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Recent Advances in Mechanical Vibration Energy
Harvesters Based on Triboelectric Nanogenerators

Taili Du, Fangyang Dong, Ziyue Xi, Meixian Zhu, Yongjiu Zou,* Peiting Sun,*

and Minyi Xu*

With the development of autonomous/smart technologies and the Internet
of Things (loT), tremendous wireless sensor nodes (WSNs) are of great
importance to realize intelligent mechanical engineering, which is significant
in the industrial and social fields. However, current power supply methods,
cable and battery for instance, face challenges such as layout difficulties,
high cost, short life, and environmental pollution. Meanwhile, vibration is
ubiquitous in machinery, vehicles, structures, etc., but has been regarded as
an unwanted by-product and wasted in most cases. Therefore, it is crucial

to harvest mechanical vibration energy to achieve in situ power supply for
these WSNs. As a recent energy conversion technology, triboelectric nanogen-
erator (TENG) is particularly good at harvesting such broadband, weak, and
irregular mechanical energy, which provides a feasible scheme for the power
supply of WSNs. In this review, recent achievements of mechanical vibration
energy harvesting (VEH) related to mechanical engineering based on TENG

level of machinery, vehicles, and struc-
tures, which is related to mechanical
engineering, plays a crucial role in indus-
trial and social fields closely related to
human life. It is of great importance to
achieve comprehensive and continuous
monitoring of them for improving their
intelligent level. To achieve this, a great
deal of distributed WSNs is extremely
needed. Providing a sustainable power
source for these WSNs has become the
research focus. At present, the power
supply method of plentiful sensors mainly
includes cable and batteries in the indus-
trial and social fields. On the one hand,
powering through cable leads to high
cost,”?l inconvenience, design and layout

are systematically reviewed from the perspective of contact-separation (C-S)
and freestanding modes. Finally, existing challenges and forthcoming

development orientation of the VEH based on TENG are discussed in depth,
which will be conducive to the future development of intelligent mechanical

engineering in the era of loT.

1. Introduction

With the development of autonomous/smart technologies, the
IoT, artificial intelligence, big data, and the Fourth Industrial
Revolution, intelligence has attracted more and more attention
and become a promising development orientation in different
fields.l! Nowadays, a large number of machinery, vehicles, and
structures related to mechanical engineering have been indis-
pensable in human production and living. And intelligence
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difficulties.’] Moreover, damage to the
cable resulting from vibration, high tem-
perature, high humidity, and human
causes, will lead to low reliability and
losing the monitoring function. On the
other hand, powered by batteries faces
with short life and periodic charging or
replacement of the battery, which will lead
to high maintenance cost and workload increase.” In addition,
manufacturing and post-treatment of the battery will bring out
environmental pollution because of its chemical properties.[!
Meanwhile, ambient energy, including solar,”} wind,®®! and
wave energy,”) is widely distributed in the surrounding envi-
ronment. These energies are treated as the macro renewable
energy alternatives to traditional fossil fuel, not an option of the
conventional battery for micropower supply. Furthermore, in
the wake of increasing enhancement of design, manufacturing,
and production, WSNs are becoming more miniaturization and
lower energy consumption.l'] At present, the power consump-
tion of multitudinous commercial wireless acceleration sen-
sors, temperature sensors, and pressure sensors are as lower
as a few microwatts (UW) to tens of milliwatts (mW).' Con-
cerning such micro energy, more and more research focuses
on scavenging ubiquitous vibration,'? acoustic,® human
motion,™ and thermoelectric® energy. Especially for the
mechanical vibration,!!l although the power density of mechan-
ical vibration is about 10-300 mW cm=,M>" it has some
unique characteristics, including clean, deployment availability,
minimal maintenance cost, and preserves the environment in
an original state,® and is wide spreading in the industrial and
social filed. It can be an ideal candidate for powering plenty of

(10f27) © 2023 Wiley-VCH GmbH
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distributed sensors, especially in indoor environment without
solar and wind energy, such as ship engine room,' factory,2%
building interior.?!l Therefore, it will be of great significance to
harvest vibration energy efficiently and achieve an in situ power
supply for the WSNs in intelligent mechanical engineering.

