact-separation
motion to drive a DEA element. Single electrode TENG is
usually utilized for TENG-DEA system, since its internal
capacitance is relatively small, and it will not change with
different motion position. This large amount of TENG
charge output is occupied by DEA. Hence, the efficient
operation of the DEA could be guaranteed. A Kapton layer
(negative) and Al foil (positive) are used as triboelectric
layers. Contact-separation of the TENG applied a strong
electric field on the DEA and has the dual function as a
power supply and a control signal for the DEA. Tunable
smart optical modulation (SOM) can be another applica-
tion based on TENG-DEA. Chen et al also presented a
tribo-SOM which can be used for privacy protection pur-
poses (Figure 12G).>>> A single electrode TENG based on
contact-separation is also utilized to power the SOM sys-
tem. Kapton film and Al foil are used as contact triboelec-
tric layers, where the Kapton film is covered with a series
of nanopatterned structure using inductively coupled
plasma (ICP) reactive-ion etching to improve the surface
charge density and consequently the output performance
of the TENG. DEA device is fabricated by applying a nano-
wire electrode on both the top and bottom sides of an elas-
tomer film. Under the activation of TENG, the nanowire
electrode can control the optical transmittance through
the elastomer and hence change the observation image
through the film, which can be considered as a privacy
protection device.

5.4 | New materials for novel
functionalities

Except for the adoption of dielectric materials, the intro-
duction of other novel materials in TENG to enable new
functionalities is another new and promising research
direction. In this section, several interesting functionali-
ties of TENG will be introduced, including shape memory
capability, self-healing capability, shape adaptive capabil-
ity, and stretchability.'*>**>3?13* In 2015, Lee et al pro-
posed the first shape memory TENG, where the shape
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memory polymer, PU serves as the triboelectric layer
(Figure 13A).*** PU film is patterned with a pyramid
structure to enhance the output of TENG, while the pyra-
mid pattern would be flattened under a higher applied
force or long-time contact and separation process,
resulting in a decrease of the output of TENG. Taking the
advantages of shape memory capability of PU, the pyra-
mid pattern of PU film as well as the output of TENG can
quickly recover after healing. Xiong et al. reported a
shape memory TENG based on PU as well.*** The
electrospun technique is applied in their work to fabri-
cate PU film with microarchitectures including mats of
microfibers, microspheres, and microspheres-nanofibers
to increase the roughness of triboelectric materials so as
to enhance the output performance of TENG. In the
work of Liu et al, another shape memory polymer is
introduced by incorporating a semicrystalline thermo-
plastic polymer in a chemically cross-linked elastomer.**!
Besides shape memory capability, self-healing ability is
also a useful property to ensure the output and lifetime of
the TENG device. Deng et al. developed a self-healing
TENG based on the self-healing capability of vitrimer
elastomer as the triboelectric layer due to the dynamic
disulfide bonds (Figure 13B).**° The damaged device can
be cured via heat treatment. Also, two independent
TENG devices can be healed together if they are put near
each other and treated with heat. Guan et al. also
reported a self-healing TENG based on the vitrimer elas-
tomer as a triboelectric layer and a mixture of vitrimer
elastomer and carbon nanotube as electrode material.>**
As shown in Figure 13C, Kaushik Parida et al proposed
an extremely stretchable and fully self-healing TENG
based on PUA as a triboelectric layer.'”” And the elec-
trode layer is fabricated by embedding the conductive lig-
uid metal and silver flakes into the PUA. The fluidity of
liquid metal can ensure the conductivity of the electrode
when stretched. Moreover, Chen et al proposed a stretch-
able, self-healing, and shape-adaptive TENG based on
the viscoelastic supramolecular polymer, silly Putty
(Figure 13D).*** Putty is utilized as the triboelectric mate-
rials and the electrode materials are a conductive com-
posite with multi-walled carbon nanotube filling in the
putty matrix. Such a device can be healed at room tem-
perature for 3 minutes if damaged. It can be adapted to
various curvy surfaces and even the fingerprint can be
recorded when touching the device with a finger. Recon-
struction of a 2D device into a 3D cubic can be achieved
by adapting the 2D device onto a PMMA cubic and
healing the edges. Also, the Putty is turned to be more tri-
boelectric negative than PTFE, thus the output of such
TENG is enhanced.

Besides Putty, many other materials are reported to
help enhance the output performance by improving the
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MXene based TENG for higher triboelectric negativity. Copyright 2019, Elsevier.>*? F, Monolayer MoS, based TENG for 120 times as large
output energy density. Reproduced with permission. Copyright 2017, American Chemical Society.>** G, Black phosphorous based TENG
textile for waterproof fabric. Reproduced with permission. Copyright 2019, Springer>**

surface charge density of triboelectric materials. Several
strategies are reported including improvement of the
active surface contact area,>*>3*® improvements of the
relative permittivity,>*’>*® enhancement of triboelectric
polarity®**3*%3° as well as applying electron trapping
materials to prevent the leakage of charges.*****! Chen
et al mixed dielectric powders with high relative permit-
tivities, such as SiO,, TiO,, BaTiO;, SrTiO;, with the

