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Abstract: The ocean is an enormous source of blue energy, whose exploitation is greatly beneficial
for dealing with energy challenges for human beings. As a new approach for harvesting ocean blue
energy, triboelectric nanogenerators (TENGs) show superiorities in many aspects over traditional
technologies. Here, recent advances of TENGs for harvesting blue energy are reviewed, mainly focus-
ing on advanced designs of TENG units for enhancing the performance, through which the response
of the TENG unit to slow water agitations and the output power of the device are largely improved.
Networking strategy and power management are also briefly discussed. As a promising clean energy
technology, blue energy harvesting based on TENGs is expected to make great contributions for
achieving carbon neutrality and developing self-powered marine systems.

Keywords: triboelectric nanogenerator; network; blue energy; wave energy; energy harvesting

1. Introduction

Covering over 70% of the earth’s surface, ocean plays a crucial role for lives on the
planet and can be regarded as an enormous source of blue energy, whose exploitation is
greatly beneficial for dealing with energy challenges for human beings [1-3]. With extreme
climate conditions taking place more frequently nowadays, the world feels the urge to
take immediate action to alleviate climate deterioration caused by global warming [4-6].
Carbon neutrality is thus put forward as a goal to reach balance between emitting and
absorbing carbon in the atmosphere [7]. One of the most effective methods is to develop and
expand the use of clean energy that generates power without carbon emission, such as the
enormous blue energy [8]. Meanwhile, with the increasing activities in ocean, equipment
deployed in the far ocean is facing problems regarding an in situ and sustainable power
supply, where blue energy is an ideal source for developing new power solutions for such
applications, allowing self-powered marine systems and platforms, though the harvesting
scale can be much smaller [9-11].

The ocean blue energy is typically in five forms: wave energy, tidal energy, current
energy, thermal energy, and osmotic energy, among which the wave energy is promising
for its wide distribution, easy accessibility, and large reserves. The wave energy around the
coastline is estimated to be more than 2 TW (1 TW = 10'2 W) globally [12]. However, the
present development of wave energy harvesting is challenged by its feature as a type of
high-entropy energy, which refers to the chaotic, irregular waves with multiple amplitudes
and constantly changing directions that are randomly distributed in the sea [13,14]. Most
significantly, wave energy is typically distributed in a low-frequency regime, yet the most
common and classic method of blue energy harvesting at status quo, the electromagnetic
generator (EMG), performs rather poorly in low-frequency energy harvesting, which relies
on propellers or other complex mechanical structures to drive bulky and heavy magnets
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and metal coils in order to transform mechanical energy into electricity [8]. Thus, it usually
has high cost and low reliability.

First proposed by Wang in 2012 [15], the triboelectric nanogenerator (TENG, also called
Wang generator) derived from Maxwell’s displacement current shows great prospect as a
new technology to convert mechanical energy into electricity [16], based on the triboelectri-
fication effect and electrostatic induction [17-20]. TENGs present superiorities including
light weight, cost-effectiveness, easy fabrication, and versatile material choices [21-25]. The
concept of harvesting blue energy using the TENG and its network was first brought out in
2014 [20]. As a new form of blue energy harvester, the TENG surpasses the EMG in that it
intrinsically displays higher effectiveness under low frequency, owing to the unique feature
of its output characteristics [22,26-28]. Moreover, adopting the distributed architecture of
light-weighted TENG networks can make it more suitable for collecting wave energy of
high entropy compared with EMGs, which are oversized in volume and mass [29-33].

Gaining attention, the material selection of TENGs, aimed at fulfilling their require-
ments and maximizing output, is governed by the mechanism. In triboelectrification
process, surface charge density, a fundamental parameter regarding the performance of
TENGs, relates to the electron affinity difference of triboelectric material pairs. As a result,
polymers prevail as the dielectric layer since their various functional groups enhance charge
transfer and capturing, as manifested in the triboelectric series, and they also possess the
merits of excellent flexibility, scalability, and low cost [34] (Figure 1a). On top of that, as
deduced from the Maxwell’s displacement current, other key factors contributing to output
include dielectric permittivity, surface morphology, and robustness [35]. In addition, the
rapid development of TENGs requires additional material properties that suit devices of
various modes under conditioned application scenarios, such as a low friction coefficient
for sliding mode TENGs, and high electrostatic breakdown strength and chemical stability
for high-voltage TENG devices.

In this paper, recent advances of TENGs for harvesting wave energy are reviewed.
The review mainly focuses on advanced designs of TENG units for enhancing the
performance of wave energy harvesting, including rolling ball structure, multilayer
structure, grating structure, pendulum structure, mass-spring structure, spacing struc-
ture, water-solid contact structure, and charge pumping strategy. Through such designs,
the response of the TENG unit to slow wave agitations and the output power of the
device are largely improved. Networking strategy and power management are also
briefly discussed. Finally, further development challenges and the prospect of blue
energy harvesting by the TENG are discussed.
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Figure 1. Triboelectric series and four fundamental working modes of TENGs. (a) Quantified triboelectric series. Reprinted
with permission from ref. [34], Copyright 2019, Springer Nature. (b) Vertical contact-separation mode. (c) Lateral sliding
mode. (d) Single-electrode mode. (e) Freestanding triboelectric-layer mode.

2. TENG Systems for Blue Energy Harvesting
2.1. Fundamental Working Modes of TENGs

TENGs generate electricity by the coupling of triboelectrification and electrostatic
induction, which are classified into the four fundamental working modes [19]: vertical
contact-separation mode, lateral sliding mode, single-electrode mode, and freestanding
triboelectric-layer mode (Figure 1b—e).

As shown in Figure 1b, in vertical contact-separation mode, the two dielectric surfaces
are oppositely charged after physical contact due to triboelectrification. When the two
surfaces are vertically separated with a gap in between, a potential drop is produced
between the two electrodes attached to the backsides of the two dielectric layers due to the
separation of positive and negative static charges, which drives current to flow between the
electrically connected electrodes to balance the electrostatic field. When the gap vanishes,
the potential drop due to static charges exists no more and so the induced free charges flow
backwards. In this way, an alternate current (AC) output is generated in the external circuit
under periodic contact and separation movement of the TENG [36].

For the lateral sliding mode shown in Figure 1c, the two dielectric surfaces are charged
through triboelectrification during initial sliding motion. Under the full alignment of the
two surfaces, no potential difference by static charges is created across the electrodes, since
surface static charges of opposite signs completely compensate each other. When a relative
displacement paralleled to the interface is introduced under lateral sliding, the mismatched
area of the dielectric layers leads to bare static charges and so a potential difference appears
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between electrodes. The sliding back and forth of the TENG hence results in periodical
changes of potential that drive free electrons to flow between the electrodes [37].

In single-electrode mode TENG (Figure 1d), the moving dielectric layer no longer has
to be bound to electrodes or electrically connected by wires. The only electrode essential to
the mode is one electrically connected to the ground, which can be regarded as another
electrode. The surface of the dielectric layer is first charged under full contact with the
electrode. When they start to move apart from each other, the induced charges in the
electrode decrease in order to balance the electric potential, through charge exchange with
the ground. Then, when the dielectric layer moves back to contact again, electrons flow
in the opposite direction to re-establish an electrostatic equilibrium until the two surfaces
fully overlap. Although charge transfer is not effective as a result of electrostatic screening
effect, the triboelectric layer can move freely without any restrains [38].

The freestanding triboelectric-layer mode TENG can also work with the moving
dielectric layer disconnected to electrodes, yet without any screening effect (Figure le).
When the dielectric layer charged by triboelectrification approaches a pair of electrodes
asymmetrically, a potential difference is induced across the two electrodes, causing electrons
to flow between them to balance the local potential distribution. Under the back-and-forth
movement of the dielectric layer, electrons oscillate across the paired electrodes, generating
an AC current output [39].

2.2. TENG Systems for Harvesting Blue Energy

For effectively harvesting distributed wave energy, the TENG is conceived to be
organized in networks, which can have hierarchical structure of modules [29]. The network
structure also enables the device to be applied in different scales of harvesting, ranging from
self-powered systems to large-scale clean energy (Figure 2a). In the development of TENGs
for blue energy, efforts are mainly focusing on four aspects: TENG unit design, networking
strategy, power management, and application system (Figure 2b). The primary and most
significant part is the fundamental design of the TENG unit, which relies on continuous
improvements focusing on the structure, principle, and material to enhance its energy
harvesting performance and to meet demands raised by various ocean environments, both
on the water surface and beneath it. Networking strategy is then adopted to add outputs
of single TENG units and expand them in a reliable way. It decides the connection pattern
of massive TENG units and the coupling effect between TENG units, which could further
enhance the performance. Before finally supplying electricity power to the application
system, power management is required to manipulate the TENG output for a better match
with appliances and improve the power efficiency with circuit approaches. This review
mainly emphasizes methods to advance the design of TENG units, which is the most
challenging part, and networking strategy and power management are also discussed.
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major aspects for blue energy harvesting based on TENGs, including TENG unit design, networking strategy, power
management, and application system. Reprinted with permission from ref. [41], Copyright 2019, Elsevier. Reprinted with
permission from ref. [42], Copyright 2019, Elsevier. Reprinted with permission from ref. [43], Copyright 2017, Elsevier.
Reprinted with permission from ref. [44], Copyright 2015, American Chemical Society. Reprinted with permission from
ref. [45], Copyright 2018, Elsevier. Reprinted with permission from ref. [46], Copyright 2019, Elsevier. Reprinted with
permission from ref. [47], Copyright 2018, Elsevier. Reprinted with permission from ref. [48], Copyright 2020, Elsevier.
Reprinted with permission from ref. [49], Copyright 2017, Elsevier. Reprinted with permission from ref. [50], Copyright
2020, Springer Nature. Reprinted with permission from ref. [51], Copyright 2014, American Chemical Society. Reprinted
with permission from ref. [52], Copyright 2020, Springer Nature. Reprinted with permission from ref. [11], Copyright 2019,

Elsevier. Reprinted with permission from ref. [29], Copyright 2017, Springer Nature.

3. Advanced Designs of TENG Units for Blue Energy
3.1. Rolling Ball Structure

The rolling ball structure is the most fundamental and typical structure for blue energy
harvesting based on TENGs [29,53,54]. The structure basically features a rolling ball inside
a rocking spherical shell, which is simple and capable of rocking in water. Due to the
small rolling friction, it can be sensitive to tiny wave agitations. Moreover, the structure
naturally has a low frequency related to the size of the ball and shell, which can be tuned
to reach resonance with water wave motion. Since the rolling ball normally functions as a
freestanding triboelectric layer and no wire is connected to the ball, TENG units based on
such a structure are durable. Wang et al. reported the rolling-ball-structured TENG based
on the freestanding triboelectric-layer mode for the first time, which consists of one rolling
nylon ball and two stationary electrodes covered by Kapton films [53] (Figure 3a). Wave
vibration drives the ball to roll back and forth between electrodes, producing alternate
current in the external circuit connecting the electrodes. However, due to the limited
contact area and charge density, the output charge and current are relatively low, reaching
only 24 nC.

Advancement on the structure includes the evolution of material and structure of
the ball and shell components. As proposed by Xu et al., the UV-treated silicon rubber is
adopted as the material for the rolling ball, since its softness can contribute to enhancing
the real contact area and durability of the TENG units [54] (Figure 3b). The UV treatment
enables Si—O—Si chain scission and oxidative conversion of radical groups in rubber,
altering the electron affinity and strengthening triboelectrification with silicone rubber
dielectric layer. In addition, microstructures are created on the dielectric surface by mixing
polyformaldehyde particles into the rubber to make the surface less sticky, lowering the
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damping force, thus resulting in a high charge output of the TENG unit even under small
agitations (Figure 3c). The charge output of single unit is improved to 72.6 nC.

For further enhancing the contact of the ball, Cheng et al. designed a TENG consisting
of a soft liquid/silicone rolling ball and a hollow acrylic sphere attaching two Cu elec-
trodes [55]. The silicone rubber is shaped in a hollow sphere for sufficient softness while
containing water inside to ensure full contact (Figure 3d). In this way, the structure of
triboelectric rubber can expand the contact area and generate charges as high as 500 nC,
more than 10 times that of the conventional structure of polytetrafluoroethylene (PTFE)
dielectric layer and hard core (Figure 3e). Systematically speaking, the energy harvesting
performance of the soft-contact spherical TENG is largely affected by the contact area,
which relates to many factors, including sphere hardness, fill rate, acceleration speed, and
bulk density. A theoretical model based on contact electrification and mainly concerning
the sphere hardness was quantitatively established by Guan et al. [56]. The result indicates
that the dynamic contact of sphere is affected by core mass and fill rate, which is optimized
at 83%.
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Figure 3. Design and output of TENGs based on rolling ball structure. (a) Schematic diagram of TENG with the first
rolling ball structure based on freestanding mode. Reprinted with permission from ref. [53], Copyright 2015, Wiley.
(b) Photo of TENG adopting UV-treated rubber rolling ball and shell. (¢) Charge output of a single TENG unit before and
under UV treatment and POM doping. (b,c) Reprinted with permission from ref. [54], Copyright 2018, American Chemical
Society. (d) Working principle of TENG based on soft liquid/silicone rolling ball structure. (e) Charge output of TENG
with soft liquid/silicone rolling ball structure. (d,e) Reprinted with permission from ref. [55], Copyright 2019, Elsevier.
(f) Schematic diagram of TENG with 3D electrode structure intercalated by FEP pellets. (g) Current and power output of
3D-electrode-structured TENG in water waves. (f,g) Reprinted with permission from ref. [42], Copyright 2019, Elsevier.
(h) Schematic diagram of TENG structure featuring nest-assembling multiple shells. Reprinted with permission from
ref. [57], Copyright 2019, Elsevier. (i) Schematic diagram of hybrid TENG containing power management, EMG module,
and TENG module. (j) Charging curve to a supercapacitor by the hybrid TENG in water. (i,j) Reprinted with permission
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Another improvement approach concerning the ball structure is adopting multiple
balls. Yang et al. featured TENG units with a 3D electrode structure intercalated by
fluorinated ethylene propylene (FEP) pellets in internal channels as the tribo-material [42]
(Figure 3f). A pair of 3D-structured electrodes are made by electrode plates of connected



Nanoenergy Adv. 2021, 1

copper layers on the substrates, largely enhancing the surface area of the electrodes and
improving the utilization of the internal space of the shell. The device can output under
different modes of external excitation as controlled by inertial forces and gravity. For
harmonic translational mode, the increase in displacement extent and frequency leads
to rapid rising of the transferred charges and current, obtaining a high charge output of
520 nC. Under impact translational mode, the structure of multiple rolling balls widens the
current peak, boosting the peak power density and average power density to 32.6 W m 3
and 8.69 Wm 3, respectively. Meanwhile, an average power density of 2.05 W m 3 can
be achieved in real water waves agitated at 1.45 Hz (Figure 3g). Moreover, the amount
of FEP pellets influences charge output due to the cancel-out of electrostatic induction by
FEP pellets in the two 3D electrodes when more than half of the device volume is filled.
Considering the evolution of the shell structure, a similar TENG structure reported by
Pang et al. is characterized by nest-assembling multiple shells with decreasing sizes, with
PTFE balls filled into the gap space between neighboring shells [57] (Figure 3h). On the
interior of each shell, gaped Cu electrodes are painted with good adhesion, conductivity,
and durability. The PTFE balls can move freely on electrode surfaces. Such unique structure
design also improves the utilization of limited device volume and elevates the contact area
between balls and electrodes.

Combining the TENG with the EMG by making the rolling ball magnetic is another
enhancement method, which was achieved by Wu et al. The packaging hollow shell of
the hybridized device is divided into four zones by acrylic disks, which are set for power
management, EMG module, and TENG module, respectively [58] (Figure 3i). On one hand,
the magnetic sphere drives the EMG module via electromagnetic induction, as two coils
are embedded on both sides of the magnet; on the other hand, it motivates the mover
by magnetic attractive force, since the mover is centered by a magnetic cylinder. Then,
the mover can drive the TENG module through its interaction with PTFE friction layers
adhered to Tai Chi-shaped electrodes. Eventually, such design can collect wave energy
from any orientation. It was also placed on a buoy to test in lake Lanier. During 162 s, the
electricity stored in a supercapacitor reached 1.64 mJ (Figure 3j).

3.2. Multilayer Structure

Considering that triboelectrification is a phenomenon happening at the surface, to
improve the output, enhancing the contact area in a certain space with a multilayer structure
should be an effective method. The strategy is realized in many different types of TENGs,
and the output charge and power are greatly improved. The major challenge lies in the
structure design to drive the complex structure by external agitations, which requires
delicate structure designs.

An integrated multilayered TENG based on soft membrane was proposed by Xu et al.
The structure includes the inner oscillator and the outer shell, which are connected by
elastic bands to form a spring-levitated oscillator structure [43] (Figure 4a). The oscillator
is based on air-driven soft membranes, which shape into air-pocket-like structures to split
the air chamber into upper and lower parts. Accordingly, the electrodes of TENGs attached
to the membranes form upper and lower multilayered TENG arrays. When the outer shell
moves up and down as pushed by waves, the inner oscillator goes down and up relative to
the shell and compresses the air chambers alternately. Differences in air pressure reshape
membranes, making the upper and lower TENGs contact and separate periodically. Thus,
the agitations from water waves can effectively drive the multilayered TENGs via the air-
driven mechanism. The device with a series of integrated TENGs working simultaneously
and effectively can produce high transferred charges of 15 uC per cycle (Figure 4b).
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from ref. [60], Copyright 2021, American Chemical Society. (g) Photo and schematic figure of TENG
with zigzag multilayered structure. Reprinted with permission from ref. [61], Copyright 2018, Wiley.
(h) Schematic diagram of oblate TENG. Reprinted with permission from ref. [62], Copyright 2019,
Wiley. (i) Schematic diagram of floating buoy-based TENG structure. Reprinted with permission
from ref. [47], Copyright 2018, Elsevier.

Similarly, Xu et al. reported a tower-like TENG structure consisting of multiple parallel
connected units in one tubular block [59] (Figure 4c). In the unit, PTFE balls roll on 3D-
printed arc surface shell, which is attached with two stationary electrodes coated by melt
adhesive reticulation nylon film, forming a freestanding mode TENG. Only one rectifier
is needed in a block since all PTFE balls move in the same phase under agitations. The
structure is also capable of collecting water wave energy in arbitrary directions (Figure 4d).

Liu et al. reported a nodding duck-structured TENG that consists of external nodding
duck blocks installed with shafts and bearings, and internal multitrack TENG units [60]
(Figure 4e). Each unit is made up of a pair of Cu electrodes, free-rolling nylon balls, and
dielectric layers placed on arc-shaped tracks. Together, they form a multilayer-structured
TENGs of three layers that share electrodes and dielectric films, maximizing the utilization
of internal space. A multiple-track structure was also introduced to avoid arbitrary move-
ments of balls in different TENG layers. Upon triggering of external waves, nodding duck
shell rotates around the shaft, leading balls to roll back and forth on the tracks. Under the
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combination of gravity, supporting force, and damping motion, an AC output is generated
with a maximum peak power density of 4 W m ™ by one block at 800 MQ) under waves
excited at 0.21 Hz (Figure 4f).

A spherical TENG that consists of a zigzag multilayered structure with spring assis-
tance was proposed by Xiao [61] (Figure 4g). The multilayered structure is fabricated by
deforming a thin Kapton film at evenly distanced intervals to serve as the substrate for five
TENG units on both sides.

Liu et al. introduced an oblate spherical TENG structure, which is divided into the
upper part for rough sea energy harvesting and the lower part for tranquil ocean energy
collection [62] (Figure 4h). The upper part adopts a multilayer structure, which is composed
of a pie iron and three arched units. The units are made up of two joint spring steel plates,
one coated with FEP film. The upper part operates as the pie iron presses FEP film to
contact the plates. The lower part is composed of a radial patterned FEP film with copper
electrodes underneath, while another same-structured PET film is suspended above it.
The lower part works as the external excitation triggers the iron shot to push FEP films
into contact (shot on them) or separation (shot off them). Such structure also enhances
self-stabilization and costs less, since the utilization of spring plates with good elasticity
makes extra supporting structures for the units unnecessary.

Kim et al. reported a floating buoy-based TENG that contains a power generation unit
and a height-adjustable support, which connects the unit to a floating buoy [47] (Figure 4i).
There are four arrays of cylinder TENGs in the unit, each rotationally stacked upward for
every 45°, forming a multilayered structure for energy harvesting in arbitrary directions.
For each freestanding mode TENG, a solid PTFE bar oscillates inside a tube, with the
outer surface of the tube being attached by four Cu electrodes. The height-adjustable
support changes the force applied on the unit according to the alteration of the water wave
amplitude. The acrylic protection layer can tolerate harsh environmental conditions.

3.3. Grating Structure

The grating structure is regarded as a high-performance TENG design that has supe-
rior output. It can convert low-frequency agitations to high-frequency electrical output
through a periodic grating electrode pattern. However, large friction at the interface makes
it difficult to be agitated by slow water waves.

Bai et al. proposed a radial-grating-disk-structured TENG, where every TENG unit
is made of facing sides of a stator disk and a rotator disk, patterned with radial-grating-
structured electrodes [46] (Figure 5a). The acrylic surface as one tribo-surface is frosted to
reduce the friction force for easier agitation and better durability of the rotation device. In
this way, the device can be successfully driven by the slow water waves, and the average
power density of the device reaches 7.3 W m~2 at a wave frequency of 0.58 Hz (Figure 5b).
Its capability of driving a self-powered total dissolved solids testing system is demonstrated
(Figure 5c¢), indicating that the high-power wave energy harvester can be applied for in
situ, real-time mapping of water quality.

3.4. Pendulum Structure

The pendulum structure features swinging mass blocks, which temporarily transform
and store kinetic energy as potential energy to drive TENGs to output electricity. The
structure inherently features with high sensitivity under mechanical excitations, and im-
proves the energy conversion efficiency since pendulums can convert impact agitations
to continuous swinging in its inherent frequency and can elongate the operation time of
TENG:s if the friction is small enough.

In this previously discussed work, Bai et al. set the TENG units of rotators and
stators in a tandem with two swing mass blocks on both sides, together encapsulated in
a waterproof acrylic shell [46] (Figure 5a). While stators are fixed on the shell, rotators
are linked with swinging mass blocks by shafts; therefore, when the eccentric blocks are
agitated by waves, rotators can rotate synchronously. The tandem structure allows unit
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expansion, which scales up the total output and reduces the matched resistance through
simple parallel connection of units. As the number of units expends, the peak current
increases from 8 pA to 120 uA, and the charge output raises from 0.2 pC to 3.4 pC, under a
harmonic reciprocating rotation. When interacting with waves, the nature of the TENG in
frequency response resulted by various configurations was revealed. An additional mass
block is capable of adjusting frequency characteristics of the device, since changing block
mass alters the resonant frequency of the TENG.
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Figure 5. Design and output of TENGs based on grating structure and pendulum structure. (a) Schematic diagrams of
radial-grating-disk-structured TENG based on pendulum. (b) Current and power output of grating-structured TENG
agitated by water waves. (c) Demonstration of grating-structured TENG driving a self-powered total dissolved solids
testing system. (a—c) Reprinted with permission from ref. [46], Copyright 2019, Elsevier. (d) Schematic diagram of TENG
adopting a pendulum triboelectric layer and thin stripes. (e) Damping output of the pendulum TENG. (f) Power output
curve of the pendulum TENG. (d-f) Reprinted with permission from ref. [41], Copyright 2019, Elsevier. (g) Schematic
diagram of cylindrical TENG with a bearing-based swing. Reprinted with permission from ref. [63], Copyright 2020, Wiley.
(h) Schematic diagram of hybrid TENG adopting rotational pendulum structure. Reprinted with permission from ref. [64],
Copyright 2019, Elsevier. (i) Schematic diagram of hybrid TENG with chaotic pendulum structure. (j) Voltage and power
output of TENG module in the hybrid device. (i,j) Reprinted with permission from ref. [65], Copyright 2020, Elsevier.
(k) Working principle of active resonance TENG device. Reprinted with permission from ref. [66], Copyright 2021, Elsevier.

Other different types of pendulum structures are utilized as well to suit diverse
designs of TENGs. Lin et al. reported a freestanding mode TENG that is mainly composed
of an electrode layer, a pendulum triboelectric layer, and thin stripes [41] (Figure 5d). The
pendulum is a copper layer capable of free oscillation with high sensitivity to excitations,
since it is connected to the outer shell by a cotton thread. The electrode layers are an
internal circular one and an external ring one, covered by PTFE films. Thin strips on the
outer edge of acrylic shell act by electrification with the pendulum layer. Such design can
be easily agitated to swinging and output electricity continuously (Figure 5e,f).

Jiang et al. proposed a TENG structure that consists of a bearing-based swing com-
ponent and a cylindrical acrylic shell, whose internal surface is attached by equally sized
Cu electrodes and PTFE stripes [63] (Figure 5g). The swing component is made of acrylic
blocks with upper hollow and lower solid structures, the top and bottom of which are
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both adhered by arc-shaped acrylic strip. Swing motion of the block is realized by adding
copper blocks to the bottom to lower the gravity center.

Apart from swinging pendulum devices, Hou et al. demonstrated a hybrid TENG
adopting the rotational pendulum structure, which consists of a pendulum rotor, TENG
blades, coils, and a cylindrical-tube-shaped frame [64] (Figure 5h). The pendulum rotor
is made up of magnets twined by a copper ring, which are installed on the center shaft
with ceramic bearings. The TENG blades connected in parallel are sandwiched flexible
structure of FEP/Cu/FEP, with one side freestanding and the other side fixed on the frame.
The blades and the Cu ring form the TENG part. The EMG is composed of coils that curl
around the shaft and are embedded in the bottom, and the magnets of pendulum rotor,
which are just above the coils. As the pendulum rotor rotates clockwise and anticlockwise
around the shaft, a contact-separation mode TENG forms as the copper ring touches blades,
and the EMG works under the periodic movement of magnets passing coils. The bearing
support on the magnet rotor enables rotation even under tiny external excitations.

Another hybridized device reported by Chen et al. adopts a chaotic pendulum
structure for the virtue of low working frequency [65] (Figure 5i). The chaotic pendulum
consists of a major pendulum that swings back and forth under oscillation, and an inner
pendulum that moves in a different chaotic manner following the major one. Both the
TENG and the EMG are driven by the chaotic inner pendulum. The major pendulum of a
weighted magnetic ball is used to enhance the oscillation frequency of the inner pendulum.
The TENG is made of PTFE films and Au electrodes fixed on the inner swing. The EMG
consists of the inner pendulum, which is composed of three magnetic balls evenly spaced
on a rotating shaft, and three coils attached to the inside. When the main swing is pushed
by water excitations, the freestanding mode TENG works based on the chaotic movement
of the inner swing to send PTFE films moving back and forth on the electrodes, converting
mechanical energy into electricity. The EMG part generates magnetic flux change of copper
coils, as the magnetic balls begin moving under gravity and external magnetic incentive
condition. The maximum output of the TENG reaches 15.21 uW and the EMG is up to
1.23 mW under an external excitation frequency of 2.5 Hz (Figure 5j).

To collect wave energy in all directions, Zhang et al. designed an active resonance
TENG device that mainly integrates a simple pendulum, a floating tumbler, and flexible
ring TENG [66] (Figure 5k). The tumbler intercepts wave energy, which is then captured
by the pendulum, and finally transformed into electricity through TENGs. In the initial
floating state, TENGs with flexible ring multilayered structure remain separate. The wave
propagation makes the device lean aside; the pendulum thus brings the TENGs into full
contact. A similar process proceeds as waves leave the system, generating two rounds
of contact-separation output in one wave agitation. The pendulum with a circle-table-
shaped core and the tumbler composed of a hemispherical float and a steel ball can create
resonance effect by themselves, regardless of the external excitation frequency. Together
with their damped motion, the energy harvesting efficiency is also enhanced. Moreover,
the omnidirectional structural design ensures effective collection of omnidirectional water
wave energy by the device.

3.5. Mass-Spring Structure

The mass-spring structure can produce oscillation under external agitations, which
can be tuned to the frequency of the water waves to achieve resonance. It normally vibrates
along the vertical direction with the effect of gravity. The structure shares the energy
transfer mechanism of the pendulum structure, along with its merits.

Hu et al. reported a TENG built on a suspended 3D structure within a cube, which is a
spiral with a seismic mass at the bottom that behaves like a spring [67] (Figure 6a). The top
of the spiral is fixed to the inner top surface of the cube. One of TENG plates is attached to
the bottom of the spiral, and the other plate is at bottom of the cube. Initially, the TENG
plates slightly contact because the spiral is released. When the external disturbance pushes
the cube’s bottom to displace, the seismic mass vibrates with it and so the spiral begins
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oscillation. TENG plates thus separate as a result of spiral contraction, forming a vertical
contact-separation mode TENG. A maximum output power density of 2.76 W m~> on a
load of 6 M() can be achieved.
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Figure 6. Design and output of TENGs based on mass-spring structure and spacing structure. (a) Schematic diagram of

TENG based on suspended 3D structure. Reprinted with permission from ref. [67], Copyright 2013, American Chemical
Society. (b) Schematic diagram of TENG device adopting the principle of auto-winding mechanical watch. (c) Constant
output of the TENG device under low frequencies and varying working conditions. (b,c) Reprinted with permission from
ref. [68], Copyright 2021, Elsevier. (d) Charge output of cylindrical TENG with a bearing-based swing during cycling test.

Reprinted with permission from ref. [63], Copyright 2020, Wiley.

The previously discussed multilayered TENG structure raised by Xu et al. contains
a spring-levitated oscillator, where the inner oscillator and the outer shell are connected
by elastic bands [43] (Figure 4a). The shell acts as a mounting base that also protects the
oscillator. Energy transfer is achieved by the oscillator, whose elastic bands provide elastic
support for the oscillator both horizontally and perpendicularly, making it stable under
movement. The device can oscillate several times under single agitation.

The work by Xiao et al. mentioned beforehand also contains multilayered TENG units
that rely on the structure for energy conversion [61] (Figure 4g). Four flexible springs are
to support the mass block, and four rigid springs are attached to the mass’s top to exert
resilience force to press the TENG units upon wave excitation. Four shafts are also fixed
for the mass and springs to move along with.

He et al. developed a mechanical regulator to drive TENGs with steady AC output,
using the principle of auto-winding mechanical watch, which is to store random energy by
transformation into potential energy and then release it at a designed pace [68] (Figure 6b).
The structure involves more complex mechanisms by springs. The device consists of
three parts: energy harvest and storage module, energy controllable release module, and
energy conversion module. The first module contains input shaft, input gear train, and flat
spiral spring, which transforms environmental energy into elastic potential energy. The
second module is composed of escapement-spring-leaf and transmission gear train. The
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escapement-spring-leaf is an integration of hairspring system and escapement, in order to
reserve their kinetic merits and simplify the transmission chain to reduce energy loss. The
last module is made up of output gear train, one-way shaft system, flywheel, and TENG
units. When the system works, the spiral spring is first compressed by wave movements,
driving the rotor of TENGs to rotate under the control of the escapement-spring-leaf. With
such design, constant output is realized under even a low frequency of 0.5 Hz and random
working stimulations (Figure 6c).

3.6. Spacing Structure

The spacing structure introduces an air gap between the triboelectric layer and elec-
trodes, which reduces friction and surface wear, thus enhancing the robustness and durabil-
ity of the TENG device, and the triboelectric charges can be replenished by soft structures
and intermittent contact.

The feature was first realized in the work by Lin et al. that has been discussed in the
pendulum structure section. In the device, the pendulum triboelectric layer and electrode
layer are not allowed to contact intimately [41] (Figure 5d). A freestanding gap is reserved
to reduce material abrasion and enhance oscillation degree. Hence, the TENG device boosts
superior durability for long time operation, with one trigger lasting for more than 120 s.
PTEFE soft structures around the electrodes allow a supplement of charges on the pendulum
triboelectric layer.

In the work by Jiang et al., an air gap also exists between the interfaces of triboelectri-
fication, namely, the surfaces of arc-shaped acrylic strips and Cu electrodes, as have been
introduced in the pendulum structure section [63] (Figure 5g). Although the electrodes
contact with PTFE brushes in the swing process for charge-replenishing purpose, the
friction resistance is low. Moreover, the swing motion of disks relative to the central steel
shaft is smoothed by bearings with lubrication oil. Apart from that, animal furs can also be
adopted as low-friction materials to further reduce wearing and enhance charge output.
As a result, the performance remains steady after 400,000 cycles (Figure 6d).

3.7. Water-Solid Contact Structure

The water-solid contact (L-S contact) structure involves two components: electrodes
covered by dielectric films and liquid. The working mechanism includes two steps: firstly,
charges are generated on the dielectric surface through L-S contact electrification; secondly,
electrostatic induction works through the asymmetric screening of triboelectric charges
by liquid. Here, liquid can be regarded as the freestanding layer, and so TENGs based
on L-S contact are mainly in freestanding mode. Essentially, L-S contact TENGs can only
operate under the condition that they are constantly shifting between the states of being
submerged in liquid and emerging out of liquid. Surface charge density is enhanced since
contact area is increased at the liquid-solid interface. Moreover, the structure includes no
extra mechanical component. The friction at the interface is also suppressed.

The first work for wave energy harvesting based on the mechanism was proposed by
Zhu et al. [51]. The specific working process of the TENG is described in Figure 7a. After
L-S contact electrification, the FEP film is distributed with negative triboelectric charges.
The partial submerge of electrode A by water wave induces an interfacial electrical double
layer, formed by positive charges in water like hydroxonium to screen the negative surface
charges on FEP. Accordingly, the potential difference between electrode A and B rises until
B starts to dive into water too. When the whole device is submerged, triboelectric charges
are completely screened by ions in water and no electrostatic induction exists any more
(Figure 7b). In addition, the FEP film surface is intentionally patterned with hydrophobic
nanowires to create nanoscale roughness. The modified surface can not only realize water
infiltration into aligned nanowires to enlarge contact area, but also ensures immediate
water repellency as water leaves the surface.
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Figure 7. Design and output of TENGs based on L-S contact structure. (a) Working principle of the first reported L-S
contact TENG. (b) Charge output of the L-S contact TENG. (a,b) Reprinted with permission from ref. [51], Copyright
2014, American Chemical Society. (c) Schematic diagram of TENG with surface-mounted bridge rectifier arrays.
Reprinted with permission from ref. [44], Copyright 2015, American Chemical Society. (d) Schematic diagram of TENG
with two-dimensional networked structure. (e) Power output of TENG with two-dimensional networked structure.
(d,e) Reprinted with permission from ref. [69], Copyright 2018, American Chemical Society. (f) Schematic diagram of
buoy-like TENG. (g) Working principle and output of the outer TENG of buoy-like device under up-down movement.
(h) Working principle and output of the inner TENG of buoy-like device under shaking or rotation movement.
(f-h) Reprinted with permission from ref. [70], Copyright 2018, Wiley. (i) Working principle of U-tube TENG.
(j) Output of eleven types of liquids with different polarities, dielectric constants, and contact angles. (i,j) Reprinted
with permission from ref. [71], Copyright 2018, Springer Nature.

Further optimization focuses on the electrode structure, the film nanostructure, and
liquid type. An integration approach was proposed by Zhao et al. that mounts bridge
rectifier arrays on the TENG substrate surface to connect parallel electrodes together [44]
(Figure 7c). Paralleled arrays of strip-shaped Cu electrodes are sputtered on Kapton
substrate. The bridge rectifiers rectify currents between any pair of neighboring electrodes,
by connecting pairs of adjacent electrodes through input pins, and linking all the negative
output pins and positive output pins respectively to form comb-shaped joint cathode and
insulated anode. In this way, the output can be added up to form pulsed direct current (DC)
between the anode and cathode. The outermost electrification PTFE layer also protects and
insulates all the conductive parts from water, with PTFE nanoparticles of 200 nm evenly
distributed on its surface.
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Zhao et al. further reported a TENG featuring a two-dimensional networked structure
that yields high and stable output regardless of the wave type [69] (Figure 7d). The
characteristic is realized through a rectifying chip based on p-n junction that is connected to
both ends of electrode units, where the chip acts as a gate that only allows induced current
from the anode to cathode. The electrode units in strip shape form a two-dimensional array
on the Kapton substrate, and the two chips at the opposite sides of every electrode unit are
in serial connection. A stable short circuit current of 13.5 pA and electric power of 1.03 mW
are produced (Figure 7e).

As an intriguing structure design, the buoy-like TENG device proposed by Li et al.
involves an outer TENG whose bottom electrode is on the outside, and an inner TENG
whose bottom electrode is inside the buoy [70] (Figure 7f). As PTFE film rubs water, charges
are induced on the surface, leading to a potential difference between the bottom electrode
and the electrode on the backside of PTFE. The outer TENG works under up-down wave
movements, while the parallel-connected inner TENGs function under shaking or rotation
movements (Figure 7g,h). Consequently, the device can collect energy from different types
of wave excitations.

The work constructed by Pan et al. aimed to study the influence of liquid properties
on TENG output, by a U-tube TENG that includes a FEP U-tube, Cu electrodes, and liquid
solution [71] (Figure 7i). The liquid flows on the coarsely nanostructured inner surface
of the U-tube. As the U-tube rolls rightward or leftward and drives the liquid to overlap
the FEP U-tube, currents are generated on the Cu electrodes wrapped outside the tube.
It is concluded that liquid with higher polarity, dielectric constant, and contact angle
yields higher output, and pure water, which is the eleventh specimen, showed the best
experimental result in eleven types of liquids (Figure 7j).

3.8. Charge Pumping Strategy

As is known, the TENG is based on triboelectrification to generate static charges, and
electrostatic induction to drive free charge transfer. However, the limited surface charge
density by triboelectrification greatly hinders the output enhancement of TENGs [21].
Compared to other methods, developing new mechanisms on charge accumulation can
address the issue fundamentally under ambient conditions.

The charge pumping strategy is shown to effectively enhance the charge density [45].
The utilization of the strategy requires a floating layer that can accumulate and bind large
amounts of charges for electrostatic induction, and a charge pump that can pump charges
into the floating layer simultaneously (Figure 8a). The realization of such mechanism
involves a pump TENG, which is a normal TENG with a rectifier to make charge flow
unidirectionally, and a main TENG (Figure 8b). The floating layer of M2 is achieved owing
to the insulation from electrodes M1 and M3 of the main TENG by two dielectric layers,
D1 and D2. Therefore, M2 cannot exchange charges with the main TENG electrodes and
can only accept electron flow of one direction from the rectifier. The charge pumping
process from the pump TENG to the main TENG is similar to charging a capacitor, and
can last until the dielectric layers break down electrically. The pumped charges inside
the floating layer are like static charges in normal TENGs, thus achieving large output
through electrostatic induction. The energy collected by pump TENG adds up through
charge accumulation in the main TENG, achieving an ultrahigh effective surface charge
density of 1020 uC m~2 in ambient conditions, which does not rely on intensive rubbing or
contact, improving energy efficiency (Figure 8c).

Another similar method reported by Liu et al. utilizes only one TENG combined
with a self-voltage-multiplying circuit [72] (Figure 8d). Charge amplification is realized
through altering the connection pattern of external capacitors accompanying the motion
of the TENG. A voltage-multiplying circuit (VMC) module is adopted that can automati-
cally switch the capacitors between parallel and serial connection during the contact and
separation process of the TENG, owing to the unidirectional property of diodes. The
doubled charge output from the VMC can flow back to the TENG in each cycle, thus greatly
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Figure 8. Design and output of TENGs based on charge pumping strategy. (a) Schematic diagram on mechanism of

charge pumping. (b) Working principle of TENG based on charge pumping. (c) Ultrahigh surface charge density of
charge-pumping TENG compared with other works. (a—c) Reprinted with permission from ref. [45], Copyright 2018,
Elsevier. (d) Schematic diagram of TENG combining VMC. (e) Output of TENG with VMC. (d,e) Reprinted with permission
from ref. [72], Copyright 2019, Springer Nature. (f) Schematic diagram of rotation and sliding TENG combined with

charge pumping. (g) Average power output of rotation and sliding TENG based on charge pumping. (f,g) Reprinted with

permission from ref. [73], Copyright 2020, Wiley. (h) Schematic diagram of TENG based on charge shuttling. (i) High
effective charge density of TENG based on charge shuttling. (j) Demonstration of TENG device based on charge shuttling
for wave energy harvesting. (h—j) Reprinted with permission from ref. [52], Copyright 2020, Springer Nature.

The work reported by Bai et al. develops a successful combination of charge pumping
mechanism with rotation and sliding TENGs [73] (Figure 8f). The device is composed of
a pump TENG and a main TENG, each with two disks as the rotator and the stator. A
novel synchronous rotation structure is designed to allow direct injection of bound charges
from the pump TENG to the main TENG. Specifically, an inversion structure allows the
electrode disk of pump TENG to rotate, which is assembled with the main TENG by shafts
to form the rotator, while the output electrodes of the main TENG are part of the stator. In
this way, the electrodes of the pump TENG and storing bound charge layer can rotate in a
synchronous mode. After the pump TENG injects charges into the storing electrodes of the
main TENG, opposite charges are induced in the underlying output electrodes. Then, with
the rotational sliding of storing electrodes, induced charges move following the motion of
the bound charges, generating ultrahigh charge density and an average power density of
1.66 kW m~3 under a low drive frequency of 2 Hz (Figure 8g). Moreover, the decoupling of
surface charge generation and friction enables lubricant to be applied to the interfaces to
enhance durability. Ultrafast accumulation of bound charges is achieved in the rotation
TENG that also possesses good expandability to charge multiple main TENGs by one
pump TENG.
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Wang et al. proposed a fundamentally different mechanism of charge shuttling to
generate output on TENGs, which is not based on the electrostatic induction of static
charges but on the shuttle of corralled charges in a TENG and a buffer capacitor [52]
(Figure 8h). The corralled mirror charge carriers are accumulated through charge pumping
strategy, and shuttle due to the interaction of two quasi-symmetrical conduction domains,
which doubles the output. The device based on charge shuttling is composed of a pump
TENG, a main TENG, and a buffer capacitor. The electrodes of the main TENG and the
buffer capacitor form two conduction domains respectively presenting a quasi-symmetrical
structure with Q* side and Q™ side. The pump TENG injects charges into domains
through a rectifier. Upon contact and separation of the main TENG, its capacitance changes
while that of the buffer capacitor remains, inducing a voltage difference between them
to drive charges to shuttle in a quasi-symmetrical way, generating electricity on two
loads. Consequently, the charge output is doubled by the two shuttling mirror charge
carriers, achieving a total effective charge density of 1.5 mC m~2 with a Zener diode
for stabilization (Figure 8i). The mechanism was successfully applied in an integrated
device for wave energy harvesting. The peak current of the device reached about 1.3 mA
under wave agitations of 0.625 Hz. The maximum peak power was 126.67 mW at 300 kQ),
corresponding to a volume power density of 30.24 W m~3 (Figure 8j).

4. Networking Strategy and Power Management
4.1. Networking Designs

The networking design of TENG units for blue energy harvesting involves mechanical
connection and electrical networking. The ideal mechanical connecting method should
be highly resilient, anti-fatigue, mechanically robust, and resistant to corrosion, while the
electrical networking demands maximized output, avoidance of the disturbing electrostatic
induction, and sufficient protection from the interference and corrosion by sea water.
Meanwhile, the interconnection of TENG units is expected to introduce a coupling effect to
enhance the total harvesting efficiency.

The coupled TENG network for wave energy harvesting was first realized by Xu
et al. [54]. The work investigated the coupling design in details. Three connection methods
were proposed and tested, of which the flexible connection shows higher efficiency and
better performance (Figure 9a,b). The output of the linked unit is 10 times greater than
that without linkage due to the coupling between TENG units. The network of 16 units is
rectified and electrically connected for self-powered sensing by wave agitations (Figure 9c).

In order to enhance the robustness of mechanical connection, another intriguing way
is to construct a network structure that can heal by itself after being broken by strong
waves, as put forward by Yang et al. [42]. The idea was accomplished by the design of
a self-adaptive magnetic joint (SAM-joint), which is composed of a rotatable spherical
magnet and a limit block mounted around the TENG device shell (Figure 9d). The SAM-
joint functions by self-adaptive mechanism of the pole and anisotropic restriction on the
degree of freedom, enabling the network structure with characteristics of self-assembly, self-
healing, and facile reconfiguration, which greatly improve the autonomy and robustness of
the TENG network (Figure 9e).

Liu et al. put forward a study concerning four types of electrical networking topol-
ogy [74]. The effect of wire resistance and output phase asynchrony of different units on
the network output were analyzed and concluded to be crucial (Figure 9f).

Liu et al. designed a special type of plane-like power cable for TENGs to meet the
demands raised by both electrical networking and mechanical linkage, which consists
of spring steel tapes and three polymer films on the outside [48] (Figure 9g). Firstly,
the plane shape that limits the entanglement among interconnected units, along with
the highly resilient steel tape as the structural skeleton and the hydrophobic PTFE
film, fulfills requirements for mechanical connection. Secondly, the conducting wires
of TENGs are sandwiched in nearby steel tapes to avoid water screening effect for
higher electrical output. Moreover, the power cable structure has an additional merit of
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Figure 9. Networking design and output of TENGs. (a) Schematic diagram of three connection methods of coupled
TENG network for wave energy harvesting. (b) Current output of coupled TENG network by three connection methods.
(c) Schematic diagram of TENG network rectification and demonstration of coupled TENG network for self-powered
sensing by wave agitations. (a—c) Reprinted with permission from ref. [54], Copyright 2018, American Chemical Society.

(d) Schematic diagram of

SAM-joint mechanism. (e) Demonstration of self-healing of TENG network by SAM-joint.

(d,e) Reprinted with permission from ref. [42], Copyright 2019, Elsevier. (f) Schematic diagram of electrical networking
topology of TENG network. Reprinted with permission from ref. [74], Copyright 2020, Elsevier. (g) Schematic diagram of

plane-like power cable and

perspective. Reprinted with permission from ref. [48], Copyright 2020, Elsevier.

4.2. Power Management

TENGs are generally characterized to have high internal impedance, which does
not match the impedance of most general electronics. Direct powering the electronics by
TENGs will result in low efficiency. Meanwhile, a switch strategy is required to maximize
the power generated in a single cycle [21]. Moreover, for the network with multiple TENG
units, there are new challenges to maximize the total output of modules or the whole
network by power management.

The power management module (PMM) proposed by Xi et al. consists of two com-
ponents: a tribotronic energy extractor to enhance the energy transfer efficiency from the
TENG device to the circuit system, and a DC-DC buck converter to generate DC output
on the load [49] (Figure 10a). The core goal of power management is to optimize and
maximize the TENG output power on the loads through step-down flow, which is achieved
by the PMM in a universal, efficient, and autonomous way because it is compact in size
and applicable for various forms of TENGs with a self-management mechanism.

Xi et al. then utilized the PMM to support an application system based on wave
energy [11] (Figure 10b). The harvested energy by TENGs passing through the PMM can
drive a microprogrammed control unit (MCU), several microsensors, and a transmitter due
to the enhanced energy transfer efficiency. The MCU based on an intelligent monitoring
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mechanism can deploy electricity for each sensor by varied priority and data transmission
cycle, accomplishing a sustainable and autonomous wireless sensing for acceleration,
magnetic intensity, and temperature.
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Figure 10. Power management and output of TENGs. (a) Circuit diagram of PMM including tribotronic energy extractor
and DC-DC buck converter. Reprinted with permission from ref. [49], Copyright 2017, Elsevier. (b) Demonstration
of utilizing PMM to support MCU and sensors. Reprinted with permission from ref. [11], Copyright 2019, Elsevier.
(c) Demonstration of combining PMM with a hexagonal network of TENGs to power wireless transmitter. Reprinted with
permission from ref. [75], Copyright 2019, Wiley. (d) Schematic diagram comparing SCC with FSCC. (e) Charge output of
TENG adopting power management based on FSCC. (f) Current and power output of TENG adopting power management
based on FSCC. (d—f) Reprinted with permission from ref. [50], Copyright 2020, Springer Nature. (g) Schematic structure
of air-membrane TENG device with contact switches. (h) Schematic diagram of the switch circuit. (i) Pulse current of the
device with switches. Inlet: single current pulse. (g-i) Reprinted with permission from ref. [43], Copyright 2017, Elsevier.

Liang et al. proposed a hexagonal network of TENGs combined with the above PMM,
successfully powering a wireless transmitter to send signals every 10 s under wave agita-
tions, which further verified the application of the PMM in wave energy harvesting [75]
(Figure 10c).

In addition, the transformer of switched-capacitor-convertor (SCC) is also a good
candidate for power management since it is magnet-free, light-weight, and easy for integra-
tion (Figure 10d). Liu et al. put forward an SCC that adopts fractal design (FSCC), which
optimizes the topology to decrease the impedance and lower the switch loss of transistors
by integration on printing circuit boards [50]. FSCC also shows high step-down ratio and
electrostatic voltage applicability. By coupling TENGs with FSCC, the power management
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system can boost the charge output 67 times (Figure 10e), and reaches a high power density
0f 954 Wm 2 in pulse mode at 1 Hz (Figure 10f).

Apart from the above module, a switch circuit can also intensify the current and power
output, as put forward in the mentioned multilayered air-membrane TENG by Xu et al. [47].
The switches are formed by attaching Al foils on air chambers and their corresponding
contact spots on the outer shell, and are closed when matching foils contact. As the inner
oscillator reaches its highest or lowest position and creates a voltage owing to the charge
separation, switches are closed and a pulse current driven by the voltage appears in the
external circuit (Figure 10g,h). Such switch circuit results in swift charge transfer that
no longer depends on mechanical contact-separation speed of electrodes, rising the peak
current to 1.77 A and the instantaneous power to 313 W, at a load of 100 Q) (Figure 10i),
which further enhances previous experimental results by Cheng et al. [74]. Apart from
that, the possible energy output per cycle is also increased, the principle of which was
thoroughly discussed by Zi et al. [21].

5. Summary and Perspectives

In this paper, major aspects in the construction of TENG networks for blue energy
harvesting are reviewed. The design of TENG unit for performance improvement is
mainly discussed, from structure advancement to mechanism alteration, including rolling
ball structure, multilayer structure, grating structure, pendulum structure, mass-spring
structure, spacing structure, water-solid contact structure, and charge pumping strategy.
Different kinds of structure designs are born with advantages to cater to specific needs,
including the naturally low frequency of rolling ball structure to match with slow wave
agitations, the superior output density of multilayer and grating structures, the high
sensitivity and elongated operation time under mechanical excitations to improve the
energy conversion efficiency through pendulum and mass-spring structures, and the
outstanding robustness and durability by spacing structure. Principle innovation such as
charge pumping is significant as it can bring large promotion to the system. Networking
strategy and power management are also briefly discussed. As a promising clean energy
technology, blue energy harvesting based on TENGs is expected to make great contributions
for achieving carbon neutrality and developing self-powered marine systems. Revealed
as a type of mechanical energy harvester more suitable for low-frequency excitations, the
key to the commercialization of TENGs lies in the combination of high power density and
robustness. The following aspects are suggested to be focused upon in future investigations:

(1) The design of TENG units is still quite crucial for further enhancing the power
density, especially in a real ocean environment, which has much more complex wave
conditions than in the lab, and the design of the device can be further validated and
optimized based on current devices [76]. A detailed comparison on typical devices is
shown in Table 1. In general, devices based on multilayer structure and grating structure
intrinsically output with greater power density. Making the components soft can expand
contact area, which enhances triboelectrification. Mechanism innovations regarding charge
pumping strategy achieve ultrahigh charge density. Rolling ball, pendulum, and mass-
spring structures can make blue energy harvesting more adaptive to changing directions
and broad frequency of waves, with better durability. To reach higher output of TENGs
from the material aspect, polymers can be improved in dielectric permittivity, electrostatic
breakdown strength, stability, contact status, and mechanical robustness, through surface
morphology and molecular functionalization as well as bulk composition modification [77].

(2) The durability of the TENG with friction or contact interfaces should be further
examined and optimized. For long-term operation at sea, the device should achieve
high reliability.

(3) The networking strategy is important for organizing and coupling TENG units
together to reach higher efficiency as an integrated system. It is less investigated in the past
for its complexity, which should be emphasized with further development of blue energy.
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(4) The interaction of devices with water motion is crucial for power-take-off (PTO)
performance of the system, which should be theoretically investigated and optimized based
on fluid-structure interaction dynamics.

(5) Adaptability to the ocean environment involves packaging of the device, antifoul-
ing, and anticorrosion, which can ensure that the function of the network is not damaged
in the severe ocean environment. The complete encapsulation of the device by waterproof
materials can protect the circuit and core device from water.

(6) Hybrid harvesting that can harness various other energy forms at sea, such as
wind, rain drops, and sun light, can further improve the utilization efficiency of certain
ocean area [78].

(7) Environmentally friendly designs and degradable materials are also highly re-
quired to reduce the environment risks of such systems in ocean [79].

(8) Power management that optimizes at the module level or network level is highly
required, which extends the present work to larger systems. It is expected to greatly
improve the total efficiency of the whole system.
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Abstract: Innovations in nanogenerator technology foster pervading self-power devices for human
use, environmental surveillance, energy transfiguration, intelligent energy storage systems, and
wireless networks. Energy harvesting from ubiquitous ambient mechanical, thermal, and solar
energies by nanogenerators is the hotspot of the modern electronics research era. Ferroelectric
materials, which show spontaneous polarization, are reversible when exposed to the external electric
field, and are responsive to external stimuli of strain, heat, and light are promising for modeling
nanogenerators. This review demonstrates ferroelectric material-based nanogenerators, practicing
the discrete and coupled pyroelectric, piezoelectric, triboelectric, and ferroelectric photovoltaic effects.
Their working mechanisms and way of optimizing their performances, exercising the conjunction of
effects in a standalone device, and multi-effects coupled nanogenerators are greatly versatile and
reliable and encourage resolution in the energy crisis. Additionally, the expectancy of productive
lines of future ensuing and propitious application domains are listed.

Keywords: ferroelectric materials; nanogenerators; piezoelectricity; triboelectricity; pyroelectricity;
bulk ferroelectric photovoltaic effect (BPVE); harvesting; coupled effects

1. Introduction

With the advancement in modern mobile electronics, wireless communication systems,
and the internet of things (IoT), researchers became more concerned with the miniaturiza-
tion and multi-functionality of devices, e.g., low power, flexibility, etc. Mobile devices are
handy and carry information that is immediately accessible and transmittable wirelessly.
The devices are small enough to be worn or fastened with objects of everyday use, such
as goggles, clothes, wristwatches, and many others. These minuscule devices need small
operational powers, usually in micro-watt or milli-watt, for which the use of the traditional
chemical batteries is a miser and are the cause of environmental threaten, too; hence,
small-scale sustainable power solutions are in need. The make-up to this innovates the ma-
turing of energy harvesting units, which can efficiently harvest energy, such as mechanical,
heat, and light energy, to electrical energy and reuse sources of energies from the ambient
atmosphere [1-4]. In 2006, Z. L. Wang and J. Song developed nanogenerators (NGs) by
transforming nanoscale mechanical energy into electricity using arrays of piezoelectric
ZnO nanowire and marked energy harvesters to jump into a new span [5]. The basic
theory of nanogenerators was established based on the concept of the use of the Maxwell
displacement current as a driving force to convert environmental energies into electrical
energy signals. Therefore, NGs work by current generations and employ the concept of
internal polarization of the material [6]. Out of thirty-two crystal structures, twenty-one
Crystal classes do not possess central symmetry and are non—centrosymmetric, twenty of
which show polarization as the reaction of mechanical stress forces are piezoelectric and,
among these, twenty (1, 2, m, 222, mm2, 4, —4, 422, 4 mm, —42m, 3, 32,3 m, 6, —6, 622 m
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6 mm, —62 m, 23, —43 m). Among these twenty piezoelectrics, ten show spontaneous
polarization variations, induced by temperature changes are pyroelectric (1, 2, m, mm?2,
3,3 m, 4,4 mm, 6, 6 mm). Their polarization turned out to be reversed with the imple-
mentation of the electric field; additionally, the particular materials are ferroelectrics [7,8].
Ferroelectrics are functional dielectric materials that have shown spectacular properties
of spontaneous polarization at zero electric fields. The spontaneous polarization (Ps) can
be switched to reversed direction when a large poling electric field (in units of kV/cm
to MV /cm) is applied. Figure 1a(i) demonstrates the typical ferroelectric P-E curve [9],
showing both the states are steady and thermodynamically stable. Thus, ferroelectric
materials have been of great research interest for almost over a century [10,11]. In conven-
tional ferroelectric (FE) materials, also known as proper ferroelectrics, the spontaneous
polarization (Ps) is responsible for the change in structure (i.e., structural phase transi-
tion) breaking the crystal symmetry at curie temperature (Tc). So, the order parameter
of phase transition in proper ferroelectrics is spontaneous polarization. Ferroelectrics
have posted a wide range of applications contributing to frequency filters, pressure and
temperature sensors, actuators, hydrophones, oscillators, and many others [12-18]. Since
all the ferroelectrics are piezoelectric and pyroelectric, they speculate the phenomenon of
piezoelectricity, pyroelectricity, and photovoltaic ferroelectric effects. These effects are the
result of responses from external stimuli, such as mechanical, thermal, and solar energies,
respectively [19-22]. The piezoelectric coefficient of semiconductor piezoelectric ZnO is
~12 pC/N, which is quite low, in contrast to the ferroelectric materials with perovskite
structure, e.g., BaTiO3 and Pb(Zr, Ti)O3, which exhibit high piezoelectric coefficients of
100 pC/N and 200 pC/N, respectively [23]. These properties of ferroelectrics promote their
use in the fabrication of nanogenerators for energy scavenging and harvesting from low
frequency natural and artificial energy sources from the environment [24,25]. Along with
energy storage units, self-powered systems can also be integrated by nanogenerators for
powering functional devices. Many nanogenerators have been fashioned after, including
piezoelectric NGs (PENG), pyroelectric NGs (PyENG), triboelectric NGs (TENG), and
photovoltaics (PVC) [26-29]. Piezoelectric and triboelectric NGs transform mechanical
stress forces and/or energies from wind/airflow, water waves, human motions, biome-
chanical energies, etc., to electrical energy, accompanied by changing polarization degrees
in ferroelectrics [30-35]. Pyroelectric NGs works by temperature variations from industrial
heat wastes, radiations from the sun, etc. [36—41]. The photovoltaic effect in ferroelectrics
demonstrated that the photocurrent is not limited by the bandgap of material; rather, it is
associated with material polarity and separation of light-induced photo carriers [42—-45].
At present, hybrid nanogenerators and multi-effect coupled NGs are of practical interest,
developed by integrating the above mentioned effects into a single structure and, hence,
contributing to the maximization of energies for high electrical power outputs, depending
on the strength of external stimuli [6,46-50]. The ever first one-structured coupled nano-
generator, based on piezo-tribo-pyro—photovoltaic effects, was proposed by professor Ya
Yang and his co-workers in 2015 [51]. Ferroelectric materials possess permanent dipole
moments in the electric field, which increases their polarization density and facilitates their
use in wearable, flexible electronics. The conventional semiconductor materials do not own
this property and so ferroelectrics gather more attention [52]. The most active ferroelectric
materials encapsulated in nanogenerator application are inorganic ferroelectric ceramics
and organic polymers; the best of them include BaTiO3 (BTO) [53], PbZr,TixO3 (PZT) [54],
Nay 5Bio5TiO3 (NBT) [55], KNaNbO3 (KNN) [56], BiFeO3 (BFO) [57], Pb(Mg; ;3Nb, /3)O3-
PbTiO5 (PMN-PT) [58], PVDF [59-61], and P(VDE-TrFE) [62]. In comparison with inorganic
ferroelectrics, very few organic ferroelectrics exist. For example, single-component polar
organic molecules, such as CDA, DNP, CT complexes, and polymers, such as PVDE, nylon-
11, and organic-inorganic composites, such as HdabecoReOy, TGS, TSCC, are excellent
for applications in piezoelectric and triboelectric nanogenerators [63]. Other reports on
semiconductor ferroelectric have also been found. Ferroelectric polymers are highly flexi-
ble and have found applications in wearable and foldable devices. Ferroelectric ceramics
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are hard and are often complexed with other ferroelectric/non-ferroelectric material and
stacked to multilayered architecture, in order to improve their output features with vari-
ous structural morphologies and, e.g., (Bag g5Cag.15)(Tip.90Zr0.10)O3-x BiHoO3 /PDMS [64],
PDMS/PZT [65], and CNTs-PMNT/PDMS [66]. In this peer review paper, we briefly talk
about the basic properties of ferroelectric materials, together with related phenomena
for energy conversion, i.e., piezoelectricity, pyroelectricity, triboelectricity, and ferroelec-
tric photovoltaic effects, as well as operating conditions of various types of ferroelectric
material-based NGs. Mechanism of ferroelectrics-based hybrid and multi-effect coupled
NGs, with their structure-related performances and power conversion efficiencies, are
also discussed. Some recent applications, including self-powered micro/nano-systems,
multifunctional sensors, and wearable flexible devices, are discussed. Furthermore, the

advantages of ferroelectric-based NGs and future prospects are devised.
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Figure 1. Hysteresis curve and typical ferroelectric crystals structures. (a) Hysteresis curve for ferroelectric materials with
important factors of coercive field (E.), remanent (PR), and spontaneous polarization (Ps); (i) PZT crystal, representing the
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two stable positions of Zr* or Ti** ions; (ii) PVDF polymer chain with the two orientations for polarization; (iii) hafnium
oxide with switching O% oxygen ions; (iv) O> ion switching in fluoride structure of orthorhombic hafnium oxide (HfO,).
(b) Domain wall movement. Reprinted with permission from reference [67], Copyright 2017, AIP Publishing. (c) Transition
temperature dependence of ferroelectrics. Reprinted with permission from reference [68], Copyright 2016, Springer Nature.

2. Ferroelectric Materials
2.1. Fortunes of Ferroelectric Materials

Ferroelectric materials in their ferroelectric phase exhibit net dipole moment, i.e., the
centers of charges (positive and negative) do not coincide, resulting in robust polarization
lasting permanently below a particular temperature, called the curie temperature (T.), in
the non-poled state. Before the time of the second world war, from 1920-1943, ferroelectric
materials remained of academic and theoretical interest for small applications zones. In the
1950s, BaTiO3 (BTO) discovered that strong ferroelectric behavior evoked the electronic
ceramic industry and became an interesting candidate for piezoelectric transducers. By the
1960s, researchers undertook ferroelectric thin films and realized practicing non-volatile
memories, but quality maintenance, restricted their practical applications, up until the
1980s; later in the 1990s, ferroelectrics, alongside microsensors, found widespread ap-
plications in radio frequency and microwave devices. In 1994, the bypass ferroelectric
capacitors installed in digital mobile phones provided a breakthrough in the leading micro-
digital industry [69-71]. For the past two decades, ferroelectric materials subsisted a great
application tempt in energy harvesting.

2.2. Crystal Structures

Joesph Valasek has discovered the phenomenon of ferroelectricity in Rochelle salt
(NaKC4H4O4.4H,0) orthorhombic crystal structure first. Up until now, more than seven
hundred ferroelectric materials have been demonstrated, inclusive of oxides, polymers,
ceramics, and liquid crystals, as well. Typical ferroelectric materials have either ABO3
perovskite or hydrogen-bonded potassium dihydrate phosphate KH,PO,4 (KDP) structures,
but others also exist, such as GeTe, SrAlFs, SbSI, SbSel, etc. [72,73]. Perovskite ferroelectric
materials are with crystal structure isomorphous to the mineral perovskite calcium titanium
oxide CaTiOs3, general formula ABO3, whereupon A and B stand as cation, and O is the
oxygen ion. The ionic radius of cation A and B is particularly around 1.2 A to 1.6 A and
0.6 At00.7 A, respectively. Oxygen atoms/ions are positioned at the face center and A
ion at the cube corner, forming octahedral surrounding B ions and staying at the body
center. Structure stability requires that the valencies of ions be balanced. Moreover, the
structural distortions, such as octahedral distortion or tilting, associated with low space
group symmetries, cause relief of B-site electronic instabilities, leading to high values
of ferroelectric polarization, piezoelectric coefficients, unusual photovoltaic behaviors,
and dielectric constants [7]. Figure 1a(ii) represent perovskite structure-based inorganic
ferroelectric materials, such as lead zirconate titanate PZT (Pb(TixZr; _,)O3), barium titanate
BTO (BaTiO3), and layered strontium bismuth tantalite SBT (SrBiy Tap;Og); in all of them, the
central cation switches its position between the stable states [9]. The literature revealed the
existence of morphotropic phase boundary (MBP) in PZT, with compositional variations
that benefited piezo ceramics a lot [74-77]. Furthermore, the nature of lead (Pb) is weighty
and detrimental to humans and the environment. Therefore, lead-free materials (e.g.,
BiFeO3 (BFO), KNaNbO;3; (KNN), etc.) which are non-toxic, environmentally friendly, and
biocompatible, are of more research interest [78,79]. Some ferroelectrics, with more complex
perovskite structures, have also been observed with cations of different valencies but fixed
molar concentrations. For example, PbMg; ;3Nb,O3 (PMN), PbSc; /,Ta; /,03 (PST), and
Bij ;pNaj /,TiO3 (BNT) [80,81]. Ferroelectric hafnium oxide (HfO,) is also of great interest
and becoming a spotlight for the memories industry [9].

Ferroelectrics with ilmenite structure are similar to perovskites, with distinction in
the A cation, which is small enough to fill ABO; structure coordinated site. Oxygen ions
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are packed closely in a hexagonal layer, with cations A and B located between the layers
at octahedral sites LINbO3 and LiTaOs3, which are two important uniaxial ferroelectric
materials of this class [82-84].

Polyvinylidene fluoride (PVDF) with CH,CF, monomer was observed to be the first
ferroelectric polymer, without any particular curie temperature, as melting occurs first.
PVDF exists in four different polymorphs (i.e., the a—, f—, 7—,and d—phases), depending
on the configuration of carbon-carbon links. Fluorine atoms are electronegative and make
the C—F bond polar, resulting in the molecule having a net dipole moment orthogonal to
molecular length carbon backbone chain. Though the molecules of polymer arrange in the
unit cell and, hence, the dipoles balance each other in the a-phase; so, the PVDF in a-phase
is not ferroelectric, but its field application produces a net dipole moment on unit cell and
put it in J-phase. Annealing of these systems at high temperatures crystalizes them in
the y-phase, which also has a net dipole moment perpendicular to the carbon backbone
and is polar. Orthorhombic B-phase can be achieved by stretch or draw in previously
derived phases and is an all-trans configuration with high spontaneous polarization and
a dielectric constant [85]. So, electric poling makes B-PVDF-phase a strong piezoelectric
and pyroelectric phase, when compared with other polymorphs. B-PVDF-phase can be
directly obtained by the copolymerization of vinylidene fluoride with trifluroethylene
TrFE (~10 to 46% by wt.); the resultant P(VDF-TrFE) material has the same activity rate as
pure PVDF but exhibits high remnant polarization [82,86,87]. Figure la(iii,iv) show the
switching behavior of polar polymer chains in organic ferroelectric polyvinylidene fluoride
(PVDF) polymerized, with tetrafluoroethylene (TrFE) and O~2 ion switching in fluoride
structure of orthorhombic hafnium oxide (HfO,), respectively [9]. Hexafluoropropylene
HFP is another important copolymer material for the PVDF matrix. Other polymers that
exhibit ferroelectric behavior include odd-numbered nylons, but these are only weakly
piezoelectric. These polymeric ferroelectrics are useful in flexible electronics, especially in
wearable devices.

Another class of ferroelectrics comprises of improper ferroelectrics, for those in which
the order parameter is not the polarization; rather, the spontaneous polarization arises as
to the by-product of phase transition, as a secondary effect. The temperature dependence
of the permittivity does not follow Curie-Wiess law; additionally, the phase transition
is not suppressed by the electric fields in improper ferroelectrics [88]. The dielectric
constant of improper ferroelectric remains low, usually near the phase transition temper-
ature, and is conducive to the large pyroelectric figure of merits. Examples of improper
ferroelectric involve iron-iodine-boracite [FeB;Oq31 (TMO)], dicalcium-lead-propionate
[Cay; Pb(CH3CH,COO) (DLP)], [Hdabeco]ClOy, etc., [89]. A subset of ferroelectric materi-
als forms ferroelastic materials, which may show spontaneous strain and possibly exhibit
two or more stable orientation states under zero electric field or mechanical stress. Pb3(PO),4
is a particular example of ferroelastic materials [68].

Anti-ferroelectric (AFE) structures are mainly characterized by the phase transition
from the low symmetry state, usually from the low-temperature phase to the high symmetry
state (usually high-temperature phase). Contrary to ferroelectrics, the anti-ferroelectrics do
not have permanent electric polarization. Therefore, an anti-ferroelectric crystal lattice can
be considered to be made up of two interpenetrating sublattices with equal but opposite
polarizations. However, high spontaneous polarization (Ps) appears as the transition from
the anti-ferroelectric phase to the ferroelectric phase. They exhibit low dielectrics losses and
coercive fields. A typical anti-ferroelectric material with a perovskite structure is PbZrOs,
with Sr doping energy density of 14.5J/cm3, which had been observed at 900 kV/cm by
Hao et al. [90]. Anti-ferroelectric Zr doped HfO, had shown the largest energy density of
46 J/cm® at 4.5 MV /cm [91]. Ferroelectric relaxors have also been demonstrated in the
past few years; relaxors belong to disordered crystals when nonequilibrium ions are added
into normal ferroelectric materials or heated above transition temperatures and de-poled
under critical electric fields. They exhibit broad and suppressed dielectric peaks but higher
susceptibilities. The ferroelectric (SrxBa; —x)Nb,Og (SBN) contains five Sr or Ba ions; so, one
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of the A-site remains unfilled, therefore, varying the Sr/Ba concentration to an increased
ratio, they transform from normal ferroelectrics to relaxor ferroelectric, as reported for
x = 0.75 in reference [92]. The 0.67 Pb(Mg1 /3Nb, /3)O3-0.33PbTiO3 composite ferroelectric
relaxor shows two phase transitions at 34 °C (from rhombohedral to tetragonal) and at
144 °C (from tetragonal to cubic) [93]. PVDF shows the relaxor behavior with improved
dielectric properties and piezoelectric responses by carrying temperature treatment and
further copolymerization to TrFE-CFE [94,95].

2.3. Ferroelectricity and Hysteresis

Ferroelectricity is the material property of exhibiting spontaneous polarization (Ps).
Ferroelectric materials have high dielectric constants, and field removal does not bring
polarization back to its original direction spontaneously, which signifies that the polar-
ization is persistent. This characteristic behavior of ferroelectric materials is defined by a
schematic, non-linear curve observed between the electric field (E) and polarization (P),
known typically as hysteresis, displayed in Figure 1a(i) [9]. Field escalations align polar-
izations in distinct dipolar regions of a ferroelectric crystal, reaching a saturation value of
spontaneous polarization (Ps) and setting off the field to zero gives remanent polarization
(P), which is slightly smaller than P and the result of charge displacement. Negative
field value reduces the polarization to zero at the coercive field (E._), and further increases
cause reverse saturation polarization (—Ps) and remanent polarization (P_) on returning
to zero field value. Polarization, again, reaches zero at E.,, towards a positive applied
field and back to Ps. An important feature of ferroelectrics is that remanent polarization
(2Pr = IP, | + IP_1) persists, even after externally applied E is abolished; this makes them
suitable for application in non-volatile random-access memories. BaTiO3 shows a remanent
polarization and coercive field of 2.55 uC/cm? and 3.14 kV/cm, respectively [96]. NBT
(Nag 5Bip 5TiO3) has a remanent polarization of 38 uC/ cm? and coercive field of 70 kV/cm
only [97]. However, doping of ST (SrTiO3) to NBT reduces the value of remanent polar-
ization and coercive field to 0.007 uC/cm? and 0.15 kV/mm [98]. During the process of
poling for polarization reorientations in the same direction, the bound charges restrain at
the opposite faces of polarization moment, i.e., positive at the negative end and vice versa.
The bound charges establish a depolarization field and side of the material, in order to
maintain charge neutrality, while the screening for free charge accumulates on the surface,
compensating the bound charge keeping the surface neutral [97,98].

2.4. Ferroelectric Domains and Phase Transition

In the ferroelectric materials, certain regions, called domains, exist and are separated
by interfaces known as domain walls. Each region containing polarization mixtures has
a different polarization direction for other regions, inferring that the virgin ferroelectric
material does not show a particular net polarization direction. When ferroelectric materials
are poled, their domains begin to set in the field direction and show a net polarization. This
signifies that polarization switching is quantum-mechanically functionalized by domain
wall motion. Figure 1b shows the domain wall motions and corresponding polarization
switching in BTO ceramics [67]. Two unique domains are labeled as 180° domains, with
polarizations aligned antiparallel to each other and 90° domains with polarizations aligned
perpendicular to each other. The motion of the 180° domain walls gives rise to dielectric
and piezoelectric response, whilst for 90° to the only dielectric response. The fact is
important for ferroelectric material’s use as energy harvesters and has been observed
in many perovskite structure ferroelectrics. The symmetry of the crystal determines the
favorable domain formation; hence, ferroelectric materials need to be non-centrosymmetric.
The polar ferroelectric behavior exists below a particular temperature, called the critical
temperature or curie point (Tc), above which nonpolar highly symmetric para-electric
phase transition occurs, reflecting the optical mode softening at the BZ center [99]. BaTiO3
is cubic in its para-electric phase and tetragonal in its ferroelectric phase at T, 120 °C. At
5 °C, a second-order phase transition from tetragonal to orthorhombic occurs for BTO [7],
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the transition/curie temperature for KDP (~—150 °C) and Rochelle salt (~24 °C) for PVDF
~150 °C [100-102]. In PbTiOj3 tetragonal ferroelectric phase occurs below 490 °C, assisted by
cation displacement in <100>. LiNbO3 and LiTaOj3 are two important uniaxial ferroelectric
materials, comprising of high curie temperatures at 1200 °C and 620 °C, respectively, and
containing only 180° domains [7]. Studies show that for PZT ferroelectric, the piezoelectric
response is related to the volume snippet of 180° domain walls. Pyroelectric coefficients can
be tuned at phase transitions ascribed with temperature-controlled domain wall motions,
as observed in PZT films subjected to tensile strains [103-106]. Huan et al. reported the
grain size effect of BTO and found that by reducing grain size, the width of the 90° domain
diminished, leading to enhanced piezoelectric properties of BTO [107]. However, the
materials with complexed domain wall structures show different properties from single
domain wall ferroelectrics. Multiferroic BiFeOj3 (BFO) is ferroelectric at Tc = 1103 K with
a rhombohedral structure and possesses 71°, 109°, and 180° domain walls. Seidel et al.
reported the observation of room-temperature electronic conductivity at 109° and 180°
ferroelectric domain walls in insulating BeFiO3, proving domain walls as discrete functional
entities with potential in nanoelectronic applications [108]. Ghara et al. demonstrated
the formation of highly conductive domain walls in multiferroic GaV4Sg, which can be
annihilated magnetically by driving the system to a single domain state [109]. Werner et al.
reported the stable, metal-like conductivity of charged domain walls in lithium niobate
crystals, with orders 13 higher than the bulk, high stability for the temperatures <70 °C,
and promoted advanced LN-semiconductor optoelectronic devices [110].