At present, piezoelectric,??l electromagnetic,?®l and elec-
trostaticl?? are broadly applied to carry out VEH in the areas
related to mechanical engineering. Scholars have launched a
great many beneficial researches and achieved a series of out-
standing outcomes on VEH based on the above technologies
due to their own unique advantages.l'®l However, piezoelectric
vibration energy harvesting (PVEH), which is general canti-
lever structure, still faces problems such as narrow frequency
band, piezoelectric material fatigue, and relatively low conver-
sion efficiency.””! Electromagnetic vibration energy harvester
(EMVEH), which adopts Faraday’s law, has some challenging
in relatively complicated structure in microscales or nanoscales,
low output voltage, and magnetic deterioration.l?l Even more,
an electrostatic vibration energy harvester requires external
voltage source.?*l

Since TENG was invented by Wang’s group in 2012,/ it
aroused a large group of researchers’ interests due to its high
power density, diversity of material selection, easy to fabrica-
tion, versatile operation modes, environmental suitability, flexi-
bility, robustness, and so on.?® TENG is based on the combina-
tion of triboelectrification and electrostatic induction,/#! which
is capable of converting different mechanical energies into
electric power. Numerous remarkable works have been accom-
plished in various mechanical energy harvesting realizing sus-
tainable power supply for abundant WSNs.?% In addition, dif-
ferent self-powered sensors based on TENG have been devel-
oped in addition to be an energy harvester.?”) Moreover, many
studies have been reported focusing on structure design,B!
theoretical analysis,?®31 surface modification,®?l and material
comparisonl®}] to improve the energy harvesting performance
of TENGs. More than the above range of applications, TENGs
are highly adaptable for VEH in the field related to mechanical
engineering, in which the vibration frequency covers a broad
band from less than 1 Hertz to hundreds of Hertz.’4

A variety of researchers have presented plentiful innovative
studies on VEH based on TENG over the past few years, which
include vertical C-S mode, sliding mode, single-electrode
mode, and freestanding mode. Recently, multitudinous out-
standing review articles discussing VEH based on TENG have
already been published, 31235 however, these studies involve
quite a broad scope of the issues either including different
types of energy in a certain field, or referring to diverse VEH
methods. Over the years, vibration energy related to mechanical
engineering is deemed to the review article concentrating on
VEH based on TENG in the fields of mechanical engineering
is still vacant. The general vibration related to mechanical engi-
neering is mainly excited by the working of the machinery
itself or external forces impacted on structures such as wind,
waves, and earthquakes, which usually represented by vibra-
tion frequency, amplitude, velocity, displacement, or accelera-
tion.>®l Regarding adaptability to the working environment of
mechanical engineering, the C-S mode and the freestanding
mode (mainly C-S freestanding mode) are the two best choices
in VEH based on TENG. The C-S mode is applicable to the
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vertical C-S (VCS) movement in a cyclel”] and beneficial for
energy harvesting.® As for the freestanding mode, because of
the free layer, more mechanical motion types can be accepted.

Figure 1 exhibits the specific architecture of this review,
which aims to provide a comprehensive and systematic review
of VEH based on TENG related to mechanical engineering
from the aspects of C-S mode and freestanding mode for
the first time. In the first part, the VEHs based on C-S mode
TENG, including spring-based, analogous-spring, single can-
tilever, and multi-cantilever type, are discussed systematically.
Subsequently, we elaborated on the VEHs based on free-
standing mode TENG, which are divided into single-ball, multi-
ball, flat, sliding surface, and deformable type. Finally, the chal-
lenge and future development orientation of the VEHs based
on TENG related to mechanical engineering is summarized
and prospected.