PDMS, and the output of such TENG are enhanced com-
pared with the pure PDMS-based TENG.**® The recently
investigated two-dimensional (2D) materials also play an
important role in the research of performance enhance-
ment of TENG. MXene, a novel 2D nanomaterial with a
highly electronegative surface, is a great candidate for tri-
boelectric materials of TENG.*****3° As shown in
Figure 13E, Jiang et al introduced MXene into PDMS by
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mixing MXene aqueous solution with PDMS solution.**
A flexible film can be obtained after spin-coating the
mixed solution and curing on a glass, possessing higher
triboelectric negativity. As a result, the output of TENG is
significantly increased with increasing MXene concentra-
tions, reaching 7-fold greater than the pure PDMS-based
TENG when 31 mg MXene is added. Another 2D mate-
rial, monolayer MoS, is introduced to enhance the output
of TENG in the work of Wu et al, which can be attributed
to its large specific area and quantum confinement effect
enabled electron trapping capability (Figure 13F).*** The
monolayer MoS, sheet is embedded into the PI layer as
an electron trapping layer under the triboelectric layer PI
film. The power density of such TENG is dramatically
increased by 120 times as large as that of the TENG with-
out monolayer MoS,. Black phosphorus (BP) which also
has a large specific area and quantum conferment can be
another choice for enhancing the output performance of
TENG as an electron-trapping layer. As illustrated in
Figure 13G, Xiong et al. reported a textile-based TENG
with BP protected by cellulose-derived hydrophobic
nanoparticles (HCOENPs) as an electron trapping
layer.*** The triboelectric layer is realized by successive
dip-coating BP and HCOENPs on PET fabric, with elec-
trode fabric and waterproof fabric underneath. The out-
put of such a device is greatly enhanced compared with
other TENG textiles.

5.5 | Self-sustained NENS and/or IoT

The concept of 10T has experienced prosperous develop-
ment with the innovation of various functional sensor
nodes and communication technology. The energy sup-
ply for widely distributed IoT sensor nodes is a critical
challenge. As a promising energy harvesting technology,
TENG shows superior advantages of simple and diverse
configurations, remarkable flexibility, high output perfor-
mance, no material limitation, cost-effectiveness, and
good scalability when compared with other energy
harvesting technologies. Thus combining TENG with IoT
sensor nodes is a promising solution to achieve self-
sustained NENS. The following are typical applications to
explain how it works.

As shown in Figure 14A, Luo et al. have proposed a
smart sport monitoring table for ping-pong.*** A kind of
flexible wood is introduced into the TENG by removal of
lignin/hemicellulose from natural wood followed by hot-
pressing. Then, the TENG array is installed on the sur-
face and edge of the table. This smart sport monitoring
table possesses two capabilities: one is falling point distri-
bution statistics for athletic big data analysis, where
TENG array will accurately identify the impact point of

the ping-pong ball; the other is disputed edge ball judg-
ment with signals collected from two single-electrode
mode TENGs setting on the top edge and side edge of the
table respectively. Wearable electronics with underwater
sensing is another example of IoT TENG illustrated in
Figure 14B. Zou et al reported an underwater wireless
multi-site human motion monitoring system based on a
bionic stretchable nanogenerator (BSNG).*** Multiple
channels in the BSNG can open and close simultaneously
under the control of a simple mechanical force, thus gen-
erating electricity in an external circuit. By integrating
the BSNG and a packaged multi-channel wireless signal
transmission module, the motion signals of four articula-
tion can be acquired in real-time through assorted soft-
ware installed on a laptop. Environment monitoring in
the seashore area is one more typical application shown
in Figure 14C. Liu et al introduced a thin-film typed
TENG to detect wave motions around the seashore.***
The device is designed based on liquid-solid contact
mode which directly collects signals from dynamic
waves. A wave warning system has been built by using
the exposed electrode in TENG as a safety switch. More-
over, a wireless transmitter can be powered with a pre-
pared device as an IoT node, which can then wirelessly
provide useful environment information to a mobile
phone. Healthcare monitoring is also an edge application.
As shown in Figure 14D, Fan et al prepared a machine-
knitted washable sensor array textile for precise epider-
mal physiological signal monitoring.®>>> This triboelectric
all-textile sensor arrays (TATSAs) exhibit advantages of
the pressure sensitivity, fast response time, stability, wide
working frequency bandwidth, and machine washability.
It can be integrated into a shirt for the monitoring of
pulse and respiratory signals in real-time. Furthermore, a
health monitoring system has been developed for long-
term and noninvasive assessment of cardiovascular dis-
ease and sleep apnea syndrome (SAS), where signifi-
cantly different data have been obtained from a healthy
participant and a SAS participant. Endowing sensor
nodes with wireless transmission capability is significant
for the development of IoT.