Lattice defects can also pin the motion of domain walls, as observed oxygen vacancies
and dipole defects lower the polarization values in KBNNO pyro and piezo response. The
defects can couple with polarization and beget anisotropic lattice deformations, comple-
menting the curie point, as shown in Figure 1c. Hence, ferroelectric material properties
can be tailored by controlled poling, defects, and engineering at a small scale, with non-
ferroelectric materials producing composite multilayer structures [68].

3. Energy Harvesting Ferroelectric Materials for Nanogenerators (NGs)

Ferroelectric materials can efficiently harvest energy, with variations of the internal
dipole moments or potentials, induced by surrounding ambient energies. These available
ambient energies are being utilized individually and by coupling with physical phenomena
related to mechanical, thermal, and solar energy to generate electricity. In this section, we
will discuss the basic energy conversion phenomenon related to ferroelectric materials and
the corresponding energy harvesting nanogenerators (NGs).

3.1. Piezoelectric Effect and Piezoelectric Nanogenerators

The piezoelectric effect is interwined to the causation of electric charges in a material;
when subjected to mechanical stress or strain forces, the center of cations and anions move
apart in an asymmetric manner, the material becomes electrically polarized and builds
piezoelectric potential. The polarity of the developed charge depends on the stress direction,
i.e., either the stress is compressive or tensile. Whilst in converse piezoelectric effect,
the applied electric field develops mechanical strain in the material, and field direction
determines either the material expands or contracts. P. Cure and ]J. Curie were the first to
observe the phenomenon of piezoelectricity (in 1880) in quartz and Rochelle salt [111]. The
dielectric polarization (P) is defined by a linear relation for direct piezoelectric effect:

Pi=d; X; 1

where in d and X represent the piezoelectric coefficient or constant and the applied stress,
respectively. The piezoelectric coefficient d evinces piezoelectric material performance and
is anisotropic. The subscripts 7 and j indicate the directions of dielectric displacement and
applied stress, respectively [112]. Ferroelectric materials (such as PZT, KNN, and PMN)
with morphotropic (MPB) or polymorphic phase boundary (PPB) relate to the rotation
of polarization and indicate the presence of multiple phases within the material, show
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exceptional piezoelectric response, and piezoelectric coefficient [113,114] BTO; PVDF has
also been studied widely in piezoelectric harvesters of mechanical energies, known as
piezoelectric nanogenerators (PENG). The operational mechanism of ferroelectric PENG
is based on the volume density model; that is, compressing the ferroelectric dipole den-
sity increases over the reduced material thickness and stretching material dipole density
declines over increased material thickness [85,115]. Consequently, ferroelectric material
polarization changes as dipole density vary and results in the generation of the piezoelec-
tric signal. Figure 2a(I) portrays a poled piezoelectric generator (PENG) in a stress-free
situation; polarized to value P, the charge will sit on the surface to establish charge bal-
ance. Subjecting the material to compressive stress, as in Figure 2a(Il), the polarization
level decreases, and the surface charge becomes free to flow generating electric current
signal across the load R. Figure 2a(Ill) depicts that, when removing stress or applying
tensile stress, the material polarization level increases, generating current in the opposite
direction to keep charge balance. Typically, the current signal, generated by PENGs, is AC;
therefore, the rectification of the output signal is needed. For energy harvesting by PENGs,
the selection of load resistance R must lead to an optimum value of piezo potential and
current for power generation, which is possible by impedance matching of R and energy
material. Furthermore, the infinite value of R leads to an open-circuit device condition,
which is suitable to develop sensitive voltage sensors, and the zero value of R leads to a
short-circuiting device [116]. Perovskite ceramic ferroelectrics, e.g., BTO and KNN, have
usually high piezoelectric coefficients; hence, ferroelectric ceramics-based PENGs show
high-output power performances. Guo et al. estimated the piezoelectric coefficient (ds3)
of ~30 pC/V and dielectric constant of (¢) ~340 for 140 nm thick BTO film, deposited on
Pt/TiOy/SiO, /Si, with the LiNbOj3 buffer layer [117]. Huan et al. accounted for the grain
size effects on the piezoelectric coefficient of BTO, they found that reducing the grain size to
1 um gives a maximum ds3 of 519 pC/V, the dielectric constant of (¢) ~6079, and electrome-
chanical coupling factor (Kp) of 39.5% [107]. Du et al. derived the piezoelectric features
of (Kg5Nag5)NbO3 (KNN) with the perfect perovskite phase, orthorhombic symmetry,
piezoelectric coefficient (d33) of 120 pC/N, electromechanical coupling factor (K;) of 0.40,
and curie temperature of 400 °C [118]. Matsubara et al. showed that, for KNN, there was
an estimated ~180 pC/N piezoelectric coefficient (dz3), with an electromechanical coupling
factor (Kp) ~0.39 and curie temperature of 420 °C [119]. As the ceramic materials make it
difficult to achieve flexibility, they should be deposited with smaller dimensions, i.e., as
thin films or nanoparticles. Chen et al. studied lead-free Bag 9Cay 1 Tip.99Sng,.1003-xLap,O3
for x = 0.03 mol%, and they got an optimized d33 = 496 pC/N and K, = 41.7, with coex-
isting orthorhombic and tetragonal phase [120]. Ferroelectric polymer composites (e.g.,
ZnSnO3:PDMS) can easily be employed in PENGs and has the advantage of low-cost, large-
area manufacturing and large mechanical durability, even under high-stress conditions.
Ferroelectric polymers, such as PVDF and P(VDF-TrFE), with piezoelectric coefficients
18 pC/N and —21 pC/N with dielectric constants of 8.4 and 10 are promising for total
flexible PENGs, they are even foldable, stretchable, and twistable [94,121].
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Figure 2. Various effects in ferroelectrics. (a) Piezoelectric ferroelectric nanogenerators. Reprinted with permission from
reference [116], Copyright 2020, IScience. (b) The pyroelectric effect in SbSel nanowires ¢, ¢ », and ¢ 3 represent the degrees
of dipole oscillations. Reprinted with permission from reference [122], Copyright 2019, Elsevier. (c) Triboelectric effect
in contact-separation mode. Reprinted with permission from reference [116], Copyright 2020, Elsevier. (d) Ferroelectric
photovoltaic effect in SbSI. Reprinted with permission from reference [29], Copyright 2019, MDPL

3.2. Pyroelectric Effect and Pyroelectric Nanogenerators

The pyroelectric effect is associated with the variations in spontaneous polarization
with temporal temperature changes and, hence, the generation of electric current. Thermal
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energy, generated by nature, mechanical frictions, and machines, can efficiently be altered
into electric energy, owing to the pyroelectric effect. Pyroelectric coefficient p is defined as:

P,

P=77 (2

where p represents the efficiency of pyroelectric material, and pyroelectrics have high
pyroelectric coefficients. Pg is the spontaneous polarization of pyroelectric, and T is the
temperature [123]. Pyroelectric nanogenerators include three main layers: the metallic top
layer, acting as the top electrode, is designed to collect heat efficiently; the middle layer
is the pyroelectric material layer, facilitating heat conversion into electricity by variations
in internal polarization; and the third metal layer is the bottom electrode [124,125]. The
pyroelectric materials have a unique polar axis. Figure 2b shows SbSel ferroelectric-based
PyENG [122]; when the material temperature is fixed, the electric dipole oscillates ran-
domly around aligning axes, @1, reaching their equilibrium, as shown in Figure 2b(I). No
current was observed since Ps remained the same. Thermal fluctuations produce polar-
ization change, which heads to the separation of bound charges and their accretion at the
electrodes. Increasing temperature creates net dipole moments, by enhanced dipole oscilla-
tion (¢, > ¢1) and spontaneous polarization, decreases by increased thermal agitations.
This leads to the depletion of bound charge, so free charge redistributes itself to compen-
sate for the bound charge and, consequently, pyroelectric current flows (Figure 2b(Il)).
Cooling the sample reverts the current direction and increases spontaneous polarization
as the dipole oscillation reduces (@3 < @1 < ¢2) (Figure 2b(Ill)). The pyroelectric effect
lasts only until temperature fluctuation remains. The output power of PYENGs can be
significantly improved by enhancing the absorption of thermal energy with structural mod-
ifications, increasing the pyroelectric coefficient by material alteration, and strengthening
spontaneous polarization carried out by thermal expansion [122]. Pyroelectric materials
exhibit piezoelectricity, too; so, accordingly, the temperature variations encourage stress
production and piezo polarization, i.e., secondary pyroelectric effect. Therefore, the bulk
pyroelectric coefficient is the additive of both the primary and secondary coefficients [126].
However, in the hybrid systems, with polar inclusions embedded into polar matrixes,
it is possible to control the individual component polarization, so the pyroelectric and
piezoelectric responses can be compensated. For example, Ploss et al. reported that 27%
volume of lead titanate (PT) embedded in PVDF-TrFE matrix, followed by parallel or
antiparallel poling inclusions, can cause piezoelectric-compensated pyroelectric material
or pyroelectric-compensated piezoelectric material to be constructed, respectively [127].
Similar trends were observed by Meirzadeh et al. for a-glycine crystals doped with minute
amounts of different L-amino acids [128].

Inorganic ferroelectric PyNGs, e.g., PZT, show low-output power, due to a small
pyroelectric constant, ~—80 nC/cm?K; polymer PVDF ferroelectric is found to be most
favorable and shows a high coefficient, ~200 pC/ cm?K [126,129]. For BTO, Song et al.
found the pyroelectric coefficient to be dependent on temperature, from 16 nC/ cm?K to
57 nC/cm?K for 299-310 K and 45.2 nC/cm?K for 310-324 K for light-induced pyroelectric
effect [130].

3.3. Triboelectric Effect and Triboelectric Nanogenerators

The triboelectric effect is delineated as the exchange of charge among two different
materials in contact with each other. Triboelectric nanogenerators TENGs work by cou-
pling triboelectrification (static polarized charge production on the material surface) and
electrostatic induction [131-133]. Electrostatic induction drives the harvesting of ambient
mechanical energy to electrical energy by variations in potential, which are incited by
impulsively agitated material layer separation (particularly by displacement). Periodic
mechanical triggering of the triboelectric layer generates AC output. TENGs works by four
different mechanisms, taking account of the change in the polarization direction of two tri-
boelectric material surfaces/layers and the configuration of electrodes, which are insulated
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carefully from each other. The four distinct modes are (i) vertical contact-separation (CS)
mode, prompted by series of contacting and separating the triboelectric layers attached
to the electrodes. The mode shows high-output peak current and figure of merit (FOM),
which can further be enhanced by a stacked multilayer structure [134]. Figure 2c is a
schematic of CS-mode TENG [116]. In Figure 2¢(I), two layers are pressed by external force,
in order to create contact and generation of charges at the interface of dielectric triboelectric
layers A and B. Releasing outside force (Figure 2¢(II)) leads to charge separation among
the layers, establishing the potential difference that drives free charges in the electrode for
potential balance setting current across the load R. When the charge is balanced, the current
disappears, see Figure 2¢(IIl). Again, pressing layers to make contact results in the flow of
free charge, accumulated on the surface of the electrode, back into the circuit, resulting in
current, but reversed, direction. The electric potential (V) of TENG is defined as:

V: Oty
E0&r

(©)

In the above equation, o} is the triboelectric charge density, d is the gap distance
betwixt two triboelectric material layers, g is the permittivity of free space, and ¢, is the
relative permittivity of triboelectric material. Clearly, the potential produced is a function
of layer gap and depends on layer movement, so, the current. (ii) Lateral-sliding (LS)
mode [116] is triggered by sliding the tribo-layers, studies revealed that longer sliding
distances lead to lower FOM, but charge densities are high. The output performance of
LS mode TENGs can be improved by structure grating, which can also be altered to either
rotational or cylindrical gratings [135]. (iii) In the single-electrode (SL) mode, the back
electrode is removed, which offers a very small amount of charge transfer and voltage [136].
(iv) In the freestanding triboelectric layer (FL) mode, the triboelectric layers are free from
electrodes and can locomote with or without contacting with static electrodes, resulting
in high-output power and energy conversion efficiency records [137]. Introducing the
ferroelectric material layer to TENG speculates the increased surface charge density, e.g., the
barium titanate ferroelectric ceramic layer, on polytetrafluoroethylene (PTFE) TENG [138].
Liu et al. obtained a high piezoelectric and pyroelectric coefficient of 150 pC/N and
29.7 nC/cm?K for BTO polarized disc by wind-driven TENG at speeds of 14 m/s, which
resulted in the high-output voltage of 1000 V in <10 ms [40]. The literature revealed
the improved output performance of PVDF-TrFE, based TENG, due to well-oriented
polarization. TENGs offer broad material availability and high efficiency, yet low operation
frequency [139].

3.4. Ferroelectric Photovoltaic Effect and Photovoltaic Cells

The ferroelectric photovoltaic effect refers to the photovoltaic response, i.e., photovolt-
age and/or photocurrent, observed in ferroelectric materials when exposed to light. The
photovoltaic phenomenon in ferroelectrics is significantly dissimilar to the conventional
photovoltaic effect (PVE) observed in semiconductor pn-junction. The built-in electric
field, across the depletion region of the pn-junction, separates the generated photo-carriers,
thereby defining that the open-circuit voltage for particular photovoltaic effects in semi-
conductors has a bandgap constraint. However, in the ferroelectric photovoltaic effect, the
built-in field is because of remnant polarization (Pr) and goes throughout the ferroelectric
material, and there is no bandgap restriction for charge separation. Therefore, the photo-
potential generated in ferroelectrics is much greater to abnormal value than their band
gaps. This phenomenon is the so-called abnormal photovoltaic effect or bulk photovoltaic
effect (BPVE) and had been known in barium titanate and lithium niobate for decades.
However, its clear explanation is still a mystery and the photovoltage integrated can be
visualized as the photovoltage of domains [140,141]. The bulk ferroelectric photovoltaic
effect has been observed in bulk ferroelectric materials, such as BFO (BiFeOs3), with large
photovoltage stipulating the internal bias field presence. The thin films of BTO (BaTiO3)
evidenced that the direction of photocurrent and photovoltage can be rolled over by revert-
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ing polarization, proving the polarization as a dominant feature in the bulk photovoltaic
effect [140,142,143]. Figure 2d(I) represents the ferroelectric photovoltaic effect mechanism
in poled SbSI nanowires with Pt metal contacts [29]. The SbSI nanowires proposed the bulk
photovoltaic ferroelectric (BPVE) mechanism, shining light with energy greater than the
bandgap of SbSI ferroelectric, resulting in the absorption of light photons, and promoting
the photo-generation of electron and holes as excess carriers. Poling the SbSI ferroelectric
caused band bending and, thus, the internal electric field, due to the spontaneous polariza-
tion of nanowires (Figure 2d(I)). The internal field determines spatial separation charge
carriers in ferroelectric photovoltaic devices and these excess carriers contribute to the
photovoltaic output current [29].

3.5. Coupled Effects NGs

Recently, hybridized nanogenerators NGs have also been reported by integrating
individual piezoelectric, pyroelectric, triboelectric, and PVC harvesters, in series or par-
allel, for the realization of self-powering of devices with higher consumption powers by
utilizing multi-energies. The hybrid stacked structures enhance the overall output power
but restrict the interaction among various effects in the device, as different electrodes
export electrical energy. Furthermore, it is discouraging for reducing device size and heavy
productions [6,46,56,144]. Therefore, it is greatly aspired to deploy multifunctional energy
harvesting materials for establishing the coupled nanogenerators, based on a single struc-
ture. Ferroelectric materials are multifunctional, thereby defining that the piezoelectric,
pyroelectric, and photoelectric properties concur, also a common feature among piezo-
electricity, pyroelectricity, triboelectricity, and the ferroelectric photovoltaic effect is that
they all work by having an influence on the polarization of ferroelectric materials. This
similarity indicates the potential to couple these effects, in order to magnify the charge
quantity and electric power from various energy resources simultaneously and promote
their use in multi-effect coupled NGs, whenever all the mechanical, thermal, and solar
energies are either available individually or simultaneously. The multi-effect coupled
NGs are composed of multilayers, with only one electrode pair that is highly versatile,
reliable, simply smaller, and low cost. The multi-effects coexist and interact to produce
electrical output; their performance hangs on the strength and type of external stimuli.
Device design determines the performance of multi-effect coupled nanogenerators. By
now, a sandwich layer layout with a function material embedded in two electrodes, planer
structure consisting of two parts, functional material layer, coplanar electrodes realized by
laser etching or masking, and heterojunction design (which commonly intervene in PVCs)
have been contrived [6,47,145].

4. Device Structure and Performances of Ferroelectric NGs

Exceptional output device performances are always in search of better design and
tailoring material properties.

4.1. Device Design and Output Power Optimization in Piezoelectric PENGs

The piezoelectric ceramic perovskites show high piezoelectric constants and elec-
tromechanical response because of polarization rotations. The ferroelectric, ceramic-based
PENGs with active layers of lead zirconate titanate (PZT) [146,147], barium titanate (BTO)
mboxciteB148-nanoenergyadv-1435434,B149-nanoenergyadv-1435434,B150-nanoenergyadv-
1435434, lead magnesium niobate titanate (PMN-PT) [151-154], sodium bismuth titanate
(NBT) [155-159], and sodium potassium niobate (KNN) [160,161] have been reported with
high-output performances. Ferroelectric thin film PENGs have also been reported on
flexible plastic substrates with metal electrodes and by transferring techniques [146,154].
However, ceramic PENGs have limitations of large-area devices fabrication; addition-
ally, ceramics are frangible in nature and cannot withstand very strong strain-producing
forces. To get out of these problems, reports on a polymer matrix supported by ferroelec-
tric powder composites have been found, which fortified a large area of manufacturing
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devices, reduced cost, sustain high-stress forces, and enhanced mechanical resilience,
but are not admissible in low magnitude and frequency input forces [146,153]. This
time, highly durable and elastic polymer ferroelectric-based PENGs were proposed, with
high mechanical permanence and optimistic output performances [62,162-164]. Semi-
metallic/conductive layers or electrodes are deposited over the ferroelectric active layers
to get charge separation without poling; graphene is a potential conductive layer, due to
high thermal and electrical properties over the large surface area. Additionally, surface
treatments or doping can make graphene either p-type or n-type, which can further align
the polarized charges efficiently. Polyvinylidene fluoride (PVDF) and its copolymers are
rosy for polymeric ferroelectric-based PENGs. PVDF exhibit a smaller dielectric constant
but have extremely high parameters of voltage (g33 = 28.26) and piezoelectric constants
(da3 = 16.2 pC/N) [63,163]. The ds3 value can be further enhanced by introducing ceramic
fillers with relatively larger permittivity, e.g., PZT, PLZT (PZT:La), PTO, BTO, and PMN-PT
into the PVDF matrix. The quantity of ceramic powder fillers is most important, and it
controls the harvesting properties of PENGs; the positive and negative piezocoefficients of
ceramic and polymeric ferroelectrics may rule out each other’s effects, thereby reducing
the output performances, so tedious measurements must be taken into account [165,166].
Yaqoob et al. [167] fabricated a novel tri-layer PVDF-BTO/n-Gr/PVDF-BTO piezoelectric
NG, with 60 um thickness. The PVDF/BTO layers stacked on both sides of the N-graphene
layer deposited over Si substrate. Figure 3a demonstrates the making process of tri-layer
PENG. The working mechanism of tri-layer PENG is illustrated in Figure 3b, escribing that
between n-Gr and PVDEF-BTO, the layer charge barriers are created, due to the accumu-
lation of opposite charges near the interfaces. The lower n-Gr/PVDF-BTO layer acts as a
blocker and restricts recombination and sustains the charge on the upper layer, and dipole
alignment happens on both sides. Extreme bending of PENG shows high flexibility. FESEM
studies confirmed that BTO nanoparticles were dispersed uniformly in the PVDF matrix
and graphene over PVD-BTO film in the p-tetragonal phase. The high peak-to-peak open-
circuit voltage of 1.5 V and 10 V was observed in un-poled and poled PENG under the force
of 2 N by human finger tapping. Figure 3¢ shows the maximum short-circuit current output
of 2.5 ©A and instantaneous powers of tri-layer PENG was found saturated at 10 M() load
resistance, with a maximum value of 5.8 uW at 1 M(Q). PENG was found to be highly stable,
even under continuous pressing and releasing at 2 N for 1000 s, and is attributed with
N-graphene, suggesting graphene-enhanced PENG performance and realizing that the
tri-layer structure is efficient for mechanical energy harvesting and perspective to use as a
pressure sensor and power source of self-powered devices. Hanani et al. [33] investigated
a bio-flexible PENG with potential in self-powered biomedical devices, as well as lead-free,
bio-ceramic Bag g5Cay 1521010 Tip.9003 (BCZT), functionalized with polydopamine that is
embedded with polylactic acid. BCZT@PDA /PLA is sandwiched between two Cu-foils
and encapsulated with Kapton tape to keep it water- and dust-proof and secure, as of
repeated mechanical excitations, see Figure 3d. PLA has a high piezoelectric coefficient
di3 of 10 pC/N, without poling or being self-poled. The BCZT nanoparticle’s surface was
functionalized via core-shell saturation (Figure 3e), with a PDA layer to promote interaction
among the two. Under gentle finger tapping, the mechanical performances, open-circuit
voltage, and short-circuit current were quantified to be 14.40 V and 0.55 uA, respectively;
however, the increased imparting pressures caused V. to rise. Young modulus of 2.1 GPa
endures mechanical robustness, and the high-output power density of 7.54 mW/cm? is
capable of driving the 1 uF capacitor, with an energy storage of 3.92 uJ, only in 115 s, under
gentle finger tapping and longer stability at 23 Hz for 14,000 cycles by sewing machine,
which showed no performance degradation for 4800 cycles, even after one year.
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Xiaohu et al. [168] exposited BiFeO3-PDMS composite (~100 nm)-based flexible
PENG on polyethylene terephthalate (PET) substrate and Al-foil electrodes (PET/Al/BFO-
PDMS/Al/PET), see Figure 4a. BiFeO3 nanoparticles (NPs) had a rhombohedral structure,
with 180° domain switching of permanent polarization. The PENGs showed the maximum
output, open-circuit voltage of 3 V for 40% BFO NPs in PVDS matrix and a short-circuit
current of 250 nA, under hand pressing, can be seen in Figure 4b. Simulated piezo po-
tential distribution is indicated on the right side of the voltage-time graph, as a response
to the compressive stress of 10 KPa. The fabricated BFO PENG can light commercial
LEDs. Lee et al. [169] reported a novel fiber-type piezoelectric NG, based on PTO (PbTiO3)
nanotubes, grown radially on Ti metal fiber; the PTO/Ti core-shell fiber was embedded

40



Nanoenergy Adv. 2021, 1

in the PDMS cylindrical templates, with inter-wire spacing formed and thin, insulating
PDMS. Poling (via convex and concave bending of the PENG) the output voltage and
current of 623 mV and 1.0 nA/cm? was estimated. When a second core-shell was added
in the back of the first (Figure 4c), poled in radial direction because of radial alignment of
PTO domains, the output voltage estimated in- and out-of-plane bending were £320 and
+390 mV (for 0° and 180°) and 4-370 and 4450 mV (for 90° and 270°), respectively. Under
natural wind, blowing the output voltage of 69.74 4 10.97 mV with 0-360°, bending was
observed. The idea captivates applications in portable and flexible devices. Yan et al. [170]
reported a PDMS-based, flexible PENG, with BTO nanofibers in three different alignment
modes (random, horizontal, and vertical) and tetragonal structure, as shown in Figure 4d,
poled for 12 h at 120 °C and an electric field of 5 kV/mm. Random (BTNF-R), horizontal
(BTNF-H), and vertical (BTNF-V) alignment of BTO nanofiber PENGs showed output
voltages of 0.56 V, 1.48 V, and 2.67 V and currents 57.78 nA, 103.33 nA, and 261, 40 nA,
respectively, under a poled situation and periodic mechanical compressive pressure of
0.002 MPa, with a harvesting power of ~0.1841 uW in vertical mode (BTNF-V). This pointed
out that the vertically lined BTO nanofibers were finest in dielectric and piezoelectric re-
sponse and used to light commercial LED and charge a 1 uF capacitor to 0.46 V in just 34 s
(shown in Figure 4e), stating wonderful alignment for use as harvester units or storage
entities for wireless networks. Jung et al. [171] presented a PENG based on NaNbOj3
nanowires, composited with the PDMS matrix and Au/Cr coated films (PS/Au-Cr-coated
kapton/NaNbO3z-PDMS/Au/Cr-coated Kapton; PS is the supporting polyester film, the
strain neutral line lies near the vicinity of PS film). Estimated output voltage V. of 3.2V,
short-circuit current I of 72 nA, and power density of 0.6 mW/ cm?, under the compres-
sive strain produced by vibrations of 0.33 Hz. Production of NaNbOj, at relatively low
temperature and domain control (by poling) make them perfect nanogenerator members.
Park et al. [150] devised MIM structure-based Au/BTO/Pt PENG with a ribbon structure
over a plastic substrate, using PDMS stamp, the Kapton film, and poled for 15 h at 140 °C,
with a field application of 100 kV/cm. Poling caused d33 to increase from 40 pm/V to
105 pm/V; periodic bending (by finger) resulted in an output voltage and current values of
~1.0 V and ~26 nA and the power density of 7 mW/cm?. In comparison to inorganic ferro-
electrics, very few organic ferroelectrics exist. For example, single-component polar organic
molecules, such as CDA, DNP, CT complexes, polymers (such as PVDF and nylon-11), and
organic-inorganic composites (such as HdabecoReO4, TGS, and TSCC), are excellent for
applications in piezoelectric and triboelectric nanogenerators. Isakov et al. [172] reported
a piezoelectric nanogenerator, based on organic ferroelectric nanofibers of hybrid 1,4-
diazabicyclo[2.2.2]octance perrhenate (dabacoHReOy), with an output voltage of 100 mV
under moderate strain values. Ferroelectric diphenylalanine peptides are also becoming
promising for piezoelectric energy harvesting and are biocompatible. Zelenovskii et al. [173]
reported the fabrication of the 2D layered biomolecular crystals of diphenylalanine, with a
piezoelectric constant dsz of 20 pm/V and voltage coefficient gz3 of 0.75 Vm/N, which is
suitable for microfluidic device applications. Nguyen et al. [174] estimated strong piezo-
electricity in diphenylalanine (FF) peptide nanotubes, with a piezoelectric constant dz3 of
17.9 pm/V, open-circuit output voltage of 1.4 V, and power density of 3.3 nW/cm?. In a
report by Lee et al. [175], peptide-based piezoelectric energy harvesters, at a force of 42 N,
can produce an output voltage of 2.8 V, current of 27.4 nA, and power of 8.2 nW, which is
sufficient to power multiple liquid-crystal display panels. Table 1 gives a quick insight into
various piezoelectric nanogenerators (PENG), along with their output characteristics and
working conditions, made with various structural variations and morphologies, indicating
the high-output characteristics.
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Table 1. Piezoelectric nanogenerators, based on ferroelectric materials, for energy harvesting.

. Open-Circuit Short-Circuit Short-Circuit Maximum Maximum Work
Material Name Current Area Power . Reference
Voltage V. Current I Densi . Power Conditions
ensity Jsc Density
PVDF(/;%_KNN 21V 22 pA 5.5 uA/cm? 115.5 pW /cm? - 1.1 kPa pressure [34]
o
0.1 MPa
Ag/(K, Na)NbO3 240V 23 A - - 1.13 mW mechanical stress [176]
FAPbBr;@PVDF 30V - 62uA/cm? 274 uW/cm? - 05 MPa [177]
° . : mechanical stress
BaTiOs/PDMS 55V 350 nA 350 nA/cm? - - ! MPa mechanical 3
PVDF-TrFE/SnS i 2 2 )
nanosheets 1728V 0.94 pA /cm 10.69 pW/cm 0.5 MPa pressure [178]
rGO/PVDE .
nanofiber mat 16V 700 pA - - 7.4 yW Finger press [179]
Impact force of
BaTiO3;@PVDF 6V 1.5 pA - 8.7 mW/cm? - 700 N with [180]
frequency 1-3 Hz
Pbo 6721933 TiO3/
PDMS 152V 17.5 uA - - 1.1 mW 100 N stress force [75]
P(VDF-
TrFE)/GeSe 17.58 V - 1.14 pA/cm? 9.76 W /cm? - 0.5 MPa pressure [181]
nanosheets
0.5Ba(Zrg,Tip8)Os3- . .
0.5(Bag7Cap3)TiOs/  13.01V - - - 1.46 uW Cg;g;;?fé“é“ [182]
PVDF-TrFE
0.94(Big 5Nag 5)TiO3-
0.06BaTiO3 IV 8-9 nA - - 80 W 250 N impact force [183]
(NBT-BT)/PVDF
Ba(Tig.g85n0.12)O3- :
GFF/PVDF 269V 597 nA - - - 5N impact force [184]

4.2. Device Design and Output Power Optimization in Pyroelectric PyENGs

Low-grade heat wastes coming from the industry of which maximum portion is hard
to recuperate, a way to rescue these heat wastes is harvesting them into electric energy by
temperature fluctuations either by Seebeck effect or by pyroelectricity. Thermoelectric nano-
generators require a steady gradient temperature that is infrequent in nature, otherwise, by
pyroelectric nanogenerators, PyENG, lined with temporal temperature sways. The material
and structure designs are crucial for the improvement in the output of PyENGs because
the pyroelectric coefficients have small values. Improving these various approaches has
already been reported, including the control over crystallinity for im-proving pyroelectric
coefficient [185], introducing strain coupling effects [186], or polymer modifications [187].
Kim et al. [185] used high dipole moment solvents for improving the crystallinity and
pyroelectric coefficient of P(VDF-TrFE); the solvents they used were THF (tetahydrofuran),
MEK (methylethylketone), DFM (dimethylformamide), and DMSO (dimethylsulfoxide).
High crystallinity and improved pyroelectric constant were observed and figured to be
associated with the long-chain lengths of P(VDE-TrFE); they exhibited high molecular
weight and 1.4 times higher output voltage and current. Hence, pyroelectric coefficient
enhancement, by utilizing high dipole moment solvents, is a promising way to improve
output PENG performance. Ghosh et al. [187] presented improved pyroelectricity of
PVDF PyENG by introducing the Er*® via formation of self-polarized B-phase and porous
flower-like structures, as well as enhanced thermal sensitivity, triggered by IR irradia-
tions. Under a temperature change rate of 1 K/s, the estimated output current was 13 nA.
The 4.7 uF capacitor was easily charged by Er-PVDF PyENG, which operates low-power
electronic devices with great ease. Mistewicz et al. [122] demonstrated low-temperature
heat waste by SbSel-based PyENG, with a pyroelectric coefficient of 44(5) nCK~!/cm?
at 327 K. The output voltage, current, and power of 12 mV, 11 nA, and 0.59(4) uW/ m?
were generated by PyENG for temperature fluctuations of 324 K to 334 K. Yang et al. [188]
reported KNbOj3 single-crystal nanowire (~150 nm), along a [011] direction composite
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with PDMS (KNbO3-PDMS in 3:7 and pyroelectric constant 0.8 nC/cm?K) PyENG, em-
bedded with Ag and ITO electrodes, Figure 5a. Positive poling caused the dipoles in
the KNbO3 nanowires to align from top to bottom and reverse, i.e., bottom to top, for
negative poling. Increased temperature from RT resulted in output voltage and current
peaks to be positive, which go opposite for lowing the temperature (see Figure 5b). At a
temperature change of about 40 K, the observed output voltage and current peaks were
10 mV and 120 pA, and the output current is directly related to temperature variations
(dT/dt > 0). They also deployed the generator for harvesting the solar energy, as heat is
induced by the sun, showing potential for self-powered widgets. Lee et al. [186] designed
an innovatively stretchable pyroelectric nanogenerator (SPNG), by coupling thermally
induced piezoelectric and pyroelectric effects, using P(VDF-TrFE) and PDMS; the piezoelec-
tric effect was generated by thermal energy, only by accomplishing the different thermal
expansions (122 x 10~%/K for P(VDF-TrFE) and 310 x 10~¢/K for PDMS) and generating
a compressive strain in P(VDF-TrFE) by PDMS. Figure 5c¢ shows a schematic of stretch-
able PyENG, Ag/AgNWs/P(VDF-TrFE)/ Au/PDMS, along with an optical micrograph of
500 pm x 700 um P(VDF-TrFE) in 3-phase and 200 pm x 200 um PDMS. The temperature
sensitivity of stretched nanogenerator was analyzed by comparing it with a normal P(VDF-
TrFE) /Ni/SiO2/Si nanogenerator, and negative peak signals were reported for temperature
elevation from RT (right part of Figure 5¢). The sensitive, stretchable pyroelectric NG, under
extremely low temperature variations (AT) of 0.64 K, to higher variations 18.5 K, showcased
highly stable output voltage performance of 8 mV to 2.48 V under extreme stretch circum-
stances over a normal nanogenerator 2 mV to 0.54 V. Almost 15% stretching, caused only
the PDMS layer to expand by 30 um, and temperature variation of 22 K from RT caused an
output voltage and current density of 2.5 V and 570 nA/cm?, respectively. Yang et al. [37]
reported a PZT film-based pyroelectric nanogenerator (PyENG) with Ni, a top and bottom
electrode connected, and Cu-wires (fixed with Ag paste) for electrical measurements and
encased with Kapton tape. For temperature changes of 45 K, at the rate of 0.2 K/s, the
output open-circuit voltage, short-circuit current, and short-circuit current density of PENG
reached 22 V, 430 nA, and 171 nA/cm?, respectively; the corresponding maximum power
density of 0.215 mW /cm?® was estimated, and a single electrical pulse can power a liquid
crystal display (LCD) for more than the 60 s. The proposed PYENG showed potential
applications as wireless sensors, drivable by a rechargeable Li-ion battery with a voltage of
2.8V, see Figure 6a. The pyropotential calculation of PZT film showed distributions from
—200V to 200 V for temperature variations from 295 K to 340 K. With the measured electric
potential of 22 V, much smaller than the theoretical value, they showed increased output
current, as the surface area of PyENG was doubled than original. Xue et al. [27] proposed
the self-powered wearable pyroelectric nanogenerator, based on Al-coated PVDF film,
exercised in an N95 respirator for the sustainable harvesting and monitoring of human
breathing energy, see Figure 6b. They observed that the open-circuit output voltage V. of
~42 V is generated by the temperature oscillations rate, 13 °C/s, encouraged by humans
breathing exhausted gas, at an ambient temperature of 5 °C with short-circuit current of
2.5 pA and the maximum power output of 8.31 uW. The power produced can drive a
liquid crystal display (LCD) and/or LED directly. They employ the fabricated PYENG
as self-power sensors for human health monitoring and temperature. Gao et al. [189]
proposed a P(VDF-TrFE)-based pyroelectric nanogenerator, driven by temperature fluc-
tuations, induced up to 23 °C/s by water vapors during the process of evaporation and
condensation. As can be seen in Figure 6¢, the oscillation airflow environment was created
by a fan with an air speed of 1-2 m/s. The PyENG was capable of generating a high-output
voltage and current density of 145 V and 0.12 uA, with a power density of 1.47 mW/cm?
and 4.12 pW/cm? by volume and area. The water-operated PyENG could run a low-power
digital watch, blue LED light, and charge a capacitor of 2.2 uF, giving a new map to harvest
energy from the wastewater of industries. Yang et al. [36] prepared a self-powered tem-
perature sensor, based on a pyroelectric nanogenerator, using a single micro/nanowire of
PZT on a thin glass substrate, packaged by PDMS. Employing this device to touch the heat
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source the voltage was found to vary linearly with temperature increments, as well as the
response and reset time of 0.9 s and 3 s. The minimum constraint on detecting temperature
variations at RT was 4 K, and the device was as sensitive to detecting the temperature of the
fingertip; large temperature fluctuations could light up the LCD. Some other pyroelectric
nanogenerators, PyENG, have been listed in Table 2.
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Figure 5. Device structure and performances of pyroelectric ferroelectric nanogenerators (PyENGs). (a) Schematic of
KNbO3-PDMS composite pyroelectric nanogenerator, with Ag ad ITO electrodes; the bottom line is the SEM image of
KNbOj; in the bent state. (b) Cyclic changes in temperature, with corresponding differential curves of open-circuit voltage
Ve and short-circuit current Isc. (a,b) Reprinted with permission from reference [188], Copyrights 2012, John Wiley and Sons.
(c) Schematic of highly stretchable P(VDF-TrFE) pyroelectric nanogenerator (SPNG); the bottom line left image indicates the
top view of SPNG, along with photo image. The right hand image indicates the measured output characteristics for both
stretchable and normal pyroelectric nanogenerators. Reprinted with permission from reference [186], Copyrights 2015, John
Wiley and Sons.
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Figure 6. Device structure and performances of pyroelectric ferroelectric nanogenerators (PyENGs).
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was recorded for half an hour (for every one minute) and enhanced the output current profile of
as-deposited PyENG for doubled surface area. Reprinted with reference from [37], Copyrights 2012,
ACS Publishers. (b) Physical schematic image of the wearable PYENG with PVDF film, driven by
human respiration, along with states of (I) inspiration and (II) expiration. Reprinted with permission
from reference [27], Copyrights 2017, Elsevier. (c) Powering digital watch from P(VDF-TrFE)-based

PyENG, powered by hot water vapors. Reprinted with permission from reference [189], Copyrights
2016, Elsevier.
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Table 2. Pyroelectric nanogenerators, based on various ferroelectric materials.

Operating Maximum

Material Name Cha(r):::lejt‘;tstics (I:’z:fof?:::tlc Conditions Power/Power S:ﬁ;ﬁy Reference
P AT, dT/dt Density y
104 nC/cm?K;
0.7Pb(Mg; 2Nbs3)O3- Vo 11V 300K (300 to 370 K) i i [150]
PbTiO3 Isc: 10 nA 235 nC/cm?K; 05K/s
370K
0.94Nay 5Big 3 TiO3- Vo 35v
0.06BaZro.7;0.805 L 0mA 20 x 1074 C/m2K 25°C t0 50 °C - 110 yf /em? [191]
(NBT-BZT): XS5iO; sc!
(1-x)(0.98Big 5Nag 5 TiO3- . o o
0.02BiAIOs)- Yoo 33V soaxw0to/mk B¢ ;"fco/sc and - 23.32 pJ /em® [192]
x(Nap5Ko5)NbOs3 o
Vo192 V 2 ° °
PVDF Ls12 2.7nC/cm?K 60 °C to 80 °C 14 yW - [129]
sct pA
Voe: 60 mV ) AT =20°C and ) i
PVDE/GO Ie: 45 pA 27 nC/m*K 212K/s 1.2nW/m’ [193]
PMnN-PMS-PZT . 5 18 °C to 65 °C and
2/ Ti95,5) Voe: 253V 5957 uC/m2K 15°C /s 25.7 uW - [194]
0.68PMN-0.32PTO Le: 90 nA —550 uC/m2K Temperature 526 W/cm3 1.06 uf /cm® [195]

oscillations of 10 K

4.3. Device Design and Output Power Optimization in Triboelectric Nanogenerators TENG

The electrical outputs generated from TENG are proportional to the intensity of the
mechanical input strengths. Triboelectric nanogenerators can be supported by ferroelectrics
because of their switchable intrinsic polarization. It increases the triboelectric charging
behavior to enhance their output characteristics by coupling residual dielectric and surface
polarization. Organic ferroelectrics, such as P(VDE-TrFE), show controllable ferroelectric
polarization, leading to elevated surface charge density and improved TENG performance.
High dielectric, inorganic ferroelectric ceramics and polymer composites of TENG need
precise control of the nanoparticles’ dispersion into the dispersive media. The precision
control avoids the agglomeration that leads to the degradation of device performances.
Park et al. [196] reported TENG with multilayer nanocomposites, comprised of alternate
layers of organic and inorganic ferroelectric materials P(VDF-TrFE) and BTO nanoparticles
with Al and Cu electrodes (Figure 7a). The organic soft layer P(VDF-TrFE) significantly
transfers the vertically applied stress to the BTO inorganic layer. It exhibits a dielectric con-
stant of 17.06 at 10 kHz in a multilayer structure, which yields superior interfacial polariza-
tion. The multilayer structure facilitates less leakage current, instigated by the P(VDF-TrFE)
barrier between BTO layers. Poling at 30 MV /m further induced the surface potential of
—2.85 V. As a result, more increased output characteristics of current, voltage, and dielectric
constants, compared to only P(VDF-TrFE) and a single layer of BTO dispersed in P(VDEF-
TrFE) (Figure 7b,c). Multilayered TENG had a pressure sensitivity of 0.94 V/kPa with an
output power density of 29.4 tW/cm? and an output current density of 1.77 pAcm 2 and
voltage of 44.5 V, with active application in healthcare monitoring devices. Fang et al. [197]
reported TENG with self-assembled nanospheres of polystyrene with PVDF porous film.
Its unique structure showed an outstanding high-output voltage of 220 V being able to
directly pole single crystal of 0.65Pb(Mg; /3Nb;,3)O03-0.35PbTiO3 (PMN-PT). They realized
the application of TENG in ferroelectric FET, with PMN-PT as a gate material, posting the
potential of TENG in a self-powered memory system. Ferroelectric ceramics, polymerized
with non-ferroelectric materials, have a great impact on the output performance enhance-
ment of TENGs. Sahu et al. [64] demonstrated the increase in output performance of
TENG by introducing a ferroelectric material layer of (Bag g5Cag 15)(Tig.90Zr0.10)O3x BiH0O3
nanoparticles (BCZTBH for x = 0.02 to 0.1) into non-ferroelectric PDMS negative tribo-
electric layer. They correlated the piezoelectric properties of BCZTBH and integrated a
multistacked piezo/tribo hybrid nanogenerator. They also concluded that mechanical
excitation gives a higher output voltage of 300 V, a current of 6.6 nA, and a power density
of 157 mW/m?. Further, they integrated the multi-stacked device to charge a capacitor,
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in order to monitor the biomedical energy released from the body in various yoga poses.
The module, as IR receivers and transmitters, were installed into a self-powered, wireless
IR sensor communication system for high reliability and efficiency checks. The literature
revealed that the annealing of poly(vinylidene fluoride-co-trifluroethylene) leads to crystal
orientation instability and improper polarization axis match with the substrate. It prohibits
its merits and obstructs its applications to TENGs. So, crystal orientation tailoring is in
need. To treat the problem, researchers have worked to introduce a graphene layer [198],
employed self-assembled monolayer-modified Au-substrates [198,199], and organo-silicate
lamella [200], lattice matching with molecularly ordered PTFE substrates via epitaxy [201].
All these epitaxial fabrication and graphene layer insertions yielded fabulous results by
controlling the orientation of the crystal polarization axis by recrystallization after melting.
However, during TENG operation, insurance of adequate charge density on the surface is a
big problem that leads to inferior performance of TENG. To get out of this problem, the right
angle alignment of the b-axis of PVDF-TrFE with the substrate is proposed. Eom et al. [139]
reported on the TENG that was based on epitaxially grown PVDF-TrFE over chitin film
(Figure 7d), the crystallographic overlap between two enabled tailoring the PVDF-TrFE
crystal orientation with polarization axis (b-axis) orthogonal to chitin (c-axis) substrate.
The observed remanent polarization (~4.2 uC/cm?) was quite high, corresponding to a
sweep voltage of £80 V and coercive field ~60 MV /m higher than its theoretical value of
50 Mv/m, attributed with the series connection of PVDE-TrFE and chitin film. Chitin film
showed severe distortions in humid circumstances, which can cause the short-circuiting
of TENG. To avoid penetration of water molecules into chitin they deposited PVDE-TrFE
film on two sides of chitin substrate by spin coating. Figure 7e depicts PVDF-TrFE/ chitin
hybrid layer TENG in vertical contact separation mode with an Al electrode. The 200 °C
annealed hybrid film structure showed 11.7 and 4.9 times higher output current when
compared with freestanding chitin film and non-epitaxial PVDF-TrFE/ chitin hybrid film
with a maximum power density of ~418 nW/cm? at 100 MQ) (Figure 7f). They fabricated
triboelectric sensors of epitaxial PVDF-TrFE/ chitin films. The allowed monitoring of subtle
pressures suggested that tailoring the crystal orientation of PVDF-TrFE is encouraging for
developing high-performance TENGs.

Since ferroelectrics have large remanent polarization. They can trap the spatial charge
on electrodes for longer times and limit the TENG application in energy harvesting and
sensing. To avoid this, exploitation of PLZT, a flexible anti-ferroelectric ceramic with large
polarization differences (AP = P, — Prmax), was carried out by Zhang et al. [202]. They
proposed that Pbg g4Lag 04Zrg 98 Tip 0203, with zero remanent polarization (Pr) and large
maximum polarization (Pmax), can enable all the dielectric polarization-induced charges,
when used as an inner layer in TENG. A conducting fabric was attached with a natural rub-
ber mat and PVDF/PZLT on LNO/Nj, as electrodes behave as a tribo-positive and -negative
layer, as shown in Figure 8a. PLZT-TENG showed a record high AP = 1.065 x 10° nC/cm?
at 1300 kV/cm, much higher than PZT-TENG (PbZr( 5,Tig 4803), shown in Figure 8b,c.
PLZT-TENG delivered a high-output voltage of 456 V, with a high current density of
11.6 pA/cm? and charge transfer density of 13.5 nC/cm? at the impulse force of 5 N. Their
study revealed that PLZT-based TENG exhibits excellent mechanical and polarization stabil-
ity and can serve as self-powered sensors for joint motion detection, along with biomedical
energy harvesting. Their study has paved a path to upgraded and optimized TENGs.
Singh et al. [203] determined improved triboelectrification, by incorporating ZnO nanorods
to PVDF polymer and PTFE and fastening to a moveable wooden frame with double-sided
foam tape. They reported that the fabricated ZnO/PDMS TENG showed 21% and 60%
increased voltage (~119 V) and current (1.6 mA), as compared to PVDF/PTMS TENG, with
output voltage and current 98 V and 1mA, as well as power output 10.6 mW /cm? and
6.4 mW /cm? at 150 MQ). They proposed that the increase in triboelectric energy, observed
by them in ferroelectric polymer TENGs, is because of f-phase of PVDF enhancement. The
surface roughness of films, hydrophobicity, and decreased work function is due to ZnO
nanorod incorporations.
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Figure 7. Device structure and performances of triboelectric ferroelectric nanogenerators (TENGs). (a) Schematic illustration
of PVDF-TrFE/BTO composite TENG with single PVDF-TrFE, single PVDE-TrFE/BTO, and multilayer PVDE-TrFE/BTO
layers. (b) Plots for output current density, voltage, and dielectric constant of three TENGs at vertical pressure of 98 kPa and
2 Hz. (c) Simulated potential in single and multilayered PVD F-TrFE/BTO composites. (a—c) Reprinted with permission
from reference [196], Copyrights 2020, ACS Publisher. (d,e) Schematics of chitin-based PVDF-TrFE TENG. (f) Current and
power plots of chitin /PVDF-TrFE hybrid film TENG. (d—f) Reprinted with permission from reference [139], Copyrights
2020, ACS Publications.
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Figure 8. Device structure and performances of triboelectric ferroelectric nanogenerators (TENGs).
(a,b) Schematic illustration of TENG with PLZT inner dielectric layer on flexible electrodes. (c) Max-
imum polarization, remanent polarization, and polarization difference for PLZT TENG and PZT
TENG. (a—c) Reprinted with permission from reference [202], Copyrights 2021, Elsevier. (d) Structure
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PVDE-TrFE composited with MoS, and with nylon-11 and nylon-11. MoS,, bottom line. (e); Volt-
age, current, and power conversion dependence, as for various load resistances and LED lighting.
(d,e) Reprinted with permission from reference [204], Copyrights 2019, ACS Publications.

The continuous reiteration of TENG contact and separation is inevitable and leads to
the life-shortening of the device. To overcome this wearing problem in TENGs, serval at-
tempts had already been made, inclusive of which are the use of shape memory polymer as
a contact material to heal damaged surfaces by heat application, proposed by Lee et al. [205].
The atomic layer deposition (ALD) technique for the in-filtering of inorganic materials
from polymers was reported by Yu et al. [206]. Application of permanent magnet isolating
outside vibrations was introduced by Huang et al. [207]. All the ways are innovative,
but a much more facile way to avoid wearing issues, compatible with TENGs, is in need.
Kim et al. [204] reported Nylon-11- and PVDF-TrFE-based TENGs, composited with bulk
MoS;, as shown in Figure 8d. Both composite ferroelectric layers, along with increased
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polarization, led to an increased surface charge density and produced high-output voltage,
current, and power density of 145V, 350 nA/ cm?, and 50 nW/cm?. The highest power
density was reported at 10 M(), and the repeated output voltage measures for 12,000 cycles
at 6.5 Hz operating frequency gave same voltage results. Additionally, can light LEDs
without charge storage (see Figure 8e). Kim et al. [208] have reported a much simpler way
to enhance TENG durability, by employing the concept of reduced contact number cycles in
ferroelectric, PVD-based TENG, with ITO as the electrode and PDMS as an elastomer. They
showed that the up-sided polarization (58 pm/V) of PVDF led to extremely fast charge
accumulation and larger TE-outputs, when compared with a downside (36 pm/V) and
non-polarized (1.1 pm/V) PVDF under contact state. Up-side polarized TENG showed
as Li-ion battery chargeable, even by 40% reduced contact cycles. Figure 9a,c depicts
convention TENG vs. PVDF ferroelectric TENG; SEM and power curves are depicted
in Figure 9b,d. Continuous contact caused surface deterioration at a pushing cycle of
1.7 x 10° for vibration of 1 Hz. The power is reduced to 0.18 uW from 85 uW at a load
resistance of 10 M(Q) and mechanical force of 35 N for conventional TENG. In PVDF-based
TENG, random contacts were performed, which significantly lowered surface wear and
mitigated power after longer usage. The surface of PVDF remained clean and flat, even
after the pushing cycle of 1.7 x 10°, with the power loss from 1.23 mW to 0.87 mW, only a
bit smaller. The results lasted for many load resistances and forces, even in non-contact
mode (Figure 9e), realizing that stable power can be generated from random contacts,
with output peak-to-peak values of voltage, current, and charge (410 V, 25 pA, and 60 nC,
respectively). The deposited TENG show potential in wireless temperature sensor from
water waves. Park et al. [209] developed the triboelectric nanogenerator, which relied on a
cyclo-diphenylaladine (cyclo-FF) nanowire array with high-output performance voltage
and a current of 350 V and 10 uA, respectively, which is sufficient to light up 100 LEDs.
Some more triboelectric nanogenerators have been listed in Table 3.

Table 3. Triboelectric nanogenerators, based on various ferroelectric materials.

Short-Circuit

P Maximum
Material Pair TENG Current Open-Circuit Power/Power Wor.k qu!( Reference
Mode Isc/Current Voltage V. Densi Function Conditions
. ensity
Density Jsc
14 m/s wind
BTO/FEP CS-mode 100 pA 1000 V 67 mW - energy [40]
ZnO-PVDF@PTFE FL 1.6 A 119V 10.6 uW/cm? 457 eV [203]
A-NR@PVDF- Instantaneous
PI/(NBT- Cs 32.5 pA/cm? 1020 V - - [55]
158T(60))-Al force of 50 N
PVDF-NaNbOj3 CS 3.98 A 181V 0.17 mW 4.0eV [210]
PZT/GFF SL 59.05 mA /m? 1640 V 10.8 W/m? - 10N, 4Hz [211]
PDMS/PVDF CS 22 pA 255V 832.05 mW/m? - 0.5Hz [212]
BFO-GFF/PDMS CS 3.67 wA/cm? 11522V 151.42 uW/cm? - 1Hz [57]
BTO-PTFE cs 10.4 pA/cm? 45V - - 50N, 2 Hz [46]
PVDF- 5 5
TYFE/Mxene Cs 140 mA/m 270 V 4.02W/m’ - 7N,6Hz [121]
PI/PVDE-TrFE cs 17.2 pA 364V 2.56 W/m? - 2Hz [213]
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Figure 9. (a,c) Schematic of

conventional (ITO/PDMS) and ferroelectric TENG (ITO/PDMS/PVDF) with magnified ITO,

PDMS, and PVDF surfaces in contact (b,d). Pushing morphology-dependent power generation of conventional and

ferroelectric TENG. (e) Power generation and decay for both types, with contact and noncontact conditions. (a—e) Reprinted

with permission from reference [208], Copyrights 2019, John Wiley and Sons.

4.4. Device Design and Output Power Optimization in Ferroelectric Photovoltaics (PVC)

Ferroelectric photovoltaic devices are marvelous for harvesting solar energy. For this
scientist’s endeavor to tailor the properties of photovoltaic devices, a prime way is the
implication of ferroelectric-based materials with narrow bandgap, designed with micro
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or nanostructure domains and unifying both conventional and ferroelectric photovoltaic
effects. Inorganic ferroelectric oxides exhibit relatively wide band gaps, Eg, ranging from,
e.g., 2.2-2.7 eV for BiFeOj3 [214,215], 2.48 eV for LiNbO;3 [216], 3.3 eV for KNbO;3 [217],
and 1.5-3 eV for (KNO)x(BNNO)( _, [218], etc., and are susceptible to the high absorp-
tion of UV-light. Maximum solar spectrum light absorption happens around 1.5 eV and
gives small photocurrents. The bulk photovoltaic effect (BPVE) in ferroelectric materials
assists in parting the photogenerated charge carriers (e-h pairs), without requisition of
conventional pn-junction photovoltaics. The past studies were only restricted to theoretical
studies, which showed low-power conversion efficiency PCE of perovskite ferroelectrics
(~107*, much smaller than conventional semiconductor PV materials), assisted by low
conductivity (~10~% S/m) and leading to a high recombination rate of photo-generated
carriers [219-221]. However, the recent reports showed that the intrinsic electric field
present in non-centrosymmetric ferroelectrics, due to spontaneous polarization, Ps, has sup-
ported the power conversion efficiency (PCE) to transcend beyond the Schokley-Queisser
limit [222]. This has ruled into an emerged era of solar energy harvesting, assisted by
optimization of bandgap engineering, carried by chemical ordering and structural modifi-
cations in thicknesses of the layer material and/or electrode and domain interfaces [223].
He et al. [224] have presented a first-principle study to investigate the effect of charge
ordering in Bi-based ferroelectric perovskite oxides (ABiO3) by the combination of A-site
cations (Ca, Cd, Zn, and Mg) with Bi** or Bi®* charge disproportions. They revealed that
the cationic size, along with chemical featuring, shifted the valance band edge towards
the high energy side, reducing band gap to ~2 eV, which ushered strong visible light
absorption, smaller effective masses, and a large polarization field, alongside producing a
dispersive Bi 6s state in the near vicinity of the Fermi level. Han et al. [225] determined a
photocurrent effect in (1—-x)KNbO3-xBaFeOs_5 (KN-BF, where x = 0.0 to 0.1) ferroelectric
semiconductor ceramics with bandgap (Eg) ~1.82 eV at x = 0.1, ~43% less than pure KN,
Eg = 3.22 eV, and which coexisted with cubic and tetragonal phase. The activation energies
for KN-BF; x = 0.07 domains and domain walls were 0.26 eV and 0.52 eV, attributed to the
ionization conduction mechanism of oxygen and remanent polarization of 3.50 uC/cm?
for pure KN. They analyzed that the third states of Fe are important in KN-BF for band
reduction, under light illumination of 1.5AM, for x = 0.07, demonstrated Js. and V., for
positive voltage 1.92 nA/ cm? and 0.31 V, while under dark 11.39 nA/cm? and 0.217 V,
respectively. Their study promoted ferroelectric semiconductor ceramics as a potential
member of photovoltaic devices. Alkathy et al. [226] reported bandgap tuning by doping
of Bag 9»Big 04aNag 04 Tig 96Mp 0403 (BNBT-M); (M = Ni, Fe, Co), all the samples crystallized
in tetragonal structure with the estimated Eg and corresponding power conversion effi-
ciency PCE for BNBT, BNBT-Fe, BNBT-Ni, and BNBT-Co were 2.95, 0.468521; 2.38, 0.387803;
2.24, 0.368166; and 2.54, 0.409616. Their study revealed a guide to find perovskite ferro-
electric oxide for visible light PV applications. Jimenez et al. [227] reported stability of
bandgap of BiFe; _CrO3 (BFCO), with high Cr concentration over Lag 75rp 3MnO3 (LMSO)
coated SrTiO3 substrate by high-pressure processing (HP) technique. For PV response,
the Pt/BFCO/LSMO/STO device structure was employed, with BFCO as an absorber
layer. Additionally, HP 12.5-BFCO/SiTrO3 showed an energy band gap (Eg) of 2.57 eV
and remanent polarization P, of 40 pC/cm?, see Figure 10a. The non-polarized illumi-
nated device showed Vg and Js at RT to be 0.10 V and 6 x 1073 mA /cm?, with a power
output of 0.6 pW/cm?, unveiling their potential in solar energy harvesting and polariza-
tion, depicted with slightly higher values, 0.16 V, 40 x 1073 mA/cm? and 6.4 pW/cm?
(Figure 10b), attributed to reduced recombination rates and ohmic resistances, due to ferro-
electric domains. The grain boundaries also play an important role in photocurrent and PV
performance, as they can lead to the increased area of minority carrier collection, due to
the development of built-in potential on the grain boundaries (GB) [228], which can serve
as recombination centers and reduce the photocurrent densities [229]. Mengwei et al. [230]
reported that hexagonal h-YMnOj3; (YMO) films over Si substrates with PV device structure
Au/h-YMO/Au; h-YMO, as an absorber layer, poled to £700 V for 100 s at RT and led to
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the production of a high short-circuit current density of ~3.92 mA/cm? and open-circuit
voltage —0.41 V, under the illumination of 1 sun (or 100 mW/ cm?2). The Js and V. reached
3.16 mA/cm? under 65 mW /cm? intensity and 4.01 mA /cm? under 140 mW /cm? intensity,
see Figure 10c. This is accomplished by the magnification of the impulsive force, relying on
polarization and grain boundary effects for the separation of photogenerated charge carri-
ers. Their study suggested downward band bending, induced by the potential difference
and assisted by grain and interfaces between grain boundaries, behaving as a conductive
path for effective transport of carriers. The bandgap, Eg, was found at 1.55 eV, and another
absorption edge at 1.35 eV suggested the absorption in near IR region. Tu et al. [231]
reported a Big93Nip o7FeO3 (BNFO).based PV device, with a field-modulated PV effect,
carried by the pn-junction, in conjunction with a polarization-modulated Schottky barrier,
under irradiation of 405 nm, with Eg ~ 3.95 eV and ITO/BNFO/ Au heterostructure, see
Figure 10d. The currents density and voltages are taken at an irradiation intensity of
1000 W/m?, under 405 nm, with electric poling at 1 kV/cm ~8 A/m? and 0.9 V, with
PCE ~1% and EQE ~11%. The photo-response of as-grown devices, under 532 nm and
633 nm irradiation, showed a weak response, mainly attributed to the transitions with
intermediated defect levels. Nan et al. [43] investigated the temperature dependence of
photocurrents in BTO ceramics and found it enhanced, by approximately 121.9% to 179.6%
at 80 K to 240 K, assisted with ferro-pyro-phototronic effect, convincing the activation of
shallow traps and polarization, as compared to RT, which was useful for detecting 405 nm
light at low temperatures. Jia et al. [215] realized a temperature-modulated, self-powered
UV photodetector, based on the ITO/BFO/Ag device, for spotting light of 365 nm with
intensity 271.4 mW /cm? and observed increased photocurrent ~60% when the bottom
of the device was subjected to temperature variations (heating) of around 42.5 °C. The
amplified current is manifested with the change in carrier concentration, convinced by the
temperature effect and electron shift in the BFO layer, instigated by the thermo-phototronic
effect. Mai et al. [232] reported heterostructure, designed for the conversion of IR light
into electricity, by employing BFO as a ferroelectric layer and upconversion layer of YOT
(Y203:Yb). The structure revealed the convertible and stable PV-effect, under the illumi-
nation of 980 nm laser light, with the energy much smaller than the BFO Eg, to induce
a photovoltaic effect in BFO itself. YOT mutates the incident to produce photovoltage
Voc ~ 0.4 V and photocurrent I ~25 nA. This kind of heterojunction structure lined a
pathway to bulk photovoltaic effects in ferroelectrics, by expanding the absorption of the
solar spectrum. Table 4 discusses the output performances of some other ferroelectric
photovoltaic (FPV) devices.
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Figure 10. (a) The electrical configuration of the BECO/LSMO/STO device for ferroelectric polarization and photoresponse,
with and without illumination. (b) Short-circuit photocurrent density J-V curve at room temperature and non-polarized
film (i); current density measurement J-V curve at room temperature and polarized film, with and without illumination (ii).
(a,b) Reprinted with permission from reference [227], Copyrights 2021, Elsevier. (c) J-V characteristic, with inset showing a
schematic of Au/h-YMO/ Au device with photocurrent and photovoltage curve, as a function of light intensity. Reprinted
with permission from reference [230], Copyrights 2021, Elsevier. (d) Schematics of a ITO/BFNO/Au photovoltaic device,
optical transmission of ITO film, and top view of test disk. J-V curves of poled and unpoled under dark and illumination of
405 nm, 532 nm, and 633 nm. Reprinted with permission from reference [231], Copyrights 2019, Elsevier.
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Table 4. Output performances of some ferroelectric photovoltaic devices.

Short-Circuit

Open- Responsivity (R)/
Material Current I, Circuit Wo.r k Detectivity (D)/ Output PS E Eq (eV). Reference
Current Condition Y Power (%) Work Function (p)
Density J Voltage V. Gain (G)
s
Big.osCago2Feqos _ white light (280 Eg=241eV
Mno0505 (BCMFO) 0.26 mA 092V mW/em?) - - 0.0075 ¢ =482V [233]
R=398A/W
. . 254 nm UVC, D=3 x 10’
-2 , R 4
NiO/BaTiO3/ZnO 22 x 1072 A 557 mW 100 °C nHz!/2 /W 1 [234]
G=194
_ -6
BaTIO 405 nm, 131.0 R= 126/‘; 10
3 393.1 nA mW /cm?80— . 8.02 nW ¢=53eV [43]
nanoparticles 240 K D =159 x 10’ jones
G =446 x 10°°
. 405 nm, 0.2 R=44 x 10° 5
CsPbBr; nanowires 3V MW /em? AJWG =13 x 10* - - - [39]
Ko.49Nag.49Bag o2 2 405 nm laser,
N . . . 223
(No b O 003 pA/em 011V " 60 LW 0.12 [223]
036 pA ]
SbSel nanowires 0.0074 97 mV 488 nm Ar laser, 0.119 nW E, = 1.862 eV [29]
WA/ cm? 127 mW /cm 8
. . 5 405 nm, 2 Eg =3.08eV -
ZnO/BisFeTi3O15 22 mA/cm 0.15V 200 MW /cm? 0.09 mW /cm’ ¢=486eV [235]
BigFe1 Co2Nig2 R AM 15G E, = 1.62
TisOps/BirFeCrO; 103 mA/em 066V illumination 340 eV/174eV 2361
. 1sun
2 -
NiO/BFCrO/WS, 1.80 mA /cm 0.78 V illumination 7.07 [237]
. Xenon lamp
. 2 - -
Sm:BiFeOs 0.58 nA/cm’ 090V (100 W /o) 1.65 [238]

4.5. Device Design and Output Power Optimization of Coupled Effect Nanogenerators

The atmosphere is rich in energies, whether natural or artificial; therefore, the energy
harvesters of light, heat, and mechanical energy can coexist as hybrid- and multi-effect-
coupled nanogenerators, stemming into continuous and intensified production of elec-
tricity. The different ferroelectric, material-based coupled energy nanogenerators have
been reported to date, including the meld of photovoltaic and mechanical energy, photo-
voltaic and thermal energy, mechanical and thermal energy, and some comprising of all
of these collectively and synchronously. It is believed that the coupled nanogenerators
can be proved highly nifty for harvesting multi-energies from the environment. Ferroelec-
tric materials-based nanogenerators have been reported with high-output characteristics,
but their coupling is still a daring challenge. Zhao et al. [239] have fabricated a flexi-
ble nanogenerator, employing the ferro-pyro-phototronic effect, cited by the coupling of
photovoltaic and pyroelectric effects in ferroelectric BaTiO3 (BTO), with device structure
ITO/BTO/Ag and Kapton membrane, in order to achieve flexibility, Figure 11a. A ferro-
photo-phototronic effect makes use of a temperature fluctuation-incited pyroelectric field,
in order to attune the photoexcited charge carriers for outstripping the photocurrent in
the wake of coupling between ferroelectric material, pyroelectricity, and photoexcitation.
The device was poled at 2.3 kV/mm for 30 min and responded well to detecting light
and temperature variations, applied simultaneously with the individual detection. The
photocurrent and current plateaus were found to increase with increasing light intensity
(7.78 mW/cm? to 127.6 mW/cm?), from 5.4 nA to 43.2 nA and 5 nA to 40 nA at room
temperature, owing to the ferro-pyro-phototronic effect. Heating at AT = 22.4 K, the lower
coupled current plateaus were observed from 4.46 nA to 35 nA and illuminated under
same light intensities; however, the coupled photocurrent showed similar increasing be-
havior from 29.8 nA to 69.7 nA. Cooling (AT = —14.5 K) the device led to a reduction
of photocurrent (from —19.2 nA to —12 nA) but enhanced current plateaus (from 5.9 nA
to 44.9 nA). Their results showed that the coupled photocurrent peak and photocurrent
peak enhancement ratio, under the state of heating + light, were 451.9% and 61.3%, while
the photocurrent plateaus and photocurrent plateau enhancement ratio, generated under
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cooling + light, were 17.2% and 11.1% sharper than light generated via the photovoltaic
effect alone, at a light intensity of 127.6 mW/cm?, see Figure 11b. For heating + light, the
currents from heating and light are in one direction, superimpose, and are attributed with
the higher temperature difference, while reduced current plateau might be associated with
the reduced polarization of BTO, due to large thermal agitations. The reverse is true for
cooling + light. Similar increasing trends for voltage peak/voltage, peak enhancement ratio
values were 391.5%/125% for heating + light, and plateau/voltage plateau enhancement
ratios were observed to be 50.9%/92.8% for cooling + light, respectively. Therefore, the
fabricated device boost in current and voltage plateau was carried by the device under
simultaneous light + cooling applications, whilst photocurrent and photovoltage were
enhanced under the condition of light + heating. They developed 16 photo-pyro sensing
matrices (4 x 4) (shown in Figure 11c) and achieved a photodetector system for light
illumination detection of 405 nm and temperature variations, demonstrating the possible
application in environmental and artificial intelligent sensors. Zhao et al. [240] reported
photovoltaic pyroelectric-coupled NG with a planner structure, based on radially polarized
BTO, as a functional layer and coplanar laser-engraved ITO electrode (see Figure 11d). The
pyro-phototronic effect enabled BTO to exhibit a high pyroelectric constant of 16 nC/cm?K
and showed the dramatically increased photocurrent; it can perform fast sensing of 365 nm
ultraviolet illuminated light with a 0.5 s response time. Heating temperature modulations
led to the current enhancement of almost >30 times, under 0.6 mW /cm? intense light, as
compared to only light illuminated current; however, the photocurrent enhancement ratios
were found to decrease as the light intensity increased. Under the cooling + light condi-
tion, the currents found were larger than that of heating + light condition; this is because
of elevated pyroelectric coefficient. The current plateau dependence on the ferro-pyro-
phototronic effect can be visualized in Figure 11e. The currents were measured individually,
under the illumination of 81.8 mW /cm?, 1.25 K/s heating, and simultaneous heating-light.
The heating + light showed that photocurrent is not the superposition of individual cur-
rents produced, and coupling light and heating caused a decreased current plateau, rather
than individual light illuminated. The current plateau increased by ~23%, by simultaneous
cooling and light shining on the sample, indicating the coupling enhancement “1 + 1 > 2” of
photocurrent plateau, associated with the band bending, induced at the BTO/ITO interface.
The estimated peak currents under illumination, pyroelectric heating, and cooling were
50 nA, 29.3 nA, and 36 nA, respectively, while the total peak currents of illumination,
along with heating and cooling, estimated were 71 nA (<50 nA + 29.3 nA) and 0.2 nA
(<50 nA — 36 nA), respectively. Hence, the coupled current’s relation with individual cur-
rents is not additive. Zhang et al. [241] have reported the ferroelectric-metal-semiconductor
BiFeO3/20sAu/ZnO heterostructure as intriguing, coupled pyroelectric and photovoltaic
effects. They analyzed that photocurrent density, induced by light illumination of 405 nm,
was 1.4 times that of BFO/ZnO structure associated with the introduction of Au nanoparti-
cles that tuned the energy band alignments and by light-induced temperature oscillations,
across the heterojunction interface, resulting in improved photoelectric performances. They
additionally responded deliberately to a wide range of solar spectrum wavelengths, 360 nm
to 1060 nm, by coupled pyroelectric-photovoltaic effects. The BTO/20sAu/ZnO hetero-
junction produced short-circuit current densities of 191.9 uA/ cm? and 90.8 pA/cm? under
light illumination of 405 nm and 360 nm with 60 mW/Cm? and 26 mW /cm? intensities.
For wavelengths of 532 nm and 635 nm, with intensities 150 mW /cm? and 650 mW /cm?,
the heterojunction current densities in short-circuiting were 3.7 pA/ cm? and 2.8 pA/cm?,
while the photoelectric response of simple BTO/ZnO was negligible. So, Au nanoparticle
induction led to the broad range of light detection by the device. Ji et al. [145] reported
piezo—pyro—photoelectric coupled effect in BTO with coupling enhancement of 1 + 1 > 2
for charge quality, the maximum output power obtained for pyroelectric, photovoltaic,
and pyroelectric-photovoltaic units were 117 nW, 11 nW, and 189 nW, respectively. The
total photocurrent Ipyro + photo + piezo estimated was ~0.67 pA, with a charge transfer
of 67.74 uC. Wang et al. [242] proposed a one structure-based coupled nanogenerator to
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scavenge mechanical and thermal energies, via the tribo—piezo—pyroelectric effect, using
PVDF nanowires as pyro—piezoelectric active material and PVDF-PDMS composite as a
triboelectric layer. Their hybrid nanogenerator showed improved charging performance,
rather than individual TENG, PENG, and PyENG. The triboelectric-piezoelectric (TiPENG)
unit showed the problem of lower voltage, while the pyroelectric unit had to face the low
current performance; so, individual units were unable to power the light bulbs connected
in series. However, the synergetic effect of hybridized nanogenerator with maximum
output energy supply lightened the bulbs much more efficiently under the state of both
units working simultaneously. Song et al. [243] developed Ag/BTO/Ag sensor arrays,
based on a pyro—piezoelectric conjunction nanogenerator and realized that, with the ad-
vantage of 1 + 1 = 2, evidencing the simultaneous detection of both temperatures and
pressure-assisted with zero loss and interference of overlying multi-functionality of device.
They observed the intensified device voltage, with rising temperature and/or pressure,
as well as a sensitivity of ~0.048 V/°C and /or 0.004 k/Pa, respectively. They proposed a
potential application era of such devices in intelligent compliant structure, smart sensors,
and human-machine interactions, as well.