2. Working Mechanism of TENG

The theoretical foundation for TENG is based on Maxwell’s
displacement current (Figure 2a), which has been developed
for more than a decade. Wang’s group derived the expanded
Maxwell’'s equations for a mechano-driven slow-moving media
system recently:[*’]

V-D'=p;=V-P (1)
V-B=0 )
Vx(E—va):—iB
3 3)
Vx[H+vx(D'+P)] =]f+pfv+2Ps+iD’ (4)
ot ot

where D’ is the electric displacement field, pris the space charge
density of free charges, P; is a polarization term in the displace-
ment vector, B is the magnetic field, E is electromagnetic field,
v is the translation velocity, H is the magnetizing field, and J;is
the local free electric current density, which primarily expand
the applications of TENG in various fields.l*®

The working mechanism of TENG is mainly explained
according to the theory of triboelectric effect and electrostatic
induction. To well explain the contact electrification and charge
retention phenomena of two different materials, XuP®! and
Wangl® proposed a general electron cloud/potential model
(Figure 2b) based on the basic electron cloud interactions. Until
the two materials contact, the surface state electrons cannot
migrate due to the trapping effect of the potential well. When
the two materials come into contact, their electron clouds
overlap, causing electrons in the asymmetric double poten-
tial well enter another potential well to strike a balance. The
external performance is the transfer of electrons from one
material to another. When the two materials are separated, due
to the potential barrier, most electrons will not be transferred,
but are remained in the material. In this way, there will be the
same amount of charges with opposite polarity on the surface
of different materials, and the electric field will be formed.

© 2023 Wiley-VCH GmbH
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Figure 1. VEH based on TENG related to mechanical engineering. Adapted with permission.?*® Copyright 2022, Elsevier. Adapted with permission. !
Copyright 2022, Elsevier. Adapted with permission.l*l Copyright 2022, Elsevier. Adapted with permission.*?l Copyright 2020, Elsevier. Adapted with
permission.[3] Copyright 2018, Wiley-VCH. Adapted with permission.[*l Copyright 2022, American Chemical Society. Adapted under terms of the CC-BY
license.l’] Copyright 2022, MDPI. Adapted under terms of the CC-BY license,“¢! Copyright 2019, MDPI. Adapted with permission.”) Copyright 2019,
Wiley-VCH. Adapted with permission.[*®l Copyright 2020, Elsevier. Adapted with permission.[*)l Copyright 2022, Elsevier. Adapted under terms of the
CC-BY license.**] Copyright 2021, MDPI. Adapted with permission.[’*¥ Copyright 2019, Elsevier. Adapted with permission.l Copyright 2014, American
Chemical Society. Adapted with permission.’? Copyright 2020, American Chemical Society. Adapted with permission.l3l Copyright 2016, Elsevier.
Adapted with permission,* Copyright 2022, Wiley-VCH. Adapted with permission.P> Copyright 2021, Elsevier. Adapted with permission.l*®! Copyright

2017, American Chemical Society.

TENGs can be classified into four basic working modes
according to the direction of polarization change and electrode
arrangements, which are VCS, lateral sliding, single electrode,
and freestanding layer modes. As mentioned above, C-S and
freestanding layer mode, the typical models of which are shown
in Figures 2c and 2d,%® respectively, are more compatible with
mechanical vibration. For the C-S mode, the two dielectric
plates are stacked face to face as two triboelectric layers. At the
outer surface of them, two metal layers are deposited as two
electrodes. When two triboelectric layers with different mate-
rial polarity come into contact with each other under the agi-
tation mechanical force, their surfaces generate positive and
negative charges as a result of the contact electricity. When
the two triboelectric layers are separated, the positive and
negative charges generated by electrical contact are also sepa-
rated. The charges separation creates a potential difference
between the top and bottom electrodes, which drives electrons
through an external circuit between the two electrodes. When
the contact state changes alternately, electrons flow into and
out of the external circuit repeatedly, resulting in a continuous
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alternating current (AC) output.’¥! And for the freestanding
mode, a dielectric plate and two metal plates are stacked face
to face, forming two triboelectric pairs. The two metal plates
also serve as two electrodes. After the dielectric plate being
forced to contact with the two metal plates, both the top and
bottom surfaces will have negative triboelectric charges due to
contact electrification. The two metal plates will have the same
amount of positive charges in total because of charge conserva-
tion. Similarly, the contact state of the dielectric plate and two
electrodes causes electrons to transfer through the external
circuit.