As shown in Figure 14E, a battery-free wireless sensor
network is achieved using TENG based direct sensory
transmission. By novel integration of switch and coil, the
resonance signal can be directly transmitted to the
receiver ends within 1 m distance range, which has been
envisioned for a long time but has not been realized until
recently due to the low-frequency characteristic of the
TENGs. Through varying series/parallel connection of
stack layers and external capacitor adjustment, the con-
trol of multiple degrees of freedom is realized in 2D and
3D zoom base on the resonance frequency shift.'”® In
addition to the wireless control integration, human
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motion monitoring is crucial in IoT for smart home appli-
cations. Zhu et al demonstrated a smart PEDOT: PSS
sock for gait analysis, aiming at motion tracking, person-
nel identification, and the diagnosis of Parkinson's dis-
ease (Figure 14F). With smart PZT involved, the
deterioration of the triboelectric output resulting from
human perspiration can be calibrated by the stable sig-
nals of the piezoelectric sensor as mentioned previously.
Hence, by integrating into the sensory network of IoT,
the real-time monitoring of this self-powered system can
conveniently track the daily activity and assist the
healthcare through wireless communication."®” Except
for the control interface and sensor unit development in
IoT, the communication panel is equivalently important
as the interaction of adjacent nodes has a heavy reliance
on such functionality. As shown in Figure 14G, He et al

developed a textile-based narrow gap communication
panel with the aid of diode and switch that accumulate
charges and release in a short period. Thus, in spite of
not using spacers benefiting from a large distance
between the two triboelectric layers, the output of the
panel is nevertheless sufficient for wireless communica-
tion via interfacing with Bluetooth, which possesses the
potential for clinical applications.”

6 | OUTLOOKS AND
CONCLUSIONS

With the prosperous development of the promising
energy harvesting in the intelligent/smart systems, we
reviewed the roadmap of TENG technology from the
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viewpoint of advancement from energy harvesting to
NENS. To boost the efficiency of energy harvesting, the
surface micro/nanostructures is not the only solution to
increase the effective contact surface area, the other pos-
sible solutions, such as the use of composite materials,
the external electrical circuit system, and even the
mechanical structure design with a proper time sequence
operation.****%! Due to characteristics like simple and
innovative design, easy working mechanism, lightweight,
and compact in size, TENG has the potential to be used
in conjunction with every electronic device, from small
to large scale, which specifically suits the needs of the
coming 5G and IoT regarding the aspect of self-powered
sensors.**>?%’ To increase the efficiency of energy
harvesting from TENG, plenty of approaches (the mate-
rials composite, the external “charge pump”, and the
electrical circuit system) have been investigated.**®>"3
Furthermore, the novel mechanism for DC output gener-
ation has been investigated to directly power electronic
devices. Meanwhile, a large quantity of self-powered
physical sensors has been developed including pressure/
force sensors, tactile sensors, strain, and bending sensors,
acceleration and rotation sensors, and so on, for the
applications in tactile, sensory robotics, HMI, and
healthcare monitoring. To achieve multi-functionalities,
with the aid of triboelectric materials and structural
designs, advanced electrode designs can also be incorpo-
rated into conventional TENGs, resulting in application-
oriented TENG configurations, that is, operating inde-
pendently in the form of real-time and situ
Sensing‘105,226,243,374»392

Toward NENS, blue energy is one of the most impor-
tant application directions, which is mainly in forms of
wave energy, tidal energy, and osmotic energy
harvesting. To the aspect of the wearable electronics
and HMI, TENG shows the potential abilities in realiz-
ing the advanced manipulation with the digital world.
Meanwhile, the neural interface/implantable device
with TENG technology opens the door to self-
sustainable neuromodulation, muscle stimulation, sens-
ing, therapy, and powering other medical devices, which
reduces the reliance on battery and prolongs the device’
lifetime. Moreover, the TENG has also augmented a
wide range of optical functions including light emission,
photodetection, and optical modulation for the realiza-
tion of applications including self-powered lumines-
cence, smart display, wireless communication, personal
privacy protection, and motion monitoring. Except for
their function as energy harvester and self-powered sen-
sors, more than TENG technologies have promoted the
research directions on the hybrid energy harvesting
technologies, such as integration with EM and/or piezo-
electric mechanisms, which provides a promising energy

solution with high transduction efficiency, cost-effi-
ciency, and compatibility for IoT sensor nodes in 5G.
Another new research direction is to endow TENGs
with new functionalities by exploring novel materials
holding shape memory capability, self-healing capabil-
ity, shape adaptive capability, and stretchability. With
the aid of those functional materials, TENG shows supe-
rior advantages of simple and diverse configurations,
remarkable flexibility/stretchability, shape-memory
capability, self-healing ability, shape adaptive capability,
high output performance, no material limitation, cost-
effectiveness, and good scalability. Last but not least,
the prosperous development of TENG technology has
facilitated the emergence of various TENG-based and
TENG-integrated brand-new research areas, that is,
energy harvesting, self-powered sensing/actuation, and
intelligent/smart NENS (energy harvesting module,
power management module, signal processing module,
display, and interactive module) with multi-
functionality and self-sustainability, for the applications
of personalized healthcare monitoring and treatment,
identity recognition, smart home/building, and intelli-
gent interactions in VR/AR scenarios, and so on.
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