Jietal. [46] reported a multi-effect coupled NG by integrating pyro—piezo-tribo-photo
effects simultaneously in multifunctional BTO ceramic with only one electrode pair, piezo—
tribo TPiENG, which harvests mechanical energy by strain-induced deformations in BTO
and between FEP and nylon film, as well as PDMS as a protective layer for sustained
confrontment of ITO and Ag electrodes (see Figure 12a). The individual pyroelectric
nanogenerator (PyENG) produced current and voltage peaks of 15.2 nA and 1.5V, at
a heating rate of 0.34 K/s for the temperature change of 302 K to 307 K, cooling the
device back to 302 K. Similar current and voltage peaks (but in the opposite direction) and
maximum output power of 7.8 nW at 150 MQ) were observed. Individual PVC outputs
were examined under light illumination of LED with a wavelength 405 nm, stable current
of 10.1 nA, voltage of 0.6 V, and maximum power of 7.6 nW, obtained at 25 M() load
resistance. To quantify individual TPiENG, an airflow of 15 m/s was blown from an
air blower at 12 cm from a multi-coupled NG. An AC output current of 3.5 pA was
obtained, followed by the oscillation of nylon film. A baseline of voltage was swinging,
so it was not easy to detect voltage. The multi-effect coupled NG under the conditions
of the heating rate 0.98 K/s, a 405 nm light illumination by LED, and an airflow speed
~15 m/s, which proved to be a compatible power source with a current, voltage, and
platform voltage of 1.5 pA, 7'V, and 6 V, respectively. The charging capability of the 0.33 puF
capacitor to 1.1 V in 10 s, only as compared to individual units of PyENG, PVC, and
TiPENG, are shown in Figure 12b. Zhang et al. [51] prepared a multifunctional-based PZT
multi-effect coupled nanogenerator by integrating PyENG, PVC, and TPiENG units. The
one device structure had three parts, with PZT being a piezo—pyro—photoelectric active
material and flexible nylon vibrating film, which, with FEP, introduce triboelectrification
and apply strains to PZT, Ag, and ITO/AgNws/PDMS, as bottom and top electrodes,
see Figure 12¢c. The investigated performance of coupled nanogenerator, with different
combinations of individual units with PYENG+PVC, PVC+TPiENG, PyENG+TPiENG,
and PyENG + PVC + TPiENG, are shown in Figure 12d. The output of PYENG+PVC
acquired the peak values of current, voltage, and platform to 1 uA, 91 V, and 200 nA; all
other coupled nanogenerators, comprised of TPiENG, showed similar AC output current
peaks, greater than 5 pA. However, the individual TPiENG, under wind flow, showed a
higher output current than PyENG and PVC but output voltages are smaller. The coupled
nanogenerator gathered the fringe benefits of piezo—pyro-tribo—photoelectric modules
and aroused high electric peak current, voltage, and platform voltage of 5 uA, 80 V, and
50 V. The coupled nanogenerator showed outstanding charging response by charging
10 pF capacitors only in 90 s up to 5.1 V. Singh et al. [244] has reported piezo-tribo based
HNG with combined piezoelectric and triboelectric effect in ZnO-PVDF film coupled with
PTFE (polytetrafluoroethylene) as shown in Figure 12e, the determined that incorporating
ZnO nanorod in ferroelectric PVDF polymer uplifted the triboelectric and piezoelectric
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response of PVDF and given the maximum output instantaneous power of 24.5 pW /cm?,
while combined current and voltage of 0.46 A and 78 V, without subjecting any surface
treatment and poling.
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Ji et al. [245] demonstrated the electricity induction by employing the photovoltaic—

pyroelectric-piezoelectric coupled effect for BTO-based sensors, utilized to spotlight intensi-
ties, temperature differential, and vibrational frequency, individually and all-together, with
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high susceptivity. The nanogenerator device for couple sensing is shown in Figure 13a. The
BTO ceramic slice is interlocked between the ITO top and Ag bottom electrode. One end of
TO slice was fixed on a commercial TE module for providing temperature variations and
masses on another end. The right-hand photograph is the optical image of the fabricated
device. The individual examinations for sensing light, temperature, and vibration marked
out the sensitivity of ~0.17 nA/(mW/cm?), 4.80 nA /K, and 1.75 nA /K for cooling and
heating condition, 21.02 nA/Hz, and —14.07 nA /Hz for low (<17 Hz) and high (>17 Hz)
vibrations, respectively, without any external power supply. The device sensitivity for
monitoring light-temperature, temperature-vibrations, and light-temperature-vibrations
coupled effects were found to be dependent on variations in the spontaneous polarization
of BTO. The light + temperature + vibration current (I,noto + Ipyro + Ipiezo), as a real-time
function, observed at a constant light intensity of ~211 mW /cm? and constant temperature
change of 12.9 K, the total current was an AC-type piezoelectric current, as in Figure 13b(i).
The total current, as a function of different vibration conditions under various light in-
tensities and at constant temperature change of 12.9 K, can be seen in Figure 13b(ii). The
total current increased under low-frequency vibrations (<17 Hz) but started to decrease
as the frequency vibrations enhanced above 17 Hz, as a response to increasing light inten-
sities from 20-211 mW/cm?. Additionally, the corresponding sensitivities K’ and K" of
low and high vibration fall to a minimum of 15.33 and —8.57 nAcm?/mW, respectively,
at 211 mW/cm?. The trend is attributed to the dwindling of spontaneous polarization,
convinced by thermionic and photo-thermionic effects. Their study revealed motivation
into commercial and industrial applications of multifunctional sensors. Zhao et al. [246]
designed a multi-effects coupled nanogenerator and implicated it in self-powered, multi-
functional coupled sensor applications. The schematic of the device consisted of BTO
ceramic wafers, with transparent ITO and Ag electrodes deposited on the upper and lower
surfaces, as well as a total of the BTO array, encapsulated in a PDMS matrix to achieve
flexibility, see Figure 13c. Fabricated device characteristics were conducted for the light of
405 nm, with intensities 8.39-83.2 mW/cm?, temperature fluctuations of 9.1 K to 35.1 K,
and pressure variations of 7.6 kPa to 33.7 kPa. The coupled NG gave an improved current
of ~387.3% under simultaneous light gleaming (83.2 mW/ cm?) and pressure (7.1 kPa),
as well as for a temperature difference of —19.5 K, the current enhancement of ~375%
was observed, rather than only light. They employed the fabricated coupled NG, as the
realization of the multi-functional coupled sensor, at the benefit of external power, see
Figure 13d. The coupled nanogenerator showed powerful coupling enhancement with the
detection sensitivity of 0.42 nA/mWem ™2, 1.43 nA /kPa for light and pressure detection
at a constant temperature change of —19.5 K, and 8.85 nA /K for temperature sensing
at light irradiance of 83.2 mW/cm?. Their study opened a way to sense electronic skin
evolutions. Shi et al. [247] demonstrated a flexible one structure hybrid nanogenerator,
based on coupled piezoelectricity and triboelectricity, using cellulose/BaTiO3 aerogel pa-
per PDMS nanocomposites. The PENG unit, under mechanical impact force, separately
showed maximum voltage and power of 15.5 V and 11.8 uW. The PENG unit was coupled
to a single electrode TENG. By adding the electrode in the PENG system, the polarization
direction of PENG positively couples with triboelectricity and enhances the output voltage
and power to ~48 V and 85 uW, at the mechanical impact of 80 kPa. The study revealed an
easy coupling approach for the enhancement of device performance and practical applica-
tions. Ma et al. [248] also demonstrated sandwich layer structure NG, based on coupled
pyroelectric and photovoltaic effects. The BTO functional material was embedded between
ITO and Ag electrodes. BTO acts as a pyroelectric and photovoltaic material, deposited on
Ag film, with a thickness of ~0.3 mm. The Schottky contact was formed at the interface
of ITO/BTO, which created the built-in potential. The photo-pyroelectric coupled effect
in ITO/BTO/Ag film was induced by 405 nm light illumination, with the intensity of
111.1 mW/cm? by more than 260%. The coupled current of 79 nA was generated with a
maximum power output of 7.1 nW for 20 MQ). The incident light irradiation cause BTO
to absorb photons, promoting electrons to hop from valence to conduction band, creating
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free excitons, which further divide by the built-in and depolarized fields generating a
photocurrent. The photons absorbed interact with the lattice phonons of BTO, producing
heat that reduces the polarization of BTO, resulting in a pyroelectric current signal. The
pyroelectric current signals are mediated through light irradiance, so the NG performance
is promoted via the pyro-photoelectric coupled effect. They postulated that coupled photo-
voltaic and pyroelectric effects have potential sensing/detecting the near UV-light; for this
purpose, they fabricated a photodetector system composed of 3 x 3 matrix arrays of an
ITO/BTO/Ag device and utilized it to detect dispersion of 405 nm light intensity at zero
cost of external power. The light information was determined by scrutinizing the electric
signals, which were self-powered and showed a high photoconductive gain, responsivity,
and specific detectivity of the photodetector. Their toil efforts gave a novel plan to attain
fast light spotting by self-powered sensors, based on coupled photovoltaic—pyroelectric
effects in ferroelectric BTO. The studies above let us make the statement that coupling the
various effects in a single device structure increased the effectiveness of energy harvesting
from ambient temperature by utilizing ferroelectric materials. Qi et al. [249] devised a
pyroelectric-photovoltaic coupled nanogenerator, employing BiFeOj3 as a functional ferro-
electric material layer and ITO and Ag electrodes, owing to a narrow bandgap of 2.67 eV
BFO, which can actively absorb light of even wavelengths less than 465 nm. Additionally,
owing to the non-centrosymmetric nature, the light-induced temperature in BFO lattice can
instigate pyroelectricity, and light-induced electric signals match the pyroelectric signal
and coupled nanogenerator exhibits high-output performance; additionally, the fabricated
nanogenerator can be used as a self-powered photodetector. Under the illumination of
450 nm light, the ITO/BFO/Ag coupled NG produced an output current and voltage of
8.8 nA and 0.13 V. The photoconductive gain, responsivity, and detectivity of coupled NG
was 9.7 times higher at 0.86 mW /cm?, compared to the utilization of photovoltaic effect.
Until now, many other coupled nanogenerators, based on hybrid and one structure, have
been fabricated and more are in progress. Coupled effect devices are highly innovative, as
they are rich in power generation capability.
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Figure 13. Schematic of coupled nanogenerators for self-powered multifunctional sensing. (a) Design structure optical
image of the fabricated, BTO-based sensor for coupled sensing. (b) Sensing performance under light + heating + vibration
condition, a real-time output current, at a constant light intensity of 211 mW/cm? and temperature change of 12.9 K
(i); current, as a function of vibration frequency under different light intensities, at a constant temperature change of
12.9K (ii). (a,b) Reprinted with permission from reference [245], Copyrights 2019, John Wiley and Sons. (¢) Schematic of
coupled nanogenerator for human body sensing. (d) Performance characteristics of multi-effect coupled nanogenerator.
(c,d) Reprinted with permission from reference [246], Copyrights 2020, Elsevier.

5. Applications

The technology of nanogenerators has promoted plenty of advanced modern devices
in self-powered micro/nanosystems, comprising of sensors like pressure sensors, tactile
sensors, infrared sensors, actuators, flexible and wearable devices for energy harvest-
ing, medical implantations (such as biosensors), health care monitoring through human-
computer interfaces, electrochemical systems (such as supercapacitors and batteries), as
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a power source for many tiny energy harvesting devices, and many others. The nano-
generators can drive small power/self-powered electronic devices, such as a lead-free
BTO/PDMS-based PENG, which can charge 1.0, 2.2, and 4.7 pF capacitors to 1.26, 1.68,
and 2.58 V in only 55, 170, and 527 s [168]. All-fiber wearable nanogenerators, based on
nanofiber, nonwoven fabric, employing the NaNbOj3 nanoparticles embedded with PVDF
and covered with PDMS, successfully harvested the low-frequency mechanical energy of
human activity and motion into electricity [250]. Wang et al. [251] prepared a piezoelectric
pressure sensor, based on cellular fluorocarbon with a high sensitivity of 7380 pC/N, in the
pressure regime of <1 kPa and with a very fast response time of 5 ms, to check physiological
motions of the body by attaching it to human skin, e.g., facial muscle contraction, wrist
motion, eye blinking, and breathing; their current signals are shown in Figure 14a. The
breathing frequency was recorded at ~21 times/minute, which is the normal range of a
healthy 36-year-old man. Lee et al. employed a stretched PyENG to charge two capacitors
of ~3.3 uF, along with a rectification circuit, and can light up their red, yellow, and green
commercial LEDs simultaneously, as well as the LCD, see Figure 14b [186]. Zhang et al.
used a PLZT-TENG self-powered wearable sensor as a harvester of biomechanical en-
ergies, in order to sense elbow joint motions for different angles of ~130°, 110°, and 70°
at a humidity rate of ~20% and action time of At = 300 ms. Under dynamics of ultrafast
response times of 7 ms, the PLZT-TENG sensor is found extremely suitable for AMP test,
as estimated for volunteer AMP was 345, lighting up 119 LEDs by gentle hand taping
and recording the footsteps of a running man (Figure 14c) [202]. A multilayer triboelectric
wearable biomedical and acoustic sensor (TESs) for biomedical interaction interface for
diagnosing pulse pressure and human breathing rates, the acoustic sensors were capable
of detecting the high-frequency of Fourier transform signal (STFT) sound sources (shown
in Figure 14d), which were proposed by Park et al. [196]. Sahu et al. proposed a hybrid,
multi-stacked (MS-HG) BCZT-BHO TENG self-powered IR communication module (see
Figure 15a(i,ii)) to analyze the calorie burned from yoga poses of the body, consisting of
a receiver and transmitter, voltage regulator circuit, two capacitors, and VGA camera. In
order to see IR light, the remote of the LED transmitter was powered via the hybrid system,
and IR LED with red LED was lightened by the solar cell, so pressing the remote button
glowing light indicated the established communication among the IR LED receiver and
transmitter. The low powered appliances, used in this way, were lightened by capacitor
charging through hybrid TENG [64]. Sahu et al. established a piezo-tribo hybrid structure
(P-DMHS) that showed potential biomechanical energy harvesting by finger tapping and
hand and leg motion. The generated currents were proportional to the weight of the body
part (see Figure 15b), which can power a 50 uF capacitor, light commercial LEDs, and power
wristwatch (Figure 15c). P-DMHS also was demonstrated as an impact sensor and recorded
impact by ball dropping through certain heights from 10 cm to 60 cm, with a device sensitiv-
ity of 2.101 V/m and maximum impact of 370 mJ, shown in Figure 15d inset. For the impact
sensitivity, they further launched the device on a bicycle helmet and found a maximum
impact of 810.7 m], stating the sensitivity of the impact sensor is as much that they can
respond to an impact of <1 J. This study evokes interest in battery-free sensors to sense
impacts/shocks in helmets, cars, and other protective equipment [252]. You et al. [253]
developed a hybrid piezoelectric—pyroelectric nanogenerator, using non-woven nanofiber
membranes of PVDE, with versatile applications in self-powered electronic textiles. By
implanting the NG insole of the shoe, they observed the maximum output current of
2.83 nA and 78.55 nA, while walking and running. Coupled nanogenerators have great
potential to be used in photodetectors, e.g., a BTO based pyro—photoelectric nanogen-
erator can efficiently detect light of 405 nm, with a responsivity of 10-7 A/W [45]. A
pyro—photoelectric nanogenerator that is based on BFO can detect 450 nm light of intensity
65 mW /cm? [215]. Coupled nanogenerators have shown marvelous applications as multi-
functional sensors, too, e.g., an Ag/BTO/Ag piezo—pyroelectric coupled nanogenerator has
marked to sense pressure and temperature simultaneously [51]. A multifunctional sensor
to detect light intensity, pressure, and the temperature has also been constructed, with light

64



Nanoenergy Adv. 2021, 1

and pressure detection sensitivities of 0.42 nA/mWcm? and 1.43 nA /kPa, respectively, via
an ITO/BTO/ Ag structured coupled photo-piezo—pyroelectric nanogenerator [246]. The
multi-effect coupled nanogenerators have great potential in the Internet of Things, as well
as many other industrial and commercial applications.
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Figure 14. Application of NGs. (a) Short-circuit current and image positions of piezoelectric pressure sensor, attached
on the skin to check wrist motion (i), facial muscle contraction (ii), eye blink (iii), and breathing (iv). Reprinted with
permission from reference [251], Copyright 2017, Elsevier. (b) Capacitor charging circuit and curve through pyroelectric
NG; a photo image of turning red, yellow, and green LEDs off and on, as well as a photo image of turning an LCD off and
on. Reprinted with permission from reference [186], Copyright 2015, John Wiley and Sons. (c) Photograph of a PLZT-TENG
biomechanical energy harvester to light 119 LEDs (i) and as a self-powered wearable sensor to detect elbow joint motions at
different angles (ii). Reprinted with permission from reference [202], Copyright 2021, Elsevier. (d) Acoustic sound wave
sensor with three configurations of poled, unpoled P(VDF-TrFE), and poled P(VDF-TrFE)/BTO, as a function of sound
frequency, alongside the time-dependent sound waveforms and short-time STFT signal. Reprinted with permission from
reference [196], Copyright 2020, ACS Publications.
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profile of capacitor charging. (d) Self-powered impact sensor, voltage response, as a function of time
for various ball impacts, sensitivity as a function of distance, digital photograph of the helmet, with
installed impact sensor, as well as voltage amplitudes and electrical properties. (b—d) Reprinted with
permission from reference [252], Copyrights 2018, Elsevier.

6. Conclusions and Future Prospect

In the present era, power consumption has reached its peak, while energy generation
and storage technology is at high risk to meet the power consumption demand. So, there
is a need to improve the harvesting of units, while the most tedious part is selecting the
appropriate energy materials. Ferroelectric materials have emerged and proved that their
properties are promising for harvesting ambient energies and auxiliary power systems in
upcoming small technology. In this review, we pictorially visualized the energy harvesting
mechanisms. Their output functionalities are mainly the current progressions by various
ferroelectric-based individuals and coupled nanogenerators. The detailed analysis helped
us to realize the different enhanced nanogenerator features, as a function of material nature
organic polymers or inorganic perovskite oxide ceramics, compositions, and morphology
control, by doping and device geometry tailored to nanowires, thin films, multilayers, etc.
Detailed review let us embrace that all ferroelectric NGs are hooked with spontaneous
polarization connected to the configuration of domain walls, as determined by the crystal
microstructure and electric poling for energy conversions. High piezoelectric potential and
surface potential are produced by strong ferroelectric polarization. The outputs can be
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optimized by strengthening the switching polarization property of ferroelectric materials
and hybridizing and coupling multi-effects in one device, resulting in superimposing
of electrical signals. The synergy of various effects imitates the control over production,
separation, movement, and recombination of carriers and, hence, strongly influences
the energy harvesting and versatility of coupled nanogenerators, in order to make their
integration to diverse electric arrays. Emerging wearable and self-powered devices need
to be flexible, so the active materials are polymers, such as PVDF or copolymerized
PVDF materials with TrFE, nylon, etc., and polymer-ceramic-embedded materials. The
nanogenerators are intelligent, flexible, simple, and low cost, with smart applications in
self-powered devices, multifunctional sensors and detectors, and wearable and portable
devices, with the potential for surveilling the physiological activities, motion detection,
tactile sensors for human-environment interactions, examination of respiratory tracks, and
photovoltaic response to photodetectors. Multifunctional sensors have also been processed
by utilizing multi-effect coupling. Even with a lot of advantages of ferroelectric-based
nanogenerators, there is still a long route to go for practical and commercial applications,
as a comprehensive revealing of the interactions of various coupled effects is needed for
charge modulations to better output performances and promote multi-energies harvesting.
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Abstract: Triboelectric nanogenerator (TENG) is the new technique that can convert low-frequency
mechanical energy into effective electricity. As an energy collector, the pursuit of high output
characteristics is understandable. Although high charge density has been achieved by working
in high vacuum or charge pumping techniques, it remains challenging to obtain the high output
performance directly in the atmosphere. Herein, surface-engineering of the triboelectric layer for
enhancing output performance has been reviewed carefully. By constructing surface morphology or
developing surface modification, high performance of TENGs is finally presented in the review.

Keywords: triboelectric nanogenerator; surface engineering; surface morphology; surface modifica-
tion; enhanced performance

1. Introduction

Researchers have been devoting efforts towards the development of clean and re-
newable energy, with the increasing energy issue. However, it is still a major challenge
facing humanity [1,2]. One of the most widespread energy sources is mechanical en-
ergy. Researchers have designed devices for mechanical energy, including electromagnetic,
thermoelectric, piezoelectric, and triboelectric nanogenerators [3—18]. Triboelectric nano-
generators (TENGs) can be applied to harvest all types of mechanical energies, such as
human movement, rotating tires, vibration, wind, flowing water, and other sources that
can produce triboelectrification [19]. Since its first invention in 2012, TENG is a type of
energy harvesting device that transforms biomechanical energy into effective electricity.
It was demonstrated in Wang’s group via the coupling effects of triboelectrification and
electrostatic induction [11,20]. When the surface of two triboelectric materials come in
contact with each other, opposite charges will be created on the surface. Once the two
surfaces are separated by external force, a potential difference is created, thus generating
voltage. Then, the charge flows due to the electrostatic induction to maintain electrostatic
equilibrium.

Meanwhile, studies reveal that TENG has many advantages, including low fabrication
cost, light weight, and high energy efficiency. Besides, the materials selection and device
structure of the fabrication of TENG is wide [21,22]. Therefore, many researchers have been
developing various types of TENG [23-30]. The contact area between two triboelectric
layers plays a major effect on TENG’s properties [31—47]. There have been previous
works focused on materials selection [48-54], surface modification [41,55-63], and control
of surface topography [64-66] to investigate the triboelectrification mechanism on the
performance of triboelectric nanogenerators. While materials selection is dependent on
choosing the triboelectric contact pairs, far apart in triboelectric series depends on which
materials have opposite polarity. Another way to study the triboelectrification mechanism
is the control of surface topography to improve the output performance of the optimized
device. However, the method of surface modification is more effective for increasing
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the efficiency of TENGs that are modified through chemical and physical methods, with
material selection and structural design.

Within the review, various engineering strategies that improve output performance of
TENG will be introduced accordingly, as shown in Figure 1. The first and second parts are
a brief introduction and performance of TENG. The third part includes surface engineering
methods that play a big role in the TENGs output, which are divided into two parts: surface
morphology and surface modification. The strategies for surface morphology and surface
modification to enhance the TENG output will be introduced. Finally, perspective and
outline for future application in designing high performance of TENGs will be introduced
in part four.

Freestanding TENG

Single electrode TENG

O @,
N =
0 e O riisml mrcrren W 5o W

© Postive e to e hered

Surface modification engineering ..~

Figure 1. Schematic diagram showing the Triboelectric Nanogenerator (TENG), surface engineering, and application [65-69].
Copyright, 2012 American Chemical Society. Copyright, 2012 American Chemical Society. Copyright, 2016 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, Germany. Copyright, 2017 Elsevier Ltd., Amsterdam, The Netherlands.

2. Triboelectric Nanogenerator
2.1. Origin of Triboelectric Nanogenerator

The scientific term for TE is contact electrification (CE) phenomenon, in which it results
from physical contact between two materials without rubbing against each other and the
transfer of electrons from one material to another. With this process of charge transfer
during contact and separation, the surface charge density, polarization, and strength of
the charges are strongly dependent on the materials, which helps in understanding the TE
mechanism. Since the invention of TENG, Wang et al. have devoted many efforts in the
analysis of the origin of triboelectric nanogenerator [18]. Research indicates that electron
transfer is the dominant mechanism for CE between solid-solid pairs, and the electron
transfer model can be extended to other pairs.

2.2. Choice of Materials

All known materials such as wood, polymers, metals, and silk show the effect of
triboelectrification. All materials can be applied for TENG fabrication. The material
selection for TENG is large because the original reason is gaining/losing electrons that
are dependent on the polarity difference of material pairs. John Carl Wilcke published a
paper in 1757 on static charges about the first triboelectric series [70]. The material at the
bottom of the chain, when touching a material close to the upper of the chain, will get a
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negative charge. As such, materials that accept electrons tend to obtain a negative charge,
while those that lose electrons become positively charged [71]. When choosing triboelectric
material, it is important to consider the surface charge matching of two tribo-layers. This
means that we need to choose two materials with quite different triboelectric series, and if
we choose the materials with similar triboelectric series, the output performance will be
influenced to a large extent.

3. Surface Engineering Methods

The surface charge density of triboelectric materials is the key point that leads to the
high output performance of TENG [72]. The surface charge density is determined in the
triboelectric layer via the electron-donation or accepting ability. This section reviews many
functionalization techniques for improving the TENGs output performance.

3.1. Surface Morphology

Triboelectric material morphology engineering refers to the modification of the ma-
terial surface. To increase the contact area between friction layers in micro/nano sur-
face patterns, morphological engineering is used to improve the output performances
in triboelectric energy harvesters, therefore increase the effective charge density. The
physical surface modification is done through the introduction of the micro/nano sur-
face on the electro-frictional layers by using different mechanical methods, such as soft
lithography [73-75], photolithography [76-78], and ultrafast laser patterning [79-81].

3.1.1. Soft Lithography

Researchers have developed micro/nano structures for growing the roughness, which
has been introduced to improve the TENG output.

Wang et al. [67] proposed the rational design of an arch-shaped structure based
on the contact electrification between a polymer and a metal film. In Figure 2a, the
structural process of the arch-shaped triboelectric nanogenerator relies on the electrical
contact between patterned polydimethylsiloxane (PDMS) and patterned Al foil on the top
and the bottom plate, respectively. The patterned surfaces of PDMS film and Al foil are
fabricated to enhance the triboelectric charging, and they are characterized using scanning
electron microscopy (SEM). Both arrays are uniform and regular across a very large area in
Figure 2b. The working mechanism of the TENG was studied by finite element simulation.
According to the TENG output voltage and current at a range of frequency (2-10 Hz) in
Figure 2¢, noted that with the triggering frequency of 6 Hz and controlled amplitude, the
accumulation of the triboelectric charges increases and reaches equilibrium in a certain
time after multiple cycles. Then, the output will gradually go up in the first stage, where
generated 230 V, 15.5 uAcm 2, and energy volume density reached 128 mWem ™3, while
the energy efficiency is produced 10—39%.

To further improve the output performance, Zhang et al. [82] proposed dual scale
structures on TENG output. As schematically presented in Figure 2d, a sandwich-shaped
triboelectric nanogenerator is composed of a 20 pm thick aluminum film with 450 pm
thick PDMS film fixed with elastic tape between two surface micro/nanostructured to
form a sandwich-shaped structure. On the top, the PDMS film fabricated 125 pm thick
PET/ITO thin film. The well-designed micro/nano dual-scale structure (i.e., pyramids
and V-shape grooves) is fabricated by using photolithography and KOH wet etching at
the top of the PDMS surface. As shown in Figure 2e, the output peak voltage, current
density, and power density achieved 465V, 13.4 pAcm 2, and 53.4 mWem 3, respectively.
Noted that the pure micro-structures or nanostructures can decrease the roughness faster
than the dual-scale structure, hence strengthening the performance of TENG. Moreover,
the voltage and the current micro/nano dual-scale with pyramid, compared to that of flat
PDMS film, enhanced by 100% and 157%. Likewise, Kim et al. [61] suggested a large area
nano patterning technique, where block copolymer (BCP) by lithography technique was
introduced on a flexible gold substrate. As illustrated in Figure 2f, Au (100 nm) is deposited
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on cleaned Kapton film by thermal evaporation of the metal layer. After lifting the BCP
template, an Au nanodot was formed on the surface of the Au. As shown in Figure 2g,
the generated short-circuit currents and open-circuit voltages from the flat Au are 22 nA
and 55 V, respectively. Comparatively, the generated short-circuit currents and open-circuit
voltages from nanopatterned Au are 82 pA and 225V, respectively. The Nanopatterned
Au contact surface has a larger effective contact area than the flat Au surface; more electric
charge is induced by contact-electrification, dramatically enhancing the output performance
with an output power density of 93.2 Wm™2. After BCP nanopatterning, TENG output
currents improved up to 16 times due to the increased contact area.
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Figure 2. (a) Schematic illustration of arch-shape based on TENG. (b) SEM images of pyramid
and cubic patterns of polydimethylsiloxane (PDMS) with Al surface. (c) The electrical voltage and
the current from each frequency of the TENG, which gives the total charges transferred in a half
cycle [67] Copyright, 2012 American Chemical Society. (d) Structural design of the sandwich-shaped
triboelectric nanogenerator. (e) The output performance of the sandwich-shape based on TENG with
flat PDMS film, surface-nanostructured PDMS film, pyramids and V-shape grooves [82] Copyright,
2013 American Chemical Society. (f) Au nanopatterning process and fabrication process of TENGs by
using block copolymer (BCP) lithography. (g) Open-circuit current and voltage comparison between
Au nanopatterned and flat Au [61] Copyright, 2015 Elsevier Ltd.
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A new design can develop the output of the nanogenerator efficiency by increasing
the triboelectric effect and the capacitance change, where Fen ta al [65] proposed the first
thin film micro patterned PDMS with different features such as patterned lines, cubes, and
pyramids as triboelectric contact layers to improve the output of TENG. As illustrated
in Figure 3a—c, during the fabrication process, Si wafer molds were fabricated by the
traditional photolithography method to make patterned PDMS as a friction layer with
various features including lines, cubes, and pyramids. The PDMS film was fixed on the
surface of a clean ITO-coated polyester (PET) substrate and wrapped with the other ITO-
coated PET film to form a structured sandwich device. Comparison of the open-circuit
voltage and current is as illustrated in Figure 3d. The results reveal that the maximum
output voltage is up to 18 V and current is 0.7 A for pyramid-surface structure, which is
four times compared to TENG using flat films. Similar to this work, various physical surface
modification has been used in micro/nano structures [27,83-86]. For example, Sun et al.
made micro-nano structures on the PDMS by leaves mold with rich surface textures [85].
Besides, the micro-structured PDMS film can also be made through low surface energy
sandpaper template without the use of surfactant coating or high vacuum [86].
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Figure 3. (a—c) Scanning electron microscope images of photolithography traditional patterned PDMS as a friction layer
with (a) lines, (b) cubes, and (c) pyramids. (d) Triboelectric voltage and current with a flat surface and various patterned
features device [65] Copyright, 2012 American Chemical Society.

3.1.2. Ultrafast Laser Patterning

Ultrafast laser irradiation is used to control in the PDMS surface morphology by using
it for micro/nano hierarchical structures fabrication. Femtosecond laser offers a flexible
method in open air for mask-free fabrication of micro/nano structures, due to its short
irradiation period and superior intensity [87-89].

The femtosecond laser was first used in producing micro/nano structures on poly-
dimethylsiloxane (PDMS) film by Kim et al. [90]. After femtosecond laser direct writing,
the effective contact area between the friction layer is improved, thus improving the output
performance of TENG. As illustrated in Figure 4a, a schematic illustration of the ultrafast
laser irradiation method was used on the PDMS surface patterning. The TENG is composed
of PDMS and aluminum. Aluminum is used as the top electrode. The counter-electrode in
the PDMS is another aluminum, which is connected from the back side of PDMS. In this
method, the LI-TENG using a laser power of 29 mW in the PDMS patterned to produce a
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maximum voltage and current with a power density of 42.5 V and 10.1 pA, 107.3 pWem 2,
respectively, as shown in Figure 4b. The largest enhancement in output power, based on
the micro structured PDMS, was raised more than two times from the controlled TENG
(bare PDMS). Such a fast, direct-writing approach has the potential to make controlled
hierarchical micro/nanostructures on different materials.

100 wm UPOMS >
- Bare POMS.

Figure 4. (a) Fabrication process of PDMS by using a laser power of 29 mW. (b) Electrical output performance of LI-
TENGsS using laser power from 0 to 132 mW [90] Copyright, 2017 Elsevier Ltd. (c) Schematic illustration of TENGs by
Femtosecond laser direct writing processes. (d) SEM images of Cu and PDMS films with micro/nano-stripes, cones and

small/large size micro-bowls, structures. (e) Transferred charge density, voltage, and current density with and without

various micro/nanostructures [91] Copyright, 2019 Elsevier Ltd.

Except for flexible PDMS, writing directly on Cu can also enhance the output perfor-
mance. Huang et al. [91] proposed micro/nano structures optimized for TENGs using
the method of writing directly on both triboelectric layers by a femtosecond laser such
as Cu and PDMS. As shown in Figure 4c, to make micro-bowl structures single-pulse
irradiation in different sizes was used on PDMS surfaces. The micro/nano dual-scale
structures on Cu film surfaces are fabricated using laser scanning technology in cones and
stripes, as illustrated in Figure 4d. TENGs are fabricated with the contact area and contact
distance of 8 x 8 mm? and 1 cm, respectively. The fabricated TENG is tested under the
frequency of 1.5 Hz and contact forces at 2 N. Figure 4e shows the voltage (Voc), charge
(Qsc), and current (Isc) of the TENGs. The results showed that all TENG output perfor-
mances with different micro/nano structures significantly increased, compared with TENG
(0Cu-0PDMS) without micro/nano structures that follows the sequence: TENGycy—p >
TENGicusp > TENGycyu_1p > TENGicy_1p > TENGocu_op- The TENGcuop with cones
and bowls micro/nano structures on Cu surface in a larger size on PDMS surface has the
optimal performances. The TENGyc—p produced a voltage of 22.04 V, which is improved
by 4.13 times of the TENGqc,_op, indicating the effective surface morphology engineering.

Except for lithography and laser patterning, there are other physical methods that
can fabricate microstructures such as reactive ion etching (RIE) and electrospinning. These
methods can also improve the output performance. For example, Zhai et al. [92] enhanced
the output performance of freestanding mode TENG by treating the triboelectric PTFE film
with RIE, but these methods have the drawback that it is difficult to control the shape of
the microstructure. So, it is just regarded as a pre-processing step in most research, but it is
undeniable that this can indeed improve the output performance of TENG.
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3.2. Surface Modification
3.2.1. Chemical Functional Groups

In the literature, researchers have used various techniques of surface functionalization
to improve the TENG output. To study the effect of chemical functional groups on the
output performance of TENG, several studies have focused on introducing functional
groups that improve the triboelectric charge transfer, such as self-assembled monolayer
(SAM) techniques. As shown in Figure 5a, Wang et al. [62] analyzed chemical surface
functionalization by using scanning Kelvin probe microscopy (SKPM), which demonstrated
across the major group of SAMs by varying the surface potential. There were four head
functional groups (OH, COOCHj3;, NHj, and Cl) through thiol- based SAM treatment for
12 h, forming in solutions containing different types of thiols on the Au surface. As a result,
shown in Figure 5b, the largest enhancement in electrical output with amine groups was
raised more than four times from the contact electrification with FEP. The increased output
power, after functionalization with these groups, follows the sequence order: hydroxyl,
ester, and amine from 4-amino thiophenol. The chlorinate functional group lead to a
decrease of the TENG's output compared to the pristine material, due to the lower charge
density. Besides, as shown in Figure 5¢, SAM surface functionalization of SiO, acts as the
triboelectric layer in TENGs. After being deposited by plasma chemical vapor deposition
on a glass substrate, one kind of silane molecule(3-aminopropyl) triethoxysilane (APTES)
was used to form a SAM via three Si-O bonds for each molecule. After functionalization
in 10% APTES concentration, transferred charge density, the open-circuit voltage, and
short-circuit current density reached 51 uCm~2, 240V, and 1.75 mAm 2, respectively, as
illustrated in Figure 5d. Compared with that produced by 1% APTES concentration, SiO,
has higher chemical potential and can generate more positive charge during contact. So, a
higher concentration from APTES is better to improve the output performance.
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Figure 5. (a) Schematic illustration of TENGs built using SAM layer based on Au films. (b) The
output comparisons of TENG based on each thiol SAM functionalized Au films. (c) Fabrication
process of TENG using silane -SAM modified SiO,. (d) the output of TENG with and without
functionalized silica [62] Copyright, 2016 Royal Society of Chemistry. (e) Schematic illustration of
TENG (inset figure shows the molecularly engineered surface by self-assembled monolayer (SAMs)).
(f) Chemical structures of self-assembled monolayers (METS). (g) The voltage and current with and
without METS [66] Copyright, 2015 American Chemical Society.
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After demonstrating the effect of SMA on output performance, researchers began to
perform more tests on the effect of different kinds of SAMs. Song et al. [66] modified the
triboelectric surfaces molecularly engineered by different self-assembled monolayers, such
as 3-aminopropyltriethoxysilane (APTES), 3-glycidoxypropyl- triethoxysilane (GPTES),
1H,1H,2H,2H-perfluorooctyltrichloro-silane (FOTS), and trichloro (3,3,3-trifluoropropyl)
silane (TFPS) to study the effect of SAMs on the triboelectric properties, shown in Figure 5e.
After contact with aluminum foil at the same frequency and force, open circuit voltage
(Voc) and the short circuit current (Isc) of APTES, GPTES, FOTS, and TFPS were measured,
which is illustrated in Figure 5f. For the PDMS surface treated with either TFPS or FOTS,
the open circuit voltage is (105 V) and open circuit current is (27.2 nA) based on FOTS-
METS device are six and four times higher than that of pure PDMS/Al device. However,
after comparing the Voc and Isc of FOTS, both highest values of the TFPS-METS device
decreased. This is due to the fluorine atoms that have lower surface density. On the other
hand, when the PDMS surface was treated with either APTES and GPTES, Voc and Isc
have negative values for APTES and GPTES confirmed positive charge on the surface of
PDMS with these SAMs. As a result, the output performance of TENG was dependent
upon end-functional groups of SAMs that formed on PDMS substrate.

Likewise, Byun et al. [93] also proposed the triboelectric series modified by SAM-
materials through controlling the surface dipoles and surface electronic states with dif-
ferent electron-donating and withdrawing functional groups. As shown in Figure 6a, the
substrate was engineered with four SAM functional groups such as -NH,, -SH, -CH3, and
-CF;3. After chemical surface modification, the surface potential increased when using the
highly electronegative atom F, and decreased when using -NH,, -SH, and -CHj3 groups
because they electron donated to the metal. KPFM mode in atomic force microscopy (AFM)
measurements were used to verify the triboelectricity affected by the surface modifica-
tion [94]. The charge numbers on the various SAM-modified substrates were explained
by contact potential difference (CPD). The surface potential of the substrate, ®gpgtrate, iS
defined as

Dsubstrate = q:'probe —eVepp 1)

where @,y is the work function of the probe, Vcpp is the measured CPD, and e is the
electronic charge. Then, CPD images of various SAM-modified substrates are contracted
by an Rh-coated AFM probe. As shown in Figure 6b, the surface potential of NH,-SiO is
four times higher than that of CH3-SiO;, due to withdrawing group, and the CF3-SiO; had
the opposite polarity of that of CH3-5iO,. Figure 6¢ shows that when the surface potential
increased, also the triboelectric potential increased before contact situation increased.
Therefore, the amount and polarity of the electric friction charge were affected by the
surface potential. Moreover, the surface modification affected the charge diffusion and thus
improved the output of the TENG. In summary, surface modification by these SAM-based
contact materials is an effective way of materials application.

In another example, Shin et al. [95] reported the effect of surface modification on PET
films after being modified with oxygen plasma and forming reactive -OH groups. Then,
the surface was functionalized with nonpolar (-CF3) groups from trichloro (1H,1H,2H,2H-
perfluorooctyl) silane (FOTS) vapor which introduced negatively charged and (-NH%*)
groups coming from poly-l-lysine solution by using two different techniques (Figure 6d).
Voc and Jgc of the TENG with PLL treated PET (P-PET) and FOTs treated PET (F-PET) con-
tact pair shown in Figure 6e, showing high Voc and Jsc reaching to 330 V and 270 mAm—2,
respectively, compared to that between PET and the PET contact pair. These improvements
can be explained as follows: -CF3 in F-PET improved negative triboelectric charges and was
able to gain electrons while -NH3* in P-PET lost electrons and increased positive triboelec-
tric charges. X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), and
scanning Kelvin probe force microscopy (KPFM) methods were used to analyze the surface
modification on PET surfaces for a deeper understanding and perfect the performance of
TENGs. The analysis of surface potential is useful to characterize the surface materials
modified through chemical treatment [96-99].
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Figure 6. (a) Schematic illustration of the SAM-modified substrates from donor electron to acceptor
electron layers. (b) Contact potential difference (CPD) analysis of each substrate. (c) Triboelectric
potentials and CPD before contact of the different surfaces [93] Copyright, 2016 American Chemical
Society. (d) The effect of surface modification on PET films with various contact pairs of the TENGs.
(e) Voltage output and current densities of the contact pairs of the TENG [95] Copyright, 2015
American Chemical Society.

3.2.2. Ion Injection

Ion injection is an effective way for chemical surface modification via injecting negative
ions onto a fluorinated ethylene propylene (FEP) surface to improve output performance
of TENG and systematically study the maximum surface charge density (MSCD) of FEP
polymer. The electric friction charge density is limited to the MSCD level, which is deter-
mined by the electric field of air breakdown in the nearby region, due to the fact that both
theoretical analysis and experimental study of the MSCD are highly desirable.

Wang et al. [60] reported a technique using an air ionization gun to inject positive
and negative charges into the friction layer and hence enhance TENG performance. As
shown in Figure 7a, ionized-air gun produced ions with both poles (negative ions), such as
CO3,NO®*,NO?~, 0%, and O?" into the top surface of fluorinated ethylene propylene
(FEP). Coulomb scale was used in the measurement of the charge flow on the surface of the
injected polymer, and it can be monitored to study the MSCD of FEP film. As shown in
Figure 7b, the density of charges on the FEP surface reached ~40 puCm—2 during the ion
injection period, and the process of charge transfer indicated the same amount of negative
charge on the FEP surface accumulation. When the ion injection was repeated multiple
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times, the negative charges injected onto the FEP surface accumulated step by step. After
17 times of injection, the charge density reached to ~630 pCm~2. As shown in Figure 7c,
ion injection steps in a TENG to enhance the surface charge density has also been studied.
With no injection, the initial short-circuit charge density was about 50 tCm~2 and charge
density increased to ~100 uCm~2 after one ion injection process. After that, the short circuit
charge density reached ~240 uCm 2 after five injections. Further increase of the times of
the ion injection only resulted in a very small amount of the short-circuit charge density
enhancement, but after nine injections, the charge suddenly transfers differently. When Al
was separated from the FEP film, the short circuit charge density dropped to ~230 uCm—2
because the of the air breakdown that was caused by a voltage between FEP polymer and
Al plate. As shown in Figure 7d, the FEP layer was in contact with the Al sheet before
injection, and the open-circuit voltage of the device only produced 200 V. After ion injection,
the surface charge density arrived at the maximum; the open circuit voltage increased to
~1000 V. For comparison, it is clear that the enhancement of electrical output Voc and Jsc
before and after ion injection increased around four to five times.

‘a ' lonized air injection ' b
: Air ionization b :

gun

3

56 1t 2 3¢ gn s

ion
200 Injection

Initial

After injection

L BE)

" Kapton : W™ erre W fep
h
2 SAPTON-1E 16— A PET—A PETAEN-A PIFE—A | PIFEAE1-A . FEP—A FEPAEI-A
s o | & .

111

JLUJL

Irradiated Kapton — FEP Irradiated FEP — FEP

v £ 0!
KAPTONTETS i PrrEsess

KAPTONTE TS ot i e B

KAPTONIEST 1 bt —t b resrer

m

Figure 7. (a) Basic processes on FEP surface with ionized air injection. (b) The charge flow measure-
ment in the FEP film during the ion injection. (c) The short-circuit charge density (Aosc) generated
during the step-by-step ion injection process. (d) Open-circuit voltages of the TENG before and after
the process of ion injection [60] Copyright, 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
(e,f) Schematic presentation of the ion irradiation process and corresponding to the molecular formula
of Kapton structure change. (g,h) The output voltages and transferred charge densities of the pre and
post -irradiation polymers with various materials [97] Copyright, 2016 Royal Society of Chemistry.
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In a more recent study, Li et al. [97] proposed a surface modification method induced
by the ion irradiation., and the functional groups of triboelectric materials at the molecular
level won't arise change to the surface roughness of polymers. As shown in Figure 7e,f,
the ion irradiation process was carried out by using a 50 keV ion beam to irradiate the
four polymers which are Kapton, PET, PTFE, and FEP. The Helium ion was chosen as the
implantation ion. The electrification performances of the various irradiated polymers were
studied by using an irradiation dose applied to four polymers. The triboelectric materials
were irradiated polymers and contacted with Al foil, which acts as the second triboelectric
material, with a contact area of 7 mm x 7 mm. As shown in Figure 7g, the output voltage
of Kapton-Al changes from positive to negative after the treatment with He-irradiation
due to the donor electrons from the KAPTON1E16 polymer. There is a slight difference in
voltages of the other devices (PET-Al, PTFE-Al, and FEP-Al). As illustrated in Figure 7h,
the transferred charge became maximum with KAPTON1E16 (1 x 1016 ions per cm?).
There was no enhancement in the charge density of the other irradiated polymers. So,
the irradiated Kapton was the best polymer to enhance the performance of TENG due to
the electron-donating capability of Kapton after He-ion irradiation. This approach is the
highest compared to reported results using other methods such as ICP etching [98], charge
pump [99], or a prior charge injection method [100].

3.2.3. Fluorinated Polymers

Another way of surface modification is using fluorinated polymers on the surface of
materials because it has many advantages, such as low surface energy and good electri-
cal properties [101]. Engineering the dielectric properties of fluorinated materials could
enhance the triboelectric measurements [102,103]. Polyvinylidene fluoride (PVDF), or poly-
tetrafluoroethylene (PTFE) derivatives, are examples of fluorinated polymers and are used
as one of tribo-negative materials for TENG, and many studies also used these materials
to enhance the TENG output [54,104-106]. Kim et al. [103] demonstrated that the molec-
ular structure engineering of fluorinated polymers with a controlled fluorine unit from
zero to three fluorine units and molecular weight (M,,) such as for [poly (ethyl methacry-
late) to poly(2,2,2-trifluoroethyl methacrylate)], and fluorine unit is over three such as
[poly (2,2,3,3,3-pentafluoropropyl methacrylate and poly (2,2,3,3,4,4,4-heptafluorobutyl
methacrylate)]. As shown in Figure 8a, the effect of the dielectric constants of materials with
polarity is investigated. The expression for the dielectric constant (relative permittivity) of
the PET-ITO substrates is given by

e = Cd/eg-A 2

where C is the capacitance, d is thickness of the dielectric layer, A is measured area, and
gp is vacuum permittivity. According to this equation, as shown in Figure 8b, when the
fluorine units are zero to three in the polymer, the dielectric constant of the fluorinated
polymers increase and when the fluorine units are more than three, the dielectric constant
of the fluorinated polymers slightly decreases. The slight decrease of the relative dielectric
constant can be attributed to the additional polar group in the polymer chain and the
efficient polymer chain packing within the polymer films. Figure 8c illustrates the highest
triboelectric output performances of PTF containing three fluorine units, which is much
bigger than the PEMA polymer without fluorine units. These results are attributed to
the effective polymer chain packing structure. As shown in Figure 8d, the annealed PTF
polymer possessed a higher triboelectric performance than the PTF polymer without
annealing. Therefore, the annealing temperature is critical in improving the triboelectric
output performance resulting from polymer chain packing. A similar output enhancement
was also demonstrated by silane-based SAMs fluorinated molecules that improve the
triboelectric charge.
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Figure 8. (a) Schematic illustration of TENGs built using fluorinated polymers with different numbers of fluorine. (b) Di-
electric constants (er) of different fluorinated polymers. (c) The output performance of TENG based on the effect of PEMA,
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(f) Output voltage, (g) current, and (h) charge density of the TENG with (F21, F17, and F13) compared to pristine PDMS [107]
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Recently, Wang et al. [107] proposed surface functionalization of the polydimethylsilox-
ane (PDMS) layer, which was formed by Silane-based SAM having fluorinated molecules, for
example: [1H,1H,2H,2H-perfluorooctyl trichlorosilane (F13), 1H,1H,2H,2H-perfluorodecyl
(F17), 1H,1H,2H,2H-perfluorododecyl (F21) and 3-aminopropy! triethoxysilane and the alu-
minum (Al) electrode, as illustrated in Figure 8e. Then the silane-based SAM treatment
processing in solutions containing various types of fluorinated molecule solution and APTES
solutions for 2h. The results showed that the output performance showed apparent enhance-
ment after functionalization with fluorinated molecules, and the output performance increased
with the increase of the number of fluorine atoms. Figure 8f-h show the peak output volt-
age, current density, and charge transfer of four TENGs with and without fluorinated-based
SAM modification. The results show that 1H,1H,2H,2H-perfluorododecyltrichlorosilane
(F21) increased the electrical measurements because there is a difference in the attract and
transfer electrons from the Al layer to PDMS. In addition to the comparison of the electrical
measurements of the TENG with and without fluorinated-based SAM, it follows the order
(F21, F17, and F13) compared to pristine PDMS.

3.2.4. Element Doping

Another type of chemical modification includes doping the element on or inside the
contact materials to modify the output performance of TENGs. For example, MgxZn;.,O is
a new triboelectric material prepared via doping Mg in ZnO thin film made by radiofre-
quency (RF) magnetron sputtering used as an active layer to enhance the difference in
work function [108]. As shown in Figure 9a, the Mg content was changed from 0% to 26.5%
in MgyxZn;.,O. The work function first raises with increasing Mg composition, which is
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measured by Kelvin probe microscopy. TENG was fabricated using different MgyZn;_,O
and PDMS as contacting layers. X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), and scanning Kelvin probe force microscopy (KPFM) methods were
used to determine the content of Mg and Mg,Zn;.,O films work function. The results
showed that there is a proportional relationship between the concentration of Mg and the
work function, which have a maximum value of 5.14 eV, and then decreased to 4.85 eV.
TENGs are fabricated from different Mg, Zn;.,O films and PDMS contact pairs. As shown
in Figure 9b—c, the TENG made with ZnO film has a triboelectric current and voltage
less than the TENG made of MgyZn;_,O with 26.5% Mg, due to the larger work function
difference between Mgy Zn;.,O and PDMS. This approach confirmed the ability of MgZnO
film work function to boost the TENG output.
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Figure 9. (a) Schematic illustration of TENGs composed of ZnO doping with Mg, triboelectric output current, and voltage
of TENG of (b) pure ZnO (c) MgxZn;_O films [108]. (d) Schematic diagram of the TENG based on ZnO doping by Sb. (e)
TENG device mechanism of PDMS against ZnO nanorod arrays by Sb doping [109].

Chen et al. [109] showed the modifying of the ZnO NR surface through Sb doped
into p-type to improve the TENG output performance, as illustrated in Figure 9d. As a
result, for comparison, it is obvious that the output voltage and current of the P-type ZnO
NR array reached 24 and 5.5 times that of a TENG with un-doped N-type ZnO, due to
delivering electrons to negatively charged PDMS as illustrated in Figure 9e. This approach
is very important in designing TENG to select the best combination of materials easily.

3.2.5. Nanomaterial Doping into Triboelectric Materials

Engineering of high dielectric nanomaterials doping into the TENG triboelectric
layer is another method to enhance the TENG output performance, by using large charge
tapping sites and work function which store triboelectric charges during triboelectrification.
Triboelectric charge density increases with increasing the capacitance of the triboelectric
material, which increases with the increase in the relative permittivity. Chen et al. [54]
used SiO,, TiOy, BaTiO3, and SrTiOj3 as dielectric materials to fill the PDMS sponge layer
to increase the relative permittivity and reduce the contact material thickness. Figure 10a
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shows the fabrication process of the CS-TENG with different filler. The capacitance (Cyyax)
of the device is determined by
Cinax = €0Ser/d (3)

where g is the vacuum permittivity, ¢, is the relative permittivity of the PDMS, S is device
area, and dppys is the thickness of PDMS film.
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Figure 10. (a) Experimental design and diagram of PDMS sponge film-based TENG. (b) Electrical
measurements of the device [54] Copyright, 2016 American Chemical Society; (c) Schematic diagram
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triboelectric layer. (e) Output comparison with traditional TENGs [68] Copyright, 2016 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim.

The output voltage is proportional with the number of charges from the triboelectric
layer
Voc = (00-x(t))/ 20 @

where 0y, x(t), €g and V¢ are the charge density on the PDMS, interlayer distance, vacuum
permittivity, and open circuit voltage, respectively [107]. According to the equation, the
Voc is proportional with the relative permittivity ¢ or is inversely proportional with the
thickness of PDMS film or to both. In the meantime, high dielectric SrTiOj filling into
PDMS film increases the relative permittivity. There is a positive relationship between
the PDMS relative permittivity and the permittivity of the filling materials. As shown
in Figure 10b, comparing different permittivity composite PDMS films are compared by
filling dielectric nanoparticles, which are the SiO,, TiO,, BaTiO3, and SrTiO; that have ¢,
=3, 80, 150, and 300. As a result, no change in both the open-circuit voltage and short
current density after the PDMS are filled with SiO, because PDMS and SiO; having the
same relative permittivity. The highest enhancement in electrical output for the triboelectric
nanogenerator by using SrTiO3 PDMS composite film is because permittivity is high and
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the reduction in the contact materials thickness, which is induced by pores NaCl salt. While
adding 15 vol% pores and 10 vol% SrTiO3 NPs in the PDMS film, the voltage and current
reached over five-fold power enhancement with the pure PDMS. Similar work was done
by Kang et al. [110]; they proposed that the BaTiO3 nanoparticles doping into the PVDF
matrix with a high dielectric constant can increase the output performance of TENG. As a
result, with 11.25 vol%, BaTiOj3, the dielectric constant increased to 25, while the thickness
of composite films decreased, and the transferred charge increased to 114 mCm~2, a 200%
improvement compared to the TENG with 45 mm thick composite electrification layer.

Chun et al. [111] presented TENG based on the Au nanoparticles-embedded porous
film for enhancing the nanogenerator performance. On the other hand, Seung et al. [68]
investigated the P(VDF-TrFE) matrix mixing with a negative triboelectric layer BaTiO3
contact layer to study the permittivity and the polarization effects on the output power of
TENGs (Figure 10c). Comparison of the electrical output behaviors between aluminum
(Al) and each P(VDEF-TrFE)-based surface are shown in Figure 10d. The output voltage
and current increased due to the high permittivity and charge trap of BaTiO3;. Moreover,
Figure 10e shows the electrical measurement of poled (PVDF-TrFE): BaTiO3 with PTFE
and PFA as a triboelectric layer. As a result, the poled P(VDE-TrFE): BaTiO3 composite
film lead to a higher power generating performance, which is about 150 times that of
PTFE-based TEGs due to charge-attracting and transport properties that improved the
output performance of the TENG.

3.2.6. Composite Materials Trapping into Friction Materials

There are various composite materials for application in triboelectric energy harvesting
devices such as 2D layered structure materials and so on. They can be used to provide
electron-trapping sites in TENGs and capture electrons readily, which can give different
chemical properties compared to the original material surface. Two-dimensional structured
materials are crystalline materials containing covalent bonds, providing in-plane stability,
and are used as charge trapping layer, resulting from a specific surface area that can attract
electrons readily. Since the 2D materials emerged, researchers have achieved great progress
in TENG that are made of 2D material [112-114]. Seol et al. investigated the triboelectric
series of various 2D layered materials such as MoSe;, MoS,, WSe;, WS;, graphene and
graphene oxide [114]. This work provided a new sight to utilize 2D materials in TENG.
Besides, Han et al. discussed patchable and implantable devices using TENGs based
on 2D materials. It is suitable for implantable devices due to its flexibility, transparency,
and mechanical stability [12]. Wu et al. [69] proposed a new methodology by using an
electron-acceptor layer, such as reduced graphene oxide sheet with a polyimide layer, to
enhance the TENG output performance (Figure 11a). TENG with a PI: rGO films produced
the highest output performance because it can capture electrons in the PI: rGO layer and
prevent the accumulation between triboelectric electrons and positive charges, which led
to increasing the electron density. The PI-rGO sublayer structure has a power density of
6.3 MWm 2, which is 30 times bigger than that of TENG without PI-rGO. The authors
fabricated PI: rGO nanocomposites to form a floating-gate metal-insulator-semiconductor
(MIS) device, which was placed in the middle of the PI insulator in a charge-storage area
with an Al/p-5i/PI/PI: rGO/PI/Al structure. This is illustrated in Figure 11b. The C-
V curves investigate the electrical properties and are measured at 5 MHz. A clockwise
hysteresis indicated the presence of sites by the carriers; these sites exist due to the rGO
sheets that have an electron-trapping effect on the PI layer.
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Figure 11. (a) TENG made by a composite PL:rGO. (b) C-V curves of the Al/p-5i/PI/PL:rGO/PI/Al device [69] Copyright,
2017 Elsevier Ltd. (c) TENG with a MoS,-monolayer film as electron trapping layer. (d) Schematic of PI: MoS, device [115]
Copyright, 2017 American Chemical Society. (e) TENG with the PVDF/TOML nanocomposite films. (f) Maximum electrical
output TENG device with 1.5% concentration of TOML [116] Copyright, 2018 Elsevier Ltd.

Similar work has been done by Wu et al. [115]. As shown in Figure 11c, the MoS;
monolayer sheet is a functional material as an electron-trapping material inside PI layer
to improve the TENGs performance. Owing to the monolayer MoS,, the TENG possesses
a maximum peak power density being 120 times bigger than of the pristine device. The
authors prepared a floating-gate metal-insulator-semiconductor (MIS) device, in which
the PI: MoS, nanocomposites were used for the C-V measurements, which are shown in
Figure 11d. Considering that the MoS; monolayer bandgap energy is more than 1.8 eV, the
electrons occupied with both bottom energy states of the conduction band and MoS, trap
states at the top electrode interface can be released. So as the voltage loads increase, the
number of electrons captured at the MoS, trap interface states increases, resulting in a shift
in the C-V curves. Generally, the other 2D materials such as titania, Au, InZnO, MoSe,,
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and thin layer graphite are used as electron accepting inside dielectric layers to enhance
the performance of TENGs.

Wen et al. [116] made transparent TENG of a PVDF and titania monolayer (TOML).
The TOMLs have the advantage to enhance the TENGs performance by trapping charge
material and a high dielectric constant. The process of the device fabrication is shown in
Figure 11e. The TENG current density, voltage, and transfer charge signals with various
concentrations of TOML as shown in Figure 11f. As a result, the voltage and current of
the TENG, by using various concentrations of TOML in nanocomposite film, can reach the
high value of 52.8 V and 5.7 uA when the weight of the TOML is 1.5%, which are nearly 2.4
and 7.8 times than those of pristine PVDF. The electrical output of TOML/PVDF device
increased due to the synergy between efficient electron capture and the high dielectric
constant of TOML.

4. Summary and Perspectives

In this review, summarized approaches, including surface morphology and surface
modification, to the enhancement of the TENG performance are summarized. In the first
approach, various surface morphology engineering methods have been developed to
improve the performance of TENGs. Soft lithography, Photolithography, and ultrafast laser
patterning were applied to regulate the surface morphology of the triboelectric materials.
These methods are physical methods that won’t change the chemical structure or chemical
element of the material. The advantage of this method is the high selectivity of the material,
and almost all the materials can be applied in surface morphology engineering. The
drawback of this method is the limitation of the surface charge density due to the limitation
of the contact area. The other approach is surface modification, which will change the
structure or element of the material such as functional groups modification, ion injection,
and elemental doping. The surface modification of the triboelectric materials can improve
the limitation of the surface charge density, but not all materials are suitable or able to be
modified with functional groups. Whether surface morphology engineering or surface
modification engineering can enhance the output performance, It is decided by the physical
and chemical properties of the material when choosing a suitable surface engineering
method. Figure 12 shows the diagram indicating the future direction and challenges
of enhanced TENG. The future directions include more effective micro-structures, new
functional groups, enhancing mechanism analysis, surface functionalization techniques and
surface characterization techniques. The challenges include influence of humidity, stability
of the performance, lack of high currents, quick charge decay and suitable packaging
techniques. To be more specific, a roadmap for future research is shown as following;:

(1) More studies need to be done to discuss the mechanisms of enhancing the TENG
performance, and the mechanism study should be taken from the perspective of
structure design and material science.

(2) More micro/nano structures that can enhance the output performance need to be
detected. Although there have been various micro/nano structures to apply in
the triboelectric material, there are still many materials that lack a suitable surface
structure for improving the output performance. Besides, more theoretical simulation
and structural observation methods need to be developed.

(3) More research on the enhancement of TENG by semiconductors. Most surface modifi-
cations focused on polymers as insulation materials where the charges accumulate on
the surface of the material, and metals are used as the most common friction materials
resulting in the output of the TENG. However, semiconductor is also important but
still largely unexplored.

(4) More practical surface engineering methods towards all modes of TENG. The TENG
has wide applications in four modes. However, the surface engineering is mainly
conducted in the contact-separation mode TENG. Hence, it is important to make the
surface engineering practical.
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(5) More direct and effective methods to improve the power output of TENGs with the
electron-accepting (tend to obtain a negative charge) or donating (tend to obtain a
positive charge) ability of functional groups, increasing surface properties of both
triboelectric materials. The properties of triboelectric materials should be designed
when the difference in the surface potential of triboelectric materials charges is large.

(6) Overcome the influence of humidity through the designed packaging techniques.
Besides, it is important to stabilize the enhanced output performance of TENG and
avoid quick charge decay. More importantly, the other limitation for TENG is the low
current. More efforts still need to be put in for the commercialization of TENG.
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Abstract: Entering the 5G and internet of things (IoT) era, human-machine interfaces (HMIs) capable
of providing humans with more intuitive interaction with the digitalized world have experienced a
flourishing development in the past few years. Although the advanced sensing techniques based
on complementary metal-oxide-semiconductor (CMOS) or microelectromechanical system (MEMS)
solutions, e.g., camera, microphone, inertial measurement unit (IMU), etc., and flexible solutions,
e.g., stretchable conductor, optical fiber, etc., have been widely utilized as sensing components for
wearable/non-wearable HMIs development, the relatively high-power consumption of these sensors
remains a concern, especially for wearable/portable scenarios. Recent progress on triboelectric
nanogenerator (TENG) self-powered sensors provides a new possibility for realizing low-power/self-
sustainable HMIs by directly converting biomechanical energies into valuable sensory information.
Leveraging the advantages of wide material choices and diversified structural design, TENGs
have been successfully developed into various forms of HMIs, including glove, glasses, touchpad,
exoskeleton, electronic skin, etc., for sundry applications, e.g., collaborative operation, personal
healthcare, robot perception, smart home, etc. With the evolving artificial intelligence (AI) and haptic
feedback technologies, more advanced HMIs could be realized towards intelligent and immersive
human-machine interactions. Hence, in this review, we systematically introduce the current TENG
HMIs in the aspects of different application scenarios, i.e., wearable, robot-related and smart home,
and prospective future development enabled by the Al/haptic-feedback technology. Discussion on
implementing self-sustainable/zero-power/passive HMIs in this 5G/IoT era and our perspectives
are also provided.

Keywords: human-machine interface (HMI); triboelectric nanogenerator (TENG); artificial intelligence
(AI); robot perception; wearable sensor; Internet of things (IoT)

1. Introduction

With the rapid development of the Internet of things (IoT) and 5G communication
technology in recent years, human—machine interfaces (HMlIs) have gradually evolved
from traditional computer peripherals, e.g., keyboard, mouse, and joystick as illustrated in
Figure 1, to a more intuitive interface that directly collects human’s original signals [1-3],
such as voice and basic body motions, providing users with a more intuitive and easier inter-
action with computers and intelligent robots in the applications of healthcare, rehabilitation,
industrial automation, smart home, virtual reality (VR) game control, etc. [3-5]. Current
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commercialized advanced HMIs include non-wearable solutions based on voice and vision
recognition [6-8], and wearable solutions that use inertial measurement units (IMUs) [9,10],
i.e., microelectromechanical system (MEMS) based accelerometers and gyroscopes, for the
somatosensory information collection. However, these kinds of HMIs require complicated
sensory information and high-performance signal collection/processing units, thus result-
ing in great power consumption in the system. Additionally, the MEMS-based sensing
components are commonly bulky and rigid [11], making them relatively incompatible for
wearable scenarios. For these issues, stretchable and flexible HMI solutions with minimal-
istic sensor design emerge recently, including sensors based on the sensing mechanisms of
resistive [12-20], capacitive [21-24], and optical fiber [25-27], etc. Though the signal com-
plexity and processing cost are greatly reduced to save energy and enhance the timeliness
of the system, these sensors themselves still require a small amount of driving energy, and
the power consumption may be large considering the massive number of sensor nodes in a
sensor network. Moreover, repetitive charging is also annoying, especially for wearable
or portable HMIs. So to address these issues, self-powered sensors using nanogenerator
technologies of piezoelectric [28,29], triboelectric [30,31] have been developed frequently,
to build low-power/self-sustainable human-machine interactive systems.
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Figure 1. Schematic illustration for the development progress of triboelectric human-machine interfaces and their ap-
plications in the 5G/IoT era. Reprinted with permission from Reference [32], Copyright 2021, Wiley. Reprinted with
permission from Reference [33], Copyright 2020, Wiley. Reprinted with permission from Reference [34], Copyright 2019,
Springer Nature. Reprinted with permission from Reference [35], Copyright 2019, Elsevier. Reprinted with permission
from Reference [36], Copyright 2019, Elsevier. Reprinted with permission from Reference [37], Copyright 2013, American
Chemical Society. Reprinted with permission from Reference [38], Copyright 2019, Elsevier. Reprinted with permission from
Reference [39], Copyright 2015, American Chemical Society. Reprinted with permission from Reference [40], Copyright
2018, Elsevier. Reprinted with permission from Reference [41], Copyright 2019, Wiley. Reprinted with permission from
Reference [42], Copyright 2019, Elsevier. Reprinted with permission from Reference [43], Copyright 2017, AAAS. Reprinted
with permission from Reference [44], Copyright 2018, American Chemical Society. Reprinted with permission from Refer-
ence [45], Copyright 2021, Wiley. Reprinted with permission from Reference [46], Copyright 2018, Elsevier. Reprinted with
permission from Reference [47], Copyright 2018, Springer Nature.
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Triboelectric nanogenerator (TENG), first reported by Prof. Zhong Lin Wang in
2012 [48], has been widely developed as energy harvesters for mechanical energy scav-
enging, ranging from natural wind energy [49-53], blue energy [54-59] to the human
body’s biomechanical energy [37,43,60-64], thanks to its exceptional merits of good output
performance, wide material choices, good scalability, simple fabrication and low cost. Con-
sidering that the kinetic energies generated from the daily activities of humans, e.g., hand
motion, joint rotation, foot motion, etc., contain valuable information of the corresponding
motions, so such kinds of motion-induced energies could be collected by the nanogener-
ators towards a fully self-powered sensing strategy for human—machine interactions as
well as health status monitoring purpose [65]. Compared with piezoelectric-based sensors
that are commonly difficult for design customization due to the limitation of materials
and complexity of the fabrication process [66—-69], TENGs show the advantages of wide
choices of stretchable and flexible materials, e.g., fabric, silicone rubber, plastic thin film,
etc., and versatile operation modes, i.e., contact-separation mode, liner-sliding mode, single
electrode mode and freestanding triboelectric-layer mode [70,71]. Therefore, TENGs have
been successfully designed into various structures for different interactions (Figure 1),
such as touchpad interface [35-38,41,72], auditory-based interface [39,73,74], 3D motion
manipulator [33,40,42], etc., and can be further designed as self-powered wearable HMISs,
e.g., electronic skin (e-skin) [43,75-77], data glove [32,44], wearable band [45,46], intelligent
sock [78,79], breath-driven mask [80], etc., for advanced robotic manipulation, IoT con-
trol, VR game control/rehabilitation, personal identification and advanced sport analysis,
showing the wide application prospects of triboelectric in HMIs area.

The new era of artificial intelligence (AI) provides a new possibility to enhance the
functionalities of HMIs via machine learning (ML) enabled data analytics [81,82], where
the subtle features hidden behind the real-time signal spectrum could be extracted automat-
ically towards more advanced human-machine interactions, e.g., gesture recognition [83],
voice recognition [84], pose estimation [85], personal identification [86], object classifica-
tion [87,88], etc. Thus, due to these benefits, combining TENGs with ML-enabled analytics
reveals a promising research direction for the development of HMIs with enhanced in-
telligence and low power consumption, which has attracted great attention in the past
few years [73,89-93]. Besides, integrating TENGs with other sensing mechanisms, such
as piezoresistive [76,94], pyroelectric [95-99], etc., to implement a multimodal sensing
system capable of perceiving different sensory information simultaneously, i.e., tactile,
strain, temperature, etc., is also a good strategy to broaden the applications of TENG-based
HMIs. In addition, to build a complete human-machine interaction system, the haptic
feedback function enabled by mechanical actuators [100,101], i.e., wire actuator, pneumatic
actuator, vibration motor, etc., is indispensable to provide users with a more immersive
experience for specific applications, e.g., robotic collaborative operation [102,103], VR game
manipulation [104-108], etc., and deserves to be further integrated into current TENG-
based HMI solutions to boost up the capability of information interpretation. Furthermore,
by integrating self-powered TENG sensors with energy harvesters or passive wireless
techniques, e.g., near-field communication (NFC) [109], surface acoustic wave (SAW) [110],
etc., battery-free systems can also be achieved towards fully self-sustainable/zero-power
HMI terminals under the future IoT framework.

Herein, in this review, we systematically introduce the recent progress in the TENG-
based HMIs from the following sections: (1) glove-based HMIs for advanced manipulation,
gesture recognition and tactile sensing; (2) wearable HMIs for other biomechanical signal
collection, e.g., eye motion, facial expressions, voice, posture, etc.; self-powered HMIs for
(3) robotic perception and (4) smart home applications; (5) ML-enabled intelligent HMISs,
and the possible future research direction enabled by the (6) haptic-feedback technology
and towards (7) self-sustainable/zero-power/passive HMI terminals. In the end, current
issues and the potential development trends for TENG-based HMIs are also provided for
future research in this 5G/IoT era.
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2. Glove-Based HMIs

As we all know, nearly all the conventional HMIs are inseparable from the fine
operation of our hands: the keyboard needs ten-finger tapping, the mouse needs to be
moved and clicked by the hand, and the gamepad needs the finger to press the button and
operate the joystick, etc. Compared with the proportion of nerve areas in other parts of the
body, the sensory and motor nerve areas hidden in hands and fingers are huge [111,112],
making each finger can bend and stretch independently to a certain extent, and can also
expand and shrink the lateral intervals. This degree of flexibility enables them to complete
quite complex gestures to achieve diversified operations. A glove, as a common wearable
item, is quite suitable to be further designed into glove-based HMI by integrating sensors
for highly sensitive finger motion tracking. One of the most mature sensing techniques
for data gloves is to use IMUs [113,114], consisting of accelerometers and gyroscopes.
However, the rigid sensing elements, complex data format and relatively high energy
consumption remain concerns. Other flexible solutions based on resistive [13-15,115-117],
optical fiber [25,27], etc., also reveal their own drawbacks, e.g., temperature effect, limited
sensing range, etc. Thus, the emerging sensing technology based on triboelectric, with the
advantages of diversified material selection, extremely simplified design and self-powered
characteristics, provides a new research direction for designing the next generation of
low-power data gloves [118-124].

He et al. proposed a glove-based HMI using TENG textile as the sensing unit with the
minimalist design as shown in Figure 2a [125]. The conducting polymer made of poly (3,4-
ethylene dioxythiophene): poly (styrene sulfonate) (PEDOT: PSS), due to its advantages of
good physical and chemical stability, was chosen as the coating material to fabricate the
highly stretchable electrodes as well as the positive triboelectric parts in this fabric-based
contact-separation-mode TENG sensor. Additionally, alayer of silicone rubber thin film was
coated on the textile glove serving as the negative triboelectric contacting layer. There are
two kinds of sensor configurations in this design, where the arch-shaped sensor is utilized
to measure the finger bending motions, while the sensors mounted at the sides of the fingers
are to detect the contacts between the index finger and its adjacent fingers. Based on these
two configurations, the movement of the index finger in all directions can be recognized
to realize the intuitive control of aircraft minigame in cyberspace, and the car/drone
movement in the real 3D space. Moreover, the function of a mouse can also be mimicked
by this glove-based HMI for web surfing and alphabet writing, providing a simpler, power-
compatible interactive method in daily life. However, for the actual applications of such
a kind of textile glove, the humidity in the environment or the sweat generated from the
human body may negatively affect the triboelectric output [126,127]. So to solve this issue, a
more advanced design with superhydrophobicity of the triboelectric textile for performance
improvement enabled by a facile carbon nanotubes/thermoplastic elastomer (CNTs/TPE)
coating approach was reported by Wen et al. as shown in Figure 2b [128]. The anti-sweat
capability enables the TENG sensor to remain at 80% voltage output even after a 1 h exercise.
By leveraging machine learning technology, complex gestures’ recognition function could
be realized with the minimal sweat effect, which was successfully demonstrated to be
further utilized for real-time VR/AR control applications, i.e., shooting games, baseball
pitching and floral arrangement.

The abovementioned two works are all based on the arch-shaped TENG strain sen-
sors [129,130], meaning that a large air space needs to be reserved between two contact
layers and a relatively limited sensing range: obvious sensor response only occurs at the mo-
ment of contact and separation of the friction layers. For this problem, Zhou et al. proposed
a TENG strain sensor based on a unique yarn structure as illustrated in Figure 2c [131]. The
core of the sensing unit is composed of a conductive yarn coiled around a rubber microfiber,
with the entire body sheathed by a polydimethylsiloxane (PDMS) sleeve. Varying degrees
of deformation will result in a constant and continuous change in the contact area between
the PDMS sleeve and the coiled conductive yarn, enabling the sensor with good linearity
and sensitivity within a large strain range (20-90%). After integrating a wireless printed

104



Nanoenergy Adv. 2021, 1

circuit board (PCB) for signal collection, processing and transmission, a wearable sign-to-
speech translation system could be achieved with the multi-class support vector machine
(SVM) machine-learning algorithm, whose overall accuracy could be maintained higher
than 98.63% with fast response time (<1 s), showing a cost-effective approach for assisted
communication between signers and non-signers, as well as the prospect of TENG-based
HMI in the field of healthcare.
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Figure 2. Glove-based HMIs. (a) A smart glove using TENG textile sensor for cursor control and web surfing application.
Reprinted with permission from Reference [125], Copyright 2019, Elsevier. (b) A superhydrophobic textile glove enabled by
carbon nanotubes/thermoplastic elastomer (CNTs/TPE) coating for VR/AR applications. Reprinted with permission from
Reference [128], Copyright 2020, Wiley. (c) A yarn structural TENG strain sensor enabled glove for sign language recognition.
Reprinted with permission from Reference [131], Copyright 2020, Springer Nature. (d) A multifunctional glove capable

of bending sensing, sliding event detecting, as well as haptic stimulation for augmented AR/VR experiences. Reprinted
with permission from Reference [132], Copyright 2020, AAAS. (e) A joint motion TENG quantization sensor enabled glove
for the robotic collaborative operation. Reprinted with permission from Reference [133], Copyright 2018, Elsevier. (f) An
electronic skin integrating triboelectric and piezoresistive sensing mechanisms for grasping tactile perception. Reprinted
with permission from Reference [94], Copyright 2017, Elsevier. (g) A multifunctional fingertip tactile sensor capable of
pressure sensing, temperature perception and material identification. Reprinted with permission from Reference [134],
Copyright 2020, AAAS. (h) Nanophotonic modulator enabled readout strategy for TENG-based continuous pressure
sensing. Reprinted with permission from Reference [135], Copyright 2020, American Chemical Society.
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To further enrich the function of the glove-based HMI, Zhu et al. integrated TENG-
based finger bending sensors, palm sliding sensors, and also piezoelectric mechanical
stimulators onto one 3D-printed glove which realizes the multidirectional bending sens-
ing, sliding event detecting, as well as haptic stimulation simultaneously for augmented
AR/ VR experiences (Figure 2d) [132]. By attaching multiple elastomer-based TENG tactile
sensors onto different joints of each finger, the perception of motions of each phalanx with
multiple degrees of freedoms (DOFs) could be achieved, where these sensors provide more
useful subtle features regarding the finger bending compared with other common solutions
that installing one sensor node per finger [136-139]. In the meanwhile, the sensory infor-
mation of the normal and shear force could also be collected by the TENG palm sliding
sensor to realize diversified sensing, especially for grasping-related tasks, revealing a new
possibility of multifunctional HMI solution based on TENGs for VR entertainment and
training applications.