As mentioned above, on account of its produced conditions,
most vibration energy related to mechanical engineering is rep-
resented by frequency, amplitude, velocity, displacement, and
acceleration. Based on the working mechanism, the TENG can
convert mechanical energy into electrical output signals, such
as voltage, current, and charge. For VEH based on TENG, the
vibration sources will be harvested and converted into electricity
for powering sensor nodes and self-powered sensing system, as
shown in Figure 2.

© 2023 Wiley-VCH GmbH
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Figure 2. Workflow of mechanical vibration energy converting into electrical energy through TENG. Adapted with permission.% Copyright 2022, Else-
vier. Adapted with permission.[®!l Copyright 2022, Wiley-VCH. a) Theoretical foundation for TENG based on Maxwell’s displacement current. Adapted
with permission.’8l Copyright 2021, Elsevier. b) Electron cloud/potential well model for contact electrification. Adapted with permission.’® Copyright
2018, Wiley-VCH. The TENG models for ¢) C-S mode and d) freestanding mode.

3. VEH Based on C-S Mode TENG

As energy conversion by VEHs based on TENG is accomplished
by the tribo-electrification and electrostatic induction under the
external excitation involving at least two different materials, C-S
mode is the most straightforward design of the VEH based on
TENG.I*Z Most of the two different triboelectric materials are
directly attached to two independent rigid insulating shell plates.
Vibration directly acts on one of the shells, causing relative dis-
placement with the other, leading to contact and separation of
two face-to-face triboelectric surfaces. To separate the triboelectric
layer persistently to ensure the continuity of power generation,
researchers have introduced springs, analogous springs, and
cantilever structures®d as essential frameworks between the two
plates. To adopt the C-S mode TENG in VEH, well-design, vibra-
tion adaptability, and superior output power should be empha-
sized. Given these considerations, this section focuses on VEHs
based on C-S mode TENG by distinct essential frameworks.

3.1. Spring-Based VEH
Spring-based VEH is one of the earliest C-S mode TENGs

applied to harvest mechanical vibration energy. It ensures
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continuous contact and separation between triboelectric mate-
rials through the reciprocating movement of vibration-excited
springs. With the assistance of the spring, vibration energy can
be converted to electric power through C-S mode TENG trig-
gered by continuous contact and separation between two tribo-
materials resulting from mechanical vibration. As far back as
2013, Hu et al.[¥l designed a suspended 3D spiral structure
(single spring) TENG for VEH, which has a wide working
bandwidth of 30 Hz, and the maximum output power density
of 2.76 W m™2 on a load of 6 MQ. Toward higher power output,
some upgraded structures based on a single spring were subse-
quently proposed.

Among them, Yuan et al.B¥ proposed a metamaterial-
inspired TENG (META-TENG) to harvest low-frequency
mechanical vibration. As shown in Figure 3a, META-TENG
consists of a proof mass, a protecting cap, a connector, a planar
spring, Ecoflex/multi-walled carbon nanotubes (MWCNT)
composite, a bottom part, and a spacer. Fluorinated ethylene
propylene (FEP) film together with aluminum (Al) film, is
attached to the lower side of the planar spring, and acts as one
of tribo-materials and electrodes, respectively. The other Al
film is below the Ecoflex/ MWCNT composite to be the second
electrode. The working principle of META-TENG is illustrated
in Figure 3b. Here, the MWCNT doping and mixing with

© 2023 Wiley-VCH GmbH
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Figure 3. Spring-based VEH. a) Schematic diagram and b) working principle of the META-TENG. c) Power curve versus load resistance of the META-
TENG for performance evaluation. d) Self-powered vibration monitoring. Reproduced with permission.*¥l Copyright 2022, Elsevier. e) Structure diagram
and f) application scenario of the OD-TENG. Reproduced with permission.!%¢! Copyright 2022, American Chemical Society. g) Schematic structure and
h) working mechanism of the P-TENG and S-TENG. i) The power of the P-TENG with different load resistances at different frequencies. j) Demonstra-
tion of the P-TENG’s power supply in a simulated vibration environment. Reproduced with permission.*l Copyright 2022, Elsevier. k) Schematic of the
3D-TENG. |) Vertical C-S mode and m) in-plane sliding mode of 3D-TENG. Reproduced with permission.[73 Copyright 2013, Wiley-VCH.