Though these works based on the contact-separation mode TENG strain sensors
have shown the great potential of TENG enabled glove-based HMI as effective gesture
interfaces, limitations are still there and need to be further improved. One of the main
issues is that most of these studies use the generated output peaks’” amplitudes to judge the
bending degree [120,140], which is unstable and could be easily influenced by the varying
environmental factors, e.g., humidity, etc. Due to the fast decline of the stimuli-induced
electrical states caused by electrostatic equilibrium, the generated pulse-like signals can
only reflect the momentary motion of finger bending. Other valuable information, e.g.,
bending speed, the degree at a certain moment during the entire bending movement, etc.,
will be lost in such kind of signal format. One possible solution is to use grating-sliding
mode TENG for better quantifying the bending degree/speed by counting the generated
output peak number. A joint motion TENG quantization sensor for the robotic collaborative
operation application was developed by Pu et al. as illustrated in Figure 2e [133]. When
the slider is driven by the finger to slid forward/backward across the well-designed
interdigitated electrodes, the alternating output signal in a series of periodic narrow pulses
will be generated, where the bending degree and speed could be easily distinguished based
on the pulse number and width respectively. The minimum resolution of the TENG joint
sensor can reach 3.8° and could be further improved with finer grating segments. With
such kind of measurement method, the real-time continuous robot bending control can be
realized with high precision, demonstrating a more stable and reliable solution of TENG-
based strain/displacement sensor with strong tolerance to environmental interference.

Besides the strain sensors for the finger bending monitoring, the tactile sensory infor-
mation also plays a key role in glove-based HMI for mimicking the biological perception sys-
tem of human skin to provide a more complete anthropomorphic feedback in contact force
detecting, roughness recognition, as well as temperature sensing applications [141-143].
Due to the high sensitivity and fast response to tiny stimuli, TENGs have been frequently
investigated to simulate the fast adapting (FA) sensory cells of the skin that respond to
dynamic touch and vibration [144,145] and can be further integrated with other traditional
sensors based on resistance or capacitance that mimic the slow adapting (SA) cells due to
the signal maintenance capability, to form a multimodal tactile sensory system [76,146].
As depicted in Figure 2f, an electronic skin that simultaneously perceives the lateral and
vertical movements of the fingertip during grasping tasks was reported by Chen et al. [94].
In this design, the carbon nanotube-poly-dimethylsiloxane (CNT-PDMS) electrode layer
works as a freestanding TENG sensor for roughness differentiation according to the gener-
ated output peaks when the device slides across the object surface, where rougher objects
commonly contribute more peaks during the sliding motion. The porous CNT-PDMS layer
serves as the static pressure sensor based on the mechanism of piezoresistive, making
the tactile HMI also capable of real-time status monitoring, e.g., holding or releasing,
etc., during the grasping/tapping operation process. A similar but more advanced mul-
tifunctional tactile sensor was proposed by Wang et al. as shown in Figure 2g [134]. The
main difference between this device and previous tactile designs lies in the functionality
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of the TENG layer. The electrification layer made of hydrophobic polytetrafluoroethy-
lene (PTFE) film here is utilized for material identification based on the varying electron
affinity ability of different materials [147], and 10 different flat materials have been suc-
cessfully demonstrated to be inferred with a simple lookup table algorithm. Moreover,
apart from the pressure sensing ability brought by the piezoresistive property, the sponge-
like graphene/polydimethylsiloxane (PDMS) composite also shows thermoelectric effects,
which can be used for detecting the temperature of contacted objects with a high resolution
of 1 kelvin, reveling the possibility to further enhance the diversity of the functions for
TENG-integrated tactile HMIs.

Limited by the pulse-like output signals as mentioned above, the TENG-based tactile
sensing units developed in most works were used for dynamic touch/vibration sensing
and cannot be used to detect the continuous force variation due to the fast shift of electrical
states. In this case, combining with resistive/capacitive sensors becomes necessary, and
a fully self-powered sensing system could not be achieved. Actually, the problem of the
electrical state shifts could be suppressed by using a high-impedance readout circuit to
maintain the triboelectric output [148,149]. However, a complicated sensing system with an
amplifying circuit for small current collection is needed. To address this issue, Dong et al.
proposed a strategy by using the robust nanophotonic aluminum nitride (AIN) modulators
to read the TENG output, as shown in Figure 2h [135]. The TENG sensor can work in the
open-circuit condition with negligible charge flows due to the electrically capacitive nature
of AIN modulators, and the stimuli-induced triboelectric voltage can be transformed to
AIN modulators’ optical output based on the electro-optic Pockels effect. Owing to the
negligible charge flow and the high-speed optical information carrier, continuous force
sensing with good linearity and stability was successfully achieved based on the TENG
tactile sensor with nanophotonic readout circuits, demonstrating the potential to replace
resistive/capacitive sensors as SA sensing units in anthropomorphic skin, and to realize a
fully TENG-based self-powered multifunctional tactile HMI.

3. Other Wearable HMIs

In addition to the glove-based HMIs, due to the advantages of high output, lightweight,
high flexibility /stretchability and applicability of various structural designs [150,151],
TENGs have also been developed into sundry biomechanical sensors for other biosignal
collection, e.g., eye motion, facial expressions, voice, posture, etc., as self-powered wearable
HMISs to bring great convenience to people [152-154], especially those with disabilities, in
the era of information and IoT.

Among these mechanical motions, eye blinking has been proven as a new, simple and
effective triggering method for handicapped people to realize convenient electrical appli-
ance control for smart healthcare/home purposes [155-157]. A TENG-based micromotion
sensor for eye blink motion monitoring with high sensitivity was reported by Pu et al. as
shown in Figure 3a [158]. This sensor works in single-electrode mode and has a multilay-
ered structure, where a fluorinated ethylene propylene (FEP) thin film and a natural latex
thin film serve as the tribo-layers in this device, with an acrylic thin annulus as the spacer
to reserve the necessary space for the contact and separation process. This tiny sensor could
be easily mounted on the arms of glasses by fixators to capture the mechanical micromotion
of the skin around the eyes, and function as an intuitive HMI to control electrical appli-
ances, e.g., table lamp, electric fan and doorbell, via the simple trigger signal generated
while eye blinking. By using a wireless module for data transmission, a hands-free typing
system based on the input method of adjusting the number of blinks in a period was also
successfully demonstrated, which may bring great convenience to our daily life, especially
for the disabled, or people whose hands are fully occupied while working. Similarly, a
non-attached electrode-dielectric TENG sensor for eye blinking sensing was reported by
Anaya et al. as illustrated in Figure 3b [159]. This sensor is fully made of soft materials, i.e.,
PEDOT:PSS coated conductive textile and silicone rubber, and shows good comfortability
when placed on the lateral skin tissue of the eye to detect the orbicularis oculi muscle

107



Nanoenergy Adv. 2021, 1

motion. Due to the near-field transmission of signals based on the non-contact electrostatic
induction, the output electrode could be mounted on the temple of the eyeglasses without
a wire connected to the main sensor unit, which significantly improves the simplicity of
the whole system. By analyzing the trigger signal induced by eye blinking, diversified
hands-free human-machine interaction applications, including cursor control, car/drone
control, etc., could be realized to assist people with mobility impairment. Additionally, the
developed HMI could also be used for eye fatigue monitoring to evaluate the tiredness of a
driver and give proper warnings to avoid danger.

Apart from the eye movements, fluctuations induced by the movements of other facial
muscles, e.g., masseter muscle, etc., are also good choices to be translated into control
command as communication aid HMI for the disabled [160]. Inspired by the frogs’ croaking
behavior, Zhou et al. reported a bionic TENG-based sensor for masseter muscle motion
monitoring as illustrated in Figure 3¢ [161]. By imitating the oral structure and acoustic
capstule, the flexible PDMS elastomer was made into a sensing membrane and a deformable
vibrating membrane, with an air layer as the spacer, to amplify the small fluctuations
of the masseter muscle into a significant movement of the vibrating membrane, due to
the varying deformations of films with different radiuses under the same volume change.
TENG technology was then integrated to convert the vibration of the film into an electrical
signal, which could be further utilized in a Morse code communication system, a hands-
free typing tool, as well as an intelligent authentication system, to achieve the efficient
collaboration between the disabled and the digitalized world.

Another biosignal that can be effectively utilized for the human-machine interaction
purpose is the human voice, which has attracted great attention recently due to the rapid
development of voice recognition based on artificial intelligence technology [162-164].
TENG-based acoustic devices have also been investigated a lot towards self-powered
microphones [39,73,74,165-168]. Although these flexible acoustic devices show good
performance and functionality, they are still rigid, which hinders their applications in the
wearable device platform that can be comfortably integrated with the human skin. For
this issue, Kang et al. developed a skin-attachable microphone with high transparency
and adhesion by using hybrid freestanding nanomembranes (NMs) combined with a
micropatterned PDMS and a holey PDMS film in a sandwich structure as illustrated in
Figure 3d [169]. The holey PDMS film effectively enhances the vibration of the freestanding
NM membrane compared with a planar PDMS film, result in a larger output voltage
and excellent sensitivity. The time-dependent waveform of a speech recorded by the
wearable TENG microphone was also demonstrated, which was very much in line with the
original sound waveform, proving the good acoustic sensing capability of the developed
microphone especially when attached to a person’s neck. Then a personal voice security
system was successfully established to recognize the users’ identity with high accuracy by
perceiving the collected voiceprint, showing its potential as HMI for biometric purposes.
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Figure 3. Other wearable HMIs. (a) A TENG-based micromotion sensor for eye blink motion monitoring. Reprinted with
permission from Reference [158], Copyright 2017, AAAS. (b) A non-attached electrode-dielectric TENG sensor for eye
blinking sensing. Reprinted with permission from Reference [159], Copyright 2020, Elsevier. (c) A bionic TENG-based
sensor for masseter muscle motion monitoring. Reprinted with permission from Reference [161], Copyright 2021, Wiley. (d)
A skin-attachable TENG microphone with high transparency and adhesion. Reprinted with permission from Reference [169],
Copyright 2018, AAAS. (e) A wearable two-dimensional TENG touchpad for robotic arm manipulation. Reprinted with
permission from Reference [170], Copyright 2018, American Chemical Society. (f) A bioinspired spider-net-coding (BISNC)
TENG patch for multidirectional drone control. Reprinted with permission from Reference [171], Copyright 2019, Wiley.
(g) A minimalistic exoskeleton enabled by triboelectric bidirectional sensors for upper limbs’ joint motion monitoring.
Reprinted with permission from Reference [172], Copyright 2021, Springer Nature. (h) A badge-reel-like TENG stretch
sensor for spinal information collection. Reprinted with permission from Reference [173], Copyright 2021, Springer Nature.

In addition, a tactile sensing patch is also a common form of wearable HMI by collecting
finger touching/sliding movements to realize simple manipulation commands [174-179]
Currently, TENG tactile HMIs commonly consist of a large number of sensing pixels, where
each pixel is connected to an independent output, resulting in complex readout circuits and
output signals [180-187]. In order to simplify the outputs to effectively reduce the difficulty
and cost of data collection and processing, some novel solutions with minimalistic electrode
design have been demonstrated recently [188-193]. A two-dimensional TENG patch with a
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5 x 5 pixel matrix for finger trajectory sensing was developed by Chen et al. as shown in
Figure 3e [170]. With only four edge electrodes, the accurate position of the finger sliding
or touching along the x and y axis of the patch surface could be achieved with a minimum
resolution of ~1.6 mm based on the output ratio of two pairs of opposite electrodes, which
greatly reduce the total number of output channels for multi-pixel sensing. By utilizing
another one-dimensional TENG patch to detect the position along the z-axis, the real-time
three-dimensional manipulation of a robotic arm was demonstrated and could be applied
in various complicated operations, e.g., welding, handling, spraying, etc. A more advanced
design was proposed by Shi et al., as depicted in Figure 3f [171], where a bio-inspired spider-
net-coding TENG interface was developed for multi-directional sliding sensing with only
one output electrode. By adjusting the electrode widths and positions along with different
directions, the output signal patterns could be differentiated according to the relative amplitude
and positions of the generated peaks in the time domain and could be further transferred
into binary codes for more straightforward signal processing. Such a coding method enables
the minimalistic TENG tactile interface with good reliability and robustness, and makes it
applicable for diversified human-machine interaction applications, e.g., drone control, security
code, etc.

Though some of the abovementioned HMIs have shown the possibility to realize the
robotic control by defining specific commands according to the sensor signals, the number
of commands is limited by the sensor design and data format, and as a result, diversified
operations for multi-tasks may not be achieved. Additionally, some customized interaction
commands also require a certain learning cost for the users. To realize a more intuitive
HMI for parallel manipulation with enhanced degrees of freedom in the applications of
advanced industrial automation or virtual reality interactions, the sensory information
of the human pose is of great significance [194-197]. Zhu et al. proposed a customized
exoskeleton enabled by triboelectric bidirectional sensors for upper limbs’ joint motion
monitoring as depicted in Figure 3g [172]. With the well-designed grating patterns and
the bistable switch integrated into the sliding-mode TENG rotational sensor, the rotating
degree, direction, and speed can be achieved simultaneously to accurately reflect the
real-time status of shoulder rotations, wrist twisting, as well as finger bending with a
minimum resolution of 4°, and can be further utilized to collaboratively control the robotic
arms and virtual character in both real and cyber space. Moreover, a ping-pong/boxing
game was demonstrated to verify the capability of the control system for complex and
coherent movements, revealing its potential for virtual sports training and rehabilitation
applications. Apart from the movements of upper limbs, spinal bending is also essential
towards a more complete pose monitoring. A badge-reel-like stretch sensor based on a
similar grating-structured TENG was reported by Li et al. as shown in Figure 3h [173].
By analyzing the generated peaks’ number, high sensitivity of 8 V mm~! and a minimum
resolution of 0.6 mm with good robustness and low hysteresis can be achieved for this
wearable badge reel, which can be used for patients’ spinal shape change monitoring
when serving as a rehabilitation brace. In addition, such a kind of spinal information
is valuable when combined with other limb motions towards a whole-body movement
detection, which can be widely used for human motion capture and reconstruction in the
3D animation/game industry.

4. Robotic-Related HMIs

With the gradual rollout of Al technology around the world, intelligent robots will
play a more important role in our society and will gradually replace humans in labor-
intensive or dangerous tasks, from the industries of service, manufacturing and medical,
to daily life assistant, as well as future scientific-related space exploration [198]. As the
medium to perceive the external world and enhance the interactions with humans, sensors
based on TENGs have also been investigated a lot to mimic the bionic sensory system for
robots’ tactile sensing [199-203], gesture/motion monitoring [204,205], gait analysis [206],
etc., thanks to their good compatibility brought by TENGs’ wide material choices.

110



Nanoenergy Adv. 2021, 1

As shown in Figure 4a, a typical TENG tactile sensor for robot perception was re-
ported by Yao et al. [207]. With the novel interlocking microstructures enabled by the
surface morphology of natural plants, and the polytetrafluoroethylene (PTFE) tinny burrs
fabricated on the tribo-layers, the pressure sensing sensitivity was effectively enhanced
by 14-fold compared with sensors using flat tribo-surfaces. Owing to the high flexibility,
the developed sensor can be easily attached to a robotic hand, to measure the pressure
distribution, as well as finger bending, during handshaking with humans. Additionally,
the capability of the sensor for surface roughness and object hardness recognition was also
demonstrated, showing its potential for more advanced robotic dexterous operation and
human-machine interactions.

In addition to the perception of external tactile stimulation, auditory information is
also a straightforward communication strategy for robots to receive feedback information
from the outside world and interact with humans [208,209]. A TENG-based auditory
system for social robotics was reported by Guo et al. as illustrated in Figure 4b [210]. This
developed tiny auditory sensor shows ultrahigh sensitivity of 110 mV/dB based on the
triboelectricity generated by contact-separation motions of the Kapton and FEP layers
during the air flow-induced vibrations. With the special design of the annular or sectional
inner boundary architecture, a broadband response from 100 to 5000 Hz could be achieved,
which almost covers the human voice’s frequency range. After being integrated onto a
smart robot, the auditory sensor was successfully utilized to capture the music sound
waveform with high quality, which can be further used for high-accuracy voice recognition
in human-robot interaction applications.

During the parallel control process of robots, the sensing of the robot’s pose and
motions is also critical, which can be used as feedback information to achieve more precise
control and status monitoring [211,212]. As depicted in Figure 4c, Wang et al. reported
a self-powered angle sensor that can be mounted on robotic arms for high-resolution
angular monitoring [213]. Two rotary sliding TENGs are integrated with the difference in
the overlaps of electrodes, to form a detectable phase difference between the two output
electrodes for rotating direction detecting, i.e., clockwise or anti-clockwise. By counting
the generated pulse number and calculating the corresponding consumption time, the
overall rotation angles and the angular velocity can be obtained respectively, with a high
resolution (2.03 nano-radian), high sensitivity (5.16 V/0.01°), and good signal-to-noise ratio
(98.68 dB). A robotic arm equipped with this angle sensor was successfully controlled to
reproduce the traditional Chinese calligraphy, proving the effectiveness of the collected
signals for accurately reflecting the movement trajectory of the robot.

Thanks to the merits of good flexibility and multi-degree deformation [214-216], soft
robots [217-219] made of soft materials, e.g., silicone rubber, thermoplastic polyurethane
(TPU), etc., can perform conformal contact with external objects and environments, which
make them applicable to various scenarios instead of making specific designs for different
product lines like the widely used rigid robotic manipulators, thereby greatly reducing the
costs. Considering that many commonly used TENG and soft robot materials have similar
Young’s modulus, flexible TENG-based sensors have been frequently developed recently to
realize the tactile/deformation perception for soft robots with good compatibility [220-223].
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Figure 4. Robotic-related HMIs. (a) A TENG tactile sensor with interlocking microstructures for touch pressure perception.
Reprinted with permission from Reference [207], Copyright 2019, Wiley. (b) A TENG-based auditory system for social robotics.
Reprinted with permission from Reference [210], Copyright 2018, AAAS. (c) A TENG angle sensor for high-resolution angular
monitoring of the robotic arm. Reprinted with permission from Reference [213], Copyright 2020, Wiley. (d) A flexible/stretchable
TENG skin for soft robot tactile perception. Reprinted with permission from Reference [224], Copyright 2018, Wiley. (e) An
intelligent soft gripper enabled by TENG-based tactile and bending sensor for grasped object recognition. Reprinted with
permission from Reference [225], Copyright 2020, Springer Nature. (f) A triboelectric-photonic hybridized smart skin for
robot tactile and gesture sensing. Reprinted with permission from Reference [226], Copyright 2018, Wiley. (g) A self-powered
potentiometric—triboelectric hybridized mechanoreceptor for soft robot tactile sensing. Reprinted with permission from Refer-
ence [227], Copyright 2020, Wiley. (h) A quadruped robot equipped with TENG-enabled biomimetic whisker mechanoreceptors
for exploration applications. Reprinted with permission from Reference [228], Copyright 2021, Wiley.
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A TENG robotic skin for soft robot tactile perception was proposed by Lai et al. as
shown in Figure 4d [224]. The sensing skin is made of silicone rubber with triangular micro
prisms patterned on the surface to enhance the pressure sensitivity (9.54 V kPa~!). With
the high stretchability of 100%, the sensor could be easily integrated into a soft gripper to
sense the different motions during grasping tasks, including approaching, grabbing, lifting,
lowering and dropping, according to the variation of the open-circuit voltage in different
stages. The self-muscle motion perception of a robotic crawler could also be achieved
by integrating multiple tribo-skins, showing its scalability for large-area soft robot tactile
sensing. Besides the tactile sensing skin, Jin et al. also integrated a gear-structural TENG
bending sensor into a soft gripper to form a multifunctional sensory system to detect the
tactile and deformation related information simultaneously as indicated in Figure 4e [225].
With the distributed electrodes along with the tactile sensor patch, the accurate position
of the external stimuli on the sensor surface could be extracted based on the output ratio
of different channels. Moreover, the continuous bending monitoring of the pneumatic
finger could be realized by counting the generated peak numbers of the TENG bending
sensor, with a minimum resolution of about 12°. By fusing the data from these two types
of sensors, more valuable information, including grasping position, contact area, object
shape and size, could be achieved for grasping tasks, providing the possibility for the
soft manipulator to implement high-accuracy object recognition with the help of machine
learning analysis.

However, as mentioned in the tactile sensor part, the pulse-like output signals make
the TENGs more sensitive to the external dynamic stimuli, and the real-time static sta-
tus monitoring, i.e., deformation or pressure, of the soft robots can be achieved by fus-
ing with other sensing mechanisms, e.g., capacitive, resistive, photonic, etc., towards a
multifunctional sensory system [229,230]. As shown in Figure 4f, Bu et al. proposed a
triboelectric-photonic smart skin for robots’ tactile and gesture sensing [226]. By doping the
aggregation-induced emission (AIE) powder into the flexible silicone rubber substrate with
the grating-structured metal film for exposure area adjustment, the photoluminescence and
photocurrent are tunable for continuous tensile measurement under the lateral stretching
range of 0-160%. Due to the high electron affinity ability of the silicone rubber, the triboelec-
tric output can also be generated when external stimuli occur, which can be used for vertical
static pressure detection with a maximum sensitivity of 34 mV Pa~!. After integrating onto
a robotic hand, the precise joint bending and touch pressure monitoring can be achieved
simultaneously, demonstrating the applicability of the triboelectric-photonic fused sensory
system for soft robot-related HMI applications. Another hybridizing strategy based on
the triboelectric and potentiometric for soft robot perception was reported by Wu et al.
as illustrated in Figure 4g [227]. Inspired by the slow adapting (SA) and fast adapting
(FA) capabilities of human skin, the potentiometric sensing mechanism that is sensitive to
the static or slowly varying stimuli is utilized to detect the compressive strain induced by
the external force, while the triboelectric mechanism suitable for dynamic stimuli sensing
can provide the instantaneous signal information at the beginning or ending moments of
the stimulation. With this multifunctional sensing capability brought by the complemen-
tary effects of these two mechanisms, more valuable information, including the pressure
and duration during the process of approaching, touching, holding and releasing, can be
obtained towards a more detailed object manipulation monitoring for soft robotic grippers.

Expert for these humanoid robots, animal-like exploration robots have also become a
hot topic recently. By sending these robots to natural or harsh environments where people
cannot go, valuable sensory data or physical tasks could be achieved for environmental
monitoring or space exploration purposes [231-234]. To endow the robots with the capabil-
ity to respond to complex environmental situations, e.g., avoiding obstacles, etc., varying
advanced sensing technologies based on the mechanisms of piezoresistive, piezoelectric,
optical and magnetic have been investigated [235-238]. However, thanks to the advan-
tages of lightweight and low power consumption, TENGs have become a new strategy
for developing self-sustainable exploration robots [230]. As shown in Figure 4h, inspired
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by the hair-based sensory system that animals used to explore the environment, An et al.
developed a TENG-enabled self-powered biomimetic whisker mechanoreceptor for robotic
tactile sensing [228]. The sensor consists of a fluorinated ethylene propylene (FEP) layer
serving as the animal whisker, covered by a biomimetic hair follicle made of two metal
electrodes. When the whisker swings between the two electrodes, the potential distribution
will change due to the triboelectricity and electrostatic induction, which can be used to
reflect the deflection direction and amplitude based on the signs and magnitude of the
transferred charges, respectively. When integrated into a quadruped robot, the biomimetic
whisker can help robots detect the movements of surrounding objects by analyzing the
amplitude and frequency of the vibrational signal. The real-time pressure applied on its
feet can also be achieved to reflect the gait and ground environment information, which can
effectively help it pass complex roads in harsh environments for exploration applications.

5. HMIs for Smart Home Applications

The rapid development of numerous smart electronics enables a large variety of
applications in the ambient environment to realize the smart home, with the intelligent
monitoring and response systems for healthcare monitoring, elderly/children care, fall
detection, body motion monitoring, automation, and security [239,240]. The current main-
stream technologies for smart home applications include camera-based image recognition
and commercial humidity /temperature sensors [241]. Although these technologies are
continuously developing, drawbacks still exist such as video-based privacy concerns, large
power consumption, bulky volume, and rigidity. Considering the fast development of
the energy harvesting/self-powered sensing technology (triboelectric, etc.), lowpower
HMIs can be realized with high convenience, low cost, and self-powered sensing ability to
reduce the overall power consumption and extend the lifetime of the system [5,242,243].
Additionally, because of the energy harvesting capabilities, these HMIs can also scavenge
the ambient energy and convert it into electricity for potential wireless communication.

As a good substitute for mechanical switches, flexible touchpads with multiple ar-
rays/units have been investigated frequently by using TENG technology to achieve self-
powered HMIs to interact with household appliances [244-247]. For these multi-array
touchpads, there are two common ways for wire connection. One is connecting each unit
to an output channel, which will lead to a messy wiring layout with complex processing
circuits. Another method is to build cross nodes of X-axial channels and Y-axial channels,
by which the total output channels will be reduced greatly, but the issues of crosstalk
between the intersected channels could not be avoided. To solve these problems, Pu et al.
developed a subdivision-structural 3D touchpad as illustrated in Figure 5a [248]. With the
novel subdivision structure, the overlapping area between the intersected electrodes is
significantly reduced, which can effectively suppress the crosstalk problems and improve
the position sensing resolution. Additionally, the pressure sensing function was also real-
ized by integrating another three-layer TENG unit for the touch or press differentiation
purpose. This sensing array was successfully further designed into an anti-peek built-in
code lock, where the information of the position and pressure can be integrated to form
a more complex access password compared with the methods that are only based on the
number location, effectively improving the safety factor of the authorization system in the
smart home.
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Figure 5. HMIs for smart home applications. (a) A subdivision-structural 3D touchpad enabled authorization system.
Reprinted with permission from Reference [248], Copyright 2020, Elsevier. (b) A sliding-mode TENG-based control disk
interface. Reprinted with permission from Reference [249], Copyright 2020, Elsevier. (c) A triboelectric-based transparent
secret code. Reprinted with permission from Reference [250], Copyright 2018, Wiley. (d) A double-sided information
card with a reference barcode component for reliability improvement. Reprinted with permission from Reference [251],
Copyright 2017, Elsevier. (e) A large-scale and washable TENG textile enabled bedsheet for sleep behavior monitoring.
Reprinted with permission from Reference [252], Copyright 2017, Wiley. (f) A self-powered identity recognition carpet
system using TENG-based e-textile for safeguarding entrance. Reprinted with permission from Reference [253], Copyright
2020, Springer Nature. (g) TENG enabled smart mats as a scalable floor monitoring system. Reprinted with permission
from Reference [254], Copyright 2020, Springer Nature.
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Another smart method to simplify the output channels of touchpads is using binary
codes to define more functions with as few electrodes as possible. As shown in Figure 5b,
Qiu et al. reported a sliding-mode TENG-enabled control disk interface based on the binary
coding mechanism [249]. Two sensing electrodes with specific patterns are attached to the
panel, where one serves as the binary bit “1”, and the other serves as the binary bit “0”.
Due to the variation in the width and location of these two electrodes along with different
sliding directions, eight sensing transitions can be achieved based on the 3-bit binary code,
e.g., “001”7,7010”, etc., for smart appliances control. Additionally, the sliding speed can also
be utilized to adjust the light brightness or fan speed. After integrating a soler cell to form
a hybrid energy harvester, the self-sustainable capability could be achieved by scavenging
both the light energy and the mechanical energy from hand tapping. Moreover, this control
disk can also be designed into a password input interface with more than 262,000 potential
combinations for smart home authentication applications.

Apart from the password input panel, the barcode is also a widely-used strategy as
the information carrier for personal identification/authentication applicable in smart home
applications [255,256], and can be developed with the TENG technology towards a self-
powered identification system. As depicted in Figure 5¢, a triboelectric-based transparent
secret code was proposed by Yuan et al. [250]. The information is hidden in the patterned
indium tin oxide (ITO) electrodes, with a fluorinated ethylene propylene (FEP) film covered
on top serving as the tribo-layer. The elongated design of the ITO stripes can effectively
enlarge the contacting area within a short sliding time, and the different lengths will
contribute to the variation of the output amplitudes, which can be further translated into
the binary information of “1” or “0” with a reasonable threshold value by a sliding-check or
roll-to-roll reader for security defense purposes. However, the peak height enabled sensing
method is sliding velocity-dependent, and the non-uniform sliding speed may result in
the error in the peak amplitudes, as well as the corresponding identified information. To
solve this issue, Chen et al. proposed to use a reference barcode component to improve the
reliability of the identification system [251]. As illustrated in Figure 5d, the information
card is double-sided, where one side is patterned with the standard barcode electrodes
with equal intervals as the reference component, and the other side is patterned with
the information barcode that is aligned, swiped and measured simultaneously with the
reference one. By comparing the number and positions of the generated positive and
negative peaks from two sides, the coded information could be easily converted into the
digital information of “1” and “0” with high accuracy even under non-uniform sliding
speed by human hands, demonstrating a more reliable coding method for self-powered
access system in practical usage.

In this fast-paced era, people are under increasing pressure from work and life, leading
to more and more people being annoyed by the sleeping disorder, which may further
increase the risk of other health problems, e.g., obesity, heart disease, and diabetes [257]. To
realize the long-term sleep behavior monitoring for sleep quality assessment, many works
have been done based on real-time pressure sensing [258,259]. However, most of these
technologies are still restricted by the issues of low sensitivity, high fabrication cost, and non-
washability, limiting their practical applications for large-area sleeping monitoring in daily
usage. Recently, the fast development of TENG-based textile technology shows the great
potential of TENGs to be further designed into smart clothes for wearable or household
scenarios with high sensitivity and low cost [260-262]. By utilizing this technology, a
large-scale and washable smart textile based on TENG arrays was developed by Lin et al.
as shown in Figure 5e [252]. The proposed bedsheet has three layers, where a layer of
wave-shaped PET film is sandwiched by two layers of Ag-coating conductive fabrics. When
external stimuli occur, the applied pressure will enlarge the contact area between the PET
layer and the two conductive layers, thus resulting in the electrical potential change and
generating the outputs. With this optimal design, the smart textile shows a good sensitivity
of 0.77 V Pa~! with a fast response time (<80 ms), as well as high durability and stability
even after being washed in tap water. By connecting multiple TENG units to form a sensing
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array, the information of the body’s posture, position and pressure distribution over an
entire night could be collected, providing a reliable dataset for analyzing the sleep quality.
Additionally, the smart bedsheet can also serve as a warning system to prevent the elderly
from falling off the bed, demonstrating a new possibility to realize the real-time remote
healthcare service in the smart home.

To avoid the privacy concerns introduced by cameras, floor-embedded sensors can be
implemented to extract the abundant sensory information associated with human activities
in the smart home, such as the indoor position and gait-based individual identity [263-265].
Thanks to the advantages of low cost, easy fabrication and wide choices for triboelectric
materials, TENG-based sensors commonly show good scalability and are compatible with
large-scale manufacturing, making them suitable to be further designed into the floor-
based HMIs [266-268]. A self-powered identity recognition carpet system enabled by
TENG-based e-textile for safeguarding entrance was reported by Dong et al. as illustrated
in Figure 5f [253]. The carpet consists of 128 black and white squares of the same size,
where the black blocks are attached with the TENG fabrics serving as the sensing region,
and the white blocks are used to reduce the interference between the adjacent sensing
regions. According to the generated output peaks in these black sensing blocks, the walking
trajectories of a visitor can be mapped with high accuracy and good stability, which can be
further compared with the correct password path to validate the authentication. However,
in this design, each sensing block is connected to an independent output channel, which
means a complex wire connection and high signal processing cost. To simplify the output
channels of the multi-array sensing system, a more advanced design of the smart mat
was reported by Shi et al. as shown in Figure 5g [254]. Six distinct electrode patterns
with varying coverage rates, i.e., 0% to 100% with 20% intervals, were designed and
fabricated by screen printing, acting as sensing arrays for this floor mat. Due to that
different electrode areas will contribute to different amounts of induced charge, the arrays
are self-distinguishable and can be connected in an interval parallel manner to form a
3 x 4 mat array with minimal two-electrode outputs. So that the indoor positioning
and activity monitoring can be achieved with minimal output terminals and minimized
system complexity, which also benefits the backend signal processing and data analysis.
Furthermore, with deep learning enabled data analytics, the identity information associated
with gait patterns can be extracted from the output signals, and high recognition accuracy
of 96% could be achieved for 10 persons based on their specific walking gaits, enabling
diversified applications in the smart home such as position sensing, activity/healthcare
monitoring, and security.

6. ML-Enabled Advanced HMIs

In terms of complex data analysis, the new trend of Al-enabled machine learning
has shown a new direction for enhancing the functionalities of sensors [1,269,270]. Due
to the powerful feature extraction capabilities of machine learning, more comprehen-
sive/detailed sensory information can be utilized to realize diversified applications, e.g.,
gesture/pose estimation, voice recognition, object recognition, etc. [81,87,164], for advanced
human-machine interactions as illustrated in Figure 6.
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Figure 6. ML-enabled advanced HMIs. (a) A TENG-based smart keyboard for keystroke dynamics monitoring. Reprinted with
permission from Reference [271], Copyright 2018, Elsevier. (b) Deep-learning-enabled TENG socks for gait analysis. Reprinted
with permission from Reference [272], Copyright 2020, Springer Nature. (c) A deep-learning-enabled TENG glove for sign
language translating. Reprinted with permission from Reference [273], Copyright 2021, Springer Nature. (d) A TENG-enhanced
smart soft robotic manipulator for AloT virtual shop applications. Reprinted with permission from Reference [274], Copyright
2021, Wiley. (e) A bioinspired deep-learning-based data fusion architecture integrating the vision data and somatosensory data
for high-accuracy gesture recognition. Reprinted with permission from Reference [275], Copyright 2020, Springer Nature.
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Recently, several Al-enabled TENG-based HMIs have been successfully
developed [89,92,276-278] based on the algorithms of support vector machine (SVM),
neural network (NN), etc., where the subtle features hidden in the triboelectric waveform,
including contact sequence, impact vibration, etc., have been proven to effectively enhance
the recognition capability of the intelligent sensory system. Compared with state-of-art
works [279-281] that using a large number of resistive/capacitive sensor nodes for high-
accuracy ML analysis, the minimalistic approach of TENGs shows comparable performance
with significantly lower power consumption. Here, in this section, some typical examples
of TENG-based intelligent HMIs for diversified applications are reviewed.

For cybersecurity applications, keystroke dynamics enabled authentication system
has been proven as an effective approach to enhance the security level based on people’s
typing attributes with non-invasive monitoring characteristics [282-284]. A TENG-based
smart keyboard for keystroke dynamics monitoring was developed by Wu et al. as illus-
trated in Figure 6a [271]. There are a total of 16 silicone-based keys with high flexibility
and stretchability forming a multichannel keypad array, where each key consists of a
contact-separation-mode TENG to convert the typing behavior into electrical signals, and a
shield electrode to minimize the environmental interference. By using an analog-to-digital
converter (ADC) to collect the open-circuit-voltage signals, keystroke-related features, i.e.,
typing latencies, hold time and signal magnitudes, can be acquired simultaneously with
specific signal processing, e.g., denoising, baseline elimination, etc. Following the principal
component analysis (PCA) for feature dimensionality reduction, a multi-class SVM classier
was utilized to recognize the identities of 5 users based on the established dataset (150 sets
of data for each user), and high accuracy of 98.7% could be achieved, showing the feasibility
of the keystroke dynamics enabled authentication system for practical usage.

In addition to the keystroke dynamics, identification based on gait analysis is also a
promising technology for biometric authentication applications [46,285]. With the help of
artificial intelligence, complex personal information regarding the identity, health status as
well as real-time activity of the users could be delivered at the same time by analyzing the
gait patterns acquired from the floor- or sock-based sensory system. Zhang et al. proposed
deep learning-enabled TENG socks for gait analysis as depicted in Figure 6b [272]. A
textile-based TENG pressure sensor, consisting of a silicone rubber film with patterned
frustum structures as the negative tribo-layer, a nitrile thin film as the positive tribo-layer
and two conductive textiles as output electrodes, was fabricated and integrated onto a
smart sock for gait monitoring with high sensitivity (0.4 V kPa~!) and large sensing range
(>200 kPa). With an optimized four-layer one-dimensional (1D) convolutional neural net-
work (CNN) model for automatic feature extraction from the original walking spectrums, a
high recognition accuracy of 96% could be achieved for 5 participants with varying weights,
and could still be maintained higher than 93.5% when the number of people increased to
13, making it applicable for most indoor scenarios, e.g., home or office. By combining this
intelligent sock with an IoT module for wireless communication, an artificial intelligence
of thing (AloT)-enabled two-stage recognition platform was established at the cloud server
to realize the functions of family member identification and real-time indoor activities, i.e.,
run, walk and jump, monitoring simultaneously, revealing its potential for future smart
home applications.

With Al for comprehensive sensory information extraction and autonomous learn-
ing, sophisticated hand gestures could be discriminated for glove-based HMIs towards
advanced control or sign language interpretation applications [286,287]. Though several
works have demonstrated the feasibility of developing TENG-based sign language per-
ception platforms with minimalistic design and high recognition accuracy [131,139,288],
most of them are limited to the identification of only several discrete and simple words or
letters and are not suitable for real-time sentence recognition. To deal with these issues,
Wen et al. developed a more advanced TENG-enabled sign language recognition system
with improved glove design and training strategies as shown in Figure 6¢ [273]. Apart
from the strain sensors that are mounted on each finger for finger bending monitoring,
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some sensors are placed on the wrists, fingertips and palms of the signers to capture subtle
features towards more comprehensive sign language gestures. By utilizing a 5-layer CNN
for feature extraction, high accuracy of 91.3% and 93.5% could be achieved for 50 words
and 20 complete sentences respectively based on a non-segmentation method. To further
extend its potential for new/never-seen sentences recognition, a segmentation strategy was
used, where the signal spectrum of a whole sentence was split into word units first and then
based on the correlation between the word units and the sentence, the original sentence’s
information could be reconstructed by the Al framework with an accuracy of 85.58%. With
this novel learning approach, new /never-seen sentences could also be identified with an
average accuracy of 86.67%, showing a new methodology to effectively expand the dataset
and improve the practicality of the sign language recognition system.

As mentioned in the section on robotics-related HMIs, TENG-based sensors have
been frequently investigated for developing low-power-consumption robot perception
systems due to the advantages of high flexibility and self-powered property. However,
most of the abovementioned works mainly focus on the simple manual analysis of the
collected sensory information [221,223], e.g., deformation, tactile, etc. For realizing more
advanced interactive functions, e.g., pose estimation, surface roughness perception and
object recognition, Al-enabled analytics are needed, to capture more valuable features
and endow the self-discrimination ability [225]. A TENG-enhanced smart soft robotic
manipulator for AloT enabled virtual shop applications was reported by Sun et al. as
shown in Figure 6d [274]. A TENG bending sensor consisting of a rotating gear was utilized
to monitor the real-time deformation of the pneumatic finger according to the generated
peak numbers during the stretching process, and a TENG tactile sensor with distributed
electrodes design was used for contact position and area detection. With the aid of 1D
CNN ML algorithm for data processing, an intelligent robotic gripper that fuses these
two kinds of sensory information could be easily achieved to realize a high recognition
accuracy of 97.143% for 28 grasped objects with different shapes and sizes. Moreover,
temperature distribution information could also be implemented by a poly(vinylidene
fluoride) (PVDF) pyroelectric temperature sensor, towards a comprehensive and fully self-
powered perception system. This Al-enhanced smart gripper with multifunctional sensing
capability was further applied in a digital-twin-based virtual shop to provide users with
real-time feedback information of the goods, as well as a more immersive experience of
online shopping, showing great potential to realize advanced human-machine interactions
in unmanned working space.

Due to the existence of environmental interferences, the performance of sensors could
be affected in different environmental conditions, e.g., humidity effect for triboelectric
sensors, etc. [127], which may result in poor stability of the established recognition system.
For those TENG HMIs based on the sensing mechanism of grating sling or output ratio
as mentioned above, though the output amplitudes will be influenced under varying
environmental conditions, the generated peak numbers or the output ratio of distributed
electrodes will not change, resulting in strong resistance to environmental interference. So,
the ML result achieved from such kinds of output data will show better robustness without
the effect of environmental elements. While for the ML results obtained from the real-
time output spectrum, the variation in voltage amplitude under different environmental
conditions will inevitably affect the results of machine learning. However, if we collect the
data under different environmental conditions and combine them into a more generalized
data set, i.e., each category contains the data that captured under different environmental
conditions, the influence of environmental elements on accuracy will be avoided to a
certain extent due to the more generalized trained model. Similarly, the influence from the
different human behavior habits could also be avoided by enhancing the generalization
ability of the dataset, where the data from different users are collected, thus taking into
account the individual differences.

Another possible solution for this issue is to fuse sensors based on different mech-
anisms to build a more robust sensory system by utilizing the complementary effects
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of different sensors [289-291]. In Figure 6e, Wang et al. proposed a bioinspired deep-
learning-based data fusion architecture that integrates the vision data and somatosensory
data for high-accuracy gesture recognition in a harsh/dark environment [275], where
the somatosensory information could contain complementary features for maintaining
recognition accuracy especially when images are noisy and under- or over-exposed. To
ensure high compatibility with visual information, a highly transparent stretchable strain
sensor using single-walled carbon nanotubes (SWCNTs) was developed, which can collect
high-quality somatosensory data without affecting the visual information. With the visual
data captured by commercial cameras, a bioinspired somatosensory-visual (BSV) associated
architecture was then reported for further multimodal data fusion, which can mimic the
biological visual and somatosensory interactions in the area of the multisensory neuron of
the human brain. By using this approach for human gesture recognition, high accuracy
of 100% can be maintained even with low-quality images, proving the complementary
effect of the somatosensory information on vision-based gesture recognition. Additionally,
this architecture has also been demonstrated for more accurate robot manipulation, where
98.3% accuracy could be achieved with enough illumination and 96.7% accuracy could still
be maintained in the dark environment, illustrating its applications for human-machine
interactions in harsh environmental scenarios. Such a data fusion strategy provides a good
development direction for future TENG-based HMIs with better stability and applicability.

7. Haptic-Feedback Enabled HMIs

The completeness of an HMI system not only rely on the dexterous sensing units
which can monitor various human physiological signals and motions, but also requires a
specialized feedback module that can provide necessary stimulations to assist the cognition
of the manipulation status, so that a control-feedback loop is able to be established [292].
Noticeably, the consistency between the artificially stimulated sensation and the real
sensation to humans is the key to improve the user experience and the value of the
feedback information. Therefore, a majority of the feedback research is also focusing
on the biomimetic stimulators, include kinesthetic feedback which can reflect the spatial
movement of different body parts, and cutaneous feedback which is in charge of performing
the tactile and thermal stimulations to various skin’s receptors [293-296].

With the concern of conformability to the human body, wire and pneumatic actuators,
as commonly used actuation techniques, are also adopted in feedback systems for achieving
kinesthetic actuation [297,298]. Kang et al. reported a polymer-based soft wearable exo-
glove using tendon-driven feedback, as shown in Figure 7a [299]. The main functional
part consists of a body with stretchable designed finger modules, and the thimbles which
are connected to the corresponding finger modules. The actuation wires are then covered
by the sheaths embedded in the main body and linked to the motor box. This device can
help disabled people to recover the capability of hand grasping. Motor-based vibrators
are frequently used in mobile phones and joysticks as feedback units. Yu et al. developed
a skin-integrated wireless haptic interface for VR and remote interactions by making the
electromagnetic vibrator array (Figure 7b) [300]. This elastomer packaged device can be
directly attached to the human skin, and it is powered wirelessly via an NFC coil. The
design of serpentine Cu connectors ensures the stable performance under strain.
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disabilities. Reprinted with permission from Reference [299], Copyright 2019, Mary Ann Liebert. (b) skin-integrated
electromagnetic vibrator based wireless haptic interface for VR and remote interactions. Reprinted with permission from
Reference [300], Copyright 2019, Springer Nature. (c) Mimicking the muscle motions via hydraulically amplified self-healing
electrostatic actuator. Reprinted with permission from Reference [301], Copyright 2019, Wiley. (d) Low-voltage dielectric
elastomer actuator (DEA) based fingertip haptic feedback can provide feel-through stimulation. Reprinted with permission
from Reference [302], Copyright 2020, Wiley. (e) Pyramid microstructured DEA for vibrational stimulus under AC voltage.
Reprinted with permission from Reference [303], Copyright 2018, AIP Publishing. (f) Near-infrared (NIR) light induced
thermoelastic deformation for programmable vibrotactile feedback system. Reprinted with permission from Reference [304],
Copyright 2021, American Chemical Society. (g) A glove with high force density electrostatic clutch for VR feedback.
Reprinted with permission from Reference [305], Copyright 2019, Wiley. (h) A multimode electrostatic actuator with
hydraulically amplified haptic feedback for creating tactile stimulus. Reprinted with permission from Reference [306],
Copyright 2020, Wiley. (i) A large reconfigurable pneumatic haptic array made by shape memory polymer activated by
heating. Reprinted with permission from Reference [307], Copyright 2017, Wiley. (j) Refreshable braille display system
based on pneumatic actuation and TENG based DEA. Reprinted with permission from Reference [308], Copyright 2020,
Wiley. (k) Electrical discharge based feedback system using TENG array with ball electrode. Reprinted with permission
from Reference [309], Copyright 2020, AAAS. (1) A multi-modal sensing and feedback glove with liquid metal based
resistive strain sensor, vibrator, and thermal feedback units. Reprinted with permission from Reference [310], Copyright
2020, Wiley. (m) Skin-like thermo-haptic device with thermoelectric units using Peltier effect. Reprinted with permission
from Reference [311], Copyright 2020, Wiley.

Dielectric elastomer actuator (DEA) is becoming another popular research direction in
recent years. The electric field induced deformation of DEA can be reshaped into vibration,
stretching, bending and other modes, by applying the different designs [312]. In Figure 7c,
Wang et al. presented a hydraulically amplified self-healing electrostatic actuator that can
mimic the muscle contraction motions under the applied electric field [301]. The actuator
is made of rectangular polymer shells filled with a liquid dielectric, and the electrodes are
coated at both ends. Hence, the applied voltage can induce a Maxwell stress cause the
electrode to zip together and the shell is then contracted due to the hydraulic pressure. This
actuator achieved a maximum linear contraction of about 24% at a loading of 0.2 N. On the
other hand, as shown in Figure 7d, a feel-through low-voltage DEA made by multi-layer
PDMS based DEA sandwiched by single-walled carbon nanotube (SWCNT) electrodes for
fingertip haptic feedback is demonstrated by Ji et al. [302]. The combination of three active
layers is only 18 um thick, which can ensure the mechanoreceptors of the skin remain
sensitive to external stimuli. By applying the voltage, the surface area of the elastomer
increases or decreases to stretch or compress the skin for feedback. Similarly, Pyo et al.
presented a pyramid microstructured DEA layer. The applied AC voltage can also deliver
the vibrational stimulus (Figure 7e) [303]. Interestingly, Hwang et al. developed a light-
driven and low-power vibrotactile actuator using thin poly(3,4-ethylenedioxythiophene)
doped with p-toluenesulfonate (PEDOT-Tos) and PET film, as illustrated in Figure 7f [304].
The irradiation of near-infrared (NIR) light from LED can initiate a thermoelastic bending
deformation due to the mismatch of thermal expansion coefficient. Therefore, with the
assistance of LED array, a programmable vibrotactile feedback system is demonstrated.

There are also researches focus on electrostatic force-based feedback. The applied
voltage can cause the attraction of two electrodes under the difference of electrical potential.
In Figure 7g, Hinchet et al. designed a high force density electrostatic clutch for making
the VR feedback glove [305]. The clutch is simply made by the conductive textile with poly
vinylidene fluoride, trifluoroethylene, 1,1-chlorotrifluoro- ethylene (P(VDF-TrFE-CTFE)
based high friction insulation layer. The proposed device can generate frictional shear
stress up to 21 N em~2 at 300 V, which can be used for blocking the finger motion during
VR events. In the meantime, Leroy et al. presented a multimode electrostatic actuator
with hydraulically amplified haptic feedback, as illustrated in Figure 7h [306]. The liquid
dielectric is encapsulated within a chamber formed by the flexible membrane and central
stretchable membrane. The electrode pairs are then located at the surroundings of the
center. The voltage-induced electrostatic force will force the electrode to attract and squeeze
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the outer region of the chamber, and hence, the central membrane will be expanded under
hydraulic pressure. By controlling the electrode designs and activation sequences, the
device can realize the multimode haptic feedback.

To enhance the feedback functionality of the pneumatic actuator with minimal air
inlet, various techniques are also integrated to tune the activation region of the device.
Besse et al. reported a large reconfigurable pneumatic haptic array with the aid of flexible
shape memory polymer (SMP) membrane, as depicted in Figure 7i [307]. The heater can
change Young’s modulus of the SMP membrane and allow it the deform under positive
or negative air pressure. As a result, the array design of the chambers and membranes
enables the dense reconfigurable tactile system. On the other hand, Qu et al. developed a
refreshable braille display system based on pneumatic actuation and TENG-based DEA
(Figure 7j) [308]. A similar air chamber with a membrane design is adopted. As mentioned
earlier, the DEA can be stretched under applied TENG voltage. Together with the air
pressure, the DEA membrane is then raised up to form a braille dot.

Moving forward, TENG is also directly used as a feedback unit via the generated
voltage. As shown in Figure 7k, Shi et al. designed a TENG array with ball electrodes to
make a feedback system for VR [309]. When the slider is sliding across the TENG array, the
electrical output can be generated via the triboelectrification effect. With the direct contact
of the ball electrodes to human skin, the TENG electrostatic discharge can be delivered as
electrical virtual tactile stimulation. Hence, the sliding trajectory can be sensed on the skin
as a feedback function.

Thermal sensation, as another important function of human skin, can bring a new
dimension of feedback to enrich the reconstruction of the environment in cyber or remote
space. The collection of temperature information is also critical to prevent potential damage
during remote control. Oh et al. developed a multimodal sensing and feedback glove with
a resistive strain sensor, vibrator, and thermal feedback units (Figure 71) [310]. By applying
the direct ink writing technique, eGaln liquid metal is printed into meandered shape to
make the units with both strain sensing and thermal feedback functions via the power
supply. Moving forward, the capabilities of both heating and cooling is the next challenge
for those wearable and flexible feedback systems. As illustrated in Figure 7m, a skin-like
thermo-haptic device with thermoelectric units is developed by Lee et al. [311]. This device
consists of Cu serpentine electrode, thermal conductive elastomer, and n-type/p-type
thermoelectric-based pellets. Based on Peltier effect, this flexible thermo haptic skin can
alternate the heating and cooling modes with the temperature difference of 15 °C.

In general, haptic feedback technologies can drastically boost up the capability of
information interpretation, instead of receiving digitized data. Equipment with wearable
feedback systems not only paves the way for immersive interaction, but also improves the
efficiency of manipulation via rapid cognition of the target environment [313,314]. The
research of more feedback parameters, such as smell and airflow, will eventually establish
a fully biomimetic feedback system.

8. Towards Self-Sustainable/Zero-Power/Passive HMI Terminals in the 5G/IoT Era

In this information age, the expansion of the Internet of things not only comes from mo-
bile phones, tablets, and computers, but also thanks to other millions of smart devices [315]
that are connected to the Internet through wireless communication technologies, e.g.,
WI-FI, Bluetooth, etc. Though the sensors based on self-powered mechanisms [154,316],
i.e., triboelectric and piezoelectric, in the IoT devices may do not need a power supply,
such signal transmission modules still mean high power consumption, especially when
there are massive sensor nodes under the IoT framework. In addition, as the traditional
power supply for portable devices, batteries experience drawbacks of high contamination
and limited lifespan, as well as the annoying replacement or recharging process. To ef-
fectively extend the lifespan of portable or remote devices, energy harvesters, which can
convert biomechanical energies or wasted energy in the ambient into electricity based on
the mechanisms of electromagnetic, piezoelectric, and triboelectric, have been frequently
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investigated recently to replace batteries as the power supply units towards self-sustainable
IoT systems/HMIs [317-319].

As shown in Figure 8a, an intelligent walking stick, consisting of a top press TENG for
contact point sensing, a rotational TENG for gait abnormality detection and a rotational elec-
tromagnetic generator (EMG) for energy harvesting, was reported by Guo et al. [320]. With
the deep-learning-enabled data analytic, complicated sensing functions including disability
evaluation, identity recognition and activity status identification could be implemented
through the TENG sensor outputs. Additionally, the linear-to-rotary structure enables the
integrated EMG to harvest the ultra-low-frequency biomechanical energy from human
motions and provide an average output power of 27.5 mW under 1 Hz stimuli. By stacking
two EMGs for higher power output and using customized circuits for power management,
a self-sustainable system capable of locomotion tracing and temperature /humidity moni-
toring was successfully achieved, where a temperature/humidity sensing module could
be driven continuously with 1 Hz working, and a GPS and wireless module could work
6 s after every 90 s charging. Moreover, by transmitting the TENG sensor signal to an Al
cloud/server via the 5G network for further analysis, real-time monitoring of the user’s
location and well-being status could be achieved in outdoor environments, showing the
feasibility of sustainable HMIs enabled by energy harvesters for future IoT applications.

. y = Wresin

s . A Aluminum
oy . Nitrile
b M\ Ecoflex

= Atuminum

.-—'i' l/' ::l::ninum
. —> PTFE

w— Aluminum

Force input

N

Cu [l Corton [ Sicone

BV BV |
P

25cm (8

Figure 8. Self-sustainable/zero-power/passive HMIs. (a) A sustainable intelligent walking stick for real-time monitoring of
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the user’s location and well-being status in outdoor environments. Reprinted with permission from Reference [320],
Copyright 2021, American Chemical Society. (b) A wireless tactile patch enabled by TENG’s direct coupling. Reprinted

with permission from Reference [321], Copyright 2017, Wiley. (c) A zero-power TENG wireless network via the mechanical

switch enabled frequency boosting up strategy. Reprinted with permission from Reference [322], Copyright 2019, Elsevier.
(d) A passive wireless TENG sensor using a surface acoustic wave resonator (SAWR). Reprinted with permission from
Reference [323], Copyright 2020, Elsevier.

However, current sustainable HMIs enabled by the integrated energy harvesting
units are not suitable for continuous wireless monitoring or fast information exchange
due to the inevitable charging phase [61,324-326]. The additional energy harvesters or
power management circuits also increase the size and cost of the whole device, reducing
the applicability for wearable scenarios. To these issues, some works chose to utilize the
high-voltage transient of the TENG to realize wireless coupling, and achieve complete
zero power consumption on the sensor terminals with the minimalistic design [327,328].
As shown in Figure 8b [321], Mallineni et al. reported a wireless TENG tactile patch
consisting of graphene polylactic acid (gPLA) nanocomposite and Teflon serving as the
tribo-layers, which can generate a high electric field in the surrounding air enabling ~3 m
wireless sensing, thanks to the extremely high output voltage (>2 kV) through simple
mechanical stimuli, e.g., hand tapping. By connecting a customized signal processing
circuit to the receiver, the hand tapping signal could be real-time collected wirelessly
without a power supply or even signal transmitter at the sensor side, realizing a truly
zero-power sensing terminal. Such a self-powered HMI could function as a controller for
diversified smart home applications, e.g., activating lights, displays, photo frames, or even
security systems via Morse code based passwords, showing great advantages in terms
of size and cost when compared with conventional HMIs that need bulky power supply
components or wireless circuit modules. However, the wireless sensing solution using
signal amplitude as the sensing parameter is easily affected by the ambient environment,
so a more advanced self-powered wireless network that detects the frequency of the TENG
output via the mechanical switch enabled frequency boosting up strategy was proposed by
Wen et al. as shown in Figure 8c [322]. With the enhanced frequency brought by the switch-
induced instantaneous discharging, the TENG output signal could be easily transmitted
wirelessly through a couple of coils, serving as a reliable reference for force calibration with
high sensitivity (434.7 Hz N~!) and a large sensing range thanks to the stable resonant
frequency. By changing the wire connection of TENG sensor layers, i.e., in series or parallel,
or adjusting the capacitors connected to different pixels in a sensor array, the tunable
frequency could be achieved for complicated manipulation, e.g., the multiple-freedom-
degree 2D car control or 3D VR drone control, revealing the feasibility of zero-power HMI
based on the TENG-enabled frequency shift wireless sensing for IoT applications.

Another strategy to realize battery-free sensor nodes with continuous sensing capabil-
ity under the IoT framework is to use passive wireless technologies, including near-field
communication (NFC) [329,330], radio frequency identification (RFID) [331,332], and sur-
face acoustic wave (SAW) sensors [333,334]. Compared with the abovementioned wireless
transmission methods based on the TENG output enabled electric/magnetic coupling,
these passive wireless approaches commonly show better stability in varying environ-
mental circumstances, as well as smaller wireless sensing and receiving units. A passive
wireless TENG sensor using a surface acoustic wave resonator (SAWR) was reported by
Tan et al. as illustrated in Figure 8d [323]. By connecting a TENG force sensor to a SAWR,
the frequency and amplitude of the SAWR’s response signal can be modulated via the
TENG output, making the radio frequency (RF) signal contain the tactile related sensory
information which can be further extracted by the RF reader through the demodulating
process. All the energy in this wireless transmission system is provided by the remote
RF reader, making the sensor terminal a completely passive sensing node capable of con-
tinuous monitoring with a transmission distance larger than 2 m and high sensitivity of
23.75 kHz V~1. This system could also act as a passive controller for trigger signal detec-
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tion and Morse code based wireless manipulation, or as a wireless matrix keyboard with
resonators working under different center frequencies, showing the promising prospects of
distributed sensing or human-machine interaction in this 5G/IoT era.

9. Conclusions and Prospects

With the advantages of the wide material choices and diversified structural designs,
TENG-based sensing technology has been frequently investigated towards low-power
HMIs in this 5G/IoT era. In this review, we systematically summarize the key technologies
and progress of TENG-based HMIs in terms of different application scenarios, includ-
ing wearable HMIs, robotic-related HMIs and HMIs for smart home applications. By
using the ML analytic for automatic feature extraction, advanced interactions, such as
biometric authentication, gait analysis, gesture recognition and object recognition, can
be implemented to enhance the functionalities of TENG-based HMIs towards intelligent
interactive systems in the age of Al The state-of-art haptic feedback technologies have also
been reviewed and discussed, which yields a promising research direction for developing
self-driven immersive HMIs when bringing in the TENG technology. Furthermore, the
integration of self-powered TENG sensors and energy harvesters or passive wireless trans-
mission technology also provides the possibility to realize battery-free/self-sustainable
HMI terminals.

Despite the viable progress in developing TENG-based HMIs for diversified applica-
tions, there are still challenges that remain to be solved for the current solutions. First, the
peak-like output signals make the TENG-based sensors only suitable for dynamic stimuli
sensing and cannot be used to detect the continuous variation due to the fast shift of elec-
trical states. Though methods based on grating-sliding mode TENG have been frequently
reported [133,172], the resolution is limited by the size and spacing of the grating, and
is difficult to reach a very high level without advanced fabrication processes [335], e.g.,
MEMS process, screen printing, micro-machine, etc., which means high fabrication cost.
Other methods based on high-impedance readout circuits [149] or nanophotonic modu-
lators [135,336] need complicated measurement systems, which are unlikely to be made
into portable sensing devices for daily usage. Therefore, a reliable and convenient way
to achieve continuous sensing capability for TENG-based HMIs that is compatible with
IoT mobile platforms is needed. Second, though the energy harvesting or passive wireless
transmission technology shows the feasibility to realize battery-free/self-sustainable HMI
terminals with TENG sensors, limitations still exist, e.g., intermittent operation for energy
harvester integrated system due to the charging phase, short transmission distance for
electric/magnetic coupling or passive wireless transmission, etc. Further investigation on
battery-free/self-sustainable systems with continuous operation capability and long wire-
less transmission distance is still desired. Third, the durability of TENG-based HMIs for
long-term usage, and the robustness of the sensor performance in varying environmental
conditions are also major concerns, considering the inevitable friction layer loss and the
triboelectric charge loss under the high humidity condition, which may cause instability
of the output and bring great challenges to the sensor collaboration. Moreover, TENG
sensors can be fused with other sensing mechanisms towards a multimodal sensor fusion
with AI analysis [337] for multifunctional purposes or more robust performance under
varying environmental conditions. In this regard, the seamless implementation of the
low-power/self-sustainable TENG-based HMIs will definitely shed light on the harmonic
coexistence of humans and machines in the future of the IoT era, along with the immersive
and efficient interactions in numerous scenarios.
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Abstract: Beaufort scale of wind force monitoring is the basic content of meteorological monitoring,
which is an important means to ensure the safety of production and life by timely warning of natural
disasters. As there is a limited battery life for sensors, determining how to reduce power consumption
and extend system life is still an urgent problem. In this work, a near-zero power triboelectric wake-
up system for autonomous Beaufort scale of wind force monitoring is proposed, in which a rotary
TENG is used to convert wind energy into a stored electric energy capacitor. When the capacitor
voltage accumulates to the threshold voltage of a transistor, it turns on as an electronic switch and
the system wakes up. In active mode, the Beaufort scale of wind force can be judged according to the
electric energy and the signal is sent out wirelessly. In standby mode, when there is no wind, the
power consumption of the system is only 14 nW. When the wind scale reaches or exceeds light air, the
system can switch to active mode within one second and accurately judge the Beaufort scale of wind
force within 10 s. This work provided a triboelectric sensor-based wake-up system with ultralow
static power consumption, which has great prospects for unattended environmental monitoring,
hurricane warning, and big data acquisition.

Keywords: Beaufort scale monitoring; near-zero power; wake-up system; triboelectric nanogenerator;
triboelectric sensor

1. Introduction

Beaufort scale of wind force monitoring is an important meteorological predicting
technology, which has been widely used in guiding production and preventing natural
disasters [1]. For example, in the early warning of marine storms, the Beaufort scale is one
of the important parameters in predicting typhoons. However, the conventional Beaufort
scale monitoring systems of wind force cannot keep running for a long time because bat-
teries continuously power most sensors, leading to a short lifetime and high maintenance
costs. In order to improve the lifespan of the monitoring systems, the project of “Near Zero
Power RF and Sensor Operations (N-ZERO)” was proposed by the Defense Advanced
Research Projects Agency (DARPA) in 2015 [2], which aims to develop near-zero power
systems. To further reduce energy consumption, the auto-wakeup system is proposed
based on various active sensors [3-7]. In 2017, Robert W. Reger. et al. proposed a near-zero
power wakeup system based on a complementary metal-oxide-semiconductor comparator
(CMOS) and a piezoelectric microelectromechanical accelerometer, in which the system
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can be awakened by threshold acceleration [8]. In the same year, a near-zero power sens-
ing system awakened by sound was proposed, by coupling a piezoelectric sensor with
low-power CMOS circuits [9]. In 2019 and 2020, Venkateswaran Vivekananthan and his
coauthors designed and fabricated a triboelectrification based energy collector, which real-
ized the function of zero-power consuming seismic detection and a zero-power consuming
active pressure sensor, the reported result brought the self-power electronic device into
zero-power or near-zero power mode [10,11]. In 2021, Chenxi Zhang et, al proposed a
near-zero power system awakened by touch based on the triboelectrification effect, which
demonstrated an ultralow quiescent power consumption wake-up technology [12]. With
the advantages of a long lifespan and low maintenance costs, the auto-wakeup technology
is promising for wind force monitoring.

In 2012, the triboelectric nanogenerator (TENG) was invented based on contact elec-
trification and electrostatic induction [13-15], which can convert mechanical energy into
electrical energy effectively [16-18]. At present, TENGs are widely used in self-powered
systems [19-21], sensor array [22], and big data acquisition [23]. Previous studies have
shown that the TENG can be used as active sensors for wind speed monitoring [24], such
as the active wind sensor based on the flutter TENG [25,26], the self-powered wind sensing
system based on the rotating TENG [27-29], the intelligent self-powered wireless wind
sensing systems based on a single TENG [30], and so on. Nevertheless, the existing wind-
driven TENGs-based sensing systems always remain in active mode for signal monitoring
and measurement [31], which lead to continuous consumption of electrical energy. Con-
stant power consumption neither conserves energy nor ensures that the system maximizes
the use of power when transmitting signals. The mechanical energy collected from the
natural environment is not enough to convert into electrical energy to power the sensing
system all the time. Therefore, to extend the lifespan with low static power consumption, it
is necessary to develop the TENG-based auto-wakeup system for wind force monitoring.

In this work, a near-zero power triboelectric wake-up system (NP-TWS) for au-
tonomous Beaufort scale of wind force monitoring is proposed, in which a rotary TENG is
used to convert wind energy into a stored electric energy capacitor. When the capacitor
voltage accumulates to the threshold voltage of a transistor, it turns on as an electronic
switch and the system wakes up. In active mode, the Beaufort scale of wind force can be
judged according to the electric energy and the signal is sent out wirelessly. In standby
mode when there is no wind, the power consumption of the system is only 14 nW. When
the wind scale reaches or exceeds light air, the system can switch to the active mode within
one second and accurately judge the Beaufort scale of wind force within 10 s. This work
has provided a triboelectric sensor-based wake-up system with ultralow static power con-
sumption, which has great prospects for unattended environmental monitoring, hurricane
warning, and big data acquisition.

2. System Design and Characterization
2.1. Design of the System Framework

The NP-TWS for autonomous Beaufort scale of wind force monitoring consists of a
rotating TENG, a wake-up circuit, and a stage circuit (SC), which is shown in Figure 1a.
The TENG is used to convert wind energy into electric energy and stores it in a capacitor.
Then, the wake-up circuit determines whether to wake up the system according to the
capacitor voltage. If the system is not awakened, it remains in standby mode and maintains
ultra-low static power consumption. Otherwise, the system will shift to active mode, in
which the SC judges the Beaufort scale of wind force according to the comparison voltage
of the storage capacitor and the signal is sent out wirelessly.
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Figure 1. Overview of the wake-up system and the triboelectric nanogenerator (TENG). (a) Schematic diagrams showing

the near-zero power triboelectric wake-up system (NP-TWS) for autonomous Beaufort scale of wind force monitoring.
(b) Schematic diagram showing the structure of the TENG. (c) Working principle of the TENG. (d) The output voltage and
(e) output current of TENG in moderate breeze. (f) The output peak-voltage and peak-current of TENG with the Beaufort
scale of wind force at grades 1-4.

2.2. Structure and Characteristics of the Rotating TENG

As depicted in Figure 1b, the TENG in rotating freestanding-mode was designed as
a wind energy harvester with nine fixed power generation units, which contain a stator
and a rotator. The two 280 mm diameter acrylic disks with a center hole were divided into
18 fan shapes. The 18 fan shapes of the stator disk were covered with copper. A fan-shaped
area was left between every two film coated areas, and the 9 fan shapes of the rotator
were attached with fluorinated ethylene propylene (FEP). The stator and the rotor were
connected through the shaft, and a fan blade was added in front of the rotor. The working
principle of the freestanding-mode TENG is shown in Figure 1c. The FEP layer was in
contact with the copper electrode in advance, and the same amount of heterogeneous
charge was generated. During the rotation, a small gap is left between the two triboelectric
layers, which can eliminate friction and extend the service life of the TENG. In the original
state, the FEP layer was aligned with the left copper electrode. At this time, since the TENG
was in an electrostatic equilibrium state, there was no current in the external circuit, as
shown in Figure 1c (I). When the rotor started to rotate, the alignment area between the
FEP and the left electrode was reduced, resulting in the generation of a potential difference,
so electrons flowed from the right electrode to the left electrode through the external circuit,
as shown in Figure 1c (II). This process would continue until the FEP layer is completely
aligned with the right copper electrode, as shown in Figure 1c (II). Then, the alignment
area between the FEP and the left electrode increased, which created a reverse current, as
shown in Figure 1c (IV). The periodic movement of the FEP layer would generate periodic
alternating current (AC) signals. When the wind speed was 4 m/s, the output voltage
of TENG was 178 V, and the output current was 4 pA, the corresponding waveform is
shown in Figure 1d,e, respectively. The output peak—peak open-circuit voltage and peak
short-circuit current of TENG with the Beaufort scale of wind force at grades 1-4 is shown
in Figure 1f. From light air to moderate breeze, the voltage of TENG hardly changed
and stabilized at 178 V, while the current increased from 1 pA to 6 pA, and the current
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was positively correlated with the wind speed. The output power of TENG is shown in
Figure S6. The durability test of TENG is shown in Figure S5. For 2500 s, the output voltage
of TENG remained stable.

2.3. Mechanism and Characteristics of the Wake-Up Circuit

The circuit schematic diagram of the wake-up circuit is shown in Figure 2a, including
a half-wave rectifier (D1, D2), a storage capacitor C1, a resistor R1, a zener diode D3, a
MOSEFET, and a relay. The AC signal output by TENG was converted into a DC signal
by a half-wave rectifier composed of D1 and D2 and stored in the capacitor C1. When
the voltage of C1 accumulated to the threshold voltage of MOSFET-N, it turned on as
an electronic switch. Then current flowed through the coil of the relay KA, causing its
switch to pull in and the system woke up, as shown in Figure 2b. With the resistor R1,
the electrical energy stored in the capacitor C1 could be released to prevent the system
from being triggered by mistake. The zener diode D3 was mainly used for overvoltage
protection of MOSFET-N. In the same way, the resistor R2 was mainly used for overcurrent
protection of relay KA.
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Figure 2. The wake-up circuit using TENG as a sensor. (a) The circuit schematic diagram of the
wake-up circuit in standby mode. (b) The circuit schematic diagram of the wake-up circuit in active
mode. (c) The voltage of the C1 with different capacitance in light air. (d) The voltage of C1 with
different resistance in light air. (e) The response time of the wake-up circuit with different capacitance
on the Beaufort scale of wind force at grades 1-4. (f) The voltage of C1 with different resistance on
the Beaufort scale of wind force at grades 1-4.
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The effects of the capacitance of C1 and the resistance of R1 on the voltage of C1 were
studied systematically. The wind speed ranges corresponding to the Beaufort scale of wind
force at grades 14 are shown in the Figure S1. Figure 2c illustrates the voltage of C1 with
different capacitance in light air. The threshold voltage of the MOSFET-N set in the system
was 2V, so the time from 0 to 2 V of capacitor voltage was the response time of the system.
The experiments results indicated that the response time of the system decreased along
with decreasing the capacitance of C1. The voltage of the C1 with different resistance in
light air is shown in Figure 2d, which indicated that the voltage of C1 increased along
with increasing the resistance of R1. The voltage of the C1 with different capacitance and
resistance on the Beaufort scale of wind force at grades 2-4 had the same result as above, as
shown in Figure S2. Figure 2e summarizes the response times of the wake-up circuit with
different capacitance on the Beaufort scale of wind force at grades 1-4. The experiment’s
results indicated that the response time decreased with the decrease in the capacitance and
the increase in the Beaufort scale of wind force. In order to avoid a rapid response causing
the system to be awakened by mistake, when a burst of strong disturbance suddenly
appears, while maintaining a fast response, a 1 uF capacitor was selected as an energy
storage unit. In this case, the system can be awakened within one second and the voltage
of C1 would tend to smooth within 10 s. The voltage of C1 with different resistance on the
Beaufort scale of wind force at grades 1-4 is summarized in Figure 2f, which shows the
increase in capacitor voltage not only increased with the resistance but also increased with
the Beaufort scale of wind force. The power supply VCC was 10 V. A 6 M) resistor could
meet the voltage of a capacitor between 2 and 10 V on the Beaufort scale of wind force at
grades 1-4.

2.4. Mechanism and Characteristics of the Stage Circuit (SC)

The circuit schematic diagram of the stage circuit (SC) is shown in Figure 3a, including
comparators, resistors, the Microprogrammed Control Unit (MCU), and wireless module.
In active mode, the power supply VCC connected to the SC. Resistors R1, R2.Rxn + 1 acted
as resistor dividers to provide a threshold voltage for comparators, which were compared
with the voltage of capacitor C1. The comparators output a signal of 0 or 1 according to
the comparison of the two voltages. The MCU collected and processed the results and
transmitted signals by wireless mode. In the experiment, a four-stage circuit was designed
to monitor the Beaufort scale of wind force at grades 1-4. The comparison voltage on
the Beaufort scale of wind force at grades 1-4 with 1 uF capacitor and a 6 M(Q) resistor
can be seen in Figure 3b, which shows that the comparison voltages tended to smooth at
2V,4V,6V, and 8 V respectively. Considering the voltage fluctuation at the boundary of
classification and the power supply VCC was 10V, five resistors of 100 () in series could
provide threshold voltages of 2V, 4V, 6 V, and 8 V for each of the four comparators. The
output signal of the comparator is shown in Figure S3, which indicated that the system
could distinguish the Beaufort scale of wind force at grades 1-4.
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Figure 3. The stage circuit (SC) and the system power consumption. (a) The circuit schematic diagram
of SC in active mode. (b) The comparison voltage with the Beaufort scale of wind force at grades 1-4.
(c) The power consumption of the wake-up system in standby mode and active mode.

3. The Result and Discussion
3.1. The Power Consumption of the Wake-Up System

Since the purpose of the NP-TWS is to reduce static power consumption and thereby
increase the battery life, the characteristic of the power consumption of the system was
examined as shown in Figure 3¢, and the power consumption was provided by the power
supply VCC. In standby mode, there was only the leakage current of the MOSFET in the
system, and the power consumption was just 14 nW, which demonstrated that the system
had ultra-low static power consumption and could meet the requirements of low power
consumption. In active mode, the power consumption was between 0.75 W and 0.88 W,
which was caused by the wireless module. The power consumption would be higher when
the wireless module sends data. When the system returned to the standby mode from the
active mode, it maintained ultra-low static power consumption again.

3.2. Demonstration of Beaufort Scale of Wind Force Monitoring

Verification experiments were demonstrated by utilizing this wake-up system to
monitor the Beaufort scale of wind force. With the auto-wakeup technology, the NP-
TWS realized the autonomous monitoring with ultra-low static power consumption and
indicated potential application prospects for wind force monitoring, as shown in Figure 4a.
Driven by wind energy, the NP-TWS can be used as a wireless sensor network node
unattended and with a long lifetime. By monitoring the Beaufort scale of wind force, a
large amount of data can be remotely sent to the terminal for wind information collection.
The photos of the TENG, wake-up circuit, MCU, LoRa transmitter (LTM), and LoRa receiver
(LRM) are shown in Figure 4b,c. Moreover, the flow chart of the NP-TWS is shown in
Figure S4. As a demonstration, the compared voltage and system power consumption
with different Beaufort scale of wind force are summarized in Figure 4d,e. The first part
simulated the wind speed from 0 to 4.2 m/s in the external environment. Then the wind
speed was changed to 1.1 m/s. Finally, the wind stopped blowing. In this process, the
display on the terminal interface was “Calm”, “Gentle Breeze”, “Light Air” and “Calm”.
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The compared voltage measured also changed with the Beaufort scale of wind force and
corresponded to the system monitoring results one by one. The power consumption of
the system increased when the system was awake, and maintained near-zero power when
there was no wind. In the second part, the system was kept in windless mode for a period
of time, and the measurement results showed that the system could maintain ultralow
static power consumption. Subsequently, we simulated the change of wind speed, which
was0,1.9m/s, 6.1 m/s, 1.1 m/s, and 0 in this order. The experimental results indicated that
the display on the terminal interface, the comparison voltage, and the power consumption
of the system were in line with expectations. In addition, the trl and tr2 shown in Figure 4e

was the response time of the system.
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Figure 4. Demonstration of Beaufort scale of wind force monitoring. (a) Sketch of the NP-TWS for Beaufort scale of wind
force monitoring. (b) The photo of the TENG. (c) The photos of the wake-up circuit, microprogrammed control unit (MCU),
LoRa transmitting module (LTM), and LoRa receiving module (BRM). (d) The comparison of voltage of the system in
a simulated wind environment. (e) The power consumption of the NP-TWS and the received data of the terminal in a

simulated wind environment.

In the experiments, the system is automatically awakened up when the wind blows
and the Beaufort scale of wind force is displayed on the terminal device. Even if the
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Beaufort scale of wind force changes, the system can detect it immediately. When the
wind stops blowing, the system will return to standby mode with ultralow static power
consumption and wait for the next monitoring. The dynamic display of wake-up is shown
in Video S1.

4. Experimental Section

The fabrication of rotary TENG. The two 280 mm diameter acrylic disks with a center
hole were divided into 18 fan shapes with a 19 degree central angle. The 18 fan shapes of
the stator disk were covered with copper, which both acted as the friction layer and the
electrode. A fan-shaped area was left between every two film coated areas, and the nine
fan shapes of the rotator were attached with fluorinated ethylene propylene (FEP), which
acted as the friction layer. The stator and the rotor were connected through the shaft, and a
fan blade was added in front of the rotor.

Characterization of electric output. The output voltage and current of TENG was mea-
sured by the electrometer (Keithley 6514). The current of the system was measured by the
data acquisition (Keithley DAQ6510). Recording the realtime data and receiving the results
in terminal were completed with the software platform developed based on LabVIEW.

5. Conclusions

In summary, an NP-TWS driven by wind energy was developed to monitor the
Beaufort scale of wind force. Based on a rotary TENG for energy conversion and a half-
wave rectifier for voltage regulation, the voltage of the storage capacitor can be a signal
to wake up the system. The wake-up circuit is designed with a transistor, which can
accurately control the wake-up of the system. When the capacitor voltage accumulates to
the threshold voltage of MOSFET, it turns on as an electronic switch and the system wakes
up. In the active mode, the SC can judge the Beaufort scale of wind force according to the
comparison voltage and send out the signal by wireless. When the wind scale reaches or
exceeds light air, the system can switch to active mode within one second and accurately
judge the Beaufort scale of wind force within 10 s. Even if the Beaufort scale of wind
force changes, the system can detect it immediately. In standby mode, because there is
only the leakage current of the MOSFET in the system, the power consumption of the
system is only 14 nW. Owing to the ultra-low static power consumption, the system can
monitor in an unattended area for a long time. This work was tested in the laboratory to
verify the feasibility of the system. However, for use outside, it is necessary to design the
package for TENG. The stability and practicability of the system will be improved in future
work, so that the system can cope with a harsh environment. This work has provided a
triboelectric sensor-based wake-up system with ultralow static power consumption, which
shows promise for unattended environmental monitoring, hurricane warning, and big
data acquisition.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/nanoenergyadv1020006/s1, Figure S1: The wind speed ranges corresponding to the Beaufort
scale of wind force at grade 1-4. Figure S2: The voltage of the C1 with different capacitance in light
breeze. Figure S3: The output of the comparator with the Beaufort scale of wind force at grade 1-4.
Figure S4: The flow chart of the NP-TWS. Figure S5: Durability test of TENG result. Figure S6: The
output power of TENG. Video S1: The dynamic display of Beaufort scale of wind force monitoring.
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Abstract: Triboelectric nanogenerators (TENGs) are a promising renewable energy technology. Many
applications have been successfully demonstrated, such as self-powered Internet-of-Things sensors
and many wearables, and those portable power source devices are useful in daily life due to their
light weight, cost effectiveness, and high power conversion. To boost TENG performance, many
researchers are working to modulate the surface morphology of the triboelectric layer through surface-
engineering, surface modification, material selection, etc. Although triboelectric material can obtain
a high charge density, achieving high output performance that is predictable and uniform requires
mechanical energy conversion systems (MECSs), and their development remains a huge challenge.
Many previous works did not provide an MECS or introduced only a simple mechanical system
to support the TENG integration system device. However, these kinds of designs cannot boost the
output performance or control the output frequency waveform. Currently, some MECS designs use
transmission conversion components such as gear-trains, cam-noses, spiral springs, flywheels, or
governors that can provide the step-up, controllable, predictable, and uniform output performance
required for TENGs to be suitable for daily applications. In this review, we briefly introduce various
MECS designs for regulating the output performance of TENGs. First, we provide an overview of
simple machines that can be used when designing MECSs and introduce the basic working principles
of TENGs. The following sections review MECSs with gear-based, cam-based, flywheel-based, and
multiple-stage designs and show how the MECS structure can be used to regulate the input flow for
the energy harvester. Last, we present a perspective and outline for a full system design protocol to
correlate MECS designs with future TENG applications.

Keywords: mechanical conversion; mechanical transmission; triboelectric nanogenerators (TENGs);
external mechanical system control; regulated output; uniform output

1. Introduction

The depletion of restricted resources such as crude oil, natural gas, coal, clean water,
and minerals is having large effects on the world economy and global warming. Global
economic growth has always increased simultaneously with the use of fossil energy. Many
researchers have been working to develop renewable and green energy. However, abun-
dant energies continue to be wasted, such as the wind [1-5], vibration [6-16], acoustic
vibrations [17-19], human motion [12,20-22], solar radiation [23-25], thermodynamic
forces [26-28], and ocean waves [13,29-32], and they could be harvested using numer-
ous technologies. Among those energy sources, mechanical energy is popular because it
can be found anytime and anywhere. Since triboelectric nanogenerators (TENGs) were
invented in 2012 [33], many works have investigated various designs for energy harvesting
devices [7,30,34-37], material development [34,38—41], and surface engineering [42-49] to
modify the topography, enhance the contact area in TENGs, and thereby boost their electric
performance. Other researchers have sought to make TENGs simple, cost effective, and
sustainable while ensuring their high output performance [8,33,50-55].

Nanoenergy Adv. 2022, 2, 29-51. https://doi.org/10.3390 /nanoenergyadv2010002
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In addition to studying methods to improve the output performance of TENGs, re-
searchers have also proposed some simple mechanical systems that can be assembled with
TENGs to harvest [22,28,31,56-60] the wind energy, blue energy, and biomechanical energy
always present in daily life. These kinds of designs cannot step-up or control the output
performance of a TENG in the way needed for practical applications. To obtain suitably
controllable TENG output, the mechanical device used for conversion and transmission
needs to be designed to reduce mechanical and circuit loss, enhance the input force and
torque, extend the TENG operation time, boost and convert the low input frequency into a
regulated high output frequency, and so on.

Some previous mechanical conversion and transmission systems, such as windmills
and magnetic energy harvesters [61,62], are large, complicated, heavy, and expensive [63,64],
which results in mechanical losses due to friction, vibration, noise, and so on. Therefore,
those systems require a high input to operate. In addition, mismatches between the input
frequency and free oscillation frequency of a system can reduce the output performance
or cause zero power generation. A suitably resonant system design can help to optimize
the motion velocity and magnitude, enabling high-power generation. Many researchers
claim that their TENG system designs are cost-effective, lightweight, small, and easy to
maintain in harsh environments. However, these studies still lack the mechanical energy
conversion systems (MECSs) needed to control and enhance TENG output or regulate its
performance [65]. Based on the basic parameters of contact force, velocity, and frequency,
TENG output power must be controlled and regulated to a certain output target to be
practical in useful applications.

Many system designs for mechanical energy harvesters (TENGs) in previous works
use low input energy in the form of applied force, irregular mechanical energy, or variable
frequencies, so they have a very low, uncontrollable output performance that is difficult
to predict. Generally, mechanical energy harvesters convert irregular input energy into
uncontrollable power output. However, in practical applications, the electrical output from
energy harvesters needs to be uniform and predictable, despite the variety in the input
energy. When MECSs are fully understood, these problems can be solved by applying
mechanical forces. MECSs can regulate almost any mechanical motion by virtue of their
kinematic design, i.e., the movement of points, links, and systems. With the help of a
good MECS design, the working frequency can be enhanced from low input frequencies,
and the motion direction can be adjusted (e.g., from linear motion to single/bi-directional
rotational motion and vice versa). The most common and familiar mechanical system is the
gear-train [66], i.e., two or more gears are mounted in a box to change the torque, rotational
speed, and direction of the input. On the other hand, rotational motion can be turned into
linear motion by using a cam-nosed design [37,67]. Many types of mechanical motion occur
during daily life that can produce the non-continuous operation of an energy scavenger.
To nonetheless offer continuous power output, a spiral spring and flywheel/governor
can be applied to improve the use of intermittent excitation energies. By storing energy
as continuous rotational motion in a flywheel /governor and potential motion in a spiral
spring [35,68,69], an energy harvester can run continuously and possibly convert intermit-
tent motion into rotational movement with the integral of ratchet and pawl in mechanical
transmission structure [70], which would be an improvement in energy harvester design.

In this review, we briefly introduce various MECS designs for regulating TENG output
performance. First, we provide an overview of simple machines that can be applied to
MECSs and introduce the basic working principles of TENGs. The following sections
review gear-based [36,66,68,69], cam-based [66,67,69], flywheel-based [35,69], and multiple-
stage [68,69] MECS designs and explain how the different MECS structures regulate the
input of flow energy harvesters [71-73]. Finally, we present an outline for a full system
design protocol to coordinate MECS designs for future TENG applications.
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2. Overview of Simple Machines and TENG Basics
2.1. Simple Machines: An Overview

Simple machine mechanisms can modify motion to control the direction or magnitude
of a force; however, the work done by the effort is equal to the work done on the load
if friction is neglected, as shown in Figure 1a-d. In MECSs, the working velocity is also
controlled to meet the design requirements.
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Figure 1. Controllable parameters and working modes of TENGs. (a—d) Schematic of simple machines
that can govern the force, velocity, and frequency of input energy. (e) TENG with the vertical contact-
separation working mode.

2.1.1. Force Controlled

The simplest mechanism uses leverage to increase force, as depicted in Figure 1a. It
is a bar or beam resting on a fulcrum or pivot. A downward force applied on one end of
the lever is transferred to the upward direction at the other end of the lever at a higher
magnitude, which allows a small applied force to lift a heavy weight. The mechanical
advantage (MA) of a lever depends on the length of the bar on either side of the fulcrum
and can be determined by considering the balance of moments or torque, T, about the
fulcrum, as shown below:

MA — Foutput _ dinput )
Finput doutput

As shown in Figure 1b, the structure of a wheel and axle mounted in the same axis

of rotation is another simple machine. The wheel radius is larger than that of the axle. In
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addition to having the same MA as a lever, i.e., the ratio between Foytpur and Finputs the
velocity ratio of a wheel and axle are another advantage. Wheels and axles allow people to
easily undertake hard work quickly and for a long time. A wheel with a large radius can be
turned easily but requires many turns. An axle rotates less but requires more force. So, a
wheel can be used to create the MA of force, or high force or torque can be applied to an axle
to rotate it and the attached wheel rapidly, as in a car. The velocity ratio is shown below:

Ry
Oratio = ru” (2)
ax

2.1.2. Velocity-Frequency Controlled

Figure 1c shows a simple gear-train, two gears of different sizes, which is a promotion
from the wheel and axle structure. One of the gears, named the driver gear, is mounted
to a motor or crank; the other gear is rotated by driver gear and called the driven gear. In
Figure 1c, if the larger gear is the driven gear or output gear (R), the gear train amplifies the
input torque and reduces the rotation speed (wg < w;), meaning that this gear train is called
a speed reducer. On the other hand, if the driven gear is the smaller one, the gear train
increases the rotation speed and output frequency. The MA for a simple pair of meshing

gears is as follows:

Ma=R_@r ®)
r WR

Another simple machine can convert a small downward effort on a small piston
(radius of r) into a greater force on a larger piston (radius of R), as shown in Figure 1d. This
structure transmits liquid pressure on the small piston to the larger piston. As a result, a
small force applied to the small piston produces a much greater force on the bigger piston.
The velocity of the piston can also be modulated. The relation of velocity between the small
and large pistons produces the M A shown below:

Fautput RZ

MA = = Uratio = 1’7 (4)

Finput

In a flow-induced rotation TENG, wind flow is also used as a driver [55], or the airflow
can be controlled by the Venturi effect [68].

2.2. Basic Working Principle of TENGs
2.2.1. Basic Principle of the Triboelectric Effect

The triboelectric effect is electrification caused by bringing two dissimilar materials
into contact with each other. The charge exchange between the materials produces a positive
charge in one material surface and a negative charge in the other. During contact, the
transferred charges can be electrons or ions, depending on the interfacial energy matching
between the two materials. Tribo-materials have different surface potentials, and when
they are brought into contact, the surface energy state will change to reach equilibrium. The
quantity of the transferred charges is determined by the surface charge density, polarization,
and material selection. The signs and strengths of the charges transferred in a TENG depend
on the relative polarity of the tribo-materials and the position of those materials in the
triboelectric series. A TENG is a device that can convert mechanical energy into electrical
energy by using the triboelectric effect. Since TENGs were invented [69] in 2012, many
researchers have analyzed the principle of triboelectric nanogenerators.

2.2.2. Basic Working Modes of TENGs

TENGs can be operated in four fundamental modes: vertical contact-separation, lateral
sliding, single-electrode, and free-standing triboelectric layers [43,74,75]. The most popular
of those modes is vertical contact-separation, as shown in Figure 1e.

Most materials that people commonly use have triboelectrification effects, from metal
to silk, plastic, polymers, wood, etc. Almost any material can be used to fabricate a
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TENG device. The TENG structure uses two tribo-materials and two electrodes. Many
parameters control TENG performance, such as material selection, material thickness,
surface roughness, the gap between the materials, and the contact area, force, velocity, and
frequency. However, the basic structure for a contact-separation TENG uses dielectric-to-
dielectric forces, with tribo-material 1 (dielectric D1) and electrode 1 (metal M1) at the top
and tribo-material 2 (dielectric D2) attached to electrode 2 (metal M2) at the bottom. In
Figure le, surface charges form on the D1 and D2 surfaces after contact with an equal density
of oy because of contact electrification. Electrostatic induction then occurs right after tribo-
materials 1 and 2 are separated. The positive and negative charges on both surfaces induce
an electric field on both tribo-materials and lead to charge separation because of their
electrostatic induction. As a result, a potential difference is established between the two
tribo-materials. When electrodes M1 and M2 are connected by a conductive wire, the
electrons repelled in the negative D2 tribo-material move to M1, which means that the
TENG generates an alternating current when a periodic external mechanical force is applied.
When the TENG reaches a balanced state, it returns to the initial state. As presented here,
the theoretical TENG working mechanism can be understood to follow the Gauss law.

2.2.3. Governing Equations of TENG

TENG operation correlates with the Gauss theorem [43], which is derived from the
Gauss law that describes the relationship of voltage-charge-motion (V-Q-X) as a function
of time. Table 1 shows a theoretical model for a vertical contact-separation mode TENG
and its governing equations for open-circuit voltage and short-circuit current.

Table 1. TENG governing equation and control parameters.

Vertical C-S Mode

Controllability by Mechanical Energy Conversion Systems

Charge amount @ Metal 1 (-Q)

Charge amount @ Metal 2 (@)

Metall M1 Material Material Material Surface Contact Contact Contact Contact
Dielectric1 D1 selection thickness gap roughness area force velocity frequency
Air "

Dielectric2  D2| |_

X X X X (@] e} O

In the TENG schematic shown in the table, the two dielectric layers have thicknesses
of di and d;, and relative dielectric constants of ¢,; and ¢,7, respectively. The two metal
layers attached to the two dielectric layers serve as the electrodes. When an external force
is applied to the TENG device, the distance (x) between the top and bottom parts can
be changed. When the dielectric layers come into contact with each other as a result of
the applied force, their inner surfaces become charged with opposite static charges (tribo-
charges) with the density of o due to contact electrification. During operation, the external
force is released, and the two tribo-materials start to separate, which creates a potential
difference (V) between the two electrodes. The number of charges transferred between the
two electrodes as a result of the applied forced is called Q, and the transitory number of
transferred charges at the two electrodes is Q and —Q, respectively.
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This model consists of two electrodes (metal M1 and M2) and the two dielectrics D1
and D2. After repeated contact between the dielectrics, the surface charge density oy forms
on their surfaces. Based on the Gauss theorem, the voltage across the two electrodes is a
summation of voltage across the air gap and dielectrics 1 and 2, as described in Equation (5).

V(t) = Eldl + E2d2 + Em-,x (5)

To derive the V-Q-X relationship, substitute os. into Equation (5), as shown in Equa-
tion (6).

_ Q (dr dy Osc

Equation (6) yields the open circuit voltage (Voc) and short circuit current (Isc). In the
open circuit condition, there is no moving charge in either electrode, so the current is equal
to zero. The Vo is defined in Equation (7).

Voc(t) = Z—jjx(t) %)

In the short circuit condition, the potential difference is zero. Thus, the Is¢c derived
with V(t) is zero. Current represents the number of charges per unit time. Isc can be
expressed as indicated in Equation (8).

d d.
Joo = MQsc _ 4 Socx(t) B Sosc(—fj1 +£2 )U(t) "
a B N 2
] (Bl ) (& +&+x)

The target design parameters for controlling the triboelectric performance can be
determined using Equations (7) and (8). Related to Equation (7), many researchers have
tried to enhance the surface charge density by focusing on material selection and fabrication,
various surface engineering techniques, and surface modification. Studies on MECSs that
focus on regulating the contact force, frequency, and velocity are still needed. This review
presents MECS designs that convert fixed, irregular, or intermittent input values for TENGs
by using simple machines such as levers, pulleys, gear-trains, and hydraulic presses to
control the input mechanical energy, as shown in Figure la—d.

The MECSs used in previous studies to control the external energy input to TENGs are
here divided into six categories: (1) gear-based, (2) cam-based, (3) flywheel and governor-
based, (4) gear- and cam-based combinations, (5) flywheel- and spiral-spring-based combi-
nations, and (6) input-flow-based. As shown in Figure 2, these designs all enable otherwise
wasted rotating mechanical energy and linear motion to be harvested for reliable electric
power. MECSs can obtain predictable output performance even when the mechanical en-
ergy input is irregular, which allows the designed TENG circuit to be accurate and suitable
for practical applications. This review focuses on the regulation of force parameters and
exhibits the importance of MECS design in TENG development.
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Figure 2. Flow chart for controlling TENG parameters.

3. Gear-Based Mechanical Control Systems

The output performance of rotary TENG systems can be improved by increasing the
rotational velocity (i.e., angular velocity) [56,57,60,64,76-83]. The gear-train mechanism
not only adjusts the torque (or force) but also modifies the rotation speed, the direction
of rotation, and related motion. Specifically, the rotation speed can be accelerated or
decelerated by changing the gear ratio in the system [64,66,68,69]. As shown in Equation
(3), external input torque can be transmitted from a big gear (as a driving gear) to a
smaller gear (as a driven gear) to boost the rotational speed of TENG devices. Many
gear-train designs have been used in assembled TENG systems, as depicted in Figure 3. A
TENG system with a simple straight-cut gear and a slider-crank mechanism is shown in
Figure 3a; [66,69]. Three different gear ratios were designed to produce various angular
speeds, and their effects on the TENG output power were compared. To boost the rotational
speed, a large spur gear accepts the external input rotation while engaged with a smaller
gear connected to the crank. At the slider-crank, the rotational motion is converted into
periodical linear motion to produce a TENG with the vertical contact-separation mode. The
working frequencies measured at input frequencies of 1.5, 3.0, and 4.5 Hz are shown in
Figure 3a,. When the gear ratio was 1.7, the working frequencies increased linearly to 2.4,
4.8, and 7.2 Hz, respectively, about 1.6 times higher than the input frequencies. With the
higher gear ratio of 5, higher transmission losses were observed, and the increase in the
working frequencies was only about 3.5 times. Figure 3a3 shows the output voltages of the
TENG as a function of the gear ratio when the input frequency was 4.5 Hz. At a gear ratio
of 1.7 (fw = 7.2 Hz), the output voltage improved to 290 V, higher than when the gear ratio
was 1.0. When the gear ratio was 5.0 (f, = 16 Hz), the output voltage improved to 340 V, a
1.7-fold enhancement. To clearly understand the output power of this gear-based TENG
design, the researchers evaluated its capacitor charging behavior under a constant input
frequency of 4.5 Hz at different gear-train ratios, as shown in Figure 3a4. Surprisingly, at
gear ratios of 1.0, 1.7, and 5.0, the voltage charge of the capacitor, V., became saturated at 5,
12, and 40 V, respectively. This performance represents a maximum eight-fold improvement,
indicating that a gear-based TENG significantly increases the output power at a certain
input energy.
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Figure 3. Gear-based mechanical system designs to control the input energy and regulate TENG
performance. (a1) Schematic of TENG system based on the gear and slider-crank mechanism. (az)
Relationship between working frequencies and input frequencies at different gear ratios. (a3) TENG
output voltage at various ratios and an input frequency of 4.5 Hz. (ag) Measured capacitor charging
output voltage by TENG with a fixed frequency input of 4.5 Hz at different gear ratios. Reprinted
with permission from ref. [66], Copyright 2016, Elsevier. (b1) Full system schematic of the MFR-TENG
and the controlled energy-release part of the MFR-TENG, The influence of a gear-train using a single
flywheel and one-nosed cam on TENG output, as shown by comparing systems (bz) without and (bz)
with a gear-train. (bg) Demonstration of a waterwheel MFR-TENG system in a natural environmental
application, with a gear-train that enables low input forces to turn a spiral spring. Reprinted with
permission from ref. [69], Copyright 2018, Wiley. (c1) Schematic illustration of the ES-TENG, which
consists of a bi-directional gearbox and rotational TENG. The measured output voltage of (cz) the
rotational TENG without any transmission unit and (c3) the rotational TENG integrated with the
bi-directional gearbox. (c4) The angular speed output of the rotational TENG at different angular
speed inputs for gearboxes I and II. Reprinted with permission from ref. [36], Copyright 2021, Elsevier.

In other cases, the mechanical input energy can be irregular because it comes from
different sources in the surrounding environment, which leads to an irregular electric
output from the mechanical energy harvesting system. In such a case, the mechanical
energy harvester should be regularly excited to regulate its output. Therefore, Bhatia et al.
proposed a TENG design that fixed the input forces and input frequency and called it
a mechanical frequency regulator TENG (MFR-TENG), as depicted in Figure 3b;. Their
system uses many elements for assembly, such as a pawl ratchet, mainspring, stopper,

158



Nanoenergy Adv. 2022, 2

gear-train, and flywheel. The input energy turns the handle and winds up the spiral spring
(i.e., mainspring). If the mechanical input energy is irregular or disappears, the mainspring
releases the stored energy. A pawl-ratchet mechanism is installed between the handle and
mainspring to prevent that from happening. The stored energy can only be released by the
stopper. Following that energy transmission line, the mechanically stored energy rotates
the gear-train, which causes rotation of the cam and a flywheel mounted on the shaft, so
that torque can be transferred and stored as required. Here, we focus on the gear-train
that supports the MFR-TENG system. The effect of a gear-train with one flywheel and a
single cam-nose on the TENG output is shown in Figure 3b;,bs. In this demonstration,
the driving gear to driven gear ratio is 3:1, which decreases the torque of the driven gear
and increases the influence of follower resistance, reducing the TENG output frequency.
Thus, the use of this gear-train increases the output voltage and running time of the TENG
system. In addition, the TENG output frequency obtained from using this gear-train is
considerably more stable than the system without a gear-train. Lastly, a water wheel with a
small gear radius is assembled on the input side, as shown in Figure 3by, to demonstrate
the applicability of the MFR-TENG system in a natural environment. The water wheel can
transfer the water flow energy to a spiral spring for storage when the stopper is blocked
and for frequency output regulation when the stopper is released.

To overcome the limitation that a low input frequency provides a low output frequency,
the exo-shoe TENG (ES-TENG) with an integral transmission unit was proposed. The ES-
TENG design consists of a rotational TENG to harvest biomechanical energy from footsteps,
with a power transmission unit assembled outside of the shoe to improve the amplitude
and frequency of the output, as shown in Figure 3¢;. It uses gearboxes I and II to convert
reciprocating footsteps with high force/torque, short displacement, and low frequency into
bi-directional rotation that has a smaller force, bigger displacement, and higher frequency.
To characterize the effects of gearboxes I and II, the output power of a rotational TENG
without the transmission unit was evaluated as a reference. Figure 3¢, depicts the output
voltage of the rotational TENG without any transmission unit. In that simple design, a
reciprocating stroke with subsequent compress and release steps was generated at high
input force. The resulting rotational TENG provides low output performance and a short
duration of operation. The maximum output voltage was about 0.3 V, and the operation
time was the same as the input duration (0.3 s). In the ES-TENG, the gear ratios of integrated
gearboxes I and IT were 10 and 8, respectively. Figure 3c3 shows the linear enhancement of
the angular velocity output at different angular velocity inputs for each gearbox, and the
enhancement exactly matches the gear ratio of each box. The higher gear ratio provides
higher rotational speed, which enhances the output performance of the rotational TENG.
In that work, the case 2 design, which used gearbox I, generated 10 times more power
and elongated the output power (0.8 s) from the rotational TENG under an input motion
identical to that in case 1 (not shown here). To further boost the output power, the bi-
directional gearbox (case 3) was designed, as shown in Figure 3cy. Its output voltage was
the same as that of case 2, but the operation time was longer (1 s) because gearbox II was in
the bi-directional gearbox.

4. Cam-Based Mechanical Control Systems

In this section, we review cam-based TENG (C-TENG), MFR-assembled cam noses,
and windmill-integrated cam noses that drive TENG to overcome the limitations of rotating
energy harvesters—friction and high cost. Many rotational scavengers have short lifetimes
and high costs due to friction between the moving parts. Cam-based TENGs that can trans-
form rotational movement into linear motion are sustainable, high-performance harvesters
based on contact-separation TENG. With the cam design in the mechanical system, the
working frequency can be enhanced by changing the number of cams or the rotation speed
of the cam-shaft during the energy conversion from rotation to linear motion of the TENG.
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The rotational torque (i.e., force) and rotation speed affect the output of a rotational
motion-based TENG, as shown below.

T(N.m) x 271 % x n(rpm)
P(W) = go ) ©)

A cam system can be used to convert the rotational energy into the vertical contact-
separation mode for a TENG, as depicted in Figure 4a;. Basically, a simple C-TENG system
contains a cam and a TENG device. The bumper springs between the bottom TENG
plate and the frame are used to prevent sticking during cam encounters. The bumper
springs enhance the smooth rotation and clear contact-separation of the TENG device.
Without them, the TENG device can become stuck during the rotation of the cam. The
ratio stiffnesses between the spacer and the bumper springs (ks/k;) and their influence
on the output performance of the C-TENG can be used to understand this relationship.
In addition, the ratio between the stiffness of the spacer and the bumper spring needs to
be considered because it affects the repulsive force and contact-separation speed of the
follower. According to Lee et al., the short-circuit current, I, is determined as
Sag 1

I = 510080 (1) - "
1+ks/k
(£+x1) o/

(10)

where S is the contact area; ¢ represents the static tribo-charges of the tribo-surfaces; ¢, and
d are the relative dielectric constant and thickness of the negative tribo-layer, respectively;
x(t) is the distance between the negative tribo-layer and the bottom electrode; r and w
are the distance between the cam shaft and the nose and the angular speed, respectively;
and ks and k;, are the stiffness values of the spacer and bumper spring, respectively. The
stiffness ratio between ks and k;, directly affects the repulsive force of the TENG device
when the cam comes into contact with it. Changing that stiffness ratio changes the force
applied to the TENG device, which determines the TENG output performance. Here,
however, the focus is on the effect that the cam noses have on the working frequency.
As shown in Figure 4a,, the working frequencies in the output of one TENG unit with
single, dual, and quad cam noses increase linearly to 6.5, 13, and 26 Hz, respectively, at
400 rpm. Surprisingly, the peak voltage and current output are not changed by the various
numbers of cam noses, but the output frequencies are. To clearly illustrate this behavior,
the output peak waveforms for a single rotation with a single nose and quad noses are
shown in Figure 4az,as. The separation time, Af;, between the two tribo-materials is the
same for any number of cam noses, even though the number of voltage pulses increases
along with the working frequency. This result affirms that the contact speed of the two
tribo-materials is the same. Thus, the C-TENG can be operated with different numbers of
cam noses but a constant angular speed of the cam, which causes the contact velocities of
the tribo-materials to become the same, as shown in Equation (10). In other words, the
output power of the C-TENG depends on the contact speed of the tribo-materials. Even the
output peak amplitude is constant with various cam designs; however, the cam design does
contribute to the performance of external connections to the C-TENG, such as transformers
or rectifiers.
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Figure 4. Cam-based mechanical system designs to control the input energy and regulate TENG
performance. (aj) Schematic diagram of a C-TENG. Output voltage measurement of (ap) single, dual,
and quad cam noses with a single TENG unit, the peak voltages for a single rotation with (a3) a
single cam nose and (a4) quad cam noses. Reprinted with permission from ref. [37], Copyright 2017,
Elsevier. (b1) Schematic of the MFR-TENG and the influence the number of cam noses has on the
TENG output in the presence of a single flywheel and gear-train assembled for a (b2) one-nosed cam,
(b3) two-nosed cam, and (bs) four-nosed cam. Reprinted with permission from ref. [69], Copyright
2018, Wiley. (c1) Schematic of a windmill with an integrated four-nosed cam driving a TENG. The
(c2) output voltage and (c3) current of the TENG windmill at different wind speeds. Reprinted with
permission from ref. [42], Copyright 2017, Elsevier.

Another way to apply a cam in a TENG harvesting system is demonstrated by the
MER-TENG system described above and shown in Figure 4b;. An MFR-TENG with a
gear-train and single flywheel of 320 + 3 g was used to test how the number of cam noses
affects TENG output. According to Equation (11), given by Bhatia et al., the TENG output
frequency will increase with the number of cam noses.

N, 2 1 "
fTENG = 27;\/It ol (*/ Tmainspring 9 _/ Tfollower dG) (11)
ota g

The measured output voltage of the MFR-TENG clearly correlates with that design, as
shown in Figure 4by-by. The MER-TENGs with one, two, and four cam noses had output
frequencies of 12, 20, and 36 Hz, respectively. Thus, the output frequency is proportional to
the number of cam noses. Rationally designing the gear-train, the number of cam noses,
and the flywheel can produce a uniform TENG output and improve the running time.

An example TENG application is a windmill designed with four cam noses to con-
vert wind flow energy into the vertical contact-separation working mode for the TENG.
The windmill TENG photograph shown in Figure 4c; shows some of the components: a
stainless-steel rod, windmill blades made from recycled plastic bottles, a supporter beam,
the quad-nosed cam, and a vertical contact-separation TENG device. Under wind speeds
from 0 to 14-15 ms~!, the windmill TENG produced the output voltages and currents
depicted in Figure 4cy,c3, respectively. As shown in the figure, the output voltage and
current increased linearly with the wind speed. This broadband output performance can
harvest breezes and strong winds in remote areas or moving vehicles.
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5. Flywheel/Governor-Based Mechanical Control Systems

Mechanical motion conversion is the purpose of any energy harvester. In the systems
reviewed above, a mechanical spring [6,7,37,66] or non-contact magnet [62,67] was used to
efficiently control the force applied to a TENG. In addition, to regulate the many types of
intermittent mechanical motion found in daily life, a storage component, such as a flywheel
or spiral spring [35,84], can be used to store energy and convert it into continuous rotational
energy [35,68,69,84]. In this section, we review mechanical systems with flywheels and
governors. In the view of flywheel design, the flywheel mass increases enhance the moment
of inertia, but reduce the TENG output frequency (Equation (11)) and increase the running

time as detailed in below equation:

0
T, = i (12)

where T, is the total running time of the regulator, as a function of the total number of
spiral spring windings, 6, and the frequency of rotating cam shaft, w.

To fully explain and increase the uniformity of the TENG output frequency or increase
the TENG running time, some previous works have demonstrated multiple combinations
of gears, cams, flywheels, and governors [35,62,65,66,68,69,84-86]. For example, the MFR-
TENG discussed above integrated different numbers of flywheels with the assembled
gear-train and four cams to provide a predictable, uniform power output. A photograph of
the full MFR-TENG system is shown in Figure 5a;. With this design and one, two, and three
flywheels, the output frequency was 36, 30, and 25 Hz, respectively. The primary flywheels
were 320 & 3 g and 16 x 8 cm. When the gear-train was used without the flywheel assembly,
the running time increased, and non-uniform TENG output frequency was observed (not
shown here). Integrating the flywheel to the MFR-TENG system corrected that problem.
Figure 5ay—ay4 present the effects of the flywheel on the MFR-TENG running time and the
uniformity of the TENG output frequency. The moment of inertia of each flywheel was
8.5 x 107* 4+ 0.01 kg m?. These researchers calculated that the heavier flywheel mass
and higher moment of inertia reduced the TENG output frequency and expanded the
operational time of the MFR-TENG. The use of a gear-train stabilized the output frequency
of the TENG and increased the running time to 5 s for the three flywheel masses, which is
more than twice as long as the MFR-TENG without a gear-train (not shown here). Thus,
using three flywheels stabilized the TENG output, as the relationships among frgng, Ng,
and N, in Equation (11) make clear. Thus, the TENG output frequency can be stabilized
by the use of flywheels, and more uniform TENG output at the desired frequency can be
obtained by selecting an appropriate gear-train, number of cam noses, and flywheel.
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Figure 5. MECS designs to control inertia: a mechanical system design integrating a gear-train, four
cam noses, and one, two, or three flywheels with a TENG for performance regulation. (a1) Schematic
diagram showing low magnitude environmental input forces. The gear-train included at the handle
has a gear-ratio of 1:Ng to multiply the input torque by Ng and enable the mainspring to be wound
using small input forces. The inset figure shows the three primary rectangular flywheels (320+3 g
and 16 x 8 cm) used to precisely regulate the MFR-TENG output frequency. The influence of the
number of flywheels on the TENG output is shown for (ap) one, (a3) two, and (a4) three flywheels
and measured with a gear-train and four cam noses. The inset figures show the TENG frequency
for 1 s. Reprinted with permission from ref. [69], Copyright 2018, Wiley. (b1) Schematic of the
working mechanism of the output-side TENG operation of the ASMFR-TENG. Inset figure shows the
simplified governor model. (bz,b3) The influence of the governor mass, Mg, with an Rg of 12.5 cm
on TENG output frequency, fy, and operation time, t1o. Reprinted with permission from ref. [68],
Copyright 2021, Elsevier.

The second-generation MFR-TENG was developed by Khanh et al. and named the
ASMER-TENG (Figure 5by). It uses a gear-train, spiral spring, blocker-stopper unit, TENG,
and governor, in addition to the flywheel in the MFR-TENG. In Khanh et al.’s work, the
governor was mounted with the blocker shape to modulate the ASMFR-TENG output
frequency and running time. To clarify the influence of the governor parameters in regulat-
ing the ASMFR-TENG, Figure 5b,,bs exhibit the dependence of the TENG output on the
governor mass, Mg, and the radius of the fixed rotating arm, Rg. In the comparison, Rg is
fixed at about 12.5 cm, and the governor mass Mg is 257 and 403 g. When governor mass
was increased at a fixed rotating radius, the TENG output frequency decreased from 27 to
19 Hz, but the working time increased from 4.6 to 5.6 s. The effect of the governor mass
and rotating radius on the TENG frequency, fj;, and operation time, t1(o, is shown in the
following equations:

4 1
fu= <76MG [ T d9> (13)
60
tro = o (14)
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As shown in Equation (13), the TENG output frequency is inversely proportional to
the rotating arm radius and the square root of the governor mass. As shown in Equation
(14), the TENG operation time is inversely proportional to the working frequency. The
experimental data are well-matched with the theoretical calculation.

6. Gear- and Cam-Based Mechanical Control Systems

In this section, we review mechanical system designs that combine gears and cams
to control the working time, the working frequency and output peak of TENG. The role
of each component is discussed for the MFR and ASMFR systems described above. In
addition, a gear-cam system design is used to achieve controlled high-frequency output
from ionic triboelectric nanogenerators (iTENGs) with and without grounding.

Using the MFR system, as shown in Figure 6a;, Divij et al. experimentally demon-
strated the separate effects of gear and cam components. Because the spiral spring torque
decreases as it unwinds, the TENG output frequency is shown to decrease gradually in
all cases. A higher number of cam noses increases the TENG output frequency, as shown
in Equation (11) and Figure 6a3,a4. Additionally, as described in Equation (11), the gear
ratio is 3:1, which decreases the driven-gear torque and increases the influence of follower
resistance to reduce the TENG output frequency. The experimental results match well
with Equation (11). As shown in Figure 6aj,a3, the output frequency with a one-nosed
cam decreased from ~22 to 15 Hz without and with a gear-train. In that comparison, the
running time and voltage output increased. Thus, the effect of the spiral spring torque
reduces the uniformity of TENG output frequency.
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Figure 6. Effects of combining a gear-train and multi-nosed cam when regulating TENG input
energy. (a1) Photograph of a full MFR-TENG system. Influence of the gear-train on TENG output:
a one-nosed cam (az) without and (a3) with a gear-train. (as) Comparison of the running time and
stability of the MFR-TENG output with different numbers of cam noses and an integrated gear-train.
Reprinted with permission from ref. [69], Copyright 2018, Wiley. (b;) ASMFR-TENG schematic
showing the working mechanism on the output-side of TENG operation. (bz) Automatic switching
operation with % blocker shape to enable continuous output regulation. (bz) Photograph of 100
blue LEDs powered by the ASMFR-TENG and driven by a DC motor. Reprinted with permission
from ref. [68], Copyright 2021, Elsevier. (¢1) Integration of iTENGs with gear- and cam-assembled
kinematic systems. (cz) Output currents for a single iTENG system with integrated gears and cam
and (c3) without grounding. (cs) Output currents for four iTENGs in parallel connection with a
grounding layer.Reprinted with permission from ref. [39], Copyright 2019, Wiley.
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The ASMEFR (Figure 6b;) combines a gear-train, four cam noses, and a stopper and
blocker mechanism for automatic switching operation, and after mainspring charging and
operation, the TENG output frequency becomes uniform. Figure 6b, shows the uniform
output frequency of the ASMFR-TENG driven by the mainspring. During spiral spring
operation time, the output frequency is uniform. However, the excess TENG operation time
obtained directly from the input energy transmitted through the four-nosed cam causes
an irregular TENG output frequency, as also shown in Figure 6b,. Figure 6bs shows the
ASMEFR-TENG in use as a power source driven by a DC motor to light 100 blue LEDs.

Hwang et al. designed a kinematic system integrating a gear-train and four cam noses
into what they called iTENGs to achieve a high, controlled frequency of 60 Hz from an
input rotation of 100 rpm (~1.67 Hz), as shown in Figure 6¢;. The inset is a photograph
of the kinematic gear-cam system with a final gear ratio of 9 and four cam noses, which
enhanced the output frequency by 36 times. A single iTENG without a grounded structure
provided about 157 pA, as shown in Figure 6¢;. To further boost the output current, four
iTENGs driven by the gear-cam system were connected in parallel with grounding to obtain
a current of about 90 mA without transformation, as shown in Figure 6c3. The kinematic
frequency regulator helps to reduce the circuit loss based on the regulated output frequency
of iTENGs in the gear-cam kinematic system. To demonstrate the practical applicability of
the iTENG integrated gear-cam kinematic system, a 330 pF capacitor was charged by one,
two, and four iTENGs, as depicted in Figure 6¢4. The designed iTENG system takes 58, 24,
and 16 s to reach 2 V when using one, two, and four iTENGs, respectively. Thus, increasing
of the number of iTENGs promotes the charging performance of the capacitor.

7. Gear-, Spiral-Spring- and Flywheel-Based Mechanical Systems

In this part, we review system designs that combine gear/rack systems, spiral springs,
and flywheels with TENG (FSS-TENG) and an escapement mechanism-based TENG (EM-
TENG). Those systems are intended to effectively harvest many types of intermittent
mechanical motion using non-continuous operation. The gear can be used to enlarge the
torque applied to the system, after which the energy is stored as potential in spiral spring
and finally controlled by the flywheel for the running time and also amplitude of TENG.
The FSS-TENG integrates a flywheel and spiral spring to improve the energy harvest from
intermittent excitation. The transmission unit of the FSS-TENG is integrated on the box to
convert intermittent motion into rotational motion, as shown in Figure 7a;. Longer running
time is obtained with the help of the flywheel. The transmission unit contains a rack
and pinion that receives the intermittent mechanical force and converts it into rotational
motion. The rotation of the shaft is driven by the gears. As the shaft rotates with one-way
transmission (with the help of a one-way clutch), the spiral spring is compressed. The
optimal spiral spring stiffness and flywheel masses provide a high load voltage and short-
circuit current I.. The load voltage is almost constant, but the I decreases as the mass
increases, as shown in Figure 7aj,a3. The relationship between the running time and the
flywheel mass at various spiral spring stiffnesses is shown in Figure 7a4. As the flywheel
mass increases, the running time of the FSS-TENG increases for each stiffness value. As a
result, the FSS-TENG has the longest running time and maximum output at 29 N mm/rad
because the higher stiffness of 42 N mm/rad produces unstable compression.
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Figure 7. Mechanical design of TENG assembled with gears, a spiral spring, and a flywheel to
control TENG output. (a1) Schematic of a FSS-TENG system, (az) short-circuit current and (az) open
circuit voltage output performance of the FSS-TENG with spiral spring stiffness of 29 N.mm/rad
and different flywheel masses. (as) Dependence of running time on flywheel mass at different spiral
spring stiffnesses. Reprinted with permission from ref. [35], Copyright 2019, Elsevier. (b1) Schematic
of EM-TENG, (bz) controlling operation time and (b3) open circuit voltage under irregular energy
source of R-TENG and EM-TENG. Reprinted with permission from ref. [63], Copyright 2021, Wiley.

To harvest the extremely low input frequency (less than 0.1 Hz) from irregular motion,
the EM-TENG is composed of a mechanical energy storage device (hair spring), an escape-
ment mechanism, and a torsional resonator. A schematic of the full system of EM-TENG
is provided in Figure 7by. With the very low input frequency of 0.067 Hz, the EM-TENG
generated an open circuit voltage of 320 V and a short-circuit current of 0.59 mA.m~2.
Specifically, the EM-TENG provided a long-lasting and stable power output of 110 s with
only 5 s of input energy, representing a 22-fold expansion of its operation time, as depicted
in Figure 7b;. The energy storage stage consists of a gear and a torsional hair spring. The
hair spring can store the irregular and low input frequency, transfer it to the gear rotation
and then transmit it to the escapement mechanism component. The escapement wheel then
contacts the pallet fork, producing the rotational resonance of the hair spring and rotor.
Then, a non-contact rotational TENG in freestanding mode is connected to the hair spring
in the resonance component to produce electrical energy at a regulated high frequency
from random motion. To prove the effectiveness of the EM-TENG with an extremely low
input frequency, the EM-TENG was compared with a rotating TENG (R-TENG) without
an escapement mechanism. Under the irregular input energy triggered by the average
frequency of ocean waves in Korea for 5 s (inset figure in Figure 7b,), the R-TENG gener-
ated an unstable output voltage of 150 V (maximum) for 5 s, the same as the input energy
duration. Under the same conditions, the EM-TENG produced about 320 V for 110 s, as
shown in Figure 7bs. Thus, the EM-TENG can provide long-lasting and stable output from
very low-frequency and irregular mechanical motion in the surrounding environment.

8. Mechanical Systems to Control the Input Flow

In this section, we review ways to control the input flow for TENG output regulation.
As shown by parametric studies of the structure correlated with the flow behavior, i.e.,
turbulent, or laminar flow, the rotation speed or flow speed can be controlled.

N.D. Huynh et al. showed the design of a Tesla turbine for driving a rotational TENG
disc and electromagnetic generator (T3-E hybrid system). Figure 8a;,a; shows a schematic
of the T3-E hybrid system design and a photograph of the Tesla turbine, respectively.
In their turbine parametric study, the disc gap, disc thickness and disc diameter were
experimentally manipulated. However, only the disc gap and disc thickness are presented
here, because they had larger effects on the input flow behavior than the disc diameter.
The output voltages of the Tesla turbine TENG with different turbine disc gaps and disc
thicknesses to control the input rpm of the turbine are shown in Figure 8a3,a4, respectively.
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The effect of the gap between the turbine discs was investigated by analyzing the output
voltage as the gap was varied from 0.5 to 2 mm in 0.5 mm increments. The T1.1 model,
with a gd = 0.5 mm, was the optimized turbine gap model, providing a peak output
voltage of about 735 V. The larger gap models of 1, 1.5, and 2 mm reached peak output
voltages of 725, 566, and 495 V, respectively. The rpm was a function of the flow input when
the gap between discs was constant. However, an increase in the disc spacing caused a
decrease in the rotational speed. In addition, the friction between the input flow and discs
increased, leading to the formation of a boundary layer at the disc surface when the gap
was optimized. The turbine disc thickness was another important factor in enhancing the
turbine rotation velocity. Disc thicknesses from 0.5 to 2 mm, with a step size of 0.5 mm,
were used for this test and were referred to as T2.1, T2.2, T2.3, and T2.4, respectively. As
the turbine disc thickness increased from 0.5 to 1 mm, the output voltage of the T doubled
from 513.5 to 1005 V. However, turbine discs thicker than 1 mm showed reduced TENG
performance. The T2.3 and T2.4 turbine models provided output voltages of 786 and 786
V, respectively. Apparently, airflow into the gap is not easy at the higher disc thicknesses,
leading to the poor aerodynamic performance. On the other hand, thinner discs were less
stiff than thicker ones, which increased the mechanical stress, vibration, and noise during
turbine operation.
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Figure 8. Mechanical design for controlling the input flow driving a TENG. (a;) Schematic of the
T3-E hybrid system. (ap) Photograph of a Tesla turbine to show its output voltage when using
different (a3) turbine disc gaps and (a4) turbine disc thicknesses to control the input rpm of the
turbine. Reprinted with permission from ref. [71], Copyright 2021, Elsevier. (b1) A schematic of the
wind-rolling triboelectric nanogenerator (WR-TENG) and (b) the computational fluid dynamics
results from a 3D model used to simulate the influence of the outlet size on wind flow inside the
whistle. (b3) Tangential and orthogonal wind velocities calculated depending on the height of the
throat. The inset figure is the CFD analysis of the nozzle shape throat effect. (bg) The V¢ output
of multiple WR-TENG patterns based on wind velocities. Reprinted from ref. [72]. (¢1) Schematic
of the structural optimization experiments for the TENG unit in a wind tunnel, which shows the
dependence of the power generation performance of the TENG unit on turbulence intensity with the
(c2) measured Vo, (c3) Isc, and (cg) membrane flutter frequency plotted versus turbulence intensity.
Reprinted with permission from ref. [73], Copyright 2020, Elsevier.

To harvest wind energy, a wind-rolling triboelectric nanogenerator (WR-TENG) was
proposed, as shown in Figure 8b;. A lightweight dielectric sphere rolls along the whistle
wall during vortex wind flow through the WR-TENG to generate electricity. A computation
fluid dynamics (CFD) analysis simulated the wind flow movement to form a vortex flow.
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For that purpose, the vortex whistle shape parameters were controlled to optimize and
increase the kinetic energy conversion rate. Figure 8b, shows a 3D model used in the
simulation with various optimization parameters and the outlet size of the wind flow
inside the whistle simulated by CFD. As shown in Figure 8bs, the tangential and orthogonal
wind velocities were calculated depending on the height of the throat; the inset figures
show the CFD analysis of the nozzle shape throat effect. A reduction in & increased the
tangential velocity due to the Venturi effect during air flows through the nozzle, although
the orthogonal velocity was almost unchanged for the points v, v3, and v4 (at the 3, 6, and
9 o’clock positions). On the other hand, at v; (in the 12 o’clock position near the nozzle), the
orthogonal velocity was higher than at other points, especially until # = 8 mm. Figure 8by
shows the WR-TENG V. output following a change in wind velocity. The effective contact
area was enhanced as the rotating ball velocity increased the centrifugal force that the
expanded polystyrene sphere received in the cycle. As a result, the V, increased with the
flow speed.

Lastly, a multi-functional wind barrier integrated with manifold TENG units is intro-
duced. Figure 8c; shows a schematic of the experimental apparatus for the TENG unit
in a wind tunnel. Those authors installed a 100 x 10 x 3 mm?® TENG unit in a wind
tunnel to investigate the effects of specific wind conditions on the TENG performance.
They found that the flutter characteristics of the fluorinated ethylene propylene membrane
in the TENG depended on the turbulence intensity. To investigate that issue, the TENG
power generation was plotted against the wind turbulence intensity in the wind tunnel
using different wind tunnel inlet grid parameters. At a wind speed of 10 m/s and three
typical turbulence intensities (0.5%, 5%, and 10%) at the entrance of the test section, the
TENG output performances were measured in terms of the V,, I, and flutter frequency.
The results are displayed in Figure 8cy—c4. Higher turbulence intensity boosted the TENG
output performance. The Vo, and I increased by 56.2% and 33.3%, respectively, as the
turbulence intensity increased from 0.5% to 10%. The flutter frequency, on the other hand,
was independent of the turbulence intensity, as shown in Figure 8cy4. This implies that
higher turbulence intensity might interrupt the vibration mode of the membrane and
increase the local contact area. The flutter frequency mainly depends on the mean velocity
instead of the turbulence intensity.

9. Summary and Perspective

Many researchers have attempted to control the output performance of TENGs by
conducting material studies, such as various micro/nanoscale fabrication techniques,
nanoparticle deposition techniques, or physical or chemical etching processes. However,
the fabricated material itself cannot control the output performance; well-designed MECSs
are needed to do that. Therefore, we have summarized previous studies that used MECSs
to obtain a predictable, uniform output from TENG-based mechanical energy harvesters
that receive low input frequencies from broadband energy sources that range from light
breezes to high-speed winds. These kinds of wasted mechanical energies can be boosted,
controlled, and predicted with the help of MECSs to further the industrialization and
real application of TENGs. MECSs often integrate gears, cams, flywheels, and governors,
individually and in combination structures.

In this review, we have described some system designs, such as MFR-TENG, ASMFR-
TENG, T3-E, WR-TENG, FSS-TENG, and C-TENG, that have been reported to achieve
a predictable, uniform, controllable TENG output with low energy losses and extended
operation times for energy scavenging from irregular mechanical forces. The regulators
typically use a storage unit such as a spiral spring for the low-frequency mechanical input,
a transmission unit based on some combination of gear-trains and cams, and flywheels to
regulate the torque/force and accurately control the working frequency of energy release.
We have also reviewed the theoretical bases of regulator dynamics studied using simulation
processes. Overall, we affirm the inverse relationship between the frequency and operation
time of TENG output. For an optimized process of TENG-based system design, including
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the consideration of mechanical, material, device, and circuit design factors, a closed-loop,
total integration design is shown in Figure 9.
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Figure 9. A closed-loop, total integration design for optimizing TENG-based systems.

In the view of mechanical structure design, controlling the input energy for a constant
energy source is important in regulating TENG output for further applications. Currently,
more studies are needed to improve MECSs for controllable input parameters and increase
the efficiency of small input frequency conversions. To solve these problems, MECS designs
for TENGs and hybrid systems still need to be developed, which will require research into
the following issues:

(1) To obtain higher efficiency TENG systems, miniaturization, high adaptability, sus-
tainability, endurance, and friction are big problems that need to be solved for the
development of TENGs and hybrid system devices.

(2) Due to the irregular and intermittent external energy sources, TENGs and hybrid
systems based on a rotary system design should be adapted for bi-directional rotation
to easily harvest surrounding energy, such as wind, from multiple directions.

(3)  For automatic and continuously operating TENG systems, MECSs should be designed
to use unmanned device technology. TENGs integrated with such MECS designs
could power Internet-of-Things systems and sensing networks automatically and
precisely. We hope these problems can soon be solved and that TENGs can soon begin
contributing to smart cities and other industrial applications.
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Abstract: Advances in the technology of wearable electronic devices have necessitated much research
to meet their requirements, such as stretchability, sustainability, and maintenance-free function-
ing. In this study, we developed an ultrathin all-fiber triboelectric nanogenerator (TENG)-based
electronic skin (TE-skin) with high stretchability, using electrospinning and spraying, whereby the
silver nanowire (Ag NW) electrode layer is deposited between two electrospinning thermoplastic
polyurethane (TPU) fibrous layers. Due to its extraordinary stretchability and prominent Ag NW
conductive networks, the TE-skin exhibits a high sensitivity of 0.1539 kPa~! in terms of pressure,
superior mechanical property with a low-resistance electrode of 257.3 () at a strain of 150%, great
deformation recovery ability, and exceptional working stability with no obvious fluctuation in elec-
trical output before and after stretching. Based on the outstanding performances of the TE-skin,
an intelligent electronic glove was fabricated to detect multifarious hand gestures. Moreover, the
TE-skin has the potential to record human motion for real-time physiological signal monitoring,
which provides promising applications in the fields of flexible robots, human-machine interaction,
and multidimensional sports monitoring in next-generation electronics.

Keywords: stretchable electronic skin; triboelectric nanogenerator; self-powered sensing; human
motion monitoring; thermoplastic polyurethane fibers

1. Introduction

With the current rapid progress in the fields of the Internet of Things [1] and arti-
ficial intelligence [2,3], various kinds of wearable and portable electronics have recently
attracted intensive research, with different potential applications in human healthcare
monitoring [4-6], smart robots [7,8], human motion sensing [9,10] and human-machine
interaction [11-13], etc. Pang et al. [14] realized the real-time monitoring of wound tem-
perature by an integrated sensor to release antibiotics from a hydrogel, with on-demand
infection treatment by in situ UV irradiation. Li et al. [15] developed a closed-loop system
that is fully integrated with a microneedle platform and wearable electronics, which could
concurrently monitor and treat diabetes in situ. These devices were generally powered by
a sustainable and reliable power supply; however, this power comes from sources such as
batteries with the disadvantages of a limited lifespan, high recharging costs and increas-
ingly serious environmental problems. Meanwhile, a great number of wearable electronic
devices without integrating batteries have been reported in the same period. Liu et al. [16]
proposed a simple and low-cost method to fabricate skin-like electronics, using a mate-
rial composed of ternary piezoelectric rubber composite, including polydimethylsiloxane
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(PDMS), graphene, and lead zirconate titanate (PZT). Due to the customized device ge-
ometries and the optimized integration of rubbery electronics with the human body, the
developed device could be successfully mounted on human joints to realize excellent
output and working stability during a sequence of large deformations, demonstrating the
application of skin-integrated electronics for energy harvesting and mechanical sensing.
Kim et al. [17] introduced a novel skin-like sensor that could detect the minute signals from
small skin deformations through unique laser-induced crack structures. By integrating
with a deep neural network, a deep-learned skin-like sensor system was developed to
obtain data from different areas of the wrist; the system was also applied to the pelvis to
generate dynamic gait motions in real-time, realizing the measurement of human motion
remotely. Although battery-free electronic devices have shown great progress in a variety
of cutting-edge applications, such as advanced human-machine interfaces for clinical
diagnostics [18] and evolvable skin electronics with active accommodation for human phys-
iological measurements and skin condition tracking [19], it is still urgently necessary and
highly desirable to develop sustainable, environmentally friendly, and maintenance-free
sensing technology.

In recent years, electronic skin, as a significant form of multifunctional wearable elec-
tronics, has dramatically facilitated modern life. Among different electromechanical sensing
principles, such as capacitance [20,21], piezoresistivity [22,23], piezoelectricity [24,25], and
triboelectricity [26,27], triboelectric nanogenerator (TENG)-based electronic skins (TE-skins)
as automatic sensors offer various advantages, including pollution-free manufacturing
technology, low cost, and diverse material selection. Based on contact electrification and the
electrostatic induction coupling effect, TE-skins have been widely applied as self-powered
sensors to realize real-time tactile sensing [27,28], sports sensing [29], respiratory sens-
ing [30,31], motion monitoring [32,33], etc. Generally, the developed TE-skins need to be
elastic and flexible so that they could be attached to human skin and adapt to all sorts of
deformations. Recently, a variety of stretchable TENGs were fabricated, based on thermo-
plastic polyurethane (TPU), demonstrating great potential for energy harvesting and self-
powered sensing [27-29,34]. Unfortunately, it is still a challenge to construct such devices
with high stretchability. Jeong et al. [35] prepared a hyper-stretchable and elastic-composite
generator (SEG) with extraordinary output performance, strain capacity, and mechanical sta-
bility; this is composed of rubber-based piezoelectric elastic composite (PEC) and very long
nanowire percolation (VLNP) electrodes. Yu et al. [36] proposed a triboelectric—piezoelectric
hybrid nanogenerator (TPHNG) using piezoelectric-polyvinylidene fluoride (PVDEF), poly-
dimethylsiloxane (PDMS), and a network of welded silver nanowires (AgNWs), achieving
mechanical energy harvesting and physiological signal monitoring. Although a series of
stretchable energy devices have been developed [37], the multidimensional conductive
networks in these devices can easily be damaged in the stretching process. Therefore, it is
crucial to effectively reinforce the adhesion of the conductive networks on the substrate.

Considering the above-mentioned issues, a highly stretchable TENG-based all-fiber
electronic skin was fabricated using the industrial manufacturing technologies of electro-
spinning and spraying. Initially, silver nanowire (Ag NW) is distributed on the surface
of thermoplastic polyurethane (TPU) fibers, forming a layer-by-layer network structure
by spraying. Subsequently, the Ag NW networks are tightly wrapped by double-layered
TPU fibers, effectively enhancing the adhesion of the Ag NW conductive networks on the
TPU substrate. The resulting TE-skin, with high stretchability, has excellent mechanical
properties, with a low-resistance electrode of 257.3 () at a strain of 150%, and shows extraor-
dinary deformation recovery ability, working stability and durability. Due to a sensitivity of
0.1539 kPa~! in terms of pressure, an intelligent electronic glove was constructed to detect
different kinds of gestures, including the “ok” sign, the “victory” sign, and the “good” sign.
More specifically, the TE-skin was further applied as a wearable self-powered sensor in
sports to achieve real-time motion monitoring of different parts of the human body. Con-
sequently, the outstanding performance of the developed TE-skin, including substantial
stretchability, light weight, large-scale production feasibility, and high sensitivity promises
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future applications in human-machine interaction, multidimensional sports monitoring,
and flexible robots.

2. Experimental Section
2.1. Electrospinning of TPU Fibers

First, N,N-dimethylformamide (DMF, >99.8%, ACS reagent) and tetrahydrofuran
(THE, >99.5%, ACS reagent) were mixed at a volume ratio of 1:1. After stirring for 10 min,
the TPU pellets (Shanghai BASF Polyurethane Specialties Co., Ltd., Shanghai, China) were
added to the resulting solution at a concentration of 20 wt%, followed by continuous stirring
for 12 h, until it is completely dissolved to form a homogeneous electrospinning solution.
In the electrospinning process, the needle-collector distance and the electrospinning voltage
of the electrospinning device (DP30, Tianjin Yunfan Technology Co., Ltd., Tianjin, China)
were 10 cm and 9 kV, respectively. The manufactured TPU substrate was dried overnight
in a vacuum environment at 50 °C for further use.

2.2. Fabrication of the TE-Skin

After electrospinning of TPU fibrous substrate, a spray gun (PS289, 0.3 mm, Mr.
HOBBY, Shanghai Henghui Model Co., Ltd., Shanghai, China) connected with a portable air
pump (601G, USTAR, Shanghai Henghui Model Co., Ltd., Shanghai, China) was used to im-
plement the spraying of the Ag NW electrode. Specifically, the Ag NW solution (2 mg mL 1)
was spray-coated onto the TPU substrate under a discharge speed of 80 uL/min, and the
distance between the mouth of the spray gun and the TPU substrate was set as 10 cm.
After the spraying of the Ag NW electrode, the TPU substrate, coated with Ag NW con-
ductive networks, was wrapped by another TPU sensing layer that was fabricated by
electrospinning under the same experimental conditions as the TPU substrate.

2.3. Characterization and Measurement

The micromorphologies of TPU fibers and Ag NW were observed using field emission
scanning electron microscopy (ZEISS Gemini 300, Carl Zeiss optics (Guangzhou) Co., Ltd.,
Guangzhou, China) and a transmission electron microscope (JEM-2100plus, JEOL (BEIJING)
Co., Ltd., Beijing, China), respectively. A tensile testing machine (ESM303, Shenzhen Chenyi
Technology Co., Ltd., Shenzhen, China) was utilized to evaluate the mechanical properties
of the TPU and the TE-skin. The hydrophobicity of the TPU film was characterized using a
contact angle meter (XG-CAM, Shanghai Xuanyichuangxi Industrial Equipment Co., Ltd.,
Shanghai, China). The resistances of the stretchable conductive electrodes were measured
by a flexible electronic tester (Prtronic FT2000, Shanghai Mifang Electronic Technology Co.,
Ltd., Shanghai, China). Through the periodic contact and separation movements provided
by a commercial linear mechanical motor (Linmot E1100, Shenzhen Nuoxide Trading
Co., Ltd., Shenzhen, China), the electrical signals of the TE-skin were acquired using a
programmable electrometer (Keithley model 6514, Guangzhou Meidake Data Technology
Co., Ltd., Guangzhou, China).

3. Results and Discussion
3.1. Fabrication and Structural Design of the TE-Skin

As illustrated in Figure 1a, the TE-skin was manufactured using electrospinning and
spraying technique; details of the fabrication process are described in the Experimental
Section. Considering that the properties of the triboelectric layer are crucial to the sensing
capability of the TE-skin, a commercial TPU that is widely used for clothing fabric, with
good wearability, biocompatibility, and nontoxicity was selected for the top encapsulation
layer and the bottom sensing layer [38]. The TE-skin forms a skin contact interface and is
composed of three functional layers, with a fiber network and three-dimensional layered
porous structure in which the Ag NW layer (Figure 1c) is sandwiched between two TPU
fiber layers (Figure 1b). After optimization of the construction parameters, it is worth
mentioning that the thickness and the weight of the whole device are only 0.12 mm and
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0.0415 g, respectively (3 x 3 cm?, Figure 1d and Supplementary Figure S1), showing a
relatively light and thin all-fiber structure that can cope with various kinds of complex
mechanical deformations, such as stretching, twisting, and bending, indicating its excellent
mechanical properties (Figure 1le). Due to the TE-skin’s all-fiber structure with superior
breathing ability, there was no discomfort, including itching and inflammation or diseases of
the skin, even after the TE-skin had adhered to the arm for 12 h (Supplementary Figure S2).
Above all, TPU fibers with hydrophobicity (contact angle, 125° (Supplementary Figure S3))
can guarantee the outstanding waterproof performance of the TE-skin. Therefore, the
TE-skin, as a human-friendly skin-interfaced biosensor, can be attached to different parts of
the human body to continuously monitor real-time signals during sports activity.

TPU fibers Ag NW '

* X

Original

Bending Twisting Stretching
g

Figure 1. Fabrication and characterization of the TE-skin. (a) Schematic diagram of the experimental
process for fabricating the TE-skin. (b) The sandwich structure of the TE-skin. (c) Photograph of the
Ag NW electrode layer that is deposited on the TPU fiber substrate. (d) Photograph of the TE-skin
with a total thickness of 120 um. (e) Photographs of the TE-skin in the original, bent, twisted, and
stretched states.

3.2. Characterization and Working Mechanism of the TE-Skin

By using an electrospinning technique, the two TPU layers present a typical stacked-
fiber structure (Figure 2a,c), with a corresponding average fiber diameter of 1.9 pm
(Supplementary Figure S4). In addition, the Ag NW electrode layer is uniformly distributed
over the surface of the TPU fibers by spraying (Figure 2b), which process constructs ex-
cellent conductive networks. The energy-dispersive spectrometer (EDS) mapping images
(Supplementary Figure S5) further confirm this pivotal result. In addition, the TE-skin has
numerous micro/nanopores that are formed by the multilayer interconnected compact
fiber networks, ensuring good breathability. To explain the working mechanism of the
TE-skin in detail, polytetrafluoroethylene (PTFE) film was adopted in order to have a
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contact-separation process with the TE-skin in single-electrode mode (Figure 2d), wherein
the PTFE is electronegative in comparison with the TPU, due to the diverse triboelectric
polarities. Once the TPU is in contact with the PTFE, electrification will occur at their
interface, and an equal number of charges with opposite polarities will be generated on the
surface of the TPU and PTFE. Due to its ability to attract more electrons, the PTFE will be
negatively charged, whereas the TPU will be positively charged in this period (Figure 2d, ii).
As the PTFE begins to separate from the TPU, a potential difference is formed. Owing to
the electrostatic induction effect, the negative charges will be transferred from the ground
to the Ag NW conductive networks (Figure 2d, iii). The electron flow continues until the
separation between the PTFE and the TPU is complete; the positive and negative charges
are neutralized during this process (Figure 2d, iv). Notably, the accumulated charges will be
retained for a sufficiently long time due to the inherent characteristic of the insulator, rather
than being lost immediately. In contrast, if the PTFE is close to the TPU, the electrons will
flow back from the Ag NW conductive networks to the ground through the external load,
compensating for the electrical potential differences (Figure 2d, v) until the whole system
reverts to its original state. As a result, an alternating potential and current are produced
in the contact-separation process occurring between the PTFE and the TE-skin. To assess
the electricity-generating process quantitatively, the COMSOL was utilized to simulate the
potential distribution result of the PTFE and the TE-skin in different contact and separation
processes. Figure 2e shows that the potential difference will grow moderately from 0 to
80 V with an increase in the separation distance between the PTFE and the TE-skin from 0
to 5 mm.
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Figure 2. The micromorphologies and working mechanism of the TE-skin. (a) The SEM image of the
TPU layer. (b) The SEM image of the Ag NW that is deposited on the TPU fibers. (c) The cross-section
SEM image of the TE-skin. (d) The working mechanism of the TE-skin upon contact with skin. (e) The
potential simulation by COMSOL to elucidate the working principle of the TE-skin.

3.3. Electrical Output Performance of the TE-Skin

To quantitatively evaluate the electrical output performance, a mechanical linear motor
was used to drive the TE-skin at different frequencies (1-5 Hz). It turned out that the open-
circuit voltage (Voc) and short-circuit transferred charge (Qsc) remained almost steady
(108 V and 35 nC, respectively), while the short-circuit current (Isc) increased gradually
(from 0.3 to 3.5 nA) as the frequencies increased from 1 to 5 Hz (Figure 3a—c, at a fixed load
of 1 N). Since Voc and Qsc are independent of speed, the increase in movement frequency
does not affect them, whereas the Isc is determined by the relative movement speed, and
so presented the characteristics of gradual growth with an increase in speed. Moreover,
the power output performance of the TE-skin was systematically investigated by loading

179



Nanoenergy Adv. 2022, 2

.o
8

Voltage (V)

«Q

Voltage (V)

@
S

a
S

different external resistances at an applied frequency of 1 Hz. As depicted in Figure 3d, the
output current decreased dramatically, while the output voltage showed the opposite trend
as the resistance increased from 10 k) to 1000 GQ). The output power density (P) of the
TE-skin was further calculated using the following formula:

u2
P=%A 1)

where R represents the loading resistance; U is the output voltage; A stands for the contact
area of the TE-skin. The power density achieved a peak of 28.8 mW m~2 with an external
load resistance of 0.1 GQ) (Figure 3e), which is greater than that shown in some previous
works (Supplementary Table S1). To demonstrate the working stability and durability of
the TE-skin, the Voc is shown in Figure 3f (the fixed load is 1 N, with applied frequencies
of 1 Hz). Accordingly, there was no obvious reduction in V¢ after long-term cycles for
10 h, revealing the impressive working stability and durability of the TE-skin. In addition,
the charging ability of the TE-skin with various types of commercial capacitors was also
analyzed and compared. The results showed that the voltage value will decrease gradually
and the charging speed will become slower at the same time as the capacitances of the ca-
pacitors increase (Figure 3g). After being rectified, this delivered output performance could
power some small electronics like LEDs (Figure 3h), indicating great potential regarding
energy supply for wearable electronics.
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Figure 3. The electrical output performance of the TE-skin. (a—c) The electrical outputs of the TE-skin
under the frequencies from 1 Hz to 5 Hz. (d,e) The output voltage, current, and power density of the
TE-skin when loading different external resistances from 10 k() to 1000 GCQ). (f) The long-term cyclic
test of the TE-skin for 10 h. The insets demonstrated in left and right are the corresponding output
voltages after testing for 1 h and 10 h. (g) The charging performance of the TE-skin under different
capacitors from 1 uF to 10 uF. (h) Schematic diagram of powering LEDs with a rectifier circuit by the
contact-separation process between the TE-skin and the PTFE.
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The pressure sensitivity of the TE-skin (S) as a function of the loading force was also
explored, which is calculated as follows:

_dav/vy)

S dPa

@
where AV and V; are the relative change of voltage and the saturated voltage, respectively,
and P4 represents the fixed pressure. As diagrammed in Figure 4b, the relationship between
normalized voltage and the applied pressure is a nearly linear feature within the pressure
range of 3.5 kPa (Figure 4b), and the resulting sensitivity regarding pressure (0.1539 kPa~")
is higher than those of other TENG-based pressure sensors worked in single-electrode
mode [39-41]. Due to the high biocompatibility, skin compatibility, and ultrathin structure
of the TE-skin, a piece of pigskin (3 cm x 3 cm) was placed on the linear mechanical motor
to achieve a contact-separation process with the TE-skin, further validating the electrical
performance characteristics of the TE-skin (Figure 4c). Considering that the human motion
frequency range is 1.1-3.8 Hz [42], the applied frequencies were set at 1.5, 2, 2.5, 3, and
3.5 Hz, respectively. Interestingly, the Voc and Qsc were relatively stable, while the Isc
gradually increased with the acceleration in frequency (Figure 4d-f), which was consistent
with the previous results shown in Figure 4a—c. It is undeniable that the TE-skin has the
potential to be driven by human skin to work as a self-powered sensor for human motion
monitoring. Given that the human body will sweat during sport, the Voc of the TE-skin
in different relative humidity (RH) conditions was also evaluated. Accordingly, although
the Voc decreased gradually from 9.28 to 1.18 V with the increase in RH from 30% to 80%,
the electrical output at 80% RH was sufficient to ensure that the TE-skin can work well for
human motion-sensing in such a high humidity environment (Supplementary Figure S6).

a b,, c
1af s
12} © 10 Pig skin
S ) o > S
=10l ; ks
s TE-skin 5 I £ 09 /
g 8f = > o
T 0.8 %
S ” 1.
5 * = 8 TE-skin
> at Eo] pd
- | S osf ﬁ.
z =
0 =3
1x1 2x2 3x3 4x4 5x5 0 1 2 3
Size (cm?) Pressure (kPa)
d e f
ol _2Hz 2Hz 1201 2
3t — "
ol | _ T _ sof
S ‘ ‘ ‘ ) M < ol ‘
o 6 | £ ‘ = ‘ [
1<) | | © | [ < Il \ | \ |
2 al | I 9 E oF YW
S ( g, : E ARRR (|
>l (i 3} k | | O 40t il
1N
ok J\ | 0 ‘ ‘ I 80}
0 6 8 10 12 o 2 4 6 8 10 o 2 4 6 8 10 12
Time (s) Time (s) Time (s)

Figure 4. The electrical outputs of the skin-interfaced TE-skin. (a) The V¢ of the TE-skin from
hand slapping, with the respective increased size. (b) The relationship between the corresponding
normalized voltage and a range of applied pressures (0-3.5 kPa). (c) Schematic illustration of the
experimental setup for the skin-interfaced electrical output test. (d—f) Skin-interfaced electrical
outputs of the TE-skin under frequencies from 1.5 Hz to 3.5 Hz.