the Ecoflex solution has improved the output performance of
META-TENG due to the higher dielectric constant and capaci-
tance of the material. As displayed in Figure 3c, the maximum
output power is 2.36 mW with an external load of 16 MQ. With
the array of META-TENGs, 640 LEDs and a calculator could
be powered successfully. In addition, the META-TENGs array
is capable of powering Bluetooth low energy module and then
wirelessly transmitting the vibration acceleration of a struc-
ture to a mobile phone, which is depicted in Figure 3d. On the
other hand, Wu et al.* proposed a spring-mass-based TENG,
which is designed with an inside spring and an outsider helical
structure to elevate the contact area, thus enhance the output
performance.%!

In addition to high output, omnidirectional mechanical
VEH is another research interest in various fields relevant to
mechanical engineering. To better adapt to multi-directional
energy harvesting, based on a tower spring, Cao et al. proposed
an omnidirectional triboelectric nanogenerator (OD-TENG),
which can harvest vibration energy from the vehicle-mounted
environment to power portable electronic devices and environ-
mental sensors continuously.®f The OD-TENG is projected
as three zigzag double-layer units composed of two pairs of
TENGs as demonstrated in Figure 3e. Each pair of TENG is
composed of Kapton as a double-layer connection network,
copper (Cu) as a positive friction material and electrode, and
polytetrafluoroethylene (PTFE) as a negative electrode mate-
rial. With the help of a tower spring, OD-TENG can respond
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to external excitation in both vertical and horizontal directions.
The maximum instantaneous power realized by the double-
layer TENG unit is about 65 pW when the external resistance
is 100 MQ at a frequency of 6 Hz and an amplitude of 1.5 mm.
Since the OD-TENG performs omnidirectional and broadband
VEH effectively, as shown in Figure 3f, it has been proved that
it has a promising prospect in mechanical vibration energy
collection for various vehicles. It is worth mentioning that the
researcher also specifies that the capacitor can be charged to
higher voltage benefits from the high voltage characteristic of
TENG. The works of Yang, He, and Kim et al. also enabled
multi-directional energy harvesting.[) However, to this goal,
more auxiliary, unique structures and materials are often led-
in, such as multiple springs, spherical shells, and flowable fric-
tion layers, rather than a tower spring in Cao’s work. Except for
a single real spring, a spiral structure patterned on a copper
plate,[*® a flexible beam,[® a cross leaf spring,’” a pair of pre-
tensioned springs,” or a hinged-hinged PZT bimorph”? was
acted as a spring to pick up vibration energy.

Furthermore, to improve the working stability of the C-S
mode TENG, more springs-assisted VEHs based on C-S
mode TENG are presented. Although two springs,”’! three
springs,”¥ and more springs”"”! types have been proposed,
the four springs-assisted TENG is the most classic form. To
begin with, Chen et al.,"® two acrylic plates as supporting sub-
strates separated by four springs installed at the corners, pro-
duce a peak power density of 726.1 mW m~. And the TENG

© 2023 Wiley-VCH GmbH
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successfully powered about 20 LED bulbs by harvesting vibra-
tional energy from the operating engine. Recently, as depicted
in Figure 3g, the two-TENGs systems reported by Zhang’s
group had become a new research hotspot.*! This two-TENGs
system is divided into two vibrational TENGs in the left and
right directions of two acrylic plates, four springs fixed on the
four corners act as the essential framework to achieve contact
and separation between copper electrode and FEP film stimu-
lated by mechanical vibration. One of the TENGs is arranged
to accomplish VEH, named powder-based TENG (P-TENG),
and the other is used for vibration sensing (spherical TENG
[S-TENG]), as shown in Figure 3h. Two TENGs have different
functions but the same VCS mode working principle. The
maximum output power of P-TENG is above 8.8 mW when the
vibration frequency increases from 6 to 20 Hz, which is exhib-
ited in Figure 3i. Furthermore, as shown in Figure 3j, P-TENG
has realized the power supply for wireless sensing data trans-
mission, which shows the extensive applications and promising
prospects in the IoT, big data, and smart factory.