3.4. Stretchability Characterization

As a wearable self-powered sensor for human motion monitoring, the TE-skin needs to
generate electrical signals under a progression of extreme deformation conditions. Figure 5a
shows that the TE-skin was capable of being stretched to a strain of 500% in comparison
with the original length, presenting outstanding mechanical properties. Compared with
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the failure strain and the ultimate stress of pure TPU film (546%, 1.73 MPa), the TE-skin
exhibited enhanced failure strain and ultimate stress, which were 1019% and 2.64 MPa,
respectively (Figure 5b). It is worth explicitly noting that the improvement in the tensile
strength and toughness of the TE-skin can be attributed to the interface adhesion of the
three layers in the process of electrospinning and spraying. More significantly, the cyclic
stress-strain curves of the TE-skin under different strains were also investigated to further
verify its excellent mechanical properties. Whether it was stretched by 30%, 50%, or 100%,
the TE-skin always retained great deformation recovery ability after 5 cycles (Figure 5¢ and
Supplementary Figure S57), which is conducive to the sensing capacity of the TE-skin needed
for human motion monitoring. Figure 5d revealed the resistance of the Ag NW electrode
under different strains. Although the resistance of the Ag NW electrode grew moderately as
the TE-skin was uniaxially stretched, the TE-skin still possessed a great capacity for electron
transportation, due to the reserved Ag NW conductive networks during the stretching
process. Notably, the Voc of the TE-skin was equivalent to the initial sample after the
strain was completely released (Figure 5e), showing extraordinary stretchability and the
possibility for numerous applications in the field of flexible and wearable electronics. The
Voc of the TE-skin under different strains was tested further. The V¢ decreased gradually
with the increase in strain from 0% to 100% (Figure 5f), which resulted from the extension
of the electron transfer path in Ag NW conductive networks. However, there was still
a certain electrical output even at a strain of 100%, and the V¢ under each strain was
relatively stable throughout 50 cycles. Undoubtedly, the differences of Voc under different
strains could be applied in the field of deformation sensing, which further verified the
promising prospect of the TE-skin in human motion monitoring.
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Figure 5. Stretchability characterization of the TE-skin. (a) Photographs of the TE-skin, stretched at
different strains. (b) The strain-stress of the TPU film and the TE-skin. (c) The successive loading—
unloading stress-strain of the TE-skin, stretched by a strain of 50% for 5 cycles. (d) The resistance of
the Ag NW electrode layer under different strains. (e) The Voc of the TE-skin before and after being
stretched by a strain of 50%. (f) The V¢ of the TE-skin under different strains for 50 cycles (3.5 Hz
and 1 N).

3.5. Applications of the TE-Skin in Human Motion Monitoring

A range of experiments was implemented to better investigate the practical appli-
cations of the TE-skin in wearable electronics technologies. As shown in Figure 6a, an
intelligent electronic glove was developed to monitor the different motions of human hands,
in which five TE-skins were attached to the five digits. Furthermore, a data acquisition
system integrated with five channels was customized, based on this intelligent electronic
glove, for detecting the electrical signals generated by different hand gestures. When a hand
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gesture was made, the output signal of the bending finger in the corresponding channel
could be acquired significantly, whereas the output signals of the other fingers in the rest of
the channels were maintained in the initial state. Supplementary Figure S8 illustrates that
the intelligent electronic glove has the potential to record various gestures, including the
“ok” sign, the “victory” sign, and the “good” sign. The corresponding detailed electrical
signals in each channel of the mentioned gestures are shown in the bottom half of Supple-
mentary Figure S8. Through machine learning and self-training, the recognition of more
complicated gestures might be achievable based on the tested TE-skin, with promising
applications in the field of multifunctional prostheses or flexible robots in the future. In
addition, sports monitoring is a complex multi-dimensional analytical process that needs a
process of quantification and the analysis of relevant physiological indicators. Due to the
preeminent stretchability and sensing performance of the material under test, the TE-skin
can also be used to detect and record human motion for physiological signal monitoring,
which is a significant feature in wearable devices. Figure 6b demonstrates that the TE-skin
was attached to the elbow (i), finger (ii), wrist (iii), and leg (iv) to realize the real-time moni-
toring of different human body parts. Different pressures obtained from different parts of
the human body will reflect the individual voltage signals of these TE-skins during exercise.
Undoubtedly, the coordinated operation of each TE-skin will provide a leap forward in
terms of improvement in the performance of the whole human motion monitoring system.
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Figure 6. The application of the TE-skin regarding human motion monitoring. (a) The corresponding
voltage signals of the five TE-skins that are fixed on 5 digits. Insets are the corresponding hand
gestures. (b) The corresponding voltage signals of bending elbow (i), finger (ii), wrist (iii), and leg (iv)
in the different states of motion.
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4. Conclusions

In summary, an ultrathin stretchable all-fiber TE-skin was created via an electrospin-
ning and spraying technique and is presented in this work. Owing to the Ag NW conductive
networks designed in a layer-by-layer structure, the adhesion between the Ag NW and
TPU layer is reinforced, and the high stretchability of the TE-skin is achieved with a low-
resistance electrode of 257.3 () at a strain of 150%. In addition, the TE-skin possesses a high
pressure sensitivity of 0.1539 kPa~! and outstanding deformation recovery ability. Based
on the excellent sensing performances, an intelligent electronic glove has been developed to
detect several human gestures, exhibiting its potential in artificial intelligence applications.
Moreover, several TE-skins were utilized to achieve the real-time monitoring of different
human body parts during sports. It is envisaged that the fabricated TE-skin presented in
this paper can be utilized in the field of next-generation electronics for the applications of
artificial intelligence, flexible robots, and multidimensional sports monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nanoenergyadv2010003/s1, Figure S1: Photograph of the TE-
skin with a total weight of 41.5 mg (3 x 3 cm?). Figure S2: The biocompatibility test of the TE-skin.
Figure S3: The contact angle of the TPU film. Figure S4: The diameter distribution of TPU fibers.
Figure S5: Energy dispersive spectrometer (EDS) analysis of Ag NW deposited on the TPU fibers.
(a) SEM image. (b) element overlay. (c) Ag element mapping. (d) C element mapping. (e) N element
mapping. (f) O element mapping. Figure S6: The open-circuit voltage of the TE-skin under different
relative humidity. Figure S7: The successive loading-unloading stress-strain of the TE-skin stretched
to the strains of (a) 30% and (b) 100% for 5 cycles. Figure S8: Different hand gestures, including (i) the
“ok” sign, (ii) the “victory” sign, and (iii) the “good” sign, with the corresponding electrical signals.
Table S1. Comparison of the power output with the findings of previous works. Reference [43] is
cited in the Supplementary Materials.
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Abstract: Nanogenerators, based on piezoelectric or triboelectric materials, have emerged in the
recent years as an attractive cost-effective technology for harvesting energy from renewable and
clean energy sources, but also for human sensing and biomedical wearable/implantable applications.
Advances in materials engineering have enlightened new opportunities for the creation and use of
novel biocompatible soft materials as well as micro/nano-structured or chemically-functionalized
interfaces. Hybridization is a key concept that can be used to enhance the performances of the
single devices, by coupling more transducing mechanisms in a single-integrated micro-system. It
has attracted plenty of research interest due to the promising effects of signal enhancement and
simultaneous adaptability to different operating conditions. This review covers and classifies the main
types of hybridization of piezo-triboelectric bio-nanogenerators and it also provides an overview of
the most recent advances in terms of material synthesis, engineering applications, power-management
circuits and technical issues for the development of reliable implantable devices. State-of-the-art
applications in the fields of energy harvesting, in vitro/in vivo biomedical sensing, implantable
bioelectronics are outlined and presented. The applicative perspectives and challenges are finally
discussed, with the aim to suggest improvements in the design and implementation of next-generation
hybrid bio-nanogenerators and biosensors.

Keywords: nanogenerators; piezoelectricity; triboelectricity; biosensors; hybridization

1. Introduction

Nanogenerators have emerged in the last years as a novel useful technology for sev-
eral applications, i.e., for scavenging energy from the environments, for sensing human
motion, for monitoring physiological parameters, for supplying self-powered sensor sys-
tems, for providing energy to miniaturized storage devices. The word nanogenerator
refer to whichever micro-device that is able to convert energy from the available sources
(mechanical, thermal, biochemical, etc.) into electrical energy, at the micro/nano scale [1].
These types of devices can act as power generators, sensors or actuators and represent a
revolutionary alternative to standard bulky systems for energy generation or sensing [2-5].

The major issue addressed by the employment of nanogenerators is the global energy
problem. A today’s grand challenge is to exploit more massively natural resources of
renewable and clean energy in order to reduce and avoid in the end the use of polluting
and expensive fossil fuels [1,2,6-8]. Solar energy is the most widely present form of natural
energy and research on solar/photovoltaic cells based on new materials and architecture
(e.g., perovskites [9]) has received a remarkable boost in the recent years. Other energy
sources include wind flows, ocean waves/currents, rainfalls, environmental vibrations,
human body motions (voluntary movements, heartbeat, breathing, blood circulation, etc.).

These are more convenient to be exploited in places where solar energy is not really
accessible because of unstable sunshine and weather conditions [10-12]: mechanical energy
is ubiquitous, abundant and manifold [13] and scavenging this energy through distributed
networks of nanogenerators is a promising solution to pursue in parallel to standard current
power plants [4,6,14,15].
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The main purpose of harvesting energy is to overcome issues related to chemical
batteries (limited lifetime, need of periodic recharging, environmental impact, unsuitability
for positioning in unusual and hostile places [16-20]), thus to supply storage devices or
to satisfy the increasing demand of highly efficient self-powered (battery-less) energy or
sensing systems. These are often flexible, lightweight and wearable/implantable smart
sensors based on nanogenerators, and they find application in diverse fields: real-time
monitoring of life parameters [21-23], sensing of human motion [24-26], sports and ath-
letics [27-29], smart grids, robotics [30-32] and prosthetics [33,34], biomedical active im-
plants [22,35,36]. In the context of the Internet of Things (IoT) [37,38] and Internet of Bodies
(IoB) [39], intelligent devices need to be adaptable to different operating conditions and
places, even in remote locations, thus they require to be supplied with energy harvested
locally [13]. Hence, nanogenerators are growingly based on cost-friendly, downscaling and
widely-implementable flexible electronics with softness, conformability, biocompatibility
and specific designs/architectures. Research and industry efforts have been moving to-
wards the development of novel materials [14,40,41] and new environmental or biomedical
applications [21-29,42—-44].

The most widely employed nanogenerators are based on piezoelectricity and tribo-
electricity [4,40,45]. These two transducing mechanisms rely on charge generation due to
mechanical deformations or contact friction and their practical realization is compatible
with the required properties of advanced smart devices, such as flexibility, adaptability,
multifunctionality, conformability and biocompatibility [4,46,47]. Their intrinsic capabil-
ity of generating charges as well as their light mass and structural simplicity, make them
advantageous with respect to other energy harvesting devices (e.g., electromagnetic, electro-
static, etc.). In terms of sensing properties, they are low-cost and affordable alternatives to
wearable systems based on strain gauges [48], capacitive devices [49] or iontronics [50,51].

Additionally, their hybrid coupling has recently shown to obtain enhanced perfor-
mances in terms of output power or sensitivity, beyond the linear summation of the single
components [52]. The hybridization also allows to adapt the overall device to different
operating conditions, without any constraints imposed by the single working mechanisms.
Hybrid systems relying on the combination of piezoelectric and triboelectric devices, based
on biocompatible materials and aimed for clean energy harvesting from the environment
or for biomedical applications are hereafter called hybrid bio-nanogenerators (HBNGs).
Figure 1 illustrates a qualitative comparison between HBNG, piezoelectric nanogenerators
(PNGs) and triboelectric nanogenerators (TNGs), in terms of flexibility, output voltage,
output current, output power density, lifetime and reliability, ease of miniaturization, low-
frequency operation, high-frequency operation, biocompatibility. The most usual fields of
applications for HBNGs are also displayed, i.e., energy harvesting, wearable bioelectronics
and implantable bioelectronics, with some specific examples: tactile sensors, electronic
skins, biosensors, biomedical implants, actuation, stimulation, robotics, human-machine
interfaces, self-powered sensors and renewable energy sources.

In this review the main types of hybridization of piezo-triboelectric bio-nanogenerators
are described and classified with a general overview of the most recent examples of HB-
NGs for energy harvesting, wearable or implantable bioelectronics. Section 2 provides
a description of the working principles of piezoelectric and triboelectric nanogenerators,
in terms of basic governing equations and most used materials. The different kinds of
hybridization of the two mechanisms are presented in Section 3, where a classification is
established according to the physical domains involved in the hybridization process, as
well as the relative position of the piezoelectric and triboelectric components. State-of-
the-art applications in the fields of energy harvesting, in vitro/in vivo biomedical sensing,
implantable bioelectronics are outlined and presented in Section 4. A specific focus is
reserved in Section 5 for the electronic interfaces of these devices and the power manage-
ment circuits. In order to design and fabricate properly these circuitry, different issues
have to be addressed, including the attachment of electrical connections which must be
suitable for the employed materials, and the analytical and equivalent-circuit models of
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each type of transducer. Finally, the applicative perspectives and future challenges are
discussed, with the aim to suggest improvements in the design and implementation of
next-generation hybrid bio-nanogenerators and biosensors. Hybrid devices able to sense,
monitor, interact, recognize, learn or stimulate, represent the building blocks for all the
low-cost and accessible technologies of the current fast-evolving IoT revolution.
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Figure 1. Illustrations of the potential applications of hybrid bio-nanogenerators (HBNGs). The radar
chart in the center shows qualitatively the properties of piezoelectric nanogenerators (PNGs), tribo-
electric nanogenerators (TNGs) and hybrid bio-nanogenerators (HBNGs): flexibility, output voltage,
output current, output power density, lifetime and reliability, ease of miniaturization, low-frequency
operation, high-frequency operation, biocompatibility. The surrounding scheme shows the most usual
fields of applications for HBNGs, i.e., energy harvesting, wearable bioelectronics and implantable
bioelectronics, with some specific examples: tactile sensors, electronic skins, biosensors, biomedical
implants, actuation, stimulation, robotics, human-machine interfaces, self-powered sensors and
renewable energy sources. The words outside the circle indicate the main technological contexts for
the aforementioned applications: smart grids and cities, Internet of Things (IoT), Internet of Bodies

(IoB) and Bioengineering.

2. Piezo-Triboelectric Transducing Mechanisms

In this section the governing equations of the analytical model for piezoelectric and
triboelectric nanogenerators are outlined because they can be used as useful guidelines for
the study and analysis of HBNGs. The main features of the materials usually adopted for
exploiting piezoelectricity and triboelectricity are also briefly described.

2.1. Piezoelectric Materials and Mechanisms

Piezoelectric materials directly convert applied strain energy into electrical energy
and exhibit high output power densities [46,53,54]: they are generally used in the form of
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nanostructured materials [55-57] or as thin films in layered structures [58-62]. The com-
mon feature is the non-centrosymmetric microstructure [63] which is responsible of the
intrinsic capability of converting even ultra-weak mechanical stimuli into electrical en-
ergy, without external powering [64] (see Figure 2a). There are several choices among
piezoelectric materials: they include piezo-ceramics or polymers [63,64] and they can be
deposited on soft substrates through low-cost techniques for the fabrication of flexible
and bendable piezoelectric nanogenerators and sensors [47]. In addition to lead zirconate
titanate (PbZry_TixO3, PZT) and its derivatives, which are highly performing but also
less environmentally friendly, other valuable ceramic lead-free alternatives are barium
titanate (BaTiO3) [65], potassium sodium niobite (KNN) [66], lithium niobite (LiNbO3) [67],
zinc oxide (ZnO) [58,68] or aluminum nitride (AIN) [69,70]. AIN [5,71-74] has emerged
as a promising material in the form of transparent pm-thick films deposited on flexible
substrates [13,69,75-77] and with high-temperature and humidity resistance [78], mechani-
cal and chemical stability [79,80], and biocompatibility [47,59]. LiNbOj3 is another cheap
and easily accessible epitaxially grown piezoelectric material exploited for acoustic and
optical devices [81]. It is chemically inert, heat-resistant, with lower dielectric constant
than other piezo-ceramics [82], and its processability as thin films has been investigated
and demonstrated [67]. Poly(vinylidene fluoride) (PVDEF) and its co-polymers [83,84] are
widely used for flexible polymeric biocompatible piezoelectric devices. Although it has a
high dissipation factor, high dielectric constants, poor heat resistance, damped and worse
performances than inorganic piezo-materials [85], it is very lightweight, soft and suitable
for being employed in fluid flows or for wearable/implantable patches [84,86,87].

A piezoelectric nanogenerator (PNG) basically consists of a piezoelectric element sand-
wiched between two electrodes, which is subjected to a given mechanical load, depending
on the specific application, thus generating electric power (Figure 2a(III)). In order to
have a unified model of a PNG, in the context of mechanical vibrations and harmonic
excitations, it may be considered as an oscillator vibrating along some directions, in the
simplest case only one (therefore with a single degree of freedom, sDOF (Figure 2b(I)). This
model can be used for rigid beams and as an approximated model for flexible oscillating
beams. The dynamic behaviour of a piezoelectric beam/cantilever is generally described
by the equations of mechanical motion:

QXM (s,t w (s, t dw (s, t
85(2 Lies 654(81‘ ) Egt Lim "o M
where m is the equivalent mass per unit length; s is the longitudinal spatial coordinate; f is
time; . (s, t) is the internal bending moment; c;, ¢, are the strain rate damping coefficient
and viscous air damping coefficient, respectively; .7 is the moment of inertia of the cross
section; w (s, t) is the relative displacement, related to the base displacement ¢« (s, t) by the
expression 7 (s, t) = w(s,t) + wy(s, t), with 7 (s, t) the absolute displacement.
To explicit (1) for piezoelectric materials, the e-form piezoelectric constitutive equations
may be applied:

2w (s, t) 9wy (s, t)
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where T}, S; are the stress and strain components along direction “i”; &

stiffness matrix components at constant electric field; D;, E; are the electric displacement
and electric field along direction “i”; ¢;; are the piezoelectric coefficients; 51‘51‘ are the electric
permittivities at constant strain.

Using a simplified notation, the piezoelectric polarization charge density pp and the
electric potential can be deduced from the following expressions:

pp = dpT, VE = —%P 3)

are the elastic

where dp is the piezoelectric coefficient, T is the applied stress and VE is the divergence
of the electric field. Equations (2) and (3) hold true for any type of piezoelectric mate-
rial: although most of them are dielectrics, piezoelectric semiconductors have been also

190



Nanoenergy Adv. 2022, 2

synthesised and studied such as ZnO or GaN fibers, nanotubes, belts and films. In this
case, the basic behaviour of these materials with semiconductive properties relies on the
equations of linear piezoelectricity and the conservation of charge for electron and holes,
electrostatic equations, current-density equations and continuity equations [88-94], which
are developed in the theories of piezotronics and piezo-phototronics [95-99].
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Figure 2. (a) Piezoelectric mechanism: (I) unloaded state and no charge separation; (II) loaded state
with an applied force or strain and a non-zero net electrical dipole. (b(I-V)) Equivalent circuit model
of a PNG. (I) PNG connected to a resistive load (R ) and subjected to a base excitation (u;). (II-IV)
Full equivalent circuit model and simplified versions. (V) Final equivalent circuit model of a PNG,
consisting of an internal impedance (Z;,) and an alternate voltage source (Vpc).

For a sDOF PNG, the following assumptions hold true: (i) Euler-Bernoulli beam
hypothesis; (ii) negligible external excitation from air damping; (iii) strain rate damping
and viscous air damping are proportional to the bending stiffness and mass per length of

191



Nanoenergy Adv. 2022, 2

the beam; (iv) uniform electric field over the piezoelectric thickness; (v) small deformations
of the PNG [100]. It is worth noticing that these assumptions do not account for non-
linear structural behaviour or for very large deformations (e.g., very flexible PNG in
turbulent flows).

Therefore, as discussed in [100-103], the piezoelectric constitutive equations can be
simplified and together with Equation (1) yield:

ds(s—L 0’
YILL 4o L o, +m"{.,;;* +KVp() [ — ] — 2 W

v dV
,’g—i) + CS ) 4 fo e31hmwazqatd5 =0

where Y.7 is the average bending stiffness; L, w are the length and width of the beam; K
is the electromechanical coupling coefficient; 4(s) is the Dirac delta function; V), (t) is the
output voltage; Ry is a generic resistive load connected to the PNG; &, is the distance of
the center of the piezoelectric layer from the beam’s neutral axis.

The mechanical motion of a SDOF PNG subjected to harmonic vibrations, fluid / pressure-
induced oscillations may be represented as w (s, t) = Y_,, Au(s)u,(t), where A, (s) and u,(t)
are, respectively, the mass normalized eigenfunction and the modal coordinate for the nth
mode of the beam harmonic motion.

Hence, the modal electromechanical equations for the PNG are:

Uy + 28wy iy + Wi+ Ay Vy = — fily .

Ip+CyVy — Ly Au tin =0 ®

where I,(t) = V,(t)/Ry is the output current; wy, &n, A, fu are the natural frequency,

the damping ratio, the modal electromechanical coupling coefficient (or force-voltage

factor) and the modal mechanical forcing function for the n-th mode, respectively, with
Ay = fo & ’\ (5 dsand f, = fOL mAn(s)ds.

The analytlcal model takes into account only a resistive load connected to the PNG
and the maximum output power consumption on the load is yielded by the optimal load
resistance [101]. Accordingly, a load resistor is usually taken into account for during the
transducer design and optimisation stage. However, this approach is not exhaustive, in fact,
the circuit downstream of the PNG is often more complex in order to transfer efficiently
the power to an energy storage, as discussed in [104]. On the other hand, the approach of
electromechanical analogy, i.e., between electrical and mechanical domains, is a useful tool
for solving this issue. Each element in the mechanical motion of the PNG may be translated
to a homologous electric counterpart, therefore the PNG can be replaced by its equivalent
circuit model (ECM) [100-102].

For the nth mode, the base excitation — f,1}, is equivalent to an AC voltage source
Vi the electromechanical coupling may be considered as a force-voltage ideal transformer
with ratio N, = A,;; the mass m (per unit length), the compliance 1/ w% and the mechanical
damping 2¢,wy correspond, respectively, to an inductance L;, a capacitance C, and a
resistance R,;. The electrical counterparts of the modal coordinate and velocity are the
generated charge g, and flowing current I,,. Figure 2b(II-IV) reports the variations of
the ECM for a PNG, based on the electromechanical analogy and circuital simplifications.
In the simplest case a PNG may be replaced by a current source connected in parallel
or a voltage source connected in series to the free capacitor of the piezoelectric material
(Figure 2b(V)). The RC matching method asserts that the optimal resistance is the impedance
of the free capacitor [105]. However, other ECMs based on lumped parameters have been
proposed [106-108], which are useful for designing the power management circuits and for
accurately account for the power output across the whole frequency range [102,109,110].
In particular, a pure resistive load that matches the internal impedance of the transducer
only takes into account the case of an existing zero-phase impedance matching, which
yields a power peak in the power /resistance curve [108,111].
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2.2. Triboelectric Materials and Mechanisms

Triboelectricity is a phenomenon through which the relative contact between two
dissimilar materials induces the generation of superficial charges [112-114]. Electrostatic
induction is responsible of the redistribution of charges from these materials to some
conductive or metal electrodes which collect and transfer them to an external circuit to
generate electrical power [115-117]. Surface charge density is a key parameter and it is
determined by the surface triboelectric polarities of materials, i.e., the capability of attaining
electrons or positive charges on the surface. Triboelectric series list most of materials in
terms of their triboelectric capability, depending on the electron affinity and the work
function [115,118,119]. The charge transfer during contact electrification is basically a
surface process so it can be favored or enhanced by different nanostructuring/patterning
techniques, by acting on the surface roughness, the porosity and the wettability properties
to increase the effective friction area [120-128].

Triboelectric nanogenerators (TNGs) present several advantages against other elec-
tromagnetic generators, e.g., light mass, low density, cost-effectiveness, higher scalability
and no need of bulky coils and magnets [14,24,113,129-134]. Flexible devices rely on soft
substrates and polymers as triboelectric layers, due to their flexibility and deformability.
Common examples are polytetrafluoroethylene (PTFE), Polyimide (PI), polyethyleneteref-
talate (PET), polydimethyl siloxane (PDMS), etc. Parylene C (poly(para-xylylene)) is also
another promising material for TNG because of several attractive properties [135,136], e.g.,
chemical inertness, conformality, FDA-approved biocompatibility, barrier properties, anti-
corrosive/antibiofouling behavior and high flexibility [137-142]. It can be easily deposited
through an efficient, room-temperature, controlled process (Gorham route) [143] and it can
also be variously surface-treated, e.g., under oxygen plasma, ozonized UV, or by wet and
dry etching processes [5,76,137,144,145].

A TNG can be basically regarded as a pair of materials separated by a gap, which come
into contact owing to an external mechanical load, generating an electrical potential and a
current in an external circuit that serve to re-establish the electrostatic equilibrium broken
by the contact electrification (Figure 3a(I-1II)). Several operating modes are possible for a
TNG (vertical contact-separation mode, sliding mode, free-standing mode, single-electrode
mode) [5], but the theoretical foundation of the triboelectrification phenomenon is the
Maxwell’s displacement current, given by:
oD JoE  0Ps

Jp = 9 "o T ar (6)
where D is the displacement field, E is the electric field and Pg is the polarization due to
the presence of surface polarization charges.

The triboelectric potential and the triboelectric current may be defined by the following

equations [146]: IAV aCs

__prd . _ J9Cr
AV =-E=, [=Cr—=+AV— )

where pr is the generated triboelectric charge density, d is the gap distance between the
materials, Cr is the capacitance of the overall system.

The analytical model of a TNG can be derived from a Lagrangian formulation, as
reported in [147]. In particular, for a SDOF generic dual dielectric contact-mode triboelectric
generator, the electromechanical equations of motions can be written as:

. . 2
mx+c@qx+kgqx—%(az+%) = f+mg
R‘7+%<2+dfz+%7§z>+Fz(d2*x)+%(‘71+lfz)=0

€2 €

®)

where x is the displacement of the top electrode, g is the electrical displacement of the
bottom dielectric, ke is the equivalent stiffness of the system, S is the surface active area,
Ceq is the equivalent damping coefficient of the system; dq, d», d3 are the thicknesses of the
upper dielectric, the air gap and the bottom dielectric; 01, 07 are the surface charge density
on the top and bottom dielectrics; f is a mechanical load; m is the mass of the system.
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Figure 3. (a) Pressed state of a TNG with two dielectrics in contact. (I) Released state of the TNG.
(ILIII) Contact electrification and process of triboelectric charge separation. (b) Equivalent circuit
model of a TNG. (I) Schematic of a TNG connected to a resistive load (R ) and subjected to a periodic
vertical contact-separation motion (x). (II-IV) Full equivalent circuit model and simplified versions.
(V) Final equivalent circuit model of a TNG, made of an internal variable capacitance (C(,)) and an
alternate voltage source (Vo).

In the assumption of small oscillations, the equations of motions may be simplified
into the following;:

| m1 — m m )
q+ c(alf)Rq_ g¥=0
where C(x) is the variable equivalent capacitance; = ce;/2+/mkeq is the damping ratio,
Wy = A /kgq /m is the natural frequency; R is a load resistance; a and f are two lumped

{5&+2§’wn5c+w%x—”‘ ﬁqzzi
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parameters defined as « = 1/¢e3 - (02 + Qp/S) and B = 1/2¢€,S, with Qp the initial total
charge on the dielectrics.

As for the PNGs, from the electromechanical equations it is possible to deduce the
electromechanical analogy and pass from the mechanical to the electrical domain. The ap-
plied force is equivalent to an alternating voltage source V;;; the mass m, the compliance
1/w? and the mechanical damping 2w, correspond, respectively, to an inductance Ly,
a capacitance C, and a resistance R, [148].

Figure 3b(I-V) reports the variations of the ECM for a TNG, based on the electrome-
chanical analogy and circuital simplifications. The simplest ECM of a TNG can be rep-
resented as an alternating voltage source in series with a capacitor with varying capaci-
tance [148,149], and according to the RC matching method, the optimal resistance is the
impedance of this capacitor [105].

3. Piezo-Triboelectric Hybridization

Hybrid bio-nanogenerators (HBNGs) are aimed at constituting sustainable power
systems that integrate different kinds of transducing mechanisms, e.g., mechanical, photo-
voltaic, thermal, exploiting electromagnetic induction, triboelectrification, piezoelectricity,
solar light, temperature gradients [52]. The objective of this innovative systems is to
enhance the performances of the single components, to harness simultaneously several
renewable energy sources and to improve the sensitivity range of the devices.

In fact, PNGs and TNGs often require specific operating conditions and present
some disadvantages. In particular, the type of output voltages and currents originating
from the piezoelectric and triboelectric effects are different: the piezoelectric signal is
very effective with impulsive loads and rapid mechanical deformations, the triboelectric
signal is more perceptible with continuous slow friction. Additionally, their impedances
are different implying that the output voltage/current is lower/higher for piezoelectrics
and higher/lower for triboelectrics. Therefore, the hybridization of the two mechanisms
allows to overcome these constraints, to integrate their functionalities in the same device,
enhancing the overall sensitivity and widening the measurement ranges [120,150-154].

HBNGS can be considered multi-source, multi-function and multi-mechanism devices.
In this section, the hybridization of PNGs and TNGs is taken into consideration. Depending
on the way these two components are connected and coupled, different structural schemes
can be distinguished, and the circuit model and the power management circuits necessary
to extract signals are different.

The first classification regards the physical domains involved in the energy con-
version process: if they belong to the same species and are ruled by the same physical
processes, then the hybridization is called “intra-domain”. This holds true in most cases for
piezoelectric-triboelectric devices because the common domain is the mechanical one. In
all the other cases, when solar, thermal or biochemical energy is involved for energy/signal
generation, the hybridization is called “inter-domain”.

The second classification is related to the way the materials of the piezoelectric or
triboelectric components are physically coupled. If they are not permanently in contact
with each other and belong to distinct single devices, then the hybridization occurs “with
physical separation”. On the other hand, if there is a physical connection or interpenetration
between the active materials responsible for the two transducing mechanisms, then the
hybridization is “with physical integration”. This difference is also crucial for the number
and positioning of the electrodes within the hybrid device.

The third classification concerns the number of mechanisms coupled together in the
same hybrid device. A “coupling number” (CN) can be defined in this respect as the number
of processes separately responsible for charge generation. For instance, most of piezo-
triboelectric hybrid devices have a CN equal to 2, a piezo-triboelectric-electromagnetic
hybridized device has a CN equal to 3. In case of wearable patches, the triboelectrification
due to the contact with human skin can generate further charges [76] and this would count
as an additional process, increasing the CN. Hence, the CN is correlated with the structural
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complexity of the whole system. A higher CN implies more electrodes, connections and
processes involved in the transduction mechanism.

Han et al. [155] have investigated and compared (theoretically and experimentally)
different piezoelectric-triboelectric nanogenerators, taking into account the number of
terminals and contacted materials, the polarization direction and electrode connection
(Figure 4a). They classified six different configurations (three in conductor-to-dielectric
mode and three in dielectric-to-dielectric mode), as well as one, three and nine possible
configurations for two-terminal, three-terminal and four-terminal devices, respectively.
Additionally, for each configuration, two possibilities can be distinguished with forward
or reverse polarization of the piezoelectric material. Thus, 52 configurations have been
considered in total. In general, if # is the number of terminals, the following formula can
be proposed for the number of possible configurations:

n—2k
oIT o ("), wes

k<1
n — 2k 3
. [ ( 2 )'5' n>3
k<l

where the factor 4 accounts for the two conductor/dielectric modes and for the two for-
ward/reverse polarization modes, whereas the factor 3/2 is for avoiding repetitions.

The structure, polarization direction and electrode connection strongly affect the
output performance of the overall hybrid device. In particular, it can be enhanced or
reduced almost to zero just modifying the electrode connection: this can be an advantage
because with the same polarization direction and configuration, the performances can be
tuned to maximize the output power (in case of an energy harvester) or to minimize the
electrostatic charges (in case of preventing charging in electronic devices).

Another key point is that with the same parameters and configurations, the perfor-
mances can be modulated by acting on the mechanical design, regardless the piezoelectric
coefficients or the triboelectric surface charge densities. In this respect, the piezoelectric
component can be designed to obtain specific required stress variations during the contact-
separation cycle of the triboelectric component, so that there is a simultaneous coupling of
the two mechanisms.

The combination of piezoelectric and triboelectric effects for a specific configuration
can be correlated with an output state characterized by different multi-level electric outputs,
depending on the electrode connections. This can be exploited for logic communication
devices, SC/OC detection systems or active impedance-based sensors [155].

For an HBNG, deriving and applying the electromechanical equations is very complex,
especially when the motions of the two components are closely related. A general system
of equations that govern an HBNG is given by the combinations of the piezoelectric and
triboelectric equations: in particular, the Maxwell’s law of displacement current, i.e., (6 [156],
holds true but it is diversified within the piezoelectric or triboelectric domain, thus the
analytical model can be represented in general as follows (assuming a polarization and a
contact-separation cycle along the z-axis, and no external applied electric field):

(10)

piezo| 9Dy __ 9Py _ S _ dop(x)
b | =% =% = (e)ij<at>]. ==
X
Jtribo|  — oDy _ doy(xt) _ _dx  dieg/ertdren/er (11)
b, ot 9x €t [dyeq/e1+dreq /er-+x]*

F (BViiezos AViivo, T5 2, T = 0.

where x is the separation distance between the triboelectric layers or the distance inside the
piezoelectric material; op(x) is the surface polarization charge density on the piezoelectric
material; 07(x, t) is the surface density of free electrons accumulated in the electrodes of the
triboelectric material; d;, €; are the thicknesses and dielectric constants of two dielectrics of
the triboelectric pair; AVyjezo, AVyyip, are the output voltage downstream of the piezoelectric
and the triboelectric device; # is a function that involves the output voltages and cur-
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rents of the piezoelectric and triboelectric components and which depends on the specific
configuration and electrode connections.

a Forward
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Figure 4. (a) Classification of the HBNGs with respect to the number of electrodes, the contact mode
(conductor-to-dielectric or dielectric-to-dielectric) and the polarization direction of the piezoelectric
material. (b,c) Equivalent circuit model of a HBNG. (b) Schematic of a HBNG connected to a resistive
load (Ry) and subjected to a periodic vertical contact-separation motion. (c) Simplified equivalent
circuit model of a HBNG.

Chen et al. [157] proposed a first example of theoretical analysis of the contact-mode
hybrid piezoelectric-triboelectric nanogenerator, describing the relationships among trans-
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fer charges, voltage, current and average output power in terms of material properties
and operating conditions. This model can be used for a general 3-electrode HBNG with
a single-electrode TNG: assuming that the triboelectric charges are distributed uniformly
on the triboelectric layer with a small decay, the contact area is much larger than the gap
and only vertical components of the electric fields exist in the air gap, the charge balance

hol :
olds true oo+o+o3—0=0 (12)

where ¢ is the triboelectric charge density and oy, 0y, 03 the surface charge densities on the

electrodes. The electric fields of the piezoelectric, triboelectric and air gap. Then, for a
closed loop in a circuit, it is possible to write:

Va-i-VT-i-Vl(t) =0, Vp+V2(t) =0 (13)

where V,, V1, Vp are the voltages across the air gap, the triboelectric layer and the piezo-
electric layer; V1, V, are the voltages across two external resistors connected to the PNG
and TNG. Combining the previous equations with the V-Q-x relationship for the TNG unit
and the charge transfer equation for the PNG unit, it is possible to obtain the current and
voltage expressions for the full hybrid device [157].

Therefore, since it is challenging to predict theoretically the function %, the ECM
is necessary in this case for determining the electromechanical behaviour of the device
(Figure 4b). Here a simple ECM is proposed for a piezoelectric and triboelectric HBNG
based on contact-mode (Figure 4c). The HBNG can be considered as a set of two separate
ECMs for the PNG and TNG, respectively, and then their distinct outputs (AVpiezo, AViripo)
are used as inputs of an interface circuit that provides the output voltage (V) of the HBNG,
as a two-terminal device. The electrodes deriving from the PNG and TNG are in total four
but they can vary depending on the configuration.

The next sections describe the main types of hybridization that can occur between
PNGs and TNGs, and examples of HBNGs from previous works are comprehensively
summarized in Table 1.

3.1. Intra-Domain Hybridization with Physical Separation

This category includes the devices where piezoelectric and triboelectric nanogener-
ators are coupled separately (Figure 5a). This means there are at least two electrodes for
the PNG and one electrode for the TNG. The 3-terminal and 4-terminal configurations
illustrated in Figure 5a are included in this group. The physical separation between the two
devices allows to extract separately the signal generated by each component and perform
an additive sum through rectifying circuits downstream of the hybrid device. Thus, the hy-
bridization occurs mostly within the electronic interface according to the combination of
output voltages and currents: it can be considered an “external hybridization”. A slight
contribution is only provided by the materials interaction because the two devices work as
if they were alone: this is especially true for a PNG and a two-electrode TNG (four-terminal
HBNG). When the TNG has only one single electrode (three-terminal HBNG), although it
is still separated from the PNG, the contact electrification occurs between the triboelectric
layer and one of the layers of the PNG (Figure 5b): in this case the interaction between the
two devices plays a role in the hybridization [13]. In particular, the piezoelectric polariza-
tion direction and the triboelectric charge polarity on the common electrode is determining
for the enhancement or reduction of the hybrid signal [13].
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3.2. Intra-Domain Hybridization with Physical Integration

In HBNGs based on physical integration, the hybridization occurs before the signal
extraction through the electronic interface. This happens when the materials used for
the PNG and TNG are not physically separated thus the same deformation or friction
induces simultaneously the piezoelectric and triboelectric effects: this can be considered
an “internal hybridization” (Figure 5c—f). The physical integration can be performed by
incorporating piezoelectric nanofillers into polymeric matrices, such as lead-free inorganic
compounds (BaTiOz, KNN, etc.), or non-piezoelectric nanofillers into piezoelectric poly-
mers, such as metallic particles, carbon nanofillers or ionic salts. These nanofillers are
effective nucleating fillers to induce polar electroactive phases, with no need of electrical
poling [202-208]. In addition, they play a role in the triboelectrification because they en-
hance the stretchability, flexibility, robustness, charge transport and breakdown fields [209].
Common strategies to enhance the performances consist of aligning conductive fillers
along the perpendicular direction of the electric field, or of electrically poling the whole
matrix to orient properly the nanofillers with the right electroactive phase. Hence, these
fillers embedded in a polymer matrix represent a source for the enhancement of the piezo-
triboelectric hybridization, which occurs before the actual extraction of electronic signals
through the terminals into an external circuit [210,211]. Thus, the physical integration
can provide two types of hybridization modes: the piezoelectric-enhanced triboelectricity
(PeT, Figure 5¢,d) and the triboelectric-enhanced piezoelectricity (TeP, Figure 5e,f). The
key point is that the main transducing mechanism is enhanced by the other mechanism
owing to the physical integration and without adding more electrodes to the overall system.
Figure 5¢ shows a PeT-HBNG based on a PNG (two-electrodes) faced on a micro-patterned
dielectric layer which acts as an additional source of charges through triboelectrification,
whenever this layer comes into contact with the PNG. Figure 5d shows that it would be
possible to micro-pattern the surface of the piezoelectric material and use it for amplify the
piezoelectric charge generation through the contact with another dielectric layer; in this
case the PNG includes planar electrodes, e.g., interdigital electrodes. Figure 5e illustrates a
PNG interposed between two dielectric layers: in this case the triboelectric charge transfer
is enhanced by the piezoelectric charge separation during the contact, but there are still two
electrodes for the signal extraction. Figure 5f corresponds to the embedding of piezoelectric
fillers into a dielectric layer: the presence of additional piezoelectric materials enhances the
triboelectric generation [212].

3.3. Inter-Domain Hybridization

This category of HBNGs includes the combination of piezo-triboelectric devices with
systems belonging to a non-mechanical physical domain. This can be a solar/photovoltaic
cell (light domain), a biofuel cell (biochemical domain), a thermoelectric/pyroelectric
nanogenerator (thermal domain), etc. For instance, Figure 5g,h show the integration
of a piezo-triboelectric device with a pyroelectric device to exploit simultaneously the
mechanical and thermal domain. The inter-domain hybridization requires the presence of
more than one energy source, thus it is suitable or necessary for more complex operating
conditions. It can occur at the electronic interface where the signals of the two coupled
devices are added through some rectifying circuits (Figure 5g), or in the devices themselves,
in case one of the active materials is used for both systems (Figure 5h). In the latter
case, a multifunctional material is generally deployed: ferroelectric materials, for instance,
can be used to exploit simultaneously the piezoelectric, pyroelectric and photoelectric
effects [213]. This internal hybridization reduced the total number of electrodes in the
coupled hybrid device and allows to magnify the charge quantity and electric power
from various energy resources, making the HBNG useful when they are available either
individually or simultaneously [214]. A side type of inter-domain internal hybridization
regards the use of one domain as trigger source and the other domain as a detecting
source. Piezoelectric photoacoustic probes are an example: the light injected through
the optical component induces a photoelastic effect in the targeted tissue, resulting in
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thermo-mechanical vibrations that can be detected by a piezoelectric transducer [215-217].
The hybridization occurs when the optical stimulator and the electromechanical transducers
are integrated in the same device [74,218].

4. Hybrid Piezo-Triboelectric Bio-Nanogenerators (HBNGs)
4.1. HBNGs for Energy Harvesting

The most investigated application field of HBNGs is energy harvesting, especially from
mechanical energy sources [5], such as wind flows, water waves, raindrops, environmental
vibrations. In most cases, the HBNG is manufactured into the shape of a flapping-foil
device, for instance for wind energy harvesting. As a renewable energy source, wind
and water have a strong potential to meet the growing global energy demand: onshore
wind is considered the cheapest form of new power generation in Europe, covering 15% of
Europe’s electricity demand in 2019 [5,219]. 320 GW of wind energy capacity is expected to
be installed in the EU by 2030, 254 GW of onshore wind and 66 GW of offshore wind, with
a resulting production of 778 TWh of electricity (24.4% of the EU’s electricity demand) [219].
Water also represents another promising choice: it is plentiful and widely accessible in
different forms, e.g., precipitations, slow flows, buoying waves and ocean currents. The blue
energy is that conveyed by water, typically in five forms, i.e., wave energy, current energy,
thermal energy, tidal energy and osmotic energy. Wave energy, in particular, represents
the most widely exploitable and is estimated to be more than 2 TW globally, around the
coast [220,221].

HBNGs represent a complementary solution to the bulky standard technologies for
wind/water energy harvesting, based on turbines and power plants [2—4].

Wind energy harvesting through HBNGs is based on flow-induced structural vi-
brations and deflections of an oscillating element that is generally made of piezoelectric
material and during the flapping it touches double frames at each side triggering the
triboelectric effect [5]. Since wind is intermittently available due to highly variable weather
and working conditions [222-229], the performances of HBNGs are often increased by
applying concurrent vibration sources [224,225] or by optimizing the aerodynamic shape to
exploit fluid vortexes [225,230-234]. Piezo-triboelectric nanogenerators are most commonly
combined in a hybrid unit [150,158-160,235-237] and their charge generation mechanisms
do not overlap [162]. In order to exploit efficiently vortex-induced vibrations (VIV), nonlin-
ear restoring forces, e.g., magnetic or external axial loading forces, can be introduced and
integrated in the device to widen the range of possible resonant frequencies and thus in-
crease the efficiency [4,238-241]. These restoring forces can be used also to exploit buckling
instability of the piezoelectric cantilevers, enhancing the performance level of harvested
power [242]. For instance, Yang et al. [240] demonstrated a magnet-induced nonlinearity
for a double-beam harvester made of two piezoelectric beams with two magnets attached
which allow the reduce the critical wind speed needed to activate the galloping vibrations
up to about 42%. Huang et al. [243] presented a hybrid magnetic-assisted noncontact TNG
combined with a magnetic responsive composite (PDMS with magnetic Fe-Co-Ni powder):
the key mechanism is that the wind forces are converted into the contact-separation action
for the triboelectricity, enhanced by the magnetic forces.

Jung et al. [167] presented a HBNG based on PVDF and poly(tetrafluoroethylene)
(PTFE) and demonstrated the interaction between piezoelectricity and triboelectricity
(Figure 6a(LII)). At the full-contact state, in fact, the piezoelectric material generates a
potential between the electrodes due to the application of an external force and the tribo-
electric charge transfer is maximum, achieving rectified peak output voltage, current density
and power density of 370 V, 12 pAcm 2 and 4400 uWem2, respectively. Xia et al. [161]
demonstrated a HBNG based on a flapping-leaf mechanism using two PVDF leaves-shape
cantilevers symmetrically assembled on top and bottom of micro-patterned PDMS films.
Driven by the wind flow, the cantilevers undergo bending, generating piezoelectric charges,
and become in intermittent contact with the PDMS frame, triggering the triboelectrification.
This HBNG can generate, at 4.5 m/s speed, peak voltages and peak powers of 5.36 V, 5.84 V
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and 1 pWem—2, 1.68 pWem2) for the piezoelectric and triboelectric parts, respectively.
Chen et al. [158] proposed a HBNG based on piezoelectric PVDF nano-/micro-fibers and
a triboelectric nano-textured Cu-PCB, which can obtain an output voltage of 15 V and
a peak power density of 0.0783 tWem ™2, at 3.4-15 m/s wind speed. Zhao et al. [160]
demonstrated a HBNG by integrating a bimorph-based PNG into a one-end fixed TNG:
exploiting a rotor-stator mechanism the device can achieve output voltage, output current
and power density of 150 V, 150 A, 6040 pWem 2, at 14 m/s wind speed (Figure 6b(L1I)).
Chen et al. [159] adopted electrospinning to prepare flexible piezoelectric P(VDF-TrFE)
nanofiber film and they interposed the PNG between two TNGs based on double-side
metallized Kapton film. The device exhibits an enhancement of the performances due to
the piezoelectric-triboelectric interaction, of 49.7%, 10% an 4.4% with respect to the PNG,
the upper and lower TNG, respectively. Singh and Khare [68] fabricated a hybrid energy
harvester with power density of 24.5 uW/cm?2, for mechanical vibrations in which the
piezoelectric film (ZnO nanorods-embedded PVDF) is also one triboelectric layer paired
with PTFE (Figure 6¢(LII)).

Water energy harvesting can be similarly based on flow-induced oscillations but sev-
eral other designs and structures can be exploited, as reviewed by Wang et al. [221]: rolling
ball structure, multilayer structure, grating structure, pendulum structure, mass-spring
structure, spacing structure, water-solid contact structure. Most of these structures har-
ness one or more TNGs, but HBNGs have recently been explored as well. Su et al. [244]
presented a hybrid TNG for water wave energy harvesting, composed of an interfacial elec-
trification enabled TNG and an impact-TNG. This is an example of “broad-sense” hybrid
device because it is based on two transducers with the same working mechanism (tribo-
electricity). The first component is made of FEP with electrodes to scavenge electrostatic
energy at water-solid interface; the second one is made of nanostructured PTFE to scavenge
impact energy of water waves. The device is able to produce, at wave-propagation speed
of 0.5 m/s, short-circuit currents of 5.1 pA and 4.3 pA for the first and second components,
respectively. Mariello et al. [13] reported on the fabrication of a multifunctional flexible, bio-
compatible low-thickness (~86 um) HBNG for water energy harvesting (Figure 6d(I-VIII)).
The PNG is based on a 1 um-thick piezoelectric AIN sandwiched between Molybdenum
(Mo) thin electrodes, all sputter-deposited on a flexible substrate. The TNG is instead
composed of a Ti/Au metallized porous elastomeric patch. The hybrid device exploits
the piezoelectricity and triboelectricity to harvest water-conveyed energy from different
mechanical sources, i.e., impacts/breakwaters, raindrops and sea waves, achieving power
densities of 0.8 W/mZ2, 9 mW/m?, 3.2 mW/m?2, respectively.

TNGs are often integrated with electromagnetic generators (EMGs) to increase the
current generation, thus many examples of hybrid TNG-EMG devices have been pro-
posed for wind or water energy harvesting [245-251]. Wang et al. [172] proposed a
electromagnetic—triboelectric nanogenerator to scavenge airflow kinetic energy, based
on two TNGs and two EMGs, able to generate 1.8 mW and 3.5 mW at 18 m/s wind speed,
respectively. Wang et al. [174] demonstrated another similar hybrid system with a rotary-
blade TNG and a rotary EMG, for harvesting rotation energy: under a wind speed of
5.7 m/s, the device can generate 438.9 mW /kg and 181 mW /kg for the TNG and EMG,
respectively. Three-mechanism HBNGs have been also proposed, based on the hybridiza-
tion between piezoelectricity, triboelectricity and another transducing mechanism. In the
context of mechanical energy, the EMG is often used as a third component, exhibiting
important advantages, i.e., superior output performances in terms of power density and
current. He et al. [183] described, for instance, a PNG-TNG-EMG device with four PVDF
L-shaped vibrating beams with NdFeB permanent magnets and four beams with patterned
PDMS and PET. The PNG, TNG and EMG units can generate 12.6 V (41.0 uW), 13.3 V
(4.6 uW) and 362.1 mV (66.5 uW) at ~20 Hz and an acceleration of 0.5 g.
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Figure 6. HBNGs for energy harvesting. (a(I,II)) High-output HBNG based on PVDF and PTFE.
Reprinted with permission from ref. [167], 2015, Copyright Springer Nature. (b(LII)) HBNG for
efficient and stable rotation energy harvesting. Reprinted with permission from ref. [160], 2018, Copy-
right Elsevier. (c(I,II)) Flexible ZnO-PVDF/PTFE HBNG for energy harvesting. The incorporation
of ZnO enhances the piezoelectric and triboelectric properties of PVDEF. Reprinted with permission
from ref. [68], 2018, Copyright Elsevier. (d(I-V)) HBNG based on AIN and PDMS-parylene for
water wave energy harvesting. The system piezoJellyFish (pJF) is designed to have three devices
connected simultaneously for scavenging energy from buoying waves (VI-VIII). Reprinted with
permission from ref. [13], 2021, Copyright Elsevier. (e) Piezoelectric-Triboelectric-Pyroelectric HBNG
for harvesting mechanical and thermal energy. Reprinted with permission from ref. [187], 2016,
Copyright Wiley-VCH Verlag GmbH and Co. KGaA.
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The inter-domain hybridization has been often used for combining mechanical and thermal
energy, exploiting the piezo-triboelectric and the pyroelectric effects [213]. Wang et al. [186]
characterized a TNG-PNG-PyroNG device based on PVDF nanowires-PDMS composite
film as a triboelectric layer and a polarized PVDF film, sandwiched between ITO electrodes,
as piezoelectric/pyroelectric layer. The device can produce 5.12 uW and 6.05 uW with
the PNG-TNG and PyroNG mechanisms, respectively, and it is suitable for harvesting
energy from wind and temperature variations simultaneously. Zheng et al. [187] presented
a wind-driven TNG-PNG-PyroNG system based on fluorinated ethylene propylene (FEP)
and PVDF films as triboelectric and piezoelectric layers, on a Kapton substrate (Figure 6e).
The outputs of this device are 184.32 uW and 4.74 mW at 18 m/s wind speed, for the
PNG-PyroNG and the TNG, respectively.

Hence, HBNGs have been demonstrated as suitable tools to harvest mechanical
(kinetic) energy (rotational or oscillatory) from different sources, e.g., wind and water
waves. The contribution of the HBNGs to the energy harvesting field must be ascribed to
two aspects. First, the use of them as renewable energy sources employed in complemen-
tary way with the large energy platforms (power plants, wind turbines, hydraulic turbines,
hydrovoltaic systems, etc.), in order to mitigate the energy crisis. Second, the deployment
of these devices for supplying energy to small self-powered IoT sensors used for healthcare,
sport, medicine, automotive, robotics, etc. The use of energy harvesting HBNG devices as
wearable or implantable systems is discussed in the next sections.

4.2. HBNGs for Wearable Bioelectronics

Wearable bioelectronics (WBE) includes all the systems that can be applied on the
human body and that can be employed for applications in health monitoring, robotics,
sports, rehabilitation. The main requirements for WBE are flexibility, conformality, shape-
adaptability, lightweight and high sensitivity. PNGs and TNGs have been widely used as
wearable sensors [27,125,252-256] and their integration in a single hybrid device allows
to increase the measurement range and the sensitivity. The hybridization can occur by
coupling separately the two devices, or by using the same flexible ferroelectric material as
piezoelectric and triboelectric layer (e.g., PVDEF or inorganic perovskites such as BeFiOs [85]).
PNGs and TNGs can thus be coupled and applied to monitor cardiovascular, respiratory or
neurological disorders [257].

Yu et al. [153] reported on a tactile PeT-HBNG based on a PZT-PDMS composite film
(Figure 7a), demonstrating enhancements in terms of sensitivity, good skin-conformality,
good linearity, fast response and high stability. To avoid the use of PZT, a similar PeT-HBNG
was presented by Guo et al. [163]: the device is based on electrospun silk fibroin and PVDF
nanofibers, exhibiting high energy harvesting capability, good air permeability, possibility
of identifying various types of body motion. Figure 7b(L,II) shows the structure and materi-
als of the HBNG, its working principle and the simulated /experimental piezo-triboelectric
interaction effects in accordant and opposite state (depending on the piezoelectric po-
larization). Wang et al. [150] proposed a flexible wearable HBNG made of P(VDF-TrFE)
electrospun nanofibers and multiwall carbon nanotubes (MWCNT)-doped PDMS compos-
ite membrane (Figure 7c). The device exhibits, as a power source, a peak-to-peak voltage
and power density, respectively, of 25 V, 1.98 mW/ cm? for PNG, and 2.5 V, 0.689 mW /cm3
for TNG. Electrospinning is a useful technology to produce films of piezoelectric materials
without the need of electrical poling, even though the process parameters are characterized
by a wide variability.

Tang et al. [258] described a self-powered HBNG used for the simultaneous detection
of multi-parameter sensory information of finger mechanical operations, for applications
in human-machine interfaces. The TNG is made of a PTFE friction layer, two PET films, a
nylon grid, whereas the PNG is composed of an Al-sandwiched PVDE. Chen et al. [166]
reported on a conformable HBNG for harvesting touch energies and real-time monitoring
human physiological signals. The PNG is made of a P(VDF-TrFE) nanofiber mat sand-
wiched between two electrospun PU films coated with CNTs and AgNWs; the TNG is
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a single-electrode device based on micro-patterned PDMS. Suo et al. [162] developed a
HBNG based on BaTiO3 NPs/PDMS composite film, demonstrating the mutual enhancing
effect of piezoelectricity and triboelectricity in a single material component (hybridization
with physical integration). Mariello et al. [76] proposed a flexible, ultra-thin biocompatible
HBNG as wearable conformal sensor on the human body. The PNG is based on thin-film
AIN sputter deposited on a polyimide and sandwiched between thin-film Mo electrodes,
and the TNG is made of an ultra-soft PDMS-Ecoflex patch encapsulated in a parylene C
friction film, surface-treated with UV/ozone and oxygen plasma. The HBNG is an inor-
ganic/elastomeric 3-electrode device for multi-site and multifunctional conformal sensing:
it works as a skin-adaptable sensor for gait walking, gestures recognition and monitoring
of joints movements, yielding repeatable and real-time rectified signals. The architecture of
the device is based on a bridge configuration, i.e., only the ends of the device are attached
on the skin, so that an additional triboelectric mechanism is exploited between the skin
and the bottom triboelectric layer (skin-contact actuation), besides the piezo-tribo hybrid
contact (Figure 7d(LII)). This allows to widen the measurement range for tiny and irregular
human motions, combining together the impulsiveness of piezoelectricity and the slowness
and sensitivity of friction-based triboelectricity.

Definitely, the main practical issues related to wearable HBNGs are: high thicknesses,
poor layer adhesion and delamination, non-optimal deformability and conformability,
complex design, unproper choice of materials [76].

4.3. HBNGs for Implantable Bioelectronics

Implantable systems need more stringent requirements in terms of materials, design,
mechanical response and reliability, since they have to be employed inside the human
body or of the selected animal models, and they must be in direct contact with tissues,
organic and biofluids. This implies the need of flexibility, stretchability, conformality and
durability. These devices often require barrier encapsulations to avoid water permeation
inside the electronic components, and the barriers are usually made of ultrathin coatings
deposited from the vapor phase (e.g., SiO; [259,260], SiNy [261], Al,O3 [262], TiSi; [263],
SnO, [264], etc.).

HBNG:s are still not massively adopted for implantable applications but the use of
PNGs and TNGs as implants has been recently explored [265-269]. However, the fric-
tion effects with the surrounding tissues are always present due to the sliding move-
ments of the devices, thus the resulting signal produced by the system can be a combi-
nation with triboelectric signals, therefore an internal hybridization is possible to occur.
Dagdeviren et al. [270] reported on biocompatible, flexible PZT-based energy harvesters
monolithically integrated with rectifiers and millimeter-scale batteries for simultaneous
power generation and storage, including high-power, multilayer designs. The devices are
evaluated in live animal models, on various locations/orientations on different internal
organs (heart, lung, diaphragm), as well as inside the body of a bovine model through
thoracotomy experiments. Output voltages of ~4 V, ~4 V, and ~2 V, respectively, can be
generated from contraction and relaxation of the right ventriculus, lung, and diaphragm,
whereas a stack of five devices can harvest 1.2 pW/cm? power density. The same au-
thors [271] presented ultrathin, stretchable networks of mechanical actuators (seven) and
sensors (six) constructed with PZT nanoribbons, that allows for in vivo measurements of
viscoelasticity in the near-surface regions of the epidermis as well as on ex vivo freshly
explanted, unpreserved bovine organs (heart and lung). Zhang et al. [272] fabricated a
PNG based on 200 um-thick Al/PVDEF wrapped around the ascending aorta of a pig, for
harvesting energy from the variations in diameter of the carotid artery between the systolic
and diastolic states (Figure 8a(III)). The resulting peak output voltage is 1.5 V at a heart
rate and blood pressure of 120 bpm and 160/105 mmHg, respectively.

Yang et al. [273] demonstrated a single-wire PNG consisting of a ZnO nanowire affixed
laterally at its two ends on a flexible substrate, for scavenging biomechanical energy (e.g.,
the movement of a human finger and the body motion of a live hamster) into electrical
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power (Figure 8b(LII)). Four series-connected devices located on the back of a running
hamster yield an output voltage of ~0.1-0.15 V. With the same principle, Li et al. [274]
investigated the use of a single-wire PNG for energy harvesting under in vivo conditions,
in a live rate, generating ~1 mV and 3 V output voltages from breathing (diaphragm) and
heart beating, respectively (Figure 8c). Hwang et al. [275] presented a thin-film PMN-PT
PNG to harvest energy from the motion of a rat’s heart (with an output voltage of 8.2 V ata
0.36% strain and 2.3%/s strain rate) and also to act as an artificial heart stimulator.
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Figure 7. HBNGs for wearable bioelectronics. (a) Tactile PeT-HBNG based on a PZT-PDMS composite
film. Reprinted with permission from ref. [153], 2019, Copyright Elsevier. (b(III)) PeT-HBNG based
on electrospun silk fibroin and PVDF nanofibers. Reprinted with permission from ref. [163], 2018,
Copyright, Elsevier. (c) Flexible wearable HBNG made of P(VDF-TrFE) electrospun nanofibers and
multiwall carbon nanotubes (MWCNT)-doped PDMS composite membrane. Reprinted with permis-
sion from ref. [150], 2016, Copyright, Springer Nature. (d(III)) Inorganic/elastomeric 3-electrode
skin-contact-actuation HBNG for multi-site and multifunctional conformal sensing. Reprinted from
ref. [76], 2021, Copyright Wiley-VCH GmbH, Creative Commons CC-BY.
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Figure 8. HBNGs for implantable bioelectronics. (a(III)) PNG based on 200 um-thick Al/PVDF
wrapped around the ascending aorta of a pig. Reprinted with permission from ref. [272], 2015,
Copyright Elsevier. (b(III)) Single-wire PNG for scavenging biomechanical energy from a live
hamster. Reprinted with permission from ref. [273], 2009, Copyright American Chemical Society.
(c) Single-wire PNG for energy harvesting from breathing and heartbeat in a live rate. Reprinted with
permission from ref. [274], 2010, Copyright Wiley-VCH Verlag GmbH and Co. KGaA. (d) Implantable
TNG for in vivo biomechanical energy harvesting from the heartbeat of adult swine. Reprinted with
permission from ref. [22], 2016, Copyright American Chemical Society.
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Many examples of implantable TNGs can be found in literature [276-279]. Ryu et al. [280]
reported on a commercial coin battery-sized high-performance inertia-driven TNG based
on body motion and gravity, able to produce 4.9 uW/cm?. The TNG has been also in-
tegrated with a cardiac pacemaker, demonstrating the successful operation mode of a
self-rechargeable pacemaker system. Zheng et al. [22,281] proposed an innovative im-
plantable TNG for in vivo biomechanical energy harvesting from the heartbeat of adult
swine (Figure 8d). The structure is designed properly to achieve a leak-proof performance
in vivo and it is composed of a multilayered core/shell/shell structure (“keel structure”),
with nanostructured PTFE as triboelectric layer on Au-metallized Kapton as flexible sub-
strate. A highly resilient titanium strip is introduced as the keel structure to strengthen the
overall mechanical property and guarantee the contact-separation in vivo. The device can
also be integrated in a self-powered wireless transmission system for real-time wireless
cardiac monitoring.

The existing approaches that have been demonstrated for energy harvesting from the
bodies of living subjects (animals and humans) for self-powered electronics are summarized
in a review by Dagdeviren et al. [282] who described the material choices, device layouts
and working principles (especially biofuel cells, thermoelectricity, triboelectricity and
piezoelectricity) with a specific focus on in vivo applications, with future perspectives in
disease diagnostics, treatment and prevention. Zheng et al. [209] and Zhang et al. [209] also
reviewed the recent progresses of piezo-triboelectric flexible sensors and energy harvesters,
providing examples of in vivo energy harvesting and direct stimulation of living cells,
tissues and organs.

Energy harvesting, wearable and implantable bioelectronics represent the main appli-
cation fields of HBNGs and while the first one has been widely explored, the others are
promising in terms of scientific and commercial perspectives. Additionally, cutting-edge
applications such as HBNGs for tissue engineering and nanomedicine may require in the
future new research efforts.

5. Electronic Interfaces and Power Management Circuits for HBNGs

Interface electronics allows to transfer the output electrical signal generated by a
transducer to a supplier or an energy storage downstream of the device. Generally speak-
ing, integrated circuits (ICs) and discrete components are often used, and the demand of
higher performances in terms of speed, low power, reduced parasitic capacitances, low
noise-to-signal ratio and low cost is progressively increasing [283]. The recent needs of
high multi-functionality, adaptability and diversification of transducers, especially with the
introduction of hybridized systems, require in many cases the combination of interface elec-
tronics with high-performance packaging or their monolithic integration in the same system.
In this context, the approaches of system-on-chip (SoC) and System-in-package (SiP) [284]
with on-board systems for signal-processing and wireless communication [283,285] rep-
resent the most adopted methods for the fabrication of novel micro-systems, but are
challenging when dealing with flexible and soft materials and devices. In fact, stretchable
and conformal substrates and patches for flexible electronics require a multidisciplinary
approach for the connection and integration with interface electronics, i.e., including fields
of electrical circuits, material science, nanotechnology and packaging. This is further a
more complex issue when the systems must be employed in contact with the human body
or for the fabrication of implantable biomedical devices (IBDs): in this case requirements
of conformability, biocompatibility and even biodegradability are essential, as well as
durability of materials and reliability of electrical connections [286,287]. Moreover, the im-
plementation of interface electronics strongly depends on the type of transducer and the
ensemble of characteristics of the final micro-system, in terms of response, accuracy, cost
and power consumption, is unavoidably determined by both the device and the connected
electronics [283,284]. For instance, mechanical transducers, especially used for energy
harvesting, require different types of power management circuits depending on the applied
mechanical loads, exciting frequency and working mechanism: low-frequency mechanical
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source, such as water waves or weak breezes, require very low-threshold rectifying circuits
or high-yield amplification [13,14,212].

In addition, PNGs and TNGs made of soft and flexible materials present different char-
acteristics in terms of internal impedance, output power generation capability, frequency
range of utilization and working principles, therefore they need specific circuits to convey
the harvested power or sensory signals [100,115]. Since their outputs are usually composed
of noncontinuous pulses with irregular magnitude, they cannot directly drive electronic
devices that need a constant DC voltage, so to act as a battery, the PNG/TNG needs a self-
charging power unit (SCPU) with at least an energy storage device. Therefore, the circuit
attached to a nanogenerator is more complicated than a resistor for current regulation and
power management, thus the challenge remains to establish a more general modelling
approach to account for both complex operating conditions and practical energy harvesting
circuit. This is further complicated when the two components are coupled to make HBNGs
because signal rectification is necessary when they are out-of-phase. Additionally, their
employment in harsh environments such as water, the human body, strong airflows or
heavy gases, is a further issue to be addressed for the design and package of circuitry.

5.1. Circuits for Piezoelectricity

The simplest method to extract signal from a PNG is to connect it to a load resistance
and detect the corresponding voltage. However, especially in the field of energy harvesting,
this is not enough to power portable electronic devices and the AC signal must be converted
into a DC signal. The most common approach is the rectification which can be implemented
according to different models. The first is the Direct Energy Transfer (DET) approach which
relies on a direct connection of the PNG with a bridge rectifier, a DC-DC converter and a
storage capacitor (Figure 9a). The main issue of this approach is the risk that the energy
stored in the capacitor flows back to the PNG when its instantaneous power is negative
(energy return phenomenon [288]). Additionally, there is a problem of impedance matching
with the internal resistance and capacitance of the PNG. A traditional interface used to
match the PNG output impedance is described by Li et al. [289] and it is based on two
coils with the same resonance frequency (i.e., a transformer, Figure 9b) which, however,
needs a high value of inductance to have a proper impedance matching. A development of
this interface consists of using a frequency up-conversion technique to shift the working
operational frequency to higher values [290] (Figure 9c).

The second approach is based on resonant rectifiers (RR), i.e., the PNG is intermit-
tently connected to the resonant electronic interface for very short time intervals and
switched magnetic components (inductors or transformers, directly connected to the PNG
or after a rectification stage) are responsible of the resonant effect (Figure 9d). This
way, the impedance matching can be obtained whenever the RR is connected to the
PNG, behaving similar to an LC oscillator, with a resulting enhancement of the maxi-
mum generated voltage with respect to an open-circuit condition [291,292]. Several RR
have been introduced in previous works and they are comprehensively reviewed by
Dicken et al. [293] and Dell’Anna et al. [294]: (1) series-synchronized switch harvesting on
inductor (5-SSHI) [295] (Figure 9e); (2) parallel-synchronized switch harvesting on induc-
tor (P-SSHI) [296] (Figure 9f); (3) synchronized switching and discharging to a storage
capacitor through an inductor (SSDCI) [297] (Figure 9g); (4) synchronous electric charge
extraction (SECE) [298] (Figure 9h); (5) phase shift synchronous electric charge extrac-
tion (PS-SECE) [299]; (6) synchronized switch harvesting on inductor magnetic rectifier
(MR-SSHI) [300] (Figure 9i); (7) Hybrid MR /P-SSHI (Figure 91); (8) Double synchronized
switch harvesting (DSSH) [301] (Figure 9m); (9) enhanced synchronized switch harvesting
(ESSH) [302]; (10) adaptive synchronized switch harvesting (ASSH) [302]; (11) energy injec-
tion technique [303] (Figure 9n). All the SSHI approaches depend strongly on the load, thus
an additional DC-DC converter is usually required in practical implementations. The other
methods (SECE, DSSH, ESSH) are more independent on the connected load, but they are
affected by a linear decrease of the rectified voltage. The SSDCI approach allows a constant
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power extraction at certain loads and the EI technique provides higher output power peak
performances. Another rectification approach relies on employing Maximum Power Point
Tracking (MPPT) algorithms to control the impedance seen by the PNG, coupled with
full-bridge (FB), half-bridge (HB) rectifiers or voltage/charge doublers (VD, CD) [304].
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Figure 9. Electronic interfaces and power management circuits for PNGs. (a) Direct energy
transfer (DET) approach. (b) Transformer-based approach. (c) Frequency up-conversion rectifier
(FUCR). (d) Resonant rectifier (RR). (e) Series-Synchronized Switch Harvesting on Inductor (S-SSHI).
(f) Parallel-Synchronized Switch Harvesting on Inductor (P-SSHI). (g) Synchronized Switching and
Discharging to a storage Capacitor through an Inductor (SSDCI). (h) Synchronous Electric Charge
Extraction (SECE). (i) Synchronized Switch Harvesting on Inductor Magnetic Rectifier (MR-SSHI).
(I) Hybrid SSHI, made of MR-SSHI and P-SSHI. (m) Double Synchronized Switch Harvesting (DSSH).
(n) Energy Injection (EI) technique.
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5.2. Circuits for Triboelectricity

There are several issues related to the power management of TNGs. The first is
that their high internal impedance (>10 MQ)) does not match with that of most standard
electronic interfaces, thus the power transfer and the energy storage occurs with low
efficiency [221,305]. The power management circuit plays a crucial role in the TNG-based
energy harvesting, for efficiently storing the AC energy and overcome the huge impedance
mismatch. The second issue is about the outputs of the TNG, i.e., high voltage and low
current: this limits the practical applications of TNGs unless another system is used for the
conversion to high currents. This could in principles be performed by a transformer but
this has a high working frequency and a low-input-load resistance, which are the opposite
of the TNG characteristics (low frequency and high-input-load resistance). The third issue
regards the need of maximizing the extracted energy per cycle: generally, a switch approach
between open-circuit and short-circuit conditions is needed [115,116,306]. The fourth aspect
is the networking of several TNGs for distributed arrays of devices.

In order to reduce the TNG efficiency loss due to the impedance unmatching, Hu et al. [307]
proposed an adaptable interface conditioning circuit, composed of an impedance matching
circuit, a synchronous rectifier bridge, a control circuit and an energy storage device
(Figure 10a). In particular, a novel bi-directional switch control mechanism is adopted
to increase the frequency and reduce the energy loss of coupling impedance. Effectively,
a TNG exhibits an increase of efficiency by 50% with the proposed interface.

The switch approach is usually adopted to maximize the extracted energy from the
TNG. The common technique is to combine an electric switch and an inductance transducer
and efficiencies up to 80% were reached in previous works [308,309], although plenty
of energy is absorbed by the electric switch. Bao et al. [310] presented a new power
management circuit for TNGs, that includes a rectification storage circuit and a DC-DC
management circuit (Figure 10b). The first part (with a diode rectifier bridge and an optimal
intermediate capacitor) serves to maximize the energy storage efficiency. The second circuit
includes an automatic switch (transistor controlled by a low-power logic control circuit),
an inductor and a diode in a buck-boost static converter; it works to obtain impedance
match with the storage device or load. A rotating TNG equipped with the proposed circuit
exhibits a storage efficiency of 50%.

Wang et al. [305] designed an SCPU for an arch-shaped TNG by integrating it with a
flexible Li-ion battery (Figure 10c). It was employed to power a ZnO-nanowire-based UV
sensor: the hybridization of the mechanical energy harvesting and energy storage in the
SPCU allows the sensor to be self-powered continuously and sustainably, without any drop
in the output current and voltage. Xi et al. [311,312] designed and patented a universal,
efficient and autonomous power management module (PMM) made of a tribotronic energy
extractor and a DC-DC buck converter (Figure 10d). The first serves to transfer energy
efficiently from the TNG, and the second generates the DC output on the load. With the
implemented PMM, about 85% energy can be autonomously extracted from the TNG as
DC output voltage, and the matched impedance is reduced from 35 MQ) to 1 MQ) at 80%
efficiency. Liang et al. [313] employed the PMM with a hexagonal TNG network consisting
of spherical TNG units with spring-assisted multi-layered structure for water wave energy
harvesting (Figure 10e): the units connected in series can produce a steady and continuous
DC voltage on the load resistance and the PMM helps improving the energy storing by a
factor 96.
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Figure 10. Electronic interfaces and power management circuits for TNGs. (a) Diagram and real photo
of a power management circuit based on an impedance matching circuit and a synchronous rectifier

bridge. Reprinted from ref. [307]. (b) Diagram of a power management circuit made of a rectification

circuit and a DC-DC management circuit with an automatic switch. (c) Self-charging power unit
(SCPU) of a TNG integrated with a Li-ion battery. Reprinted with permission from ref. [305], 2013,
Copyright America Chemical Society. (d) Circuit diagram of PMM made of tribotronic energy
extractor and DC-DC buck converter. Reprinted with permission from refs. [311,312], Copyright 2017,
Elsevier. (e) PMM implemented with a hexagonal network of TNGs. Reprinted with permission from
ref. [313], 2019, Copyright, WILEY-VCH Verlag GmbH and Co. KGaA. (f(I,II)) Fractal-design-based
switched-capacitor-convertor compared to a conventional transformer. Reprinted with permission
from ref. [314], 2020 Copyright Springer Nature, Creative Commons CC BY.
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To avoid the energy loss due to the electric switches, another strategy has been pro-
posed, based on an inductor-free mechanical switch between serial and parallel connections
of capacitors [315,316]. Liu et al. [314] report on a fractal-design-based switched-capacitor-
convertor with high conversion efficiency, minimum output impedance and electrostatic
voltage applicability (Figure 10f(III)). The convertor is magnet-free, light-weight, easily
integrated on printed circuit boards and if coupled to a TNG, it can enhance the charge
transfer with a 67-fold factor, reaching a power density of 954 Wm~2 in pulse mode at
1 Hz, with a >94% total energy transfer efficiency. Xu et al. [188] proposed a multilayered-
electrode-based TNG with the aim of lowering the output voltage and preserving the
total power (to overcome the problem of high-voltage/low-current). With this design,
the current flow is controlled by a mechanical switch, yielding an increasing total charge
transport. The concept of multilayer design is also adopted by Xu et al. [317] who fabricated
the switches by attaching Al foils on the air chambers of a TNG: the switches close when
the corresponding foils acquire contact and current flow by the drive of the established
voltage due to charge separation. The switch circuit reduces the duration of the charge
transfer thus enhancing the output current and power.

5.3. Circuits for HBNGs

Since an optimal universal solution for power management of PNGs and TNGs is still
lacking due to the wide range of operating conditions and of technical issues to overcome,
it is even harder and more challenging to provide an established approach for the electronic
interfaces of HBNGs. In fact, the hybridization occurring inside the system is not necessarily
additive in terms of voltages and currents, since this depends basically on the electrodes’
configuration and the polarization direction of the piezoelectric material, as discussed
in Section 3. In the simplest case, each elemental device (PNG or TNG) inside a HBNG
needs a rectifying circuit to extract the signal, unless the HBNG is based on a 2-terminal
hybridization with physical integration. Therefore, the most common electronic interfaces
for a HBNG consists of some full-wave bridge rectifiers (FWBRs) connected in parallel
(Figure 11a(i)) or in series (Figure 11a(ii)) and a storage capacitor [318]. Lietal. [319]
reported on a HBNG to harvest energy from low-frequency ambient vibrations, made of
a PNG patch, a TNG patch, a spring-mass system and an amplitude limiter, introduced
to achieve the desired frequency up-conversion effect. The circuit for signal extraction
and power management contains two rectifiers to invert the negative current signals into
positive ones and they are connected independently to the PNG and TNG in parallel
to a storage capacitor. A similar type of connection is used for the HBNGs presented
by Wang et al. [150], whereas only one full-wave rectifier is adopted by Li et al. [320].
Mariello et al. [13,76] employed an electronic interface with two full-wave rectifiers in
series or in parallel to extract the hybrid signal from the 3-electrode HBNGs, whereas
to achieve the single voltage and current waveforms they used two differential high-
impedance (~200 MQO-1 GQ)) buffer circuits, supplied by 9 V batteries, to decouple the
internal impedance of the measuring oscilloscope and separate the different signals (two
for PNG, two for TNG) (Figure 11b). Singh and Khare [185] fabricated a piezoelectric-
triboelectric-electromagnetic HBNG, based on ZnO-PVDF, to harvest mechanical vibrations.
The electrical connections used to extract simultaneously the power outputs from the three
transducing mechanisms include five terminals connected to three full-wave low-leakage
bridge rectifier ICs (DF10M): all of the outputs from the rectifiers are connected in parallel.
Intermediate transformers are often used between the nanogenerator and the bridge rectifier,
in order to match the impedance between the different parts, reduce the power consumption
in the power source and enhance the power transfer capability [175,177].

Different approaches can also be adopted and they can consist of exploiting a trans-
ducing component of the HBNG as an active part of the power management circuit. For in-
stance, Lallart and Lombardi [321] presented a hybrid nonlinear interface combining
piezoelectric and electromagnetic effects for energy harvesting purposes (Figure 11c(j,ii)).
Inspired to the SSHI interface mentioned in Section 5.1, the new approach relies on the
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replacement of the passive inductance with an electromagnetic transducer, thus it can be
ascribed in the power management circuits for HBNGs. It is called synchronized switch
harvesting on electromagnetic system (SSH-EM) and provides an increase of the output
voltage and harvested power, compared to the SSHI or the standard DET approaches.
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Figure 11. Power management circuits for HBNGs. (a) Electrical interfaces for HBNGs with full-wave
bridge rectifiers connected in parallel (i) or in series (ii). (b) Differential high-impedance buffer circuit
used to measure simultaneously voltage and current signals for the PNG and TNG, functioning as a
voltmeter and an ammeter. In the bottom, circuit employed to obtain synchronized voltage/current
waveforms for PNG and TNG. Two bulffer circuits are used and each of them provides two pairs
of outputs, detected as four separate channels by the oscilloscope. Reprinted with permission from
ref. [13], Copyright 2021, Elsevier. (¢) SSH-EM circuit configuration at default state (i) and switching
state (ii). Reprinted with permission from ref. [321], Copyright 2019, Elsevier.

In conclusion, a unified solution for the power management of HBNGs with more
than two terminals is still lacking and needs further investigation and analysis.

6. Conclusions and Future Challenges

Nowadays, the global energy problem implies a high demand of novel environ-
mentally friendly, efficient and cost-effective technologies to scavenge energy from the
environment and from humans. Nanogenerators represent a valid complementary option
to the standard bulky systems such as power plants or turbines. On the other hand, in the
context of the spreading Internet of Things revolution, there is a high demand of easy-to-
use, rapid, biocompatible and non-invasive method for monitoring human life parameters,
for sensing human body motion, for stimulating chemical reactions or for implantable ap-
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plications. Nanogenerators have also emerged as powerful tools for these human-centered
applications and many research efforts have been made for designing new architectures, for
developing and using novel materials, for increasing the device’s performances. Against
most current devices based on single-mechanism transducers (nanogenerators or sensors),
the future direction of these technologies is to exploit multi mechanisms simultaneously.
Hybridization brings some key advantages such as a further miniaturization of the devices
and enhanced signal generation. The technology of the hybrid bio-nanogenerators (HBNGs)
is promising and in continuous growth.

In this paper, the recent advances of hybrid nanogenerators and sensors based on
piezoelectric and triboelectric transduction mechanisms are reviewed. These two mecha-
nisms are the most widely adopted and their advantages to other systems are discussed:
when combined together, both mechanical deformation and contact friction of materials
can be exploited in the same hybrid device to scavenge or convert mechanical energy.

Different possibilities for the design of hybridized devices are described, based on
the physical domains involved in the energy conversion. In this respect, intra-domain or
inter-domain hybridization can be exploited. The piezoelectric and triboelectric transducers
can be used individually or together, in combination with other transducing principles
(electromagnetic, solar, photovoltaic, etc.). Regarding the relative position and physical
interpenetration of the piezoelectric and triboelectric components the hybridization can
occur with physical separation or with physical integration.

Power management of piezoelectric, triboelectric and hybrid nanogenerators is also
discussed, highlighting the higher complexity that hybrid devices bring for signal extrac-
tion. The three main applications of HBNGs are presented: energy harvesting, wearable
bioelectronics and implantable bioelectronics. The first category is so far the most widely
explored with plenty of examples of nanogenerators that scavenge energy from environ-
mental clean-energy sources (wind, water etc.). The last two categories are less investigated
and robust commercializable solutions are still lacking because of additional challenges
regarding the skin adhesion, conformality, adaptability, miniaturization and implantation.

As similarly described in [294,322] for piezoelectric energy harvesting systems, there
are many criteria to evaluate the performances of a HBNG: (1) efficiency, (2) standalone
operation, (3) circuit complexity, (4) adaptivity to the environment, (5) micro-scale com-
patibility, (6) start-up operation, (7) minimum operating voltage, (8) internal impedance,
(9) flexibility and conformality. Future research work is urgently needed for several key
aspects and challenges, that are pointed out below and illustrated in Figure 12.

The first aspect to focus on is the output generation performances of the HBNGs, which
depends on the performances of the single components and also the mutual combination
and interaction. To enhance the performances, novel materials with higher capability
of generation of piezo-potentials or surface charges are needed, in particular polymers
with lower dielectric permittivity, electrostatic breakdown rigidity and mechanical robust-
ness [221,323]. On the other hand, acting on the design and architecture of the hybridized
device plays an important role in enhancing the overall performances. This holds true both
for increasing the power density (for energy harvesting applications) and for increasing
the sensitivity of sensing devices (for biomedical applications). The optimization of the
design can be performed on two sides, i.e., the structural design or the electronic circuitry.
General principles for the enhancement of triboelectrification are (i) multilayer structures,
(i) grating structures, (iii) softness to increase contact areas, (iv) charge pumping or surface
treatments/functionalization strategies to increase surface charge densities [212,221].

The second aspect that needs further investigation and urgent solutions regards the
reliability of HBNGs. This includes the durability of the materials involved in the fabri-
cation of the devices: since they are supposed to undergo mechanical deformations or
friction/contact, the stability of all the interfaces is necessary for a long-term operation.
A second factor that affects the reliability, especially for devices aimed at being employed
in water or implanted in the human body, is the package and external embodiment of the
HBNGs. Hermetic packages or ultra-high barrier encapsulations are necessary for protect-
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ing the devices against biofouling, humidity or water permeation that can induce internal
short-circuits, corrosion or delaminations. Water affects negatively both triboelectricity, by
forming thin layers on the tribo-surfaces, and piezoelectricity, by reducing the dielectric
strength of the active material. Acting on the wettability (hydrophobicity) of the involved
layered materials in HBNGs can be a solution for impeding the water absorption [137].
Other harsh agents of device failure are dryness, high temperatures (which cause the
loss of piezoelectricity beyond the Curie temperature and a reduction of triboelectricity
through electron thermion emission), UV radiations (which cause the desorption of oxygen
molecules and formation of free radicals that influence the charge generation), the presence
of chemical substances, contaminants, interstitial atomic hydrogen and oxygen vacancies
in ceramic materials [209].
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Figure 12. Illustrations of challenges and issues to be solved for the future employment of HBNGs.

The third aspect concerns the power management circuits and electronic interfaces
used to extract signals from the HBNGs. They need to be optimized to minimize the
losses, maximize the signal-to-noise ratio, increase the efficiency, especially for energy
harvesting applications, or lower the sensitivity limit of the devices, for sensing applications.
The sensitivity, as well as linearity, is crucial for physiological monitoring of heartbeat,
intestinal movement or respiratory rate and hybrid devices can improve it to provide broad
sensing ranges.

In case of implantable or wearable bioelectronic devices, the electronic interfaces can
be incorporated in the package and they need to be carried by flexible or even stretchable
substrates. This means that new methods of fabricating the electronic circuitry are required,
based on soft substrates and reliable deposition of the metal interconnections. Additionally,
piezoelectricity produces a low output voltage and higher output current while tribo-
electricity produces a high output voltage but with low output current. Leakage due to
arc between the triboelectric materials can occur in the same device leading to degraded
performances. Hence, proper circuits for handling the high triboelectric impedance must
be designed.
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The fourth aspect is the networking, i.e., the possibility to have distributed arrays of
HBNGs for specific applications. An example is related to the blue energy harvesting
for which coupling together different units of HBNGs can be exploited to enhance the
overall efficiency of power scavenging. Distributed electrodes or devices are increasingly
demanded for implantable applications, especially for stimulating simultaneously different
regions of the human brain or other organs. This poses further challenges for the electronic
systems that need to handle the signal of multiple devices simultaneously, thus multiplexing
instrumentations are required. In addition, infrastructures for big data, artificial intelligence
(AI) and deep learning are growingly required to connect large arrays of distributed self-
powered sensors and to improve the systems for intelligent signal acquisition [323].

The fifth aspect is related to the biocompatibility of the materials used for the realization
of HBNGs. The demand of environmentally friendly or biodegradable materials is of
utmost important in order to develop green technologies both for power generation and
for wearable/implantable sensing/actuation.

The sixth aspect is the cost of these novel technologies. Although they are really more
cost-effective than the standard counterparts (power plants, turbines, etc.), the deposition
techniques and the fabrication are still based on processes and equipment that are not
affordable at very low price. These machines and processes typically are performed with
cleanroom facilities and need frequent maintenance, thus lowering the price of these
technologies can favor the spread and wide utilization of HBNGs, even on a large scale.
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Abstract: By seamlessly integrating the wearing comfortability of textiles with the biomechanical
energy harvesting function of a triboelectric nanogenerator (TENG), an emerging and advanced intel-
ligent textile, i.e., smart textile TENG, is developed with remarkable abilities of autonomous power
supply and self-powered sensing, which has great development prospects in the next-generation
human-oriented wearable electronics. However, due to inadequate interface contact, insufficient
electrification of materials, unavoidable air breakdown effect, output capacitance feature, and special
textile structure, there are still several bottlenecks in the road towards the practical application of
textile TENGs, including low output, high impedance, low integration, poor working durability, and
s0 on. In this review, on the basis of mastering the existing theory of electricity generation mechanism
of TENGs, some prospective strategies for improving the mechanical-to-electrical conversion perfor-
mance of textile TENGs are systematically summarized and comprehensively discussed, including
surface/interface physical treatments, atomic-scale chemical modification, structural optimization
design, work environmental control, and integrated energy management. The advantages and disad-
vantages of each approach in output enhancement are further compared at the end of this review. It
is hoped that this review can not only provide useful guidance for the research of textile TENGs to
select optimization methods but also accelerate their large-scale practical process.

Keywords: smart textiles; triboelectric nanogenerators; electricity generation; output enhancement;
air breakdown

1. Introduction

The rapid consumption of fossil energy and the increasing urgency of environmental
security precipitate us to reshape the current energy utilization structures that depend on
oil and coal [1]. In addition, ubiquitous wearable electronics and the Internet of Things
(IoTs) pose a great challenge to the present energy supply modes in the centralized, fixed,
ordered, and high energy density forms, which rely heavily on traditional power plants
and cable transmission networks [2]. In general, the power needed to operate millions of
wearable sensors is very small, typically at the microwatt to watt level. Although orderly
energy supply modes can provide a part of the power for distributed electronic devices, the
rest of the power must be provided by random energy sources in our living environment,
including solar energy, vibration, motion, wind energy, and other resources [3-9]. What
we expect is to make full use of any available resources in the environment where the
device is deployed. Therefore, the idea of a self-powered system is proposed, which is
one of the most feasible schemes for low power electronic devices by effectively acquiring
environmental energy [10-18].

Triboelectrification or contact electrification is a universal phenomenon in which two
materials contact each other. A triboelectric nanogenerator (TENG) is a new type of energy
collection technology first invented by Wang’s team in 2012. By coupling triboelectric

Nanoenergy Adv. 2022, 2, 133-164. https:/ /doi.org/10.3390/nanoenergyadv2010006

https:/ /www.mdpi.com/journal/nanoenergyadv
233



Nanoenergy Adv. 2022, 2

charging and electrostatic induction, various forms of irregular, low-frequency, and dis-
tributed mechanical energy, which is common in daily life but usually wasted, can be
effectively converted into electric energy, including human movement, vibration, wind,
mechanical triggering, water waves, and so on [19-24]. With the merits of lightweight,
cost-effectiveness, universal availability, abundant materials choice, and especially high
conversion efficiency at low frequency, TENGs exhibit a great application prospect in
wearable emergency power supply, multifunctional self-powered sensors, healthcare appa-
ratus, and artificial intelligence [25-35]. TENG's fundamental theory can be traced back
to Maxwell’s equations, which shows that the second term in Maxwell’s displacement
current has a direct relationship to the output electric current of TENGs [36]. Recently,
expanded Maxwell’s equations were also derived by assuming that the medium is moving
as a rigid translation in space [37]. The expanded Maxwell’s equations not only largely
expand their applications in various fields but also serve as the fundamental theory of the
NGs, including output current and associated electromagnetic radiation.

By combining the traditional flexible and wearable textile materials with emerging
and advanced TENG science, a new type of intelligent textile technology, namely textile
TENG, is developed, which has two outstanding functions: independent energy collection
and active self-powered energy-sensing (Figure 1) [38—42]. With the help of wearable
intelligent systems with no burden and self-sufficiency, individuals can easily obtain and
make efficient use of electric energy, which will help promote the development of people-
centered portable electronics and artificial intelligence in the future [43-47]. However, the
low power density and high internal impedance are still the two main factors that hinder
the effective commercial utilization of textile TENGs. The maximum energy output per
cycle has a quadratic relationship with the charge density of the triboelectric surface and
is positively correlated with the average output power and energy conversion efficiency
of TENGs. According to Paschen’s law, the breakdown effect of high-pressure air has
a great influence on the maximum surface charge density [48]. Due to the restriction of
high-pressure air breakdown, most of the surface charge densities enhanced by material
optimization or external ion implantation are easy to diffuse into the atmosphere and
internal triboelectric layer, resulting in charge loss and reduction of surface charge den-
sity [49,50]. Breaking through the limitation of air breakdown and prolonging the time of
charge decay is especially important for improving the output of TENGs [51]. In order
to improve the electromechanical conversion performance of TENGs, people adopted
various methods to improve its output performance and expand the applications, such
as physical surface modification, chemical surface modification, the embedding of charge
trap layer, switching realization, active charge excitation, and so on. Although a large
number of reviews summarized these methods to enhance the power output performance
of TENGs [52-58], there is a little comprehensive summary about the improvement of
the output performance of textile TENGs. Due to the high aspect ratio, complex curved
configuration, and surface micro-to-nano structural defects of 1D fiber structure, it is hard
and also unreasonable to directly apply these strategies of improving the power output of
the common planar membrane structural TENGs to textile TENGs. In addition, because of
the limited effective contact area in textile TENGs, their mechanical-to-electrical conversion
efficiency is much lower than that of common planar membrane structures. Therefore, it is
extremely necessary to make a comprehensive summary and constructive discussion on
the potential strategies to improve the electromechanical conversion output performance
of textile TENGs, so as to make their power generation meet the actual use demand.
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Figure 1. Schematic illustration of smart textile TENGs by converting human motion energies into
electric energy through TENG technology.

This review focuses on textile TENGs, aiming at improving their electrical output
performance. The electrification mechanism of TENGs is first interpreted with special atten-
tion to the atomic-scale electron-cloud/wave function overlap model. Based on the basic
understanding of the charge generation mechanism of TENGs, the potential approaches
to enhancing the power output of textile TENGs are systematically investigated, which
are mainly divided into five categories on the basis of their respective features, includ-
ing surface/interface physical treatments, atomic-scale chemical modification, structural
optimization design, work environmental control, and integrated energy management.
Among them, surface/interface physical treatments consist of two schemes, i.e., micro-
/nanostructure patterning and soft contacted interface designing. The atomic-scale chemi-
cal modification includes surface modification, ion irradiation/implantation, and charge
trapping/storage. As for structural optimization design, it can be further classified into
intermediate layer adding, charge shuttling/pumping, and direct-current mode designing.
In any case, each strategy has its special advantages in improving the triboelectric output
performance but meanwhile exists unavoidable issues. The combination of these methods
based on the selected structural characteristics and application directions may be a more
preferred scheme. This review is not only a timely retrospection of the emerging smart
textiles based on advanced TENG technology but also a key process to break through its
existing bottlenecks and promote its real application.

2. Electrification Mechanism

Contact electrification (CE) or triboelectrification means that two different materials
or materials of the same chemical type will be charged after physical contact. However,
the underlying mechanism was debated for a long time, but no conclusion was reached.
Recently, some researchers used a variety of experimental methods to explore the atomic-
scale contact or friction behaviors as well as their induced electrification phenomena. For
example, the combination of in situ high-resolution transmission electron microscope (TEM)
and atomic force microscope (AFM) measurements can provide direct real-time observation
of atomic-level interface structure in the processes of friction and the formation of a loosely
stacked interface layer between two metal asperities can result in low friction under tensile
stress (Figure 2a) [59]. In addition, using Kelvin probe force microscope (KPFM) technology
and properly functionalized probes, carbon monoxide molecules can be imaged in o-
real space with anisotropic holes and quadrupole charges (Figure 2b) [60]. This method is
expected to expand the possibility of characterizing complex molecular systems and surface
charge distribution. The atomic-scale motion of nanotubes on a graphene substrate are also
investigated based on DFT simulations to explore their atomic-scale rolling friction behavior
and induced charge-transfer mechanism [61]. As shown in Figure 2c, a simplified physical

235



Nanoenergy Adv. 2022, 2

model is established to the theoretical basis on atomic-scale rolling and sliding friction
behaviors. The typical maximum and minimum energy positions during the rolling and
sliding process are selected to characterize its corresponding charge-transfer morphology
(Figure 2d). It can be found that the charge interaction is mainly concentrated in the contact
area of the moving object, and there is no charge redistribution beyond the contact area.
The charge is completely accumulated at the bottom of the carbon nanotube and depleted
at the top of the flat graphene substrate, which indicates that selecting the rod rather than
the flat structure as a strategy can effectively increase the induced charge density of the
triboelectric interface.
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Figure 2. Experimental characterization of atomic-scale contact or friction behaviors as well as
their induced electrification phenomena. (a) The atomic-scale interface structure in the friction
process was observed directly and in real-time. Through in situ high-resolution transmission electron
microscopy (TEM) and atomic force microscopy (AFM) measurements, it was found that a loosely
stacked interface layer was formed between the two metal micro bumps. Reproduced with the
permission of [59], copyright 2021, Springer Nature. (b) Real-space images of the anisotropic charge
distribution of the o-hole and the quadrupolar charge of a carbon monoxide molecule obtained by
KPFM. Adapted with the permission of [60], copyright 2021, AAAS. (c) Atomic-scale rolling and
sliding friction behaviors between CNT and graphene substrate. (d) The corresponding potential
energy distribution during the rolling and sliding process. (c,d) Reproduced with the permission
of [61], copyright 2020, American Chemical Society.

Contact electrification or triboelectrification mechanism is particularly important for
TENGs. As usual, a macro-scale electron or charge transfer model during two friction layers
in a complete contact and separation cycle is used to reveal the electrification mechanism
(Figure 3a). Taking the typical vertical contact-separation model as an example, when
the two friction materials A and B make contact with each other, the same amount of
charges are generated on their interface with opposite polarities (Figure 3a(i)). When
the two friction materials begin to separate, static charges are induced in the electrodes,
generating an instantaneous electrical current (Figure 3a(ii)). When the two friction layers
are completely separated, the charges on the friction layers are fully equilibrated by the
electrostatic induced charges on their attached electrodes (Figure 3a(iii)). In the reverse
case, if the two frictional materials gradually approach each other, the electrons or charges
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will be transferred in the reverse trend (Figure 3a(iv)). After the whole system returns to the
initial state, the charges on the electrodes will be offset by the frictional layers. The contact
and separation process in Figure 3a will form an alternative potential or current signal.
In addition to the widely used macro-scale charge transfer model, Wang et al. proposed
an atomic-scale electron cloud potential well or wave function overlapping model based
on the electron-emission-dominated charge transfer mechanism to attempt to describe the
CE process between any two materials and even atoms [62,63]. As shown in Figure 3b,
once the two atoms approach and make contact with each other, the electron clouds will
overlap between the two atoms to form ionic or covalent bonds, resulting in the initial
single potential wells becoming an asymmetric double-well potential. Due to the strong
overlap of electron clouds, the energy barrier between the two decreases. Then, electrons
can then be transferred from one atom to the other, resulting in CE (Figure 3b(ii)). Due to
the existence of surface potential barriers that bind the electrons tightly in specific orbits
and prevent the charge generated by CE from flowing back, the charges generated in CE
can be readily retained by the material as the electrostatic charges for several hours at
room temperature (Figure 3b(iii)) [64]. The process presented in Figure 3b is referred to as
the Wang transition, which has laid a solid foundation for exploring the meso-scale and
macro-scale contact electrification or triboelectrification of textile TENGs.
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Figure 3. Electrification mechanism of mechanical-to-electrical conversion during contact or friction
process. (a) Classic electron or charge transfer process in a complete contact and separation cycle.
(b) An electron-cloud-potential-well model was proposed for explaining CE and Charge transfer
between two materials that may not have a well-specified energy band structure. Reproduced with
the permission of [65], copyright 2019, Elsevier.
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3. Basic Strategies
3.1. Surface/Interface Physical Treatments
3.1.1. Micro-/Nano-Patterned Structures

One of the simplest and most common methods to improve the output performance
of TENGs is to increase the effective contact area through fabricating micro-/nano-textures
at the contact surfaces or interfaces. Multiple micro-/nano- patterned structures with
regular and uniform textures can be fabricated based on various processing techniques,
such as lithography, etching, self-assembly, laser patterning, and so on [66-71]. Various
types of nanostructures, including nanoparticles, nanorods, and nanowires, are fabricated
into TENGs to increase the contact area, thereby obtaining a high charge transfer density.
As shown in Figure 4a, three types of regular and uniform polymer patterned arrays,
including line, cube, and pyramid, are fabricated to improve the efficiency of TENGs [72].
The obtained results show that the output efficiency of different TENGs follows film < line
< cube < pyramid. The correlation between the contact area and electrical performance
of TENG with textured surfaces is revealed to make a quantitative analysis of the effect
of the effective contact area of micro-/nano-textures on the power output of TENGs [73].
As illustrated in Figure 4b, both the contact area and open-circuit voltage of TENGs with
the pyramid texture increase under lighter loading while remaining stable under heavier
loading. In addition, for better understanding the impact of interfacial design on the
power generation of TENGs, systematical numerical studies on the adhesive contact at the
micro-/nano-structured interfaces are conducted, which confirm that the deformation of
interfacial structures is related to the pressure-voltage of TENG [74]. The hysteretic behavior
in contact force response of TENG is analyzed, which shows that the counterclockwise
hysteresis curve of the contact force versus output power originates from the asymmetric
time constant between triboelectric charging and natural discharging [75].

The 3D secondary heart-like structure is designed on electrospun PVDF nanofibers
to improve the output performance of textile TENGs [76]. The high output results from
the combined effect between the heart-shaped structure and porous structure expand
the effective contact area through its high surface roughness (Figure 4c). Micro-/nano-
patterned structures can also be easily applied to the surface of textiles. For example, a
fabric-structured TENG is woven from energy harvesting fibers, which is composed of
aluminum wire, vertically arranged nanowires and a PDMS tube with a high aspect ratio
nanotextured surface (Figure 4d) [77]. Similarly, by using silver-plated fabric and PDMS
nano-pattern based on ZnO nanorod array on silver-plated fabric as two kinds of friction
materials, a fully flexible and foldable nano-patterned fabric TENGs with high power
generation performance and mechanical strength is designed (Figure 4e) [78]. The dramatic
increase in the output performance of TENGs with the micro and nanostructures can be
attributed to the following reasons: (1) the frictional layers with micro and nanostructures
have better electrification to generate more triboelectric charges during the contact; (2) the
triboelectric charges are more easily separated to form a larger dipole moment between
the electrodes; (3) the micro and nanostructures increase the effective contact area between
triboelectric layers, which can increase the capacitance and dielectric constant. It is also
worth noting that the interfacial structures of TENGs can be carefully designed with
consideration of a special target application based on numerical simulation methods.
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Figure 4. Construction of micro/nanostructures on the contact interface to improve the working
performance of textile TENGs. (a) SEM images of several patterned micro/nanostructures, such as
columns, cubes, and pyramids. Reproduced with the permission of [72], copyright 2012, American
Chemical Society. (b) Relationship between surface contact area and applied pressure. Reproduced
with the permission of [73], copyright 2012, Elsevier. (c) Conceptual illustration showing the contact
interface states with 2D primary nanofiber mat, 3D primary micro-nanofiber mat, and 3D secondary
heart-like fiber mat. Reproduced with the permission of [76], copyright 2019, The Royal Society of
Chemistry. (d) A highly stretchable 2D fabric TENG with the Al wire grown on ZnO nanowires
in the core and nanostructural PDMS tube in the shell. Reproduced with the permission of [77],
copyright 2015, American Chemical Society. (e) A nanopatterned wearable fabric TENG consisting of
an Ag-coated fabric and PDMS nanopatterns based on ZnO nanorod arrays on an Ag-coated textile
substrate. Reproduced with the permission of [78], copyright 2015, American Chemical Society.

3.1.2. Soft Contacted Interface

Soft-surface contact is another effective approach that largely improves transferred
charges by increasing the contact area. There are several benefits to using the soft contact
interface for fabricating TENGs [79,80]. Firstly, more effective energy harvesting and higher
sensitivity of soft TENGs can be realized under a tiny external mechanical stimulation.
Secondly, the TENGs fabricated with soft materials are easier to adhere to curved surfaces,
and more prominently, they can quickly adapt to the deformations caused by complex
body movements. Last but not least, compared with the general rigid TENGs, soft-textured
TENGs has a wider range of application scopes, especially in implantable medical mon-
itoring. In order to fabricate soft-textured TENGs, supersoft yet tough silicone rubber is
often chosen as the elastomeric dielectric, owing to its inherent biocompatibility, superior
mechanical properties, excellent flexibility /stretchability, and strong tendency to gain elec-
trons [81,82]. For example, a typical soft-surface-contact TENG is made of an acrylic hollow
ball as the shell and a rolling flexible liquid/silicone as the core to effectively collect water
wave energy (Figure 5a) [83]. The results show that compared with the traditional PTFE-
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based hard contact electrode, the maximum output charge of the soft contact spherical
TENG is increased by 10 times. In addition to the friction layers, the conductive electrodes
can also be made of soft-textured materials. For example, TENG, composed of a conduc-
tive liquid electrode and an elastic polymer covering layer, is highly shape-adaptive and
stretchable and is designed to effectively collect energy in various working modes [84]. As
shown in Figure 5b, TENG can withstand up to 300% strain without lowering the electrical
performance due to the unique adaptability of liquid electrodes and the high flexibility of
the rubber cover. However, the mechanical stability of TENGs based on liquid electrodes is
a great challenge due to the high risk of leakage of liquid electrodes. Therefore, researchers
usually take another method by directly mixing with elastic polymer materials with a
conductive medium to prepare soft electrodes with better mechanical stability. As exhibited
in Figure 5¢, a tubular TENG is made of elastic material and spiral inner electrode adhered
to the tube with dielectric layer and outer electrode, respectively [85]. These methods to
obtain a more fully interface contact state can be used to design high-performance fiber-
based TENGs. Among them, the simplest is to directly coat the elastic dielectric material
on the surface of the conductive fiber. As shown in Figure 5d, by mixing fiber TENGs and
fiber supercapacitor in a fabric, a self-charging electric fabric with biomechanical energy
collection capability and energy storage capability based on all yarns is developed [86]. The
fiber TENG is obtained by coating silicone rubber on the surface of stainless steel/polyester
blended fiber, which can be further knitted into large-scale fabrics. However, the interfacial
bonding strength between fiber electrodes and surface coating elastomers is not high, re-
sulting in poor mechanical stability. The poor interface stability can be effectively avoided
by directly injecting flowing liquid electrodes into dielectric elastomeric tubes. For example,
a triboelectric fiber consists of an elastomeric SEBS hollow fiber filled with metallic EGaln
liquid, fabricated with melt extrusion and injection methods (Figure 5e) [87]. Similarly, a
coaxial wet spinning process is used to continuously manufacture inherently stretchable,
high conductivity, and stable conductivity liquid metal core microfibers (Figure 5f) [88].
However, the issue of liquid metal-based triboelectric fibers is that liquid electrodes are
easy to leak outside. To this end, some researchers use the photo-crosslinking method to
solidity the core liquid electrode to obtain triboelectric fibers with more stable mechanical
properties. As shown in Figure 5g, a core-shell triboelectric fiber is prepared in silicone
hollow fiber by the gel photo-crosslinking method. The fiber has the advantages of softness,
flexibility, electrical conductivity, and large-scale production [89].
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Figure 5. Softness interface to maximize the contact area. (a) Soft-contact spherical TENG with a
flexible rolling sphere. Reproduced with the permission of [83], copyright 2019, Elsevier. (b) A highly
shape-adaptive and stretchable conductive liquid-based TENG. Reproduced with the permission
of [84], copyright 2016, AAAS. (c) Tube-like TENG woven into a coat and assembled under shoes.
Reproduced with the permission of [85], copyright 2016, Springer Nature. (d) Knitting power textiles
fabricated with silicone rubber coated triboelectric fibers. Adapted with the permission of [86],
copyright 2017, American Chemical Society. (e) Multifunctional liquid-metal triboelectric fibers
with metallic EGaln liquid filled in SEBS hollow fiber. Reproduced with the permission of [87],
copyright 2021, Wiley-VCH. (f) Liquid-metal sheath-core microfibers consisting of double-network
fluoroelastomer as the sheath and that percolated EGaln alloy nanoparticles as the core. Reproduced
with the permission of [88], copyright 2021, AAAS. (g) Scalable triboelectric fibers fabricated with
an organogel electrode and soft silicone rubber. Reproduced with the permission of [89], copyright
2021, Elsevier.

3.2. Atomic-Level Chemical Modification
3.2.1. Surface Functionalization

The material physicochemical properties of the triboelectric layer are related to its
behavior and ability to gain and lose electrons in the process of contact electrification or
triboelectrification. In principle, the greater the difference of electron affinity between
two triboelectric layers is, the more the triboelectric surface charges will be generated. In
addition, the ability of electricity generation of triboelectric layer also depends on their
intrinsic material properties, such as dielectric constant, polarity, work function, etc. The
triboelectric series for a wide range of polymers is quantified using a universal standard
method, which establishes a fundamental materials property of quantitative triboelectrifica-
tion [90-94]. The normalized triboelectric charge density is defined and deduced to reveal
the intrinsic tendency of polymers to gain or lose electrons [62,95]. However, the triboelec-
tric charge density of the material can be changed by adjusting the functional groups on the
surface with different electron-withdrawing or electron-donating abilities. Considering that
the charge density on polymer surface is closely related to the surface chemical property,
surface chemical engineering treatments through appropriate functionalizations, including
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overall chemical reaction, surface chemical treatment, functional group grafting, and so
on, are one of the most fundamental strategies to improve the output performances of
TENGs [56,96,97]. For example, the surface charge of polymers can be controlled by carry-
ing their physicochemical properties, such as the strength of macromolecular interactions
and surface adhesion. It has been found that polymers with lower modulus show higher
surface charge values than those with a higher modulus. In fact, the modulus is directly
proportional to the cohesive energy of materials. The effect of polymer cohesion energy
on contact electrification is much greater than that of the surface roughness. Polymers
showing strong surface adhesion and low cohesion energy in bulk are expected to have
higher surface charge [98].

A facile atomic-level chemical functionalization method is proposed to effectively
modify the triboelectric property of polymer surfaces by using a series of halogens and
amines [99]. As shown in Figure 6a, the negative triboelectric charge on the PET surface is
functionalized by arylsilane terminated with electron-accepting elements, halogens, while
for the triboelectrically positive side, its surface is functionalized using several aminated
molecules. In addition to the PET, the triboelectric properties of other polymers can also
be well modulated by chemical modification. The output power of polyimide (PI)-based
TENGs is enhanced by introducing electron-withdrawing and electron-donating groups
into the main chain [100]. Density functional theory is used to study the relationship be-
tween charge retention characteristics and functional groups of the PI films so as to observe
the molecular electrostatic potential and the charge distribution (Figure 6b). It is found that
the increase of electrical outputs is attributed to the increase of the charge density trans-
ferred from the electrode. The chemical functionalization method to improve the electrical
output performance of TENGs is also very easy to apply to fibers or fabrics. As shown
in Figure 6¢, by coating surface interface-engineered PDMS layers on highly conductive
Ni-Cu textiles, the electrical performance of the textile TENG is greatly enhanced [101]. The
chemical modification of the coated PDMS surface is achieved by one-step Ar-only plasma
treatment and a two-step process with consecutive Ar and CFy + O, plasma treatment.
In addition, by enriching the fiber surface with hierarchical structures and amide bonds
through chemical grafting of CNT and PET via a polyamidation reaction, a fabric-based
TENG can easily achieve over 10 times improvement in output voltage and current at a
low modifier content of less than 1 wt% (Figure 6d) [102]. A relatively systematic and
improved mechanism is proposed to clarify the influence of chemically finishing on contact
electrification [103]. The electron cloud of the atomic nucleus with electron-donating ability
has a large density and occupies a large area, while that with electron-withdrawing ability
occupies a small area. As shown in Figure 6e, for the contact between aminosilane and
FEP, the overlap of electron cloud leads to the reduction of the energy barrier between
them. Afterwards, the electrons are transferred from the low electronegativity atom (IN)
to the high electronegativity atom (F). Once they are separated, the electron cloud range
of N atoms decreases, while the electron cloud range of F atoms increases. As for the
contact between fluorosilane and FEP, the electrons of the H atom are transferred to the F
atom, due to that the more F atoms in the FEP polymer, the stronger the ability to obtain
electrons (Figure 6f). In summary, creating new functional groups through a variety of
chemical methods to obtain strong electron-donating or electron-accepting ability on fabric
surface is an effective method to greatly and stably improve the output performance of
textile TENGs.
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Figure 6. Chemical modification of polymer materials to alter the electron-withdrawing or electron-
donating abilities. (a) Atomic-level chemical functionalization on PET polymer surface. Reproduced
with the permission of [99], copyright 2017, American Chemical Society. (b) High-output TENGs
based on Pl-based polymers by introducing functionalities into the backbone. Adapted with the
permission of [100], copyright 2019, Wiley-VCH. (c) Improvement of output performance of TENGs
by a simple plasma treatment approach. Reproduced with the permission of [101], copyright 2019,
Elsevier. (d) Enhancing the performance of fabric TENGs by structural and chemical modification.
Reproduced with the permission of [102], copyright 2021, American Chemical Society. (e) Schematic
diagram of the electron cloud overlap model between aminosilane and FEP, in which aminosilane
has a large electron cloud range with orange color and FEP has a small electron cloud range with
green color. (e) Schematic diagram of the electron cloud overlap model between fluorosilane and
FEP, where fluorosilane has a large electron cloud range with blue color and FEP has a small electron
cloud range with green color. (e f) Reproduced with the permission of [103], copyright 2021, Elsevier.

3.2.2. Ion Injection/Irradiation/Implantation/Decoration

The above surface functionalization methods to alter the original electro-donating
and electron-withdrawing ability are limited by their low accuracy and poor stability. Due
to this, the surface triboelectric charges only come from two surfaces with the difference
in surface potentials; the compensation of surface potential difference by injecting or
implanting additional electrons or ions is also an effective method. Therefore, by directly
adding ions or single-polarity charged particles on or inside the triboelectric materials,
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the charge density of triboelectric surfaces can be greatly increased. Ionized-air injection
is the simplest method to implant polarized charges into polymers. With the assistance
of an air-ionization gun, the ions with negative or positive polarities are generated and
subsequently implanted onto the material surfaces [96]. The polarity of the ions injected
from the outlet of the gun can be manually controlled by pressing or releasing the trigger
bar. As shown in Figure 7a, the negative ions reaching the surface of FEP film transfer
the same number of electrons from the bottom electrode to the ground by electrostatic
induction so that the bottom electrode has positive charges of the same charge density [104].
As a result, the charge density on the FEP surface from the ion-injection process can reach
a much higher level than that on an electrode-free FEP layer. In order to further improve
the stability and retention rate of implanted ions, a modification strategy based on ion
implantation technology is proposed to precisely control the distribution and concentration
of dopant atoms in the polymers. As shown in Figure 7b, under the accelerated fields, polar
groups and unsaturated bonds containing N element can not only break the symmetry of
the spatial structural of PTFE, but also combine with the free radicals on the chain to form
new chemical bonds and chemical groups [105]. The electronegativity and the increase of
electron cloud density of the group lead to the improvement of the electron-withdrawing
ability. As a result, the ion implantation modified PTFE and FEP films exhibit the most
negative triboelectricity in the triboelectric series. Besides nitrogen ion implantation, other
ions are also gradually used to change the charging properties of polymer materials. Atomic
oxygen irradiation is used to manipulate the surface structure and chemical components to
adjust their electrical properties [106]. As seen in the mechanism illustrated in Figure 7c,
atomic oxygen infrared radiation can increase the electron-donating groups and enhance
electropositivity of PDMS films, which leads to an increase in the work function of PDMS,
thus enhancing its surface states to be charged. In addition, a Kapton film modified by
low-energy helium ion irradiation also shows several unprecedented characteristics, such
as high surface charge density, excellent stability, and ultrahigh electro-donating capability,
which makes it lose electrons during the contact electrification process (Figure 7d,e) [107].
The electrification properties of other ion irradiated polymers, such as PET, PTFE, and FEP,
are also systematically studied (Figure 7f), which suggests that the same ion irradiation
can lead to different performance changes for different polymers. Argon ion implantation
is carried out on Kapton to make it serve as a positive triboelectric layer, while pure
Kapton behaves as a negative triboelectric layer [108]. The effect of argon plasma treatment
(including plasma power and treatment time) on the output performance of TENG is also
investigated [109]. Neutral beam is also an advanced plasma-based etching and surface
treatment technology of polymers. Kim et al. modified the surfaces of PDMS and TPU
using N, and O, gas-based neutral beam process, which showed the remarkable output
performance of TENGs [110].

The approach of ion injection or implantation technology to the study of triboelectric
polymers is helpful to further clarify the internal mechanism between molecular composi-
tion/structure and contact electrification/triboelectrification ability, which provides useful
guidance for developing high-performance triboelectric polymers.
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Figure 7. Ion injection or ion irradiation/implantation. (a) Ionized-air injection to maximum surface
charge density of TENG. Reproduced with the permission of [104], copyright 2014, Wiley-VCH.
(b) Implanting ions into the polymers to change their chemical structure by ion implanter. Repro-
duced with the permission of [105], copyright 2021, Elsevier. (c) Manipulating electrical properties of
silica-based materials via atomic oxygen irradiation. Adapted with the permission of [106], copyright
2021, American Chemical Society. (d—-g) Manipulating triboelectric surface charge density of poly-
mers by low-energy helium ion irradiation or implantation. Adapted with the permission of [107],
copyright 2020, The Royal Society of Chemistry.

3.2.3. Charge Trapping/Storage

Triboelectric charges will delay the surface friction of materials and transfer to the
interface between the friction layer and electrode, which will decrease triboelectric charge
density [111-114]. Interfacial modifications made by mixing charge trapping or storage
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elements are considered a suitable method to increase the retention of triboelectric charges
for output enhancement [115]. For instance, the ferroelectric polymer-metallic nanowire
composite nanofibers are described for use in high-performance TENGs. For example, an
improved fiber-based TENG with a breathable-antibacterial Ag NWs electrode and electro-
static induction enhancement electrospun polystyrene (PS) nanofibers as charge storage
layer is proposed in order to improve the output performance of TENGs and meanwhile
maintain good flexibility and breathability (Figure 8a) [116]. The result shows that the
samples with PS film as the intermediate charge storage layer have an obvious higher
output than others without one. Similarly, a multilayered nanofiber TENG is proposed to
greatly enhance the triboelectric charge density by introducing a charge-transport layer
(polystyrene and carbon black) and a charge-storage layer (polystyrene) (Figure 8b) [117].
The short-circuit current and open-circuit voltage of the multilayered TENG are distinctively
3 times and 2.5 times larger compared with the single-layer structured TENG, respectively.
Another example is a high-performance TENG which is designed utilizing the electrospun
PVDEF-Ag NW composite and nylon fibers as the top and bottom triboelectric layers, re-
spectively. The enhanced surface charge potential and the charge trapping capabilities of
the PVDF-Ag NW composite nanofibers significantly enhance the output performance of
TENG [118].
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Figure 8. Improving output performance of TENGs by adding charge trapping layers. (a) An all-
fibrous TENG with enhanced outputs depended on the PS charge storage layer. Adapted with the
permission of [116], copyright 2021, Elsevier. (b) Enhancement of charge density by introducing a
charge-transport layer and a charge-storage layer. Reproduced with the permission of [117], copyright
2018, Elsevier. (c) Textile TENGs with black phosphorous as the synergetic electron-trapping coating.
Reproduced with the permission of [119], copyright 2018, Springer Nature. (d) A double-side-
contact fabric-assisted TENG by using 2D MXene as the charge trapping layer. Reproduced with
the permission of [120], copyright 2021, Wiley-VCH. (e) Boosting the power and lowering the
impedance of TENGs through manipulating the permittivity. Reproduced with the permission
of [121], copyright 2021, American Chemical Society. (f) Schematic illustration of charging trapping
mechanisms. Reproduced with the permission of [122], copyright 2021, American Chemical Society.
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In addition to adding charge trapping material into nanofibers by electrospinning, it
can also be realized on fabrics. As shown in Figure 8c, an all-fabric TENG with excellent
durability and high triboelectricity was developed using black phosphorus (BP) encapsu-
lated with hydrophobic cellulose oleoyl ester nanoparticles (HCOENPs) as a synergetic
electron-trapping layer [119]. The HCOENPs/BP mixed layer provides a charge storage
layer to reduce the dissipation of triboelectric electrons to increase the electricity outputs.
With a novel, scalable surface modification method of fabric-assisted micropatterning tech-
niques, a highly negative MXene/silicone nanocomposite surface with 2D MXene as the
charge trapping layer was adopted to boost the output performance of double-side-contact
fabric-assisted TENG (Figure 8d) [120]. The obtained output voltage and current are appro-
priately 1.6 and 1.5 times higher than those of the sandpaper-assisted microstructures. In
order to decrease the high intrinsic impedance of TENGs, which often range from dozens
to hundreds of megohms, a high-performance TENG with boosted electrical output and
lower internal impedance is reported, which consisted of a thermoplastic TPU matrix with
polyethylene glycol additives and PTFE nanoparticle inclusions (Figure 8e) [121]. The
increment of permittivity improves the injected charge density and internal capacitance
of the TENG, thus resulting in the enhancement of output power and the reduction of
matching impedance, respectively. The charge trapping mechanism combined with in-
creased conductivity for improving the output performance of TENGs is illustrated in
Figure 8f [122]. When there is no PI layer and MWCNTs, the triboelectric charges with
purple dots generated by TPU are generally trapped in shallow traps, which is easy to
combine with the induced charges with green dots on the electrode and charged ions or
particles with blue dots from the air, resulting in obvious charge loss and low output. If the
Pl layer is attached with the TPU, partial triboelectric charges will be trapped in the TPU/PI
double layer, resulting in less charge loss. In addition, the volume conductivity of TPU
can be improved by adding MWCNTs, which will make the newly generated charge easily
move to the PI layer, thus allowing more charges in shallow traps to enter the deep traps.

3.3. Structural Optimization Design
3.3.1. Intermediate Layer Embedding

Embedding a superior intermediate layer into TENGs was also proved as an efficient
strategy to enhance the surface charge density and power output performance that are
attributed to the enhancement of the dielectric permittivity [6,51,123]. The research shows
that the triboelectric charge in the friction dielectric layer will decay with time. The
intermediate layer between the triboelectric layer and electrode can capture and accumulate
more electrons, which reduces the drift and diffusion of electrons and thus prolongs the
charge decay process. When there is no intermediate layer, the electrons on the surface
may drift inward under the driving force of the electric field and eventually combine with
the opposite charge induced on the electrode, thus reducing the surface charge density.
Therefore, it is of great significance to add an intermediate layer between the triboelectric
layer and the electrode to reduce the mutual shielding of charges.

The method of adding an intermediate layer to the triboelectric layer is put forward
as a novel strategy to prolong the charge decay time and enhance induced charge so
as to improve the output performance of TENGs. For example, Cui et al. investigated
the relationship between the thickness of the friction layer and the transport process of
triboelectric charges in a PVDF film. The results showed that when the thickness of the
friction layer was greater than the storage depth, the stored charge could reach a maximum.
In addition, with the excess increase of storage depth, the charge did not accumulate
further (Figure 9a) [124]. Moreover, by further adding a dielectric layer and a transport
layer between the PVDF and the electrode, the output performance of TENG will be more
significantly improved. Similarly, by adjusting the content of MXene flakes and the balance
between the dielectric property and the percolation effect, the oriented MXene-doped PVDF
composite film with highly enhanced triboelectric output performance is developed [125].
MXenes are an emerging class of 2D transition metal carbides, which possess outstanding
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metallic electronic conductivity and a high electronegative surface [126,127]. It is found
that the surface charge density of the MXene-modified TENG obtained 350% enhancement
compared to that with the pure PVDF. In order to overcome the limitation of traditional
TENG's output performance in the actual environment, an electric double layer made of Al
film coated by Au nanoparticles is inserted between a top layer made of Al/PDMS and
a bottom layer made of Al to develop sustainable and enhanced output performance of
TENG, whose energy conversion efficiency can reach 22.4% (Figure 9b) [128]. When the
force is loaded to the top layer and then withdrawn, the positive and negative charges are
spatially separated in the middle layer through the sequential contact structure and the
direct electrical connection between the middle layer and the ground, forming an electric
double layer. It can be found that the power output of the three-layer TENG is much
higher than that two-layer TENG [129]. In addition, in order to prevent the problem of
poor interface strength caused by simple, intermediate layer stacking, an interlaminar fiber
winding structure is adopted. For instance, a 3D braided TENG with shape adaptability
and high resilience is developed through a four-step braiding technology, which is easy
to implement and can be expanded industrially for power supply and pressure sensing
(Figure 9¢) [130]. The output of the 3D braided TENG is about twice that of the multilayered
2D TENG fabric, which is due to the special 3D braided structure with more contact and
separation areas that can effectively enhance the total power output.
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Figure 9. Improvement of output performance of TENGs by embedding superior intermediate
layer. (a) Improvement of output performance of TENGs by adjusting the depth distribution of the
triboelectric charges. Reproduced with the permission of [124], copyright 2016, American Chemical
Society. (b) Output performance of TENGs enhanced by electric double layer effect. Reproduced with
the permission of [128], copyright 2016, Springer Nature. (c) Shape adaptable and highly resilient 3D
braided TENGs. Reproduced with the permission of [130], copyright 2020, Springer Nature.
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3.3.2. Charge Shuttling/Pumping

The surface charge density of tribomaterial, which is highly correlated with the current,
voltage and charge transfer of TENG, is considered to be the most important parameter
of electrical output. However, the surface charge density of dielectric materials is limited
by air breakdown and the number of stored charges in surface energy states. Inspired by
the excitation strategy of the electromagnetic generator, In 2018, Cheng et al. [131] and
Xu et al. [132] independently discovered the external charge excitation strategy to improve
the surface charge density of the tribomaterials of TENG. As shown in Figure 10a, they both
choose metal materials that can store high-density charge rather than dielectric materials as
the tribomaterials, and charges can be pumped from one of the electrodes to the another
one in the main TENG by a pump TENG [132]. In detail, part 1 and part 2 act as the pump
and main TENG, respectively. The contact and separation of the pump TENG will drive
the positive and negative charges to the two electrodes of the main TENG in one direction
through the high-voltage rectifier bridges, which causes the surface charge density of the
tribomaterials in the main TENG to increase gradually until it reaches a saturation value
(Figure 10b). Therefore, the electrical output of the main TENG can be greatly increased
(the surface charge density can reach 1003 uC cm~2). Recently, Bai et al. successfully
achieved an ultrahigh average power density of 1.66 kW m 3 under a low drive frequency
of 2 Hz and high transferred charges of about 4.5 pC with 15 times improvement by charge
pumping strategy [133]. Wang et al. added a buffer capacitor based on this strategy
(Figure 10c) [134]. The charges pumped into the main TENG will shuttle between it and
ceramic capacitors as its capacitance value varies during the contact-separation process,
which will introduce two power sources (Figure 10d). The charge density of 1.85 mC m 2
proves the success of this strategy. Furthermore, this TENG was successfully applied to
efficiently harvest ocean wave energy. Liu et al. also obtained an ultra-high surface charge
density of 2.38 mC m~2 by a half-wave rectifier bridge [135].

It is well known that self-excitation is also an efficient way to obtain high-output
electromagnetic generators. Similarly, the self-charge excitation strategy can also be used to
develop a high surface charge density of TENG except for the external charge excitation
strategy. Liu et al. realized self-charge excitation through a voltage multiplier circuit,
thereby obtaining a high charge density of 1.25 mC m~2 [136]. As shown in Figure 10e, three
diodes and two capacitors are taken as an example to illustrate the working mechanism
of the self-charge excitation strategy. The TENG can be regarded as a tiny capacitor with
high voltage when it is in a separated state thus most of the charges in TENG will be
pumped into the two ceramic capacitors connected in series. However, when the TENG
is in a separated state, the reverse current direction will cause the connection state of the
ceramic capacitor to change from parallel to series, which will result in more charges to
transfer from the ceramic capacitor to the TENG with almost zero voltage. The surface
charge density of the TENG will be saturated to a super high value after several cycles. In
addition, a Zener diode is connected to the voltage multiplier circuit to avoid the impact of
air breakdown on the output stability. Long et al. further designed the sliding mode TENG
using the self-charge excitation strategy [137].
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Figure 10. Strategies for direct-current textile TENGs. (a) Basic methods to obtain direct-current out-
put from TENGs. (b) Schematic illustration of the basic structure of direct-current TENG. Reproduced
with the permission of [138], copyright 2020, Wiley-VCH. (c) A direct-current fabric TENG by tact-
fully taking advantage of the electrostatic breakdown phenomenon of clothes. Reproduced with the
permission of [139], copyright 2020, American Chemical Society. (d,e) A high output direct-current
power fabric based on the air breakdown effect by alternately coating two electrodes on the top
surface and bottom surface of polyester fabric. Reproduced with the permission of [140], copyright
2021, The Royal Society of Chemistry. (f,g) Direct-current textile TENGs based on the tribovoltaic
effect at dynamic metal-semiconducting polymer interfaces. Reproduced with the permission of [141],
copyright 2021, American Chemical Society.

3.3.3. Direct-Current Mode

It is well known that almost all electronic products need a direct-current (DC) power
source. Therefore, the alternating current (AC) output of traditional TENG cannot directly
meet their power demands. Researchers developed various methods to obtain DC from
TENG (Figure 11a) [138,142-145]. In general, these strategies can be broadly divided into
two categories, including direct output DC through other physical effects (tribovoltaic
effect and dielectric breakdown effect) and various rectifier devices (rectifier bridge and
mechanical switch). Choosing commercial electronic rectifier bridges, including full-wave
and half-wave rectification, is the most widely used method of converting AC signals into
DC output, which is undoubtedly the most convenient and low-cost method [130,146-148].
However, as a member of electronic devices, the electronic rectifier bridge will inevitably
consume extra energy when it is working, which cannot be underestimated for the TENG
with low energy output. The high voltage (~kV) of TENGs may also cause fatal damage to
the rectifier bridge [144,149,150]. Moreover, the rigid electronic rectifier bridge seems to be
unfriendly for fabric-based TENG, which is one of the promising solutions for wearable en-
ergy harvesters. A reasonable mechanical rectifier bridge can ensure that the two electrodes
in the external circuit are periodically and alternately connected to the two electrodes in
the TENG, which is usually realized by a disc structure. However, this periodic contact
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seems difficult to be guaranteed for the fabric TENG, which requires high flexibility. There

is no related report of this method for fabric-based TENG.
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Figure 11. Charging shuttling/pumping approach towards the high and stable output of TENGs.
(a) Schematic diagram of the charge pumping principle. Reproduced with the permission of [132],
copyright 2018, Elsevier. (b) Working mechanism of the charge pumping strategy. Adapted with the
permission of [131], copyright 2018, Springer Nature. (c,d) Increasing the charge density of a TENG
by charge-shuttling. Reproduced with the permission of [134], copyright 2020, Springer Nature.
(e) A self-charge excitation TENG system using part of the energy output from TENG to improve its
working charge density. Reproduced with the permission of [136], copyright 2019, Springer Nature.

Dielectric breakdown will reduce the surface charge density of dielectric materials,
which was always regarded as an unfavorable factor for TENGs. Yang et al. first designed
a DC-TENG based on the coupling effect of dielectric breakdown and triboelectrification
in 2014 [151]. Researchers understand that air breakdown can also be beneficial to TENG.
Liu et al. simplified the structure in 2019, in which the simplest DC-TENG only needs
two kinds of electrodes (Figure 11b) [152]. The friction electrode generates charges on the
surface of the friction layer based on the triboelectrification, while the breakdown electrode
harvests the surface charges based on the air breakdown effect. However, there is still few
works on the flexible DC-TENG for wearable electronics. Chen et al. prepared fabric-based
DC-TENG by weaving conductive yarns into the fabric [139]. The electrical output can be
scaled up by connecting multiple conductive yarns in series (Figure 11c). Moreover, yarn
supercapacitors are integrated into another piece of fabric to form a self-powered system.
This is a good attempt. However, to obtain a stable air breakdown gap, the fabric-based
DC-TENG must be attached to the hard acrylic board, and almost no flexibility exists.
Cheng et al. utilizes the tiny height of the fabric to build an air gap, which shows no
obvious effect on the flexibility of the textile (Figure 11d) [140]. This structural design is
suitable for any thin and/or flexible material. Benefiting from the high electrical output
performance of the fabric-based DC-TENG, various wearable electronics, such as watches,
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calculators, 1053 LEDs, and 99 bulbs, can be directly powered by a finger-sized fabric-based
DC-TENG without rectifier bridge and storage devices (Figure 11e).

Similar to the photovoltaic effect, the friction energy will result in electron-hole pairs
between the semiconductor-semiconductor/metal interface, and they will be separated
under the built-in electric field, thereby generating a unidirectional current in the external
circuit (defined as the tribovoltaic effect). Based on this effect, Meng et al. developed
FDC-TENG by utilizing the Schottky contact between poly(3,4-ethylenedioxythiophene)
(PEDOT) and nickel (Ni) as well as the ohmic contact between PEDOT and aluminum
(Al) [141]. Ni and PEDOT are coated on the cotton fabric successively. DC output can be
obtained by sliding Al on the surface of the treated cotton fabric (Figure 11f). Moreover,
constant DC can be achieved by sliding the Al slider at a uniform speed (Figure 11g).
However, the voltage of DC-TENG based on the tribovoltaic effect is not high owing to the
limitation of the built-in electric field.

4. Work Environmental Control

The electricity output performance of TENG largely depends on its external working
environments, which mainly includes humidity, temperature, and pressure. Ngugen and
Yang studied the effects of humidity and pressure on the output performance of TENGs
since 2013, i.e., the second year of its first invention. They found that the generated
charge increased more than 20% when the relative humidity decreased from 90% to 10%
at the ambient pressure and decreased as the air pressure decreased from atmospheric
pressure to 50 Torr at the relative humidity close to 0% [153,154]. In addition, Wen et al.
conducted experiments to specifically investigate the influence of temperature on the
output performance of TENGs over a wide range of temperatures from 300 K to 500 K in
a high-temperature range and from 77 K to 300 K in a low-temperature range [155]. The
results found that the performance of TENGs is maximized at around 260 K and degrades
at both higher and lower temperatures. Lin et al. studied the contact electrification and
triboelectric charging process for a metal-dielectric case under different thermal conditions
with the help of AFM and KPEM [156]. It was found that the hotter solids tend to have
positive triboelectric charges, while colder solids tend to acquire negative charges. Electrons
are excited by heat and transferred from the hot surface to the cold surface. Therefore, a
thermionic emission band structure model is put forward to describe the electron transfer
phenomenon between two solids at different temperatures.

Electrostatic breakdown is a ubiquitous phenomenon existing in electrostatic discharge
for numerous devices. The surface charge density of TENG is limited by triboelectrification
charge density, air breakdown, and dielectric breakdown [157,158]. When the voltage
exceeds the threshold breakdown voltage, or the electric field exceeds the threshold break-
down electric field, the electrons emitted from the cathode will be accelerated to high
kinetic energy, which will continue to collide with the gas molecules and cause collision
ionization. Then, during the collision, the secondary electrons will be formed, causing
the chain reaction, which is called electron avalanche (Figure 12a) [159]. However, the
increase of gas pressure can cause a shorter mean free path and thereby inhibit the gas
breakdown. With the increase of temperature, the mean free path of electrons and collide
possibility increase. Electrons will gain more energy under an electrostatic field, making the
avalanche breakdown more likely to occur (Figure 12b) [160]. Considering the limitation
of dielectric breakdown effect in air, Wang et al. reported an optimization method to in-
crease the triboelectric charge density by coupling surface polarization, triboelectrification
and hysteretic dielectric polarization of vacuum ferroelectric materials (~10~° torr) [157].
As exhibited in Figure 12¢, when the TENG is operated in vacuum (~107° torr), the air
breakdown described by Paschen’s law is avoided, and the triboelectric charge density
increases from 120 to 660 uC m~2. A high vacuum environment can not only ensure better
performance of TENGs but also avoid the performance degradation of TENGs caused by
the natural accumulation of dust and moisture. In addition, Yi et al. also proposed a strat-
egy to improve the output performance of TENG in a wide range of atmosphere pressure
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of oxygen [161]. As shown in Figure 12d, a high vacuum system was built to accurately
measure the output performance of TENGs in different environments. The chamber was
firstly pumped to a high vacuum environment and then the pure gases was injected into
the vacuum chamber to minimize the interference of other environmental factors, such
as temperature and humidity. The output charge density of the TENG under different
gas environments first increases and then decreases with the increasing of gas pressure
(Figure 12e). In addition, the output charge density in oxygen gas is higher than that in air
or nitrogen gas, the reason of which can be attributed to the lower threshold voltage and
easier breakdown characteristics of oxygen gas compared with air and nitrogen gas.
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Figure 12. External environmental control to suppress the gas breakdown. (a) The threshold output
energy density of TENGs is enhanced by suppressing the breakdown effects in a high-pressure envi-
ronment. Reproduced with the permission of [159], copyright 2020, Wiley-VCH. (b) Physical model
and the avalanche breakdown of DC-TENG. Reproduced with the permission of [160], copyright
2020, Wiley-VCH. (c) Increasing the triboelectric charge density under vacuum working conditions.
Reproduced with the permission of [157], copyright 2017, Springer Nature. (d) Schematic illustra-
tion of the measurement system. (e) The charge density of TENG in different gas environments.
(d,e) Reproduced with the permission of [161], copyright 2021, Elsevier. (f) Diagram of Paschen’s law
and the maximum effective energy output of each cycle in different environments. Reproduced with
the permission of [159], copyright 2017, Wiley-VCH.

However, the above performance improvement methods only work at ultrahigh
vacuum. In fact, the output performance of TENGs is still limited when the vacuum is
lower than the ultrahigh level due to the unavoidable air breakdown effect. By suppressing
the breakdown effects under a high-pressure gas environment [159], Zi et al. investigated
the air breakdown limits of TENGs in different air pressure and gas atmosphere [48]. As
shown in Figure 12f, with the increase of air pressure, the Paschen’s curve moves to the
left, and the threshold breakdown voltage increases, which is due to lower mean-free-path
and less accumulated kinetic energy in electrons. In other words, air breakdown will be
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easier under a lower vacuum level. In the low-pressure range, the density of air molecules
is relatively low, which makes it difficult to cause air breakdown.

5. Integrated Power Management

The capacitive TENG shows the high voltage (~kV) and low current (~uA) output
characteristics, which endow it with extremely high internal resistances (~hundreds of
MQ). However, the internal actual resistance of most electronics is several hundred to
several thousand ohms. The great mismatched internal impedance results in low energy
utilization efficiency. Therefore, many studies focused on decreasing the voltage and
increasing the current through the energy management module (EMM). Transformers,
the voltage conversion devices widely used in power grids, are successfully applied to
increase the current of TENGs [150,162-167]. In general, transformers exhibit high energy
conversion efficiency under high-frequency electrical signals thus many researchers utilize
transformers to manage the power of turntable mode TENGs. After the management
of the transformer, Zhu et al. successfully charge the mobile phone by the TENG at
3000 r min~! [165]. Pu et al. obtained an energy conversion efficiency of 72.4% after
optimizing the transformer [167]. Except for the turntable mode TENGs, transient discharge
can also be utilized to achieve a high energy conversion efficiency of the transformer for low-
frequency TENGs. Niu et al. used an electronic switch to control the charge and discharge
of the capacitor charged by TENGs to obtain a rapidly changing electrical signal, and the
conversion efficiency reached 60% [164]. Wang et al. combined the spark switch with
the transformer and designed an efficient EMM with 78.5% energy conversion efficiency
(Figure 13a,b) [150]. The spark switch will be turned on when the voltage of C;,, reaches its
breakdown voltage, and the energy stored in C;, will be released to the load or stored in
Cout through the transformer. Peak current density of 2010 A m~2 and a constant power
density of 291 mW m~2 can be achieved at 3 Hz. After optimizing the spark switch and
transformer, 16 series hygrothermographs are continuously powered at 1 Hz (Figure 13c).

The buck circuit, which is widely used in the design of microelectronic circuits, was
also successfully developed to reduce the internal impedance of TENGs [168-171]. The
advantages of non-magnetic, miniaturization and light weight make buck circuits seem
more suitable for flexible electronics. The key to obtaining an effective LC buck circuit is
to design a suitable switch. In 2017, Xi et al. achieved an energy conversion efficiency of
80.4% by choosing a MOSFET and a voltage comparator as the switch (Figure 13d,e) [170].
The working process of the circuit can be roughly divided into three stages. Firstly, when
the voltage of TENG reaches its optimal value, the switch will be turned on, and the energy
of TENG will be transferred to inductor L, capacitor C, and resistor R. Secondly, the energy
in the inductor L will move to the capacitor C and the resistor R when the switch is turned
off. Finally, the energy stored in capacitor C will power the resistor R. After optimizing
the EMM, the human body motion energy can be harvested through the FTENG to drive
the thermometer (Figure 13f). However, as an active switch, MOSFET will consume a lot
of energy from TENG. Harmon et al. selected a passive switch silicon-controlled rectifier
(SCR) in the buck circuit (Figure 13g) [169]. The working cycle of the circuit is similar
to the above paper. Therefore, the voltage of C,; increases while that of C;, decreases
(Figure 13h). As for the switch, when the voltage of C;,, exceeds the regulated value of Ds,
the triggered SCR will be turned on. Additionally, the SCR will be turned off when the
voltage across the SCR is 0. The whole module can be very small (Figure 13i). The energy
conversion efficiency is 89.8%, which is higher than that of MOSFET for the lower loss of
passive switch (Figure 13j). Moreover, other switches are also cleverly designed, such as
mechanical switches [168] and air breakdown switches [171].

Besides the above energy management strategies, using the switched capacitors is an-
other effective way of decreasing the intrinsic resistance of the TENG. In general, switched
capacitors means utilizing switches and capacitors to design a circuit that capacitors are
charged in series and discharged in parallel. Tang et al. first designed a switched capacitor
EMM with mechanical switches, and the output energy can be enhanced 2200 times after
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management [172]. However, the mechanical switches will complicate the system. To
overcome this problem, Liu et al. used the diodes as electronic switches and successfully
designed an EMM (Figure 13k-n) [173]. As shown in Figure 13k, the dotted diodes are
turned off when TENG is charging the EMM, and the capacitor is connected in series.
When the capacitor in the EMM supplies energy to the external circuit, another part of
the turned-off diodes will result in the capacitors connected in parallel, thereby increasing
the output current and reducing the output voltage. Furthermore, the filter storage capac-
itor will provide a constant output for the load. Compared with full-wave rectification,
half-wave rectification can provide a higher voltage (Figure 131) [174]. The photograph
of EMM on a printing circuit board demonstrates its high integration (Figure 13m). After
optimization, a power density of 954 W m~2 was achieved (Figure 13n). Additionally, the
matched load resistance can be reduced from 600 MQ) to 0.8 MQ) with a high conversion
efficiency of 94.5%.
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Figure 13. Power management strategies for TENGs. (a—c) Circuit diagram (a), conversion efficiency
(b), and application (c) of EMM based on transformer and spark switch. Reproduced with the
permission of [150], copyright 2020, Elsevier. (d—f) Circuit diagram (d), conversion efficiency (e), and
application (f) of EMM based on buck circuit and MOSFET. Reproduced with the permission of [170],
copyright 2017, Elsevier. (g—j) Circuit diagram (g), output (h), actual photos (i), and conversion
efficiency (j) of EMM based on buck circuit and silicon-controlled rectifier. Reproduced with the
permission of [169], copyright 2020, Elsevier. (k-n) Working Mechanism (k), circuit diagram (1), actual
photos (m), and conversion efficiency (n) of EMM based on switched capacitors and silicon-controlled
rectifier. Reproduced with the permission of [173], copyright 2020, Springer Nature.
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6. Summary and Perspectives

In this review, the current feasible strategies to enhance the mechanical-to-electrical
conversion performance of textile TENGs are systematically summarized. The electricity
generation mechanism of TENGs is firstly introduced based on an atomic-scale electron-
cloud potential well or wave function overlapping model. Afterwards, five major strate-
gies, including surface/interface physical treatments, atomic-scale chemical modification,
structural optimization design, external environmental control, and integrated energy
management, to enhance the power output of textile TENGs are put forward, each of
which was analyzed and discussed in detail. Based on the comprehensive understanding
of these approaches, a targeted comparison highlights the superiorities and the potential
deficiencies in improving the electricity output of textile TENGs (Figure 14). For example,
the intermediate layer structural design can greatly increase the power output by reducing
the electron drift and extending charge decay. As for the surface physical modification,
the soft contacted interface can enable TENGs to fully contact with the external loading
to generate high mechanical deformability, which endows them with high sensitivity and
wide application scope. However, the soft texture of the selected materials also leads to their
poor mechanical strength. On balance, each method has its advantages and disadvantages.
Appropriate material selections and structural designs are required according to the actual
requirements. In addition, in order to improve the output performance of textile TENGs
to truly meet their large-scale commercial application, the following issues are also worth
full consideration.
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Figure 14. Comparison of the five major strategies to enhance the electricity output performance of textile
TENGs. The abbreviations of “A.” and “D.” represent the advantages and disadvantages, respectively.

(1)  The charge transferring and electricity generation mechanism of textile TENGs, par-
ticularly for fibers with special structural effects, is still very confusing. Although the
electron-cloud potential well or wave function overlapping model can well explain
the electron transport behavior between single atoms, there is still a lack of effective

exploration on the collision charge generation process between molecules or atomic
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clusters with multiple atoms. In addition, although a large number of researches
reported the effect of micro/nanostructures on the electrical output of planar mem-
brane structural TENGs, few studies explore the impact of the special structural effect
on the surface of high-aspect-ratio curved fiber TENGs on their electrical output
performance. Therefore, it is necessary to investigate the physical structure effect and
chemical electricity generation mechanism of fiber/textile TENGs by means of macro
measurement or micro analysis in more detail.

Most of the above output improvement methods are applicable when the electricity
output of textile TENGs is small. However, when the open-circuit voltage reaches the
level of air or dielectric breakdown, most of the above methods will lose their function.
In this case, direct-current mode structural design and external environment control
may be feasible methods. However, the implementation of external environment
control is very difficult and can hardly be applied in practice. The direct-current
power generation mode depends on the construction of a narrow air breakdown
channel and a certain sliding distance, which has high structural and motion mode
limitations. Therefore, it is still necessary to explore a better way to improve the
triboelectric output performance beyond the air breakdown effect.

It is also a great challenge to effectively and orderly connect the electrodes from
different units in textile TENGs and with other energy management or storage devices.
Most smart textiles will extend to all parts of the human body, which makes the circuit
design across the whole body network more difficult. In fact, most of the current
circuit components are rigid and relatively high weight, which will add extra burden
to the actual wearing. Therefore, the whole body flexible electrode network design is
also urgent for the actual application of textile TENGs.

At present, there is still a lack of comprehensive performance evaluation standards
for textile TENGs. Although the structural figure-of-merit and performance figure-
of-merit of TENG are proposed to evaluate the effects of structure and material on
its output performance, respectively, the impact of other factors is ignored, such as
surface condition, working environment, and so on. In addition, the performance
evaluation criterion of textile TENGs should still consider the special structural effect
and wearing performance of textiles.

The application terminal of textile TENGs is the human body, which not only needs
to have a high degree of fitness to meet the diverse and complex human motion and
external environment variations but should also bring certain comfort and satisfaction
to the daily wearing of the human body. Therefore, for the material selection of textile
TENG:s, it is best to choose materials with good affinity to human skin to avoid toxic
materials or materials that will cause itching to human skin.

During the operation of textile TENGs, frequent, direct and long-term mechanical
impacts, as well as negative environmental factors, pose serious challenges to their
robustness and reliability [175]. Therefore, improving the robustness and reliability of
textile TENGs is an important issue that needs to be addressed urgently. Textile TENGs
for wearable use will constantly be subject to abrasion, pressure, and other complex
mechanical deformations, which will cause wear and defects. In addition, machine
washability is also a great challenge for textile TENGs, which requires appropriate
packaging technology to avoid structural or circuit damage.

We hope that this review can not only burst out more inspiration and ideas for the

researchers who are focusing on the study of textile TENGs, but also bring a new dawn
to industrial designers who are committed to developing commercial products of textile
TENGs. We believe that through the persistent efforts of researchers and the continuous
follow-up of relevant technical means, textile TENGs will be bound to play an irreplaceable
role in the future intelligent wearable market and artificial intelligence field.
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Abstract: A triboelectric nanogenerator (TENG) is a noteworthy mechanical energy harvester that
can convert mechanical energy into electricity by combining triboelectrification and electrostatic
induction. However, owing to the nature of its working mechanism, TENGs have critical limitations in
mechanical and electrical aspects, which prevent them from being utilized as primary power sources.
To overcome these limitations, several studies are turning their attention to utilizing lubricants, which
is a traditional method recently applied to TENGs. In this review, we introduce recent advances in
lubricant-based TENGs that can effectively enhance their electrical output and mechanical lifespan.
In addition, this review provides an overview of lubricant-based TENGs. We hope that, through this
review, researchers who are trying to overcome mechanical and electrical limitations to expand the
applications of TENGs in industries will be introduced to the use of lubricant materials.

Keywords: triboelectric nanogenerator; energy harvesting; lubricant liquid; output enhancement;
mechanical lifespan

1. Introduction

As the number of portable electronics and Internet of Things (IoT) devices has increased
drastically, the need for on-site energy generation has been in the spotlight to power these
devices individually and extend their battery life. Energy-harvesting technologies can convert
ambient energy, such as solar [1-3], wind [4-8], wave [9-12], and radio frequency [13-15],
into electricity that can provide sufficient energy for small electronic devices. Among these
energy-harvesting technologies, harvesting mechanical energy has great potential to effectively
power portable and small electronics because it is not affected by external environment such
as weather conditions. In order to harvest mechanical motion, energy harvesters that utilizes
electromagnetic, piezoelectric effect has been utilized [16,17]. Triboelectric nanogenerators
(TENGs) are one of mechanical energy harvesters that can generate electricity by combining
triboelectrification and electrostatic induction [18-23]. Owing to their light weight [24], high
electrical output [25,26], and availability of raw materials, recent research has focused on
developing various TENG designs and structures to effectively collect energy from multiple
mechanical sources, such as vibration energy [27-30] and rotation energy [31-34]. Currently,
TENGs charge commercial electrical devices and lithium-ion batteries used in building self-
powered systems [35-38] and are enhanced for utilization in industrial applications [39].

However, the working mechanisms of TENGs are critically limited in their mechanical
and electrical aspects, restricting the use of TENGs as primary power sources. From a
mechanical perspective, TENGs have two materials placed in contact to cause triboelectric-
ity, leading to frictional wear. Frictional wear is one of the constant limitations of TENGs
because they generate electrical output through mechanical input [40]. Due to the nature of
triboelectricity, surface friction from two or more material is necessary to generate surface
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charge and requires consistent or periodical contact due to degradation of surface charge
over time. Particularly, various TENGs utilizing micro-/nano-structures and polymer
dielectric materials for surface charge enhancements are more vulnerable to frictional wear
owing to their poor mechanical properties [41,42]. Frictional damage on a TENG surface
leads to a decrease in electrical output due to surface structure failure as well as device
failure when mechanical damage is accumulated.

An electrical limitation is imposed when the surface charge potential of the material
is higher than the breakdown potential of air, as the surface charge is lost through field
emission and ionization of air [43—45]. Since more and more studies report higher sur-
face charge materials with surface micro and nanostructures, this electrical limitation is
becoming restriction factor for developing high power TENG [46,47]. With the introduction
of the upper limitation of surface charge due to air breakdown, there have been studies
in favor and opposing the use of this phenomenon to enhance the electrical output of
TENGs [48-50]. However, the cause of this limitation remains unresolved, as the primary
potential difference of TENGs is governed by the surface charge, which is still limited
by air breakdown. Therefore, to overcome these limitations, several studies are turning
their attention to utilizing lubricants, a traditional method recently applied to TENGs, to
overcome both limitations.

In this review, we highlight recent advances in lubricant-based TENGs that can effec-
tively enhance both the electrical output and mechanical lifespan of TENGs. The review
will focus on overviewing lubricant-based TENGs, their working mechanisms, their various
designs, and an output comparison with conventional TENGs. Especially, the reason for
lubricant based TENGs can overcome mechanical and electrical limitation of TENG, and
experimental data from various studies will be discussed. Finally, the different perspectives
regarding lubricant-based TENGs, and challenges associated with their use are discussed.

2. Lubricant-Based TENGs

When mechanical input is applied to a conventional TENG, two dielectric materials
come into contact and cause triboelectrification [51-57]. The surface charge generated by
the friction between the two dielectric materials is then transferred to the electrodes through
electrostatic induction [58-63]. Contact between the dielectric materials is inevitable during
this process, leading to frictional wear. The frictional wear gradually decreases the output
of TENG by damaging the surface structure fabricated on the surface and eventually
fails after the mechanical damage is accumulated. Therefore, utilizing lubricants between
the frictional surfaces is an effective approach to reducing the frictional force. Moreover,
lubricating oils such as transformer oil and vegetable oil are also called as dielectric liquid
which can be used as insulating material by its high breakdown voltage [64]. As the surface
charge of dielectric materials in TENGs can be released to the atmosphere, utilizing the
lubricant at TENGs can increase the electrical output. By these effects, recently, various
lubricant materials combined with mechanical designs have been introduced to overcome
the mechanical limitations of TENGs (Figure 1). As sliding motion-based TENGs are more
vulnerable to friction failure, lubricant materials were more actively utilized in these than
in other TENGs, such as horizontal contact-separation modes.

As shown in Figure 1a, a lubricating liquid can be applied to a sliding motion-based
TENG system [65]. The lubricant liquid on the TENG surface forms a thin layer that can
effectively decrease the frictional force between the electrode and polytetrafluoroethylene
(PTFE) surface. The main electrical potential difference is generated by friction between
the PTFE and polystyrene (PS) surfaces, and the TENG generates an amplified current of
over 1 mA because the dielectric liquid acts as a switch during operation. Furthermore,
field emission occurs when the PTFE contacts the electrode surface, and electrons can flow
directly from the PTFE surface to the electrode. Hence, the lubricant liquid enhanced the
electrical output of the TENG by suppressing air breakdown. Various TENGs utilizing
other lubricant liquids, such as oleic acid, have been introduced (Figure 1b). In a previous
study, oleic acid and PS were dissolved in N,N-dimethylformamide, and then spin-coated
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on the conductive polyimide (PI) surface to be paired with nylon-11 surface [66]. In this
work, the negative surface charge is generated on oleic acid and PS solution and positive
surface charge is generated on nylon surface. The surface charge of PS and nylon is induced
to the copper electrode which is underlying each material. The vertical movement between
these materials generate electric potential difference which leads to generating electrical
output. A similar structure is shown in Figure 1c, where squalene liquid was applied to the
TENG surface [67]. The squalene liquid, which was chosen to be most effective through
experiment with various liquids, provides a thin layer that can effectively lower friction
and increase the surface charge, enhancing electrical output. The main surface charge is
generated on the PI surface of the TENG and generates electrical output through horizontal
movement. It is also possible to utilize liquids such as hexadecane, as shown in Figure 1d,
where the nylon surface was coated with hexadecane to form a hexadecane-containing
sandwich structure [68]. In this work, traditional triboelectric material consisting of PTFE
and nylon was chosen to generate negative and positive surface charge, respectively. A
total of 5 mL of hexadecane was brushed to the surface to form a hexadecane-containing
sandwich structure.

a b
o oleic acid n
Closed by /
Liquid Layer ! " =) Doping and mixing. 1y
} S solution P
H
Opened through H
Liquid Layer y
s ¢ ?% ~ O i |
o [Wl PTFE ] Electrode — T
g mPs I Liqud Y -

Wcu [oaps [Mead MiNylon [P

c Moving direction d
' Liquid lubricant el k. \
8 Kapton 4 (‘5— < Sandwich | '
H
Acrylic
e f Coated with
Semi-Solid
<i> <ii> PTFE Cylinder

Rolling

Electrode /
Patterned /

Electrode

Liquid
Lubricant

Eubricarit  Steel ball
(7 2 PTFE ball
() I Electrode
| Substrate
¢ 1 Semi-Solid
4 Lubricant

AR
\_lq,' L PMMA
“ Substrate Housing
<iii> ‘ Substrate
- PTFE ball
asis soppesed - puingm o E
@ PTFE Lubricant / °°°°k_ Electrode i+ Steel ball
Filled 7 Direct Semi-Solid ¥
@ Electrode /i R Tabricant
/ ron Flow
O PMMA \ folne Rotating __
() Lubricant Substrate

Figure 1. Various designs for lubricant-based TENGs. Schematic of lubricant-based TENG using:
(a) dielectric lubricant (Reprinted with permission from ref. [65]. 2021, Elsevier); (b) oleic acid
(Reprinted with permission from ref. [66]. 2020, Elsevier); (c) liquid lubricant (Reprinted with
permission from ref. [67]. 2020, Wiley); (d) hexadecane sandwich structure (Reprinted with permission
from ref. [68]. 2021, Elsevier); (e) rolling cylinder structure (Reprinted with permission from ref. [69].
2021, Wiley); (f) ball-bearing structure (Reprinted with permission from ref. [70]. 2022, Elsevier).

Recent research has focused on combining mechanical design with lubrication to
enhance the mechanical lifespan of TENGs. As shown in Figure le, a TENG coated with a
non-polar liquid lubricant consists of an outer cylinder substrate, multiple rolling electrodes,
a PTFE cylinder, and aluminum plate electrodes placed on the inner surface of the cylinder
substrate [69]. The rolling electrodes rotating inside the cylinder substrate have rolling
friction, which is considerably lower than sliding friction. The main electrical potential
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difference is generated through PTFE and rolling aluminum electrode in this study. The
electrical potential accumulated in the rolling aluminum electrode is then transferred to
the plate electrode as the rolling electrode rotates due to external mechanical input. In
addition, the entire TENG system was submerged in a liquid lubricant, which enhanced the
mechanical lifespan. With the lubricant-applied design, the aluminum surface of this TENG
had no frictional damage even after 72 h of continuous operation. In addition, as shown in
Figure 1f, a ball-bearing TENG with a semi-solid lubricant such as grease was introduced. A
commercial semi-solid lubricant (multipurpose lubricant, Super Lube®), which can be used
under a wide range of environmental conditions, was applied to the TENG surface [70].
The main electrical potential difference is generated through PTFE and steel ball located
inside the substrate casing, and through commercial semisolid lubricant, it can effectively
lower friction between each surface; additionally, rolling friction significantly lowered the
friction force compared with sliding friction.

3. Working Mechanism of Lubricant-Based TENGs

The lubricant liquid on the TENG surface can enhance the mechanical and electrical
performance. From a mechanical perspective, lubricant liquid can effectively decrease the
frictional wear of TENGs in various condition. There are four different lubrication regimes
which are called as boundary lubrication, mixed lubrication, full film lubrication and
elastohydrodynamic lubrication. Each regimes show different result of frictional damage
and it is decided by several factors such as dynamic viscosity of the lubricant liquid,
entrainment speed, normal load per the length of contact, and the contact condition [71].
Normally the contact surfaces are less damaged by the full film lubrication which is also
called as hydrodynamic lubrication. By full film lubrication, a sufficient amount of lubricant
liquid between two surfaces can form a fluid film that can minimize the frictional wear
between them [72]. Due to the fluid film, the two contact surfaces can be separated, thus the
frictional wear effectively decreases. Furthermore, through elastohydrodynamic lubrication,
the frictional wear from rolling friction can be decreased [73]. Even though rolling friction
cause less wear than sliding friction, it can also be improved by using lubricant liquid.
As both the coefficient of rolling friction by the roughness of the rolling surface and the
contact surface, and normal force, cause friction force, the wear of the rolling surface and
contact surface also occurs. Moreover, in real life, the slip between the rolling surface and
contact surface can be also occurred. If the accurate lubricant liquid is used, due to the
elastohydrodynamic lubrication, lubrication liquid can reduce the frictional damage of
various devices such as bearing or gear. Additionally, lubricant liquid can also reduce heat
from the friction and prevent the damage from the wear particles [74]. Hence, lubricant
liquid has numerous advantages to be utilized for the TENGs. Considering that TENGs,
especially those that harvest sliding motion, are constantly exposed to frictional contact,
combining a lubricated surface and low-friction mechanical design is essential for a longer
lifespan and expanding the application of TENGs to primary power sources.

Along with the mechanical advantages of applying a lubricant to TENGs, the electrical
output can be enhanced by lubricating the TENG surface. As the electrical output of
TENGs is governed by the amount of surface charge on the dielectric material, enhancing
the surface charge is an important factor in increasing the total electrical output. However,
as the air breakdown voltage is commonly known to be 3 x 10° V/m [75], dielectric
surfaces with electrical potentials higher than this value can cause field emission and air
breakdown, where electrons on the dielectric surface can escape to the air. Due to the
electrons escaping from the material surface, the surface charge of the material surface is
restricted as well. This leads to an upper limitation of the surface charge when the TENG
operates in an atmospheric environment, resulting in reduced electrical output [43]. As
more and more studies are reporting high surface charge materials and device structures to
be utilized in TENG, overcoming this restriction is becoming important [76-78]. Surfaces
under a lubricant liquid can avoid field emission and air breakdown because the lubricant
liquid tends to have a higher breakdown voltage than air [79]. As shown in Figure 2a,
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under atmospheric conditions, electrons can escape to air owing to field emission and
air breakdown, which would limit the maximum surface charge. This indicates that by
utilizing lubricant, dielectric surface can withhold more surface charge compared to when
it is exposed to air. Moreover, the liquid lubricant can be polarized due to the surface
charge, resulting in transferring the charge to the electrode by electrostatic induction. As
shown in Figure 2b, the voltage and current measured increased when the steel sphere was
sliding over a polyvinylidene fluoride (PVDF) surface and polyalphaolefin (PAO) 4 was
applied between them [80]. PAO 4 fills the microscale gap between the PVDF and steel
sphere surfaces. Hence, the air breakdown at the contact interface was inhibited, and the
triboelectric charge of PVDF was preserved because of the low polarity and high dielectric
constant of PAO 4.
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Figure 2. Working mechanism of lubricant-based TENGs: (a) schematic of a liquid lubricant sup-
pressing air breakdown (Reprinted with permission from ref. [65]. 2021, Elsevier); (b) effect of adding
lubricant on dielectric surface and schematic of liquid lubricant suppressing air breakdown in a
microscale gap (Reprinted with permission from ref. [80]. 2022, Elsevier); (¢) comparison of polar
and non-polar liquid transferring surface charge to the electrode (Reprinted with permission from
ref. [69]. 2021, Wiley); (d) accumulated charge on the dielectric material transfers to the electrode,
producing amplified output (Reprinted with permission from ref. [65]. 2021, Elsevier).

Electrostatic induction plays an important role in the working mechanism of the
TENGs for transferring the surface charge to the electrode. However, when the liquid is
in contact with the surface of the dielectric material, it forms an electrical double layer
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(EDL), which screens the surface charge of the solid material. This means that the surface
charge is reduced by EDL and surface charge cannot be transferred to the electrode by
electrostatic induction. Hence, the electrical output is suppressed as the electrical potential
difference between the electrode and dielectric material with the surface charge is reduced.
As shown in Figure 2¢c, when polar liquids, such as water and ethanol, come into contact
with the solid surface with the surface charge, the charge is screened by oriented liquid
molecules [81]. The characteristic distance where the charge is screened by contacting
liquid is called the Debye length (Ap). When a strong polar liquid such as water comes
into contact with the dielectric surface, Ap can be <20 nm [82]. Even ethanol, which has a
lower polarity compared with water, has Ap around 38 nm. This indicates that a liquid with
a lower Ap will screen the surface charge even with nano- to micro-scale gaps, resulting
in a substantial decrease in the electrical output by reducing the charge induced to the
TENG electrodes. This would result in a decrease in electrical output. In contrast, non-polar
liquids have a higher Ap over 1 um, which is significantly higher than that of polar liquids;
therefore, a higher surface charge can be induced on the electrode through the polarization
of the non-polar liquid molecules without electrical screening.

By lubricant liquid effectively suppressing air breakdown and inducing more charge,
it can also open a new working mechanism for TENG by introducing a combination of
lubricant suppressing air breakdown and non-lubricated surfaces inducing air breakdown.
Figure 2d shows the extended working mechanism of the lubricant-based TENG, which
utilizes the accumulated charge due to the non-polar lubricant liquid. When the PTFE
plate slides across the PS surface, negative and positive charges are generated on the PTFE
and PS surfaces, respectively, because of the triboelectric effect between the two surfaces.
As the PTFE plate comes in contact with the electrode, electrons on the PTFE surface are
emitted to the plate electrode and electrons from the counter electrode are emitted into the
air, owing to the field emission. As field emission occurs on both electrodes, it can produce
a high electrical output. In this working mechanism, the TENG is able to produce high
electrical output through a combination of lubricant suppressing air breakdown on the
solid surface, and the air-exposed surface inducing air breakdown to allow more electrons
to flow between the two plate electrodes. As the PS surface reverses its sliding motion, a
contrasting electrical output is produced, owing to the reverse field emission. As shown
in this figure, lubricant materials are being actively studied in the TENG field, and new
working mechanisms to enhance the electrical output of TENG have yet to be discovered.

4. Performance of Lubricant-Based TENGs and Relevant Parameters

Figure 3a,b show the mechanical advantages of utilizing lubricants in TENGs. As
shown in Figure 3a, the microscopic photograph suggests that the TENG electrode surface
remained undamaged in a lubricated environment even after continuous operation for
72 h [69]. This study also reports that the surface under non-lubricated environment
have shown surface damages with noticeable scratches under microscope. In addition to
reducing the frictional force and wear, the TENG surface may be subjected to less thermal
damage during operation. Figure 3b shows the photograph of the TENG surface, and the
thermal image during operation which shows the thermal condition and surface damage
of the ball-bearing TENG [70]. When a semi-solid lubricant was applied to the surface, the
TENG showed only a 1.7 °C increase in temperature after 55 h of continuous operation, and
there was no noticeable electrode damage except for the dent marks from the rotating ball-
bearing spheres. In contrast, when no lubricant was applied to the surface, the operating
temperature rises to a maximum of 69.2 °C after 1 h of operation. In addition, it showed
noticeable damage to the electrode with metal powder wear from the electrode surface
compared with a ball-bearing TENG with a semi-solid lubricant. The lower operation
temperature shows that the friction force is much less in lubricated condition compared to
non-lubricated condition. Through a lower operation temperature, the materials can have
less damage from mechanical motion as well. In terms of electrical output, Figure 3c,d show
the transferred charge and current output, respectively, depending on the presence of a
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lubricant liquid on the surface. The transferred charge and current of the lubricated TENG
were more than twice compared with those of the TENG operated in air. As mentioned in
the previous paragraphs, this is result from combination of suppressing air breakdown and
increasing the Debye length through using non-polar liquid lubricant.
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Figure 3. Mechanical and electrical performance of lubricant-based TENGs: (a) microscopic pho-
tograph of electrode surface <i> before and <ii> after 72 h of continuous operation of the TENG
(Reprinted with permission from ref. [69], 2021, Wiley); (b) photograph of the electrode surface
and the thermal image of TENG during operation (Reprinted with permission from ref. [70]. 2022,
Elsevier); (c) transferred charge; (d) current output of TENG with and without liquid lubrication
(Reprinted with permission from ref. [67]. 2020, Wiley).

To further enhance the mechanical lifespan and electrical output, future studies are
required to optimize the lubricants specialized for TENG applications. One of the important
steps for optimizing lubricant materials is a quantitative study of various liquid lubricants.
Many studies are continuing this effort to provide guideline for selecting appropriate
lubricant materials to be utilized in various applications. As shown in Figure 4a,b, a recent
study showed that liquid lubricants such as squalene, paraffin oil, and PAO 10 have higher
electrical outputs than TENG operated under dry conditions [83]. In this work, TENG
operating with liquids such as olive oil, rapeseed oil, plurial A 500 PE, PEG 200, water
have shown considerably lower electrical output. This study also reported that the relative
permittivity and viscosity of lubricant is the key factor to increase output of TENG according
to the experimental result. In addition, in other studies, lubricant liquids such as mineral
oil and silicone oil show high electrical output, whereas castor oil, water, and ethanol show
relatively low output (Figure 4c,d). Overall, various studies have shown that synthetic
non-polar liquids such as squalene, mineral oil, silicone oil, and hexadecane have a higher
electrical output, whereas polar liquids such as ethylene glycol, water, and ethanol tend
to show low electrical output. As shown in Figure 2, the polar liquids screen the surface
charge and lead to a decrease in the output. In addition, considering that organic oils such
as rapeseed, olive, and castor oils are mixtures of various compounds, they contain polar
molecules such as glycerol that would lower the electrical output of TENGs. As shown in
Figure 4e-h, a study on the electrical output and friction coefficient depending on PAO 4,
perfluoropolyether (PFPE), glycerol, and ethanol, respectively. As shown in the plots, the
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electrical output increases and friction coefficient decreases when using a non-polar liquid
such as PAO 4 and PFPE, whereas the electrical output decreases and friction coefficient
increases when using polar liquid such as glycerol and ethanol. Considering that there are
vast number of synthetic and natural oils are used for lubrication, there must be further
studies on these materials as well as effect of these lubrication materials when lubrication
materials are used for a longer extension of time.
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Figure 4. Electrical output depending on various liquids applied on the surface of TENGs:
(a,c) Voltage and (b,d) current output of TENGs depending on various liquids (Reprinted with
permission from ref. [69]. 2021, Wiley. And reprinted with permission from ref. [83]. 2021, Elsevier).
Measured current and friction coefficient when (e) PAO 4, (f) PFPE, (g) glycerol, and (h) alcohol was
applied on the surface of TENGSs.

5. Summary and Perspectives

This review introduces the current strategies and an overview of lubrication-based
TENGsS. As the air breakdown effect limits the electrical performance and induces frictional
wear affecting the mechanical lifespan of TENGs, the use of lubricants has been actively
studied to overcome these limitations. These studies have shown that a lubricant liquid
applied to the TENG surface can effectively increase the mechanical lifespan and electrical
output by lowering the friction coefficient and suppressing air breakdown. Previous studies
have shown working mechanism of lubricant-based TENGs can generate high electrical
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output through suppressing air breakdown and non-polar liquid with high Debye length,
which would effectively transfer the surface charge through electrostatic induction. Various
mechanical designs and working mechanisms have been developed to further decrease the
friction force and enhance the electrical output. For further enhancement of lubricant-based
TENGs, optimization of lubricant liquids and mechanical components should be considered
at the design level, and additional quantitative studies are required as follows:

(1) Optimization of lubricant-based TENG design to withhold more lubricant on the
surface during operation and advanced surface design considering lubrication at the
design level;

(2)  Further quantitative analysis of the relationship between TENGs and lubricant liquids,
especially on the EDL formation of lubricant liquids under high surface
charge conditions;

(3) Quantitative analysis of various lubricant liquids affecting mechanical lifespan and
electrical output of TENG, including commercial synthetic and organic oil;

(4) Long-term influence of lubricant liquids on TENG surfaces and the effect of long-term
operation on polymer surfaces.

We hope that, through this review, researchers who are trying to overcome mechanical
and electrical limitations for expanding the applications of TENGs in industries will be
introduced to the use of lubricant materials. We believe that constant research efforts and
innovations in lubricant-based TENG have great potential for utilizing TENGs as a primary
energy source for existing electronics.
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Abstract: Bioelectricity is an indispensable part of organisms and plays a vital role in cell modulation
and tissue/organ development. The development of convenient and bio-safe electrical stimulation
equipment to simulate endogenous bioelectricity for cell function modulation is of great significance
for its clinical transformation. In this review, we introduce the advantages of an electromechanical
nanogenerator (EMNG) as a source of electrical stimulation in the biomedical field and systematically
overview recent advances in EMNGs for cell modulation, mainly including cell adhesion, migra-
tion, proliferation and differentiation. Finally, we emphasize the significance of self-powered and
biomimetic electrostimulation in cell modulation and discuss its challenges and future prospects in
both basic research and clinical translation.

Keywords: triboelectric nanogenerator; piezoelectric nanogenerator; electromechanical conversion;
self-powered; cell modulation

1. Introduction

Bioelectricity acting as an endogenous biophysical factor can modulate a myriad of
cell behaviors, such as cell cycle, adhesion, proliferation, migration and differentiation, and
further regulate important biological processes, such as embryogenesis and tissue regener-
ation [1-3]. Enlightened by endogenous bioelectricity, biomimetic electrical stimulation has
been widely employed to regulate cell activities and offers widespread application potential
for biomedical therapeutics [4]. At the same time, a series of electrical stimulation devices
have been developed for in vitro and in vivo cell electrostimulation [5]. The commercial
electrical stimulator is the most widely used device in basic biomedical research because its
electrical parameters can be finely tuned from a wide range [6]. However, its bulky size
brings a lot of inconvenience and causes poor patient compliance for clinical applications.
Additionally, the long-distance wire connection between the stimulator and the target
may increase potential safety risks. As another kind of commonly used electrical stimu-
lator, the implantable battery is small and safe enough for in vivo applications; however,
due to the limited battery capacity, regular battery replacement is required for long-term
electrostimulation, which is expensive and increases the risk of postoperative infection [7].

To meet the requirements of small size, safety and long-term electrical stimulation
at the same time, various new types of energy harvesters have been developed, which
can collect energy from the surrounding environment or organisms and convert it into
electricity [5]. Depending on the energy source, energy harvesters can be divided into
three types: (i) environmental energy harvesters, including photovoltaic cells and py-
roelectric nanogenerators [8]; (ii) mechanical energy harvesters, including triboelectric
nanogenerators (TENG), piezoelectric nanogenerators (PENG) and electromagnetic genera-
tor (EMG) [1]; (iii) biochemical energy harvesters, including biofuel cells and non-pulley
potential collectors [9,10]. Among them, several kinds of electromechanical nanogenera-
tors (EMNGs) have drawn extensive attention in biomedical fields due to the existence of
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abundant mechanical energy in organisms from tissue to cell level, such as cell activities,
heartbeat, limb movement and respiration. An EMG is a kind of efficient, well-established
and versatile mechanical energy harvester, and some high-frequency EMGs have been
reported for in vitro cell electroporation [11-13]. However, an EMG only has superior
performance at high frequencies and high dimensions [14], so they are less efficient in
collecting low-frequency, disordered and weak mechanical energy in living organisms.
Therefore, this review mainly focuses on recent advances in TENGs and PENGs for cell
modulation (Figure 1). For a TENG, its basic working modes and its working mechanism
are introduced. For a PENG, the methods used to generate a surface piezopotential for cell
electrostimulation are discussed, including speaker, ultrasonic wave, magnetic field and
cell/tissue activities. Then, the applications of EMNGs on cell modulation are elucidated,
including cell proliferation, adhesion, migration, differentiation, etc. Finally, we discuss the
challenges and scope for development of EMNGs for cell modulation in the future.

EMNG Biomechanical energy
TENG PENG Cell Tissue

A = %

“\
o
S >

proliferation adhesion migration  differentiation

Figure 1. EMNGs driven by biomechanical energy for cell modulation, including cell proliferation,
adhesion, migration and differentiation.

2. TENGs for Cell Modulation
2.1. Working Mechanism of TENGs

TENGsS can collect abundant biomechanical energy from human bodies and convert
it into electricity due to the coupling effect of triboelectrification and electrostatic induc-
tion [15-18]. Since its invention in 2012, the TENG mainly presents four basic operating
modes, including the vertical contact-separation mode, lateral sliding mode, single elec-
trode mode and freestanding triboelectric layer mode [19] (Figure 2a). Therefore, the
structure of a TENG can be flexibly designed according to various applications. As their
working principles are similar, herein the contact-separation mode is taken as an example
to explain its working principle in detail (Figure 2b). Two films with different triboelectric
properties are placed face to face as the friction layers and then metal is attached to their
back as the electrode layer. In the original state, there is no induced charge (Figure 2b(i)).
When the two friction layers are in contact with each other, an equal amount of oppo-
site triboelectric charge is generated on the contact surface due to the triboelectric effect
(Figure 2b(ii)). When the two friction layers are separated, it generates a potential difference
between the two electrodes due to electrostatic induction. Thus, the electrons flow from
the top electrode to the bottom electrode through the external circuit, thereby generating
instantaneous current (Figure 2b(iii)), and then finally, it reaches equilibrium when the two
friction layers are completely separated (Figure 2b(iv)). When the two friction layers make
contact again, the induced charges flow back through the external circuit to compensate for
the potential difference (Figure 2b(v)). The two friction layers continue to make contact
and separate in order to generate an alternating current [20,21]. Due to the widespread
existence of triboelectricity, TENGs have a wide range of material choices, from natural to
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synthetic materials, which can meet the requirements for biocompatibility and flexibility
in biomedical applications [22-24]. The combinations of friction layer materials that are
commonly used in biomedical TENG can be divided into metal-polymer and polymer—
polymer combinations [25]. For biomedical applications, especially implantable medical
devices, it is necessary to select materials with good biocompatibility, low toxicity and
potential biodegradability. Therefore, noble metals (Au, Ag and Pt) and transition metals
(Mg, Fe and Zn) are selected as the metal friction or electrode layers. Polytetrafluoroethy-
lene (PTFE), polyethylene terephthalate (PET), polyimide (Kapton), polydimethylsiloxane
(PDMS) and polypropylene are common polymer friction layers for TENGs. Specifically,
conductive polymers, such as polypyrrole (PPy), poly(3,4-ethylenedioxythiophene) (PE-
DOT), polythiophene (PTh) and polyaniline (PANi), can act as both polymer friction layers
and electrodes. In the process of the contact and separation of two friction layers, their
ability to gain and lose electrons depends on the triboelectric properties of the friction layer
materials. According to the triboelectric sequence of common friction materials [26,27],
the farther the distance between the two materials in the list, the greater the amount of
charge transfer during the contact—separation process. In addition, the surface micro-nano
structure, chemical modification or electron injection of the friction layer materials can
increase its effective contact area and surface charge density, thus greatly improving the
output performance of the TENG [28-30]. To meet the needs of short-term electrostimu-
lation and avoid secondary surgery, biodegradable and bioabsorbable TENGs have also
been designed using biodegradable or photothermal-tuned degradable materials [31-33],
such as Mg, poly (caprolactone) (PCL), polylactic acid (PLA), poly(lactic-co-glycolide acid)
(PLGA), poly (vinyl alcohol) (PVA), chitosan, cellulose, chitin and silk fibroin.

a Vertical contact separation mode Lateral sliding mode Friction layer 1

Friction layer 2

M Electrode

(if) (iii)

Pressed Releasing &

................... i - F
Freestanding triboelectric layer mode

Single electrode mode

(v) Pressing (iv)  Released

T =

T
-

Figure 2. (a) The four fundamental working modes of a TENG: vertical contact-separation mode;
lateral sliding mode; single electrode mode; and freestanding triboelectric layer mode. (b) The
working principle of the TENG in contact-separation mode.

2.2. TENGs for Cell Modulation

Due to the above advantages, the TENG has developed rapidly in biomedical applica-
tions. Early research mainly focused on biomechanical energy harvesting, self-powered
health monitoring and tissue-level electrical stimulation [22,34]. Recently, TENG-based elec-
trostimulation has been used for cell modulation, mainly for promoting neural/osteogenic
differentiation and directing cell migration and proliferation for wound healing.

2.2.1. TENGs for Nerve Repair

Neurons are electrical excitable cells from neural tissues, amongst others. It has
been proven that electrostimulation can improve the synaptic function of neurons, thereby
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promoting nerve regeneration and functional recovery [2]. For this application, a biodegrad-
able TENG was designed that can be implanted into an animal for the electrical stimulation
of nerve cells and gradually degrade after finishing its work [31]. The employed TENG
has a multilayered structure, including the friction layers, the electrode layers and the en-
capsulation structure. Two biodegradable polymers are assembled together as the friction
layers, and there is a 200 nm spacer layer between the two friction layers. The electrode
layer is prepared by depositing a 50 nm magnesium (Mg) film on the back of the friction
layer. The fabricated TENG is then encapsulated to improve its stability in the surrounding
physiological environment. When applying this TENG to stimulate cells seeded on com-
plementary micrograting electrodes (10 V/mm, 1 Hz), the nerve cell growth can achieve
directional growth, which is of great significance for neural repair. Guo et al. combined a
wearable TENG and electroconductive microfibers to construct a self-powered electrostim-
ulation system for the neural differentiation of stem cells (Figure 3a,b) [35]. The prepared
TENG worked based on the continuous contact and separation of the upper aluminum
(Al) electrode and the bottom Kapton film attached to a copper (Cu) electrode. A 3 M foam
(2 mm) was bound between the poly(methyl methacrylate) (PMMA) substrate and the
upper electrode as a stress buffer layer to increase its output stability. The output of the
TENG could reach about 300 V and 30 uA when triggered by human walking (Figure 3c).
The electroconductive microfibers were composed of poly(3,4-ethylenedioxythiophene)
(PEDOT) and reduced graphene oxide (rGO), which can enhance the proliferation abil-
ity of mesenchymal stem cells (MSCs) and show a good neural differentiation tendency.
Importantly, after 21 days of the continuous stimulation of the stem cells grown on the
conductive hybrid microfibers by the TENG, the gene and protein expressions of both Tuj-1
(neuron-specific maker) and GFAP (neurogliocyte-specific maker) were significantly higher
than those without electrical stimulation (Figure 3d,e). This work confirmed the feasibility
and potential of TENGs in the field of neural differentiation and repair.

Time (s)

Figure 3. TENGs for nerve repair: (a) the micromorphology of the tGO—PEDOT microfiber; (b) the
structural design of the TENG; (c) the output current of the TENG driven by normal human walking.
The nucleus (blue), neuron-specific maker Tujl (red) and neurogliocyte-specific maker GFAP (green)
of the cells (d) without electrostimulation and (e) with TENG-induced electrostimulation for 21 days.
Reprinted with permission from ref. [35], Copyright 2016, American Chemical Society.
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2.2.2. TENG for Bone Repair

Bone is a natural composite of piezoelectric materials, which mainly comprises a
piezoelectric collagen matrix and hydroxyapatite crystals [36]. In the process of bone repair
and regeneration, the electric signal is a vital factor for promoting the osteodifferentiation
of stem cells and osteoblast proliferation [37,38]. Due to the abundant mechanical energy
during joint movement, TENGs can effectively collect this energy and then convert it into
electricity for bone repair. It has been confirmed that the electrostimulation of TENGs can
promote osteoblast attachment, proliferation and differentiation. For example, Tian et al.
developed a self-powered electrical stimulator for bone repair, consisting of an implantable
TENG as the power source, a rectifier and an interdigital electrode [39]. When the flexible
TENG was implanted on the SD rat’s femur, it could successfully convert the biomechanical
energy of the rat’s daily exercise into electricity. Applying the electricity generated by the
TENG to the cells through the interdigital electrode could effectively promote cell adhesion,
spreading and proliferation. Moreover, the osteogenic differentiation level of the cells
increased by 28.2% after stimulation for 12 days. Shi et al. utilized a TENG to load and
accumulate negative charges on the surface of an anodized titanium implant for promoting
the osteogenesis of MC3T3-E1 preosteoblast cells [40]. The prepared TENG worked based
on the vertical contact-separation mode (Figure 4a). A PTFE film with a nanorod structure
and a titanium (Ti) foil with a nanotube structure were used as the triboelectric layers. A
thin cooper (Cu) film was magnetron sputtered on the outer face of the PTFE friction layer
as an electrode and a Ti foil was employed as another electrode. Then, PTFE tape and PDMS
were used to encapsulate the TENG for waterproofing. The output of the TENG could reach
up to 12V, 0.15 pA and 5.3 nC (Figure 4b) and its output voltage could be well maintained
after 1 x 10° cycles. The prepared TENG could convert the biomechanical energy of human
daily movement into electricity for constructing a long-term and stable negatively charged
implant surface, thereby inhibiting bacterial adhesion and biofilm formation. Moreover,
the negatively charged implant could promote preosteoblast adhesion and the osteogenic
differentiation of MC3T3-E1 cells (Figure 4c). Yao et al. designed an implantable and
bioresorbable TENG that could be attached to living tissue and generate bidirectional
electric pulses (Figure 4d) [41]. An island-bridge magnesium (Mg) layer served as both the
bottom electrode and a triboelectric layer. PLGA with a micropyramid structure was used as
another triboelectric layer and the Mg electrode with the island-bridge structure was coated
on the top of the PLGA layer, serving as the top electrode. The micropyramid structure of
the PLGA could improve the output of the TENG due to the increase in contact area. The
serpentine geometry and island-bridge structure of the electrode layer could effectively
improve the robustness of the structure and reduce the modulus of the flexible device.
Thus, it could be pasted to irregular tissues and withstand large strains. When applying the
electrostimulation on a pair of dressing electrodes, the generated electric field could activate
relevant growth factors (Figure 4e,f). The enhanced secretion of the fibroblast growth factor
(FGF1) and vascular endothelial growth factor (VEGF) could accelerate vascularization for
nutrient supply and metabolic transportation. More transforming growth factor and bone
morphogenetic protein could promote cell differentiation and accelerate bone formation
and mineralization (Figure 4g). In general, the electrostimulation through the TENG could
regulate the bone microenvironment, promote rapid bone regeneration and synergistically
increase bone strength and mineral density (Figure 4h).
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Figure 4. TENGs for bone repair: (a) the surface microstructure and photograph of the prepared
TENG; (b) the output voltage and current of the TENG; (c) alizarin red staining showing the calcium
deposits of MC3T3-E1 after TENG electrostimulation for 21 days. Reprinted with permission from
ref. [40], Copyright 2020, Elsevier. (d) The schematics of the implantable self-powered bone fracture
electrostimulation device, consisting of a TENG as a power source and a pair of dressing electrodes
for applying electrostimulations to the fracture; (e) the output voltage of the TENG driven by a
mechanical linear motor (top) and on a rat (bottom); (f) the simulated electrical field distribution of
the dressing electrodes inside a tissue under the voltage of 4 V; (g) the immunohistochemistry (IHC)
score of the expressed growth factors in different groups; (h) the three-point bending flexural stress
measurement for the different groups after 6 weeks. N, normal group; I, dressing electrodes with
TENG electrostimulation; S, dressing electrodes without TENG electrostimulation; F, no implanted
device. n.s. and *** represent non-significant and p < 0.001, respectively. Reprinted with permission
from ref. [41], Copyright 2021, the Authors. Published by PNAS.
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2.2.3. TENGs for Wound Healing

In addition, the endogenous electric field also plays key roles in wound healing. Gener-
ally, skin wounds have a transepithelial potential of 15-60 mV, which serves as a directional
cue to direct cell proliferation and migration to the wound site for wound healing [42].
Thus, electrostimulation is an attractive auxiliary method for wound repair (Figure 5a).
However, it is still largely limited in clinical applications due to the inconvenience of
its implementation. To solve this problem, a wearable electrostimulation bandage was
designed to accelerate the healing of skin wounds [43,44]. It was composed of a wearable
TENG as a power supply and a pair of dressing electrodes, both of which were integrated
in a bandage [43]. The TENG was prepared by overlapping a Cu (electropositive material)
electrode layer with a Cu/PTFE (electronegative material) film on the PET substrate. After
wrapping the bandage on the chest of the rat, the TENG could collect the mechanical energy
of the rat’s breathing to generate electricity. When the rat was under deep anesthesia, the
output voltage was only ~0.2 V at a rate of 30 times per min, which corresponded to a slow
and shallow breathing pattern. After the rat recovered from anesthesia, the output voltage
reached ~1.3 V at a rate of 40 times per min, corresponding to the calm and stable state
of the rat. When the rat moved normally, the output voltage reached the highest level of
~2.2'V at a rate of 110 times per min (Figure 5b). Under the electric field induced by the
TENG (2 V. em ™!, 1 Hz), fibroblasts exhibited an obvious proliferation and alignment. After
6 h of the electric field stimulation, cells continued to proliferate and differentiate along
the direction of the electric field (Figure 5c). Fibroblasts play a crucial role in the healing
process of skin wounds. Initially, cells migrate to the wound, proliferate and interact with
surrounding cells. After that, fibroblasts differentiate and generate ECM, glycoproteins,
adhesive molecules and various cytokines, which then replace the provisional fibrin-based
matrix and accelerate wound repair. Under the treatment of the electrostimulation ban-
dage, a full-thickness rectangular skin wound was quickly closed within 3 days, while
the normal shrinkage-based healing process needs 12 days. Li et al. also confirmed the
promoting effect of TENG electrostimulation on tissue repair. Their prepared TENG was
implantable and its degradation rate could be tuned in vivo by near-infrared (NIR) light
irradiation [33]. The biodegradable TENG consisted of three parts: an Au deposited,
hemisphere array-structured layer served as both the triboelectric layer and the bottom
electrode; a biodegradable polymer was another triboelectric layer; and a thin Mg film was
deposited on the back as the top electrode. Another biodegradable polymer doped with
Au nanorods (AuNRs) was applied as the bottom substrate, which endowed the TENG’s
ability to respond to NIR irradiation so that the biodegradation process could be rationally
controlled (Figure 5d). The open-circuit voltage (Voc) and short-circuit current (Isc) of the
TENG reached 28 V and 220 nA, respectively. After implantation in the subdermal region
on the back of the SD rats, the V. was about 2 V. With NIR treatment, the output of the
TENG quickly dropped to 0 within 24 h and the device was largely degraded in 14 days
(Figure 5e,f). Applying the output of the TENG to stimulate fibroblasts (100 mV mm™!)
could significantly accelerate the migration of cells across the scratch, which was essential
for the wound healing treatment (Figure 5g,h).
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Figure 5. TENGs for wound healing: (a) the mechanism of wound healing under the endogenous
electric field; (b) the output voltage of the TENG driven by different frequencies of breathing in rats;
(c) the morphology of the NIH 3T3 cells after TENG electrical stimulation of different times. Reprinted
with permission from ref. [43], Copyright 2018, American Chemical Society. (d) The structure design
of the photothermal-controlled biodegradable TENG; (e) the output of the TENG with NIR irradiation;
(f) a micro-CT image of the implanted TENGs over time. Fluorescence microscope images of fibroblast
L1929 cell migration (g) without electrostimulation and (h) with TENG electrostimulation. Reprinted
with permission from ref. [33], Copyright 2018, Elsevier.

2.2.4. TENGs for Drug Delivery and Cardiac Pacing

In addition to the aforementioned applications, TENGs have also been employed to
construct self-powered electroporation systems to improve the permeability of cell mem-
branes for drug delivery or drug release. Electroporation utilizes high-intensity electric
fields to create transient nanopores in plasma membranes to introduce biomolecules into
cells. Liu et al. integrated a TENG with a silicon nanoneedle array electrode to build a
self-powered nanoelectroporation system for facilitating efficient intracellular drug delivery
while minimizing cellular damage (Figure 6a) [45]. In this system, the TENG acted as a
self-powered and stable electrostimulation source to provide electrical pulses for electropo-
ration, which made the system more convenient in practical applications. On the other hand,
a silicon nanoneedle array was employed to replace the traditional planar electrode for na-
noelectroporation, which could only generate high local electrical fields in the nanoneedle—
adherent cell interface, thereby reducing cell damage (Figure 6b). This system could deliver
a variety of exogenous species, such as small molecules, siRNA and biomacromolecules,
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into different types of cells. Depending on the delivered biomolecule and cell type, the
delivery efficiency ranged from 50% to 90% and cell viability was above 94% (Figure 6¢).
On this basis, the same group further designed a high-throughput electroporation system
based on a TENG and silver nanowire-modified foam electrodes [28]. Cell suspension
could continuously flow through the foam electrodes in the electroporation channel to
achieve electroporation under the action of the TENG'’s electrical pulses (Figure 6d). The
system could achieve high cell processing throughput of up to 10° cells/min while ensuring
high cell delivery efficiency and viability. Yang et al. also designed a self-powered gene
electrotransfection system that consisted of a TENG and a nanowire array electrode [46].
The employed TENG was based on the vertical contact-separation mode, which could
harvest the mechanical energy of the simple human tapping motion and convert it into
electricity for electrotransfection. Two CuO nanowire array meshes were coaxially placed
as electrodes, which could greatly amplify the local electric field strength to enhance the
transfection efficiency and reduce cell damage. The system could achieve a high-efficiency
siRNA electrotransfection of 95% for MiaPaCa-2 cells and 84% for K562 cells, and then
downregulate the expression of targeted mutation genes, thereby significantly inhibiting
cell proliferation and anti-apoptosis ability. Zhao et al. loaded doxorubicin (DOX) into red
blood cells (D@RBC), which could create transient pores in the cytomembrane through
TENG electroporation and release DOX on demand to kill tumor cells for cancer therapy
(Figure 6e-g) [47]. These results illustrate that TENG-based self-powered systems have
great potential for both fundamental biological research and clinical applications.
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Figure 6. TENGs for drug delivery: (a) a schematic illustration of the TENG-driven electroporation
system based on a nanoneedle array electrode; (b) the simulated electrical field distribution of the
nanoneedle array with an applied voltage of 20 V; (c) a fluorescence image of MCF-7 after delivering
dextran-FITC (green). Reprinted with permission from ref. [45], Copyright 2019, WILEY-VCH. (d) A
schematic illustration of the TENG-driven high-throughput electroporation system. Reprinted with
permission from ref. [28], Copyright 2020, American Chemical Society. (e) A schematic illustration
to show the controlled release of DOX from RBC driven by the TENG; (f) SEM images of D@RBC
under the electric field; (g) the viabilities of HeLa cells in the D@RBC and D@RBC under the electric
field groups (live cells are green and dead cells are red). Reprinted with permission from ref. [47],
Copyright 2019, WILEY-VCH.
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Cardiomyocytes are also electrically active cells and their action potentials contribute
to the spontaneous beating of the cells. Rhythmic action potentials propagate continu-
ously in multicellular cardiac tissue and travel through the myocardium to induce my-
ocardial contraction [1]. Therefore, electrical stimulation has been used in heart failure
treatments and myocardial reconstruction. Inspired by this, Ouyang et al. demonstrated
a self-powered symbiotic pacemaker based on an implantable TENG [48]. The Voc of
the implantable TENG was as high as 65.2 V. The energy collected from each heartbeat
was about 0.495 uJ, which was above the endocardial pacing threshold energy (0.377 pJ).
Thus, this self-powered symbiotic pacemaker successfully corrected sinus arrhythmia and
prevented disease progression on a large animal model.

3. PENGs for Cell Modulation

PENGSs can convert mechanical motion into electric energy based on piezoelectric
materials and piezoelectric effects. A PENG is composed of piezoelectric materials, positive
and negative electrodes and flexible substrates. Among them, the piezoelectric material is
the core component of a PENG and is the basis for generating electricity.

3.1. Piezoelectric Materials and Piezoelectricity

Piezoelectric material is a kind of dielectric material with a non-centrosymmetric
structure, which can generate and accumulate charges with opposite signs on its surface
under the action of mechanical stress or strain [49]. According to compositions, piezoelec-
tric materials can be divided into three categories: (i) inorganic piezoelectric materials;
(ii) organic piezoelectric materials; and (iii) composite piezoelectric materials.

Inorganic piezoelectric materials mainly include piezoelectric single crystals, piezo-
electric ceramics and piezoelectric semiconductors. Quartz, lithium niobate, lithium gallate,
lithium germanate and lithium tantalate are several common piezoelectric single crystals.
Piezoelectric ceramics often have strong piezoelectricity and high dielectric constants, such
as barium titanate (BaTiO3), lead zirconate titanate (PZT), lead zinc niobium (PZN), lead
metaniobate and lead barium lithium niobate. Generally, piezoelectric ceramics containing
lead have high piezoelectric coefficients, but the toxicity of lead limits their application in
the biomedical field. Currently, most piezoelectric semiconductors have wurtzite structures
and have both piezoelectricity and semiconducting properties, such as ZnO, GaN, AIN and
BN. The piezoelectricity of inorganic materials originates from the non-centrosymmetric
crystal structure. Taking wurtzite-structured ZnO as an example (Figure 7a,b), positive
Zn** and negative O~ have tetrahedral coordination in an unstrained hexagonal ZnO
crystal structure. So, the centers of the anions and cations overlap each other and there
is no polarization. When the crystal is under a mechanical stress, the displacement of
Zn?* and O%~ inside the crystal causes the positive and negative charge centers to shift in
opposite directions, resulting in a dipole moment in the unit cell [50]. Due to the continuous
superposition of the dipole moments, a macroscopic piezoelectric potential (piezopotential)
is generated in the ZnO crystal (Figure 6b) [51].

Compared to inorganic piezoelectric materials, although the piezoelectric properties of
organic piezoelectric materials are relatively poor, their advantages of good biocompatibility,
processability and high flexibility can satisfy the requirements for biomedical applications,
especially for wearable and implantable devices. Organic piezoelectric materials can be
divided into natural and synthetic piezopolymers. Collagen, chitosan, cellulose and chitin
are widely studied natural piezoelectric polymers. PVDF and its trifluoroethylene (TrFE)
copolymer (P(VDE-TrFE)), poly-L-lactic acid (PLLA) and polyhydroxyalkanoates (PHAs)
are representative synthetic piezopolymers. The piezoelectricity in organic materials arises
from their non-centrosymmetric molecular arrangement and orientation. Figure 6¢ depicts
the piezoelectric effect of PVDF ((CHy—CF;)n). PVDF has five crystal phases, in which
o-phase with trans—gauche—trans—gauche conformation (TGTG') and a B-phase with
all trans conformation (TTTTT) are predominant [52,53]. The dielectric property of PVDF
is caused by the difference in electronegativity between F and H atoms that leads to a
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dipole moment is generated along the F—H direction [54]. For «-phase PVDE, there
is no piezoelectricity since the chains are arranged in the unit cell, resulting in a net
cancellation of the dipole moments. For 3-phase PVDF, since the parallel orientation of
the dipole moments leads to the overlay of the electric dipole moments, it has the highest
piezoelectricity [55] (Figure 7c). Composite piezoelectric materials are often obtained
by dispersing piezoelectric nanoceramics into a polymer matrix, which combines the
advantages of inorganic piezoelectric materials and piezoelectric polymers, showing good
flexibility, high piezoelectric coefficients and processability. Piezoelectric materials with
high mechanical and piezoelectric properties are the basis for the fabrication of high-
performance PENGs.
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B Electrode

Figure 7. (a) An atomic model of a wurtzite structure ZnO and a schematic diagram of a stress-
induced electric dipole moment. Reprinted with permission from ref. [50], Copyright 2012, WILEY-
VCH. (b) Piezopotential distribution along a ZnO nanowire under axial stretch or compress.
Reprinted with permission from ref. [51], Copyright 2009, American Institute of Physics. (c) The
molecular structure of x-phase and 3-phase PVDEF; (d) the working principle of the PENG.

3.2. Working Mechanism of PENGs

In 2006, Wang et al. first developed a zinc oxide (ZnO) nanowire-based PENG to collect
tiny vibrational energy [56]. In 2010, a PENG that was based on single ZnO nanowire
was successfully implanted in a live rat to harvest mechanical energy from its breath
and heartbeat, with an output of around 3 mV and 30 pA [57]. After that, all kinds of
piezoelectric materials and structures have been applied to fabricate implantable PENGs,
including PVDE, P(VDE-TrFE), ZnO nanowire arrays, PZT, etc. [58-64]. Traditionally, a
PENG is composed of an intermediate piezoelectric layer and two metal electrodes in
a sandwich structure. Figure 7d demonstrates the electrical generation principles of a
typical PENG. At the beginning, without the action of external force, the charge centers of
the anions and cations overlap each other, so there is no polarization in the piezoelectric
material. When mechanical stress is applied, the piezoelectric material is compressed and
deformed, so that the anions and cations inside the crystal are displaced and the positive
and negative charge centers are separated to generate a surface piezopotential. The electrons
flow through the external circuit to achieve charge balance, thereby generating piezoelectric
current output. When the external force is removed, the piezopotential gradually decreases
and disappears and the electrons flow back to rebalance the charge. During the cyclic
compression-release process, mechanical energy is continuously converted into electrical
energy [65,66]. The selection of piezoelectric materials that have excellent performance is
the key to improving the output of PENGs. In addition, the crystallinity of piezoelectric
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materials and the arrangement direction of dipoles can be further improved by means of
annealing, stretching and high-voltage polarization, thereby achieving efficient mechanical
energy harvesting [66].

3.3. PENGs for Cell Modulation

A PENG is an energy harvesting device that converts mechanical energy into elec-
trical energy using the piezoelectric effect. Therefore, its application is similar to that
of a TENG and it too can be used as a self-powered electrical stimulation source. For
example, Zhang et al. proposed a biomechanical energy-driven shape-memory PENG for
promoting MC3T3-E1 cell proliferation and orientation and osteogenic differentiation [67].
Jin et al. designed a tribo/piezoelectric hybrid nanogenerator to promote the long-term
proliferation and migration of Schwann cells and regenerate the myelination of nerve fibers
and neuromotor function reconstruction [68]. In addition to being an electrical stimulation
source, some piezoelectric materials are also employed as biological scaffolds [54]. There-
fore, piezoelectric biomaterials can be designed for in situ cell-scale electrical stimulation,
avoiding wire connections and electrode implantation. External mechanical force or defor-
mation is an essential precondition for piezoelectric biomaterials to generate piezoelectric
potential (piezopotential) for cell electrostimulation. The methods commonly used to apply
mechanical force are acoustic waves, magnetic fields and cell traction.

3.3.1. Acoustic Wave-Driven PENGs for Cell Modulation

An acoustic wave is a mechanical wave that is generated by the vibration of a
sound source. Acoustic pressure, i.e., the pressure change caused by sound waves, is
the main source of mechanical force. According to the frequency, acoustic waves can
be divided into four categories: infrasound (<20 Hz); audible sound (20-20 kHz); ul-
trasound (20 kHz-1 GHz); and hypersound (>1 GHz). Wang et al. fabricated electro-
spun poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) nanofibers with a dz; of
16.17 pC/N [69]. A lab-designed speaker was employed to generate the mechanical vibra-
tion to deform the nanofibers. Under the dual effects of the nanofiber morphology and
electrical stimulation (0.75 V, 22.5 nA), 1929 fibroblast cells aligned perfectly along the
direction of the nanofibers and the cell proliferation rate increased by 1.6-fold.

An ultrasonic wave is a commonly used mechanical force source in the field of
biomedicine because of its high tissue penetration and good directionality [70] and its
ultrasonic power, frequency and period can be adjusted precisely. In the ultrasonic pro-
cess, acoustic pressure and ultrasonic cavitation effects play major roles in driving the
deformation of piezoelectric materials [71]. When the sound pressure gradually reaches a
certain value, the tiny bubble cores in the liquid expand rapidly and then suddenly close
to generate the shock wave. The ultrasonic cavitation is a series of the dynamic processes,
such as expansion, collapse and generation, of microjets. Wan et al. demonstrated an
ultrasound-mediated cell sheet harvesting based on a piezoelectric polyvinylidene fluoride
(PVDF)/barium titanate (BaTiO3, BTO) composite film (Figure 8a) [72]. Under the ultra-
sound stimulation (1 MHz, 0.8 W cm~2), the output voltage and current of the PVDF/BTO
film could reach ~100 mV and 0.19 nA, respectively. The adsorption and conformation of
fibronectin (FN) play an important role in regulating early cell material adhesion. After
ultrasound treatment for 20 s, the surface potential of the PVDF/BTO film was more nega-
tive, thereby decreasing the FN adsorption to manipulate cell adhesive behavior. On the
other hand, the generated piezopotential under ultrasound stimulation could regulate the
secondary structure of adhesive protein fibronectin (FN) from (3-sheet to «-helix, thereby
weakening the interfacial protein interaction and further regulating the cell adhesion behav-
ior (Figure 8b,c). In addition, ultrasound assisted piezoelectric biomaterials have also been
employed for inducing neural differentiation [73-76]. Marino et al. prepared piezoelectric
tetragonal BTO nanoparticles that could be attached to the cell membrane [76]. Under
ultrasound stimulation, the generated piezopotential activated voltage-gated membrane
channels, allowed calcium and sodium to flow in and then mediated the enhancement of
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neurite outgrowth. Liu et al. designed a biohybrid multifunctional micromotor composed
of magnetic Fe3O4 nanoparticles, piezoelectric BTO nanoparticles and S. platensis [74]. The
micromotor was actuated and steered magnetically using a low-intensity rotating magnetic
field (Figure 8d,e). Due to its diameter (~0.8 um) being smaller than the size of neural stem-
like cells, this micromotor could reach the desired position at the single cell level. After
reaching the targeted neural stem-like cell, the in situ piezopotential of BTO was generated
by an ultrasound stimulation, which activated the Ca®* channels and thereby induced
the neuronal differentiation of the targeted cells (Figure 8f,g). Additionally, piezoelectric
nanoparticles can be endocytosed by the cells to achieve non-destructive intracellular electri-
cal stimulation for promoting osteogenic differentiation. Ma et al. synthesized piezoelectric
nylon-11 nanoparticles with uniform morphology that could be easily endocytosed using
dental pulp stem cells (DPSCs) [77]. Under ultrasound conditions, piezoelectric stimulation
generated by nylon-11 nanoparticles could efficiently promote the osteogenic differentia-
tion of stem cells through electromechanical conversion in a non-invasive way. Ultrasound
assisted piezoelectric biomaterials can also regulate proinflammatory macrophage polariza-
tion [78], which is critical for antitumor immunity. After ultrasound treatment on B-PVDE,
a significant upregulation of the mRNA levels of proinflammatory (M1) markers was
observed, including TNF-«, IL-18 and MCP-1 (Figure 8h—j). In addition, the intensity of
intracellular M1 marker iNOS was higher than that on tissue culture plates (TCPs), while
anti-inflammatory (M2) marker Arg-1 was significantly reduced (Figure 8k,1). These results
prove that the piezoelectricity of B-PVDF obviously promotes M1 polarization.

3.3.2. Magnetic Field-Driven PENGs for Cell Modulation

Magnetic fields have also been employed to induce piezopotential by rationally de-
signing magneto-electric (ME) composite materials. ME materials comprise a class of
multifunctional nanostructures that are capable of strongly coupling magnetic and electric
fields. The ME effect is defined as the electrical polarization of a substance in response to a
magnetic field (positive effect) or the magnetization change of a substance under the action
of an electric field (converse effect) [79]. ME materials include single phase and composite
materials, within which the composites that are composed of a ferromagnetic phase and a
piezoelectric phase have lager ME effects at room temperature [80]. Under the action of the
magnetic field, the magnetic material is deformed and the strain is further transferred to
the closely connected piezoelectric material to generate piezopotential. This phenomenon
is the magneto-electric coupling in two-phase ME materials. The properties of ME com-
posite materials can be regulated by changing the phase materials, component sizes and
phase volume ratios [81]. Core shell-structured ME materials have attracted considerable
attention in the design of drug delivery systems, which are capable of controlling drug
release via external magnetic fields. For example, Nair et al. designed CoFe,O4@BaTiO3
ME nanoparticles that could generate piezopotential by applying a low alternating current
magnetic field to allow controlled on-demand drug release [82]. The application of ME
composites for the electrical stimulation of cells and tissues has been intensively studied
in tissue engineering. Mushtaq et al. designed a soft hybrid nanorobot that mimicked
an electric eel, based on the magneto-electric coupling effect [83]. These bionic nanoeels
consisted of three parts: a flexible and elongated piezoelectric PVDF tail connected to
a polypyrrole nanowire, which was decorated with nickel rings for magnetic actuation
(Figure 9a). Upon the rotating magnetic fields, the nanoeels displayed different swimming
modes, including tumbling, wobbling and corkscrewing (Figure 9b). At the same time, the
piezoelectric soft tail was driven to deform, causing its electric polarization. As magnetic
fields can achieve deep tissue penetration and can control the movement of magnetic mate-
rials with high precision, they can be used to achieve targeted local electrical stimulation.
Dong et al. introduced a highly integrated multifunctional soft helical microswimmer
based on CoFe,O4@BiFeO3; (CFO@BFO) core shell ME nanoparticles, which could real-
ize targeted neuronal cell delivery, on-demand localized neuron electrostimulation and
post-delivery enzymatic degradation (Figure 9¢) [84]. Under a rotating magnetic field, the

289



Nanoenergy Adv. 2022, 2

helical microswimmer rotated around its long axis and moved in translation (Figure 9d).
After reaching the target position, an alternating magnetic field was applied to induce
the magnetostriction of the CFO core and then the pressure was transferred to the BFO
shell to generate piezopotential, thus promoting the neuronal differentiation of the cells
(Figure 9e-g). The prepared microswimmer could be degraded by the enzymes in the
ECM produced by the cells. Fang et al. prepared a stretchable carbon porous nanocook-
ies@conduit (NC@C) using 3D printing technology, in which the NC was composed of rGO,
mesoporous silica and carbon layers with an excellent magneto-electric effect. The prepared
NC@C could encapsulate the neuron growth factor (NGF) and achieve on-demand release
under the control of a magnetic field. At the same time, it could electrically stimulate
cells to effectively induce cell proliferation and neuronal differentiation in vitro and could
further improve myelin layers and guide axonal orientation in vivo (Figure 9h-j) [85]. In
addition, ME materials have also been developed for deep brain stimulation, bone regener-
ation, skeletal muscle tissue regeneration and more [85-88]. These materials inspire new
approaches to targeted cell therapies for traumatic injuries.
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Figure 8. Ultrasound-driven PENGs for cell modulation: (a) a schematic diagram of the cell detach-
ment regulated by piezopotential; (b) the contents of fibronectin a-helix and (-sheet under different
conditions (A, FN in PBS; B, FN on the PVDF/BTO film; C, FN under ultrasound; D, E, EN on the
PVDE/BTO film under ultrasound); (c) fluorescence microscopy images of cells remaining on the
PVDE/BTO composite film after ultrasound. Reprinted with permission from ref. [72], Copyright
2021, Elsevier. (d) An illustration of a highly controllable micromotor for inducing the neuronal
differentiation of targeted cells; (e) SEM images of S.platensis@Fe;0,@tBaTiOs; (f) representative
time-lapse Ca®* imaging of PC12 cell stimulated by S.platensis@Fe;04@tBaTiO3 with ultrasound; (g)
a fluorescent image of differentiated PC12 cells stimulated by S.platensis@Fe30,@tBaTiO3 with ultra-
sound (targeted cell indicated with a red arrow). BIII-tubulin is stained in green and the nuclei are in
blue. Reprinted with permission from ref. [74], Copyright 2020, WILEY-VCH. (h) A representative
SEM image of THP-1 cells on -PVDF for 24 h; (i) the output voltage of B-PVDF with ultrasound
stimulation; (j) the relative mRNA expression of the M1 markers of TNF-«, IL-18 and MCP-1 in
different groups; (k,1) immunofluorescence staining images of M1 marker iNOS and M2 marker Arg-1
after culturing for 3 days on TCP and B-PVDF with ultrasound. * p < 0.05, ** p < 0.01, *** p < 0.001 vs.
the TCP control group, ### p < 0.001 vs. the B-PVDF group. Reprinted with permission from ref. [78],
Copyright 2021, The Authors. Published by WILEY-VCH.
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Figure 9. Magnetic field-driven PENGs for cell modulation: (a) a SEM image showing the hybrid
nanoeels; (b) a time-lapse image showing the swimming behavior of the hybrid nanoeels, including
tumbling, wobbling and corkscrewing. Reprinted with permission from ref. [83], Copyright 2019,
WILEY-VCH. (c) A schematic diagram of the degradation process of the soft microswimmers and the
neuronal differentiation of SH-SY5Y cells under a magnetic field; (d) a microswimmer loaded with
cells driven by a rotating magnetic field. Fluorescent images of the cells on the (e) control and (f) soft
microswimmers under magnetic stimulation. The nuclei are stained in blue and the neuronal specific
protein GAP43 in green. (g) Box-and-whisker plots of the fluorescent intensities representing the
level of GAP 43 expressed in SH-SY5Y cells (*** p < 0.001). Reprinted with permission from ref. [84],
Copyright 2020, WILEY-VCH. (h) NC@C under magnetic field treatment promoting magneto-electric
conversion into release growth factor and inducing neuron cell differentiation. Sciatic nerve defects
harvested from (i) autograft and (j) NGF-NC@C+ magnetic field. Reprinted with permission from
ref. [85], Copyright 2020, Springer Nature.

3.3.3. Cell Traction-Driven PENGs for Cell Modulation

There are abundant mechanical forces in cell activities, such as cell spreading, mi-
gration, contraction and cardiomyocyte beating. Thus, within the cellular microenviron-
ment, cells continuously exert mechanical forces on the extracellular matrix (ECM). Simi-
larly, the cells can also exert mechanical forces on the piezoelectric biomaterials. Murillo
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et al. demonstrated that the electromechanical interaction between living cells and a ZnO
nanosheet-based PENG induced a local electric field that could modulate cell activity, such
as stimulating the cell motility and activating the calcium channels to induce intracellular
calcium transients, depending on the cell type (Figure 10a,d) [89]. The effective piezoelectric
coefficient of the ZnO nanosheets was 4-6 pm V!, according to a piezoresponse atomic
force microscope. Under the weak force of cells (0.1-10 nN), ZnO nanosheets could generate
a piezopotential in the range of 0.5-50 mV. The number of macrophages grown on ZnO
nanosheets with a traveling distance exceeding 150 um was twice of that grown on the con-
trol substrate, indicating that the electromechanical interaction of the ZnO nanosheet-based
PENG increased the motility of macrophages and facilitated long-distance displacement
(Figure 10c¢). In addition, 64% of the SaOS-2 cells grown on the ZnO nanosheets presented
increases in [Ca2*];. By contrast, only 6% of the cells grown on glass coverslips showed
increases in [Ca%*];, with low amplitudes of Ca?* transients (Figure 10d). These results indi-
cate that the cell adhesion forces could bend the ZnO nanosheets and induce a local electric
field to stimulate the cells and alter their activities. Zhang et al. designed a piezoelectric
PVDF with a nanostripe array structure for the neuron-like differentiation of mesenchymal
stem cells (MSCs) [90]. The traction force of the living cells on the surface of the nanos-
triped PVDF could cause the deformation of the PVDF stripes, thereby generating a local
piezopotential to provide continuous electrical stimulation to the living cells. According to
the simulation, there was a piezopotential from 34 {1V to 3.4 mV when cell traction forces
increased from 0.1 to 10 nN (Figure 10e,f). However, the piezopotential induced by the cell
force (10 nN) on flat PVDF film was only 960 nV, which was insignificant for the physio-
logical activities of the cells. Thus, the nanotopography of the PVDEF film could increase
the generated piezopotential in response to cell migration and traction and it provided a
stronger signal to stimulate the differentiation of the stem cells. Unlike the spindle-shaped
and flat cell morphology in the control group, the MSCs on the nanostriped PVDEF formed a
neuron-like morphology, including highly refracted cell bodies and elongated nanostriped
PVDF. Moreover, the mRNA and protein expression levels of neuronal marker Tuj-1 were
significantly increased, indicating that the generated piezopotential of the nanostriped
PVDF had a positive effect on the neuron-like differentiation of MSCs (Figure 10g). Inspired
by the biophysical cues of ECM, Li et al. developed an electromechanical coupling 3D
bio-nanogenerator composed of GO/PEDOT/Fe30,/PAN fibers (GO, graphene oxide;
PEDOT, poly(3,4-ethylenedioxythiophene); PAN, polyacrylonitrile), in which piezoelectric
PAN was used as the electromechanical conversion unit [91]. The unique 3D structure of
the bio-nanogenerator provided an ECM-like microenvironment for cell growth. It could
also generate piezopotential up to millivolts through cell inherent force, thereby providing
in situ electrostimulation for the adherent cells. Liu et al. prepared nanofibers with a
suitable stiffness that was analogous to that of collagen using electrospinning technol-
ogy [92]. Interestingly, the obvious mechanical deformation of the nanofibers was only
observed after cell adhesion and mature focal adhesion formation (Figure 10h,i). Based
on these dynamic mechanical forces in the cell microenvironment, a smart piezoelectric
PVDF scaffold was designed that could generate piezopotential by cell traction force after
cell adhesion, activate the transmembrane calcium channels for extracellular Ca2* influx
and promote the neuron-like differentiation of stem cells (Figure 10j,k). Since the deforma-
tion of the piezoelectric PVDF scaffold only occurred after cell adhesion, the on-demand
electrical stimulation was only realized in the differentiation stage, thereby avoiding the
inhibitory effect of early electrical stimulation on cell adhesion and spreading. In addition,
Liu et al. designed a biodegradable piezoelectric PLLA that could generate piezopotential
under joint load. This batteryless electrostimulation could promote protein adsorption and
cell migration or recruitment, as well as induce endogenous TGF-3, thereby improving
cartilage formation and cartilage regeneration. Rabbits with severe osteochondral defects
regenerated hyaline cartilage and achieved complete cartilage healing after 1 to 2 months
of self-driven electrical stimulation therapy [93]. This in situ electrical stimulation based on
PENGs paves the way for smart scaffold design and future bioelectronic therapies.
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Figure 10. Cell traction-driven PENGs for cell modulation: (a) cell forces could bend the ZnO
nanosheets of the PENG; (b) the micromorphology of the cells on the nanosheets; (c) the length
of the trajectory represented the macrophage movement; (d) the quantification of activated Saos-2
cells with intracellular Ca** concentration change (* p < 0.05). Reprinted with permission from
ref. [89], Copyright 2017, WILEY-VCH. (e) Cells grown on the nanostriped PVDF; (f) a simulation
of the nanostriped PVDF generating a piezopotential of 3.4 mV when strained by a tangential force
of 10 nN; (g) the percentage of Tuj-1 positive cells and GFAP positive cells (* p < 0.05). Reprinted
with permission from ref. [90], Copyright 2019, WILEY-VCH. (h) A schematic diagram of the cell
traction triggered, on-demand electrostimulation for neuron-like differentiation; (i) cell traction
caused deformation along the nanofiber; (j) the cells grown on PVDF nanofibers with obvious
transient calcium activity; (k) the morphology of the cells grown on the PVDF after differentiation.
Reprinted with permission from ref. [92], Copyright 2021, WILEY-VCH.

4. Summary and Perspectives

In summary, EMNGs have shown promising applications in self-powered cell modu-
lation, with impressive progress ranging from promoting cell migration, orientation and
proliferation to regulating cell adhesion and differentiation (Table 1). Due to the advan-
tages of convenience, good biosafety and patient compliance, EMNGs provide a promising
approach for the clinical transformation of electrical stimulation. Generally, TENGs as an
electrostimulation source need to cooperate with bioelectrodes to exert electrical stimula-
tion to cells. By contrast, PENGs can achieve in situ wireless electrical stimulation while
simultaneously acting as a biological scaffold. However, there are still great challenges and
broad spaces for both basic research and clinic applications. Since the mechanical energy
in the human body is weak and disordered, the structure of the nanogenerators needs to
be reasonably designed and optimized to efficiently harvest the surrounding mechanical
energy. Additionally, TENGs and PENGs can be hybridized with EMGs to combine the
high voltage of the TENGs/PENGs and the high current of EMGs to realize multimodal
electrostimulation, which is of great significance for broadening the application of EMNGs
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in the biomedical field. At the same time, this combination also poses some challenges
for EMG technology, such as miniaturization, flexibility and system integration, etc. [14].
The long-term stability and safety of EMNGs in vivo still need to be verified. The current
research is mainly focused on the effect of the open circuit voltage of the EMNG on the
cells. In fact, the cell microenvironment is a complex electrophysiological environment. The
voltage actually sensed by the cell depends not only on the output of the EMNG, but also
on the electrical property of the culture medium and cell membrane [89]. Clarifying the
actual voltage sensed by cells is more instructive for future research. In addition, the output
of the EMNG is often a pulse wave, which is different from the square wave, sine wave and
other waveforms produced by traditional electric stimulators. Thus, the electrostimulation
conditions of the EMNG need to be further optimized and its underlying mechanism
also needs to be explored. Additionally, the application of EMNGs can be extended to
other electroactive cells, such as cardiomyocytes. The contractile force (20-140 nN) of
cardiomyocytes is much higher than the cell traction force (1-10 nN) [90,94], which can be
utilized to drive EMNGs more efficiently. Research at the cellular level is more conducive to
revealing the regulatory mechanism of EMNG-based electrostimulation, with the ultimate
goal of tissue function regulation and disease treatment. Both TENGs and PENGs have the
advantages of small size, flexibility and good biocompatibility. To date, many wearable
and implantable EMNGs have been reported that can efficiently harvest mechanical en-
ergy from living organisms, such as from joint motion, heartbeat and respiration, which
have laid the foundation for further bioelectronic implants, especially for bones, hearts
and muscles with abundant mechanical activities [93,95]. With the current progress and
huge development space, EMNGs show tremendous potential for cell modulation and
biomedical therapeutics.

Table 1. Electromechanical nanogenerators for cell modulation.

Mode/Piezoelectric

EMNG Scaffolds Electrostimulation Cells Cell Modulation Ref.
Implantable, _ . . .
cor\tact—sl;paraﬁon mode 10 Vmm~!, 1 Hz, 20 min/day, 5 days Primary neurons Cell alignment [31]
Contact-separation mode 30 nA, 3000 pulses/day, 21 days MSCs Neural differentiation [35]
Cell proliferation and
Implantable, - Preosteoblasts P i
. N 150 Vem™!, 2 Hz, 1 h/day, 18 days osteogenic [39]
contact-separation mode Y Y MC3T3-El differentiation
X . . Osteogenic p
Contact-separation mode 12'V,5-21 days MC3T3-E1 differentiation [40]
Proliferation and
Wearable, ] . e . uottd )
contact-separation mode 2Vem !, 1Hz,6h Fibroblasts dlﬁe;(e)g{)l:éﬁra\slgto [43]
Wearable, 8V,1Hz,24h Fibroblasts Cell alignment [44]
TENG contact-separation mode ’ 4 N g
Implantable, 1 . e . .
contact-separation mode 100 mVmm~',24 h Fibroblasts Cell migration 33]
Cell membrane
Disk, freestanding mode 20V, 20 Hz, 200 pluses MCF-7, Hela, MSCs permeability and [45]
drug delivery
Cell membrane
Contact-separation mode 20V, 5 Hz, 200 pulses MCF-7, MSCs permeability and drug 28]
delivery
Cell membrane
Contact-separation mode 70V,4kVem! RBCs permeability and drug [47]

release
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Table 1. Cont.
EMNG ModeS/Pifefzclvzlectric Electrostimulation Cells Cell Modulation Ref.
cattolds
Cell Prolife.raﬁon and
Wearable, 20 pA, 3 Hz, 2 h/day MC3T3-E1 Dr‘gg‘t‘e*:)‘jé‘;‘r‘\;“d 1671
differentiation
da; =16.17 pCN~! . Cell alignment and
PVDFE-T:FE i o 6gA, Fibroblasts proliferation [69]
PVDF/BaTiO3 dss i15'71 F:“C N MSCs Regulate cell adhesion [72]
Proinflammatory
PVDF dsy =1622pCN~! Macrophages macrophage 78]
polarization
FeOOH/PVDF dsy =272 pC Nt MSCs Neural differentiation [73]
5. p’“’%‘;%%fe3o4@ / PC12 cells Neural differentiation [74]
PENG PVDF-TrFE/ CoFe;0, / PC12 cells Neural differentiation 175]
Nylon-11 / Dental pulp stem cells di%ztree(;\%ie;iif)n [77]
CFO@BFO/GelMA / SHSY5Y cells Neural differentiation [84]
NCe@C 28-38 HA PC12 Neural differentiation [85]
ZnO nanosheets 300 pV-45 mV Macrophages Stimulate the motility of [89]
macrophages
PVDF 34 nV-3.4mvV MSCs Neural differentiation [90]
Motility of primary
GO/PEDOT/Fe;04/PAN ?231:}:1\2 Tl \1{11\1/, Hepatocytes and MSCs he%asttgg)é;eﬁiind 911
differentiation of MSCs
PVDF d%;SEAi%CmI\\I;I’ MSCs Neural differentiation [92]
PENG + TENG Contac;—\jer;/r;tri\(g mode 1527V Schwann cells Cell p::iligfre;gggn and [68]
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