In other works, they also proposed the up-and-down distrib-
uted dual TENGs system”*”’] installed on mechanical equip-
ment and used the energy from vibration of machines to mon-
itor their working state. Researchers have carried out a large
number of experimental research and theoretical analysis on
the four springs-assisted TENG."® Even more, surface nano-
structures have been verified as an effective method to improve
output performance of TENG./®l With the same purpose, a
series of works focused on surface modification by micro/nano-
structures have been raised.l678>.eh-]]

On the other hand, more specialized designs have been pre-
sented to solve the related problems. Wu sealed the springs-
assisted TENG in a separately designed downhole measuring
subsection, which can sense the working condition of downhole
tools in real-time by collecting vibration energy generated while
drilling." Li et al. made this contact-mode TENG waterproof
to scavenge mechanical energy from vibrating ocean pipes./8d
Xu et al. demonstrated an integrate-and-fire TENG (IF-TENG)
inspired by mantis shrimp to harvest mechanical energy with
ultralow vibration speeds by introducing an IF component./88l
The maximum power density reaches 0.14 W m™2, about
70 times larger than the TENG without the IF component. D.
Bhatia et al. connected multiple resonant TENGs in tandem
to work collectively with broadband frequency vibrations from
different vibration sources like cars and air compressors./8280
Many hybrid generators, electromagnetic—triboelectricl8¢17l
and piezoelectric-triboelectric—electromagnetic,”3f] also carried
this form of four-corner spring supports to harvest mechan-
ical vibration energy. Not satisfied with one surface to one
surface contact, upgrade structures with multiple contact sur-
faces such as multilayer structure,”>! pagoda shape,>*! folding
structure,”*! and helical structure8!! were developed.

Except for the VCS mode, sliding C-S mode (SCS) TENGs
have also been discussed by a lot of scholars. Cylindrical sliding
TENGs equipped with one or two springs have been developed
as a common model through several recent works.>#? Inspired
Dby the outline of the bow, Tan et al. proposed a bow-type TENG
to efficiently convert low-frequency vibration energy into elec-
trical energy.®3l However, these works can only collect vibra-
tions in one direction. Yang et al. combined the VCS mode and
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the SCS mode and designed a hybridization mode 3D-TENG,
which is displayed in Figure 3k for harvesting random vibration
energy in different directions.[? In Figure 3k, the top core is
suspended and sliding relative to the bottom by three springs
with a 120° angle between each other. A PTFE layer with the
copper back electrode as one contact surface is adhered to the
bottom side of the top core. And an aluminum film with nanop-
ores is used as the other electrode and contact surface. Both can
proceed with either VCS or SCS, as shown in Figure 3l,m. The
maximum power density of 1.45 and 1.35 W m™ is achieved
under in-plane or out-of-plane, respectively. Intuitively, about
30—40 LED bulbs can be lighted directly under the oscillating of
a transmission line or the rotation movement of a wheel, which
proves the ability of the 3D-TENG of energy harvesting to apply
in grid transmission lines and various types of vehicles.

3.2. Analogous-Spring VEH

Some VEHs based on TENG may not use real springs, but they
can still achieve the function of spring with their material elas-
ticity and structure design, named as analogous-spring VEH.
More importantly, the analogous-spring VEH structure often
directly involves in generating electricity as the triboelectric
layer of TENG rather than merely as an auxiliary mechanism.
This unique design ensures that TENG will be pressed and
released without other elastic support, and the area of the fric-
tion layer will significantly increase in the limited volume,
which will bring a significant improvement in electrical
output.[®l

Imitating the spiral of spring, Yang et al. designed a retract-
able multilayer spring-like-electrode TENG (SL-TENG) as
depicted in Figure 4a.® SL.TENG employs spring steel as
not only the skeleton but also the triboelectric layer and elec-
trode. Benefiting from this pattern, as shown in Figure 4D, it
can be installed on the car brace and vibrate with the damping
spring to efficiently collect and convert vibration energy in a
small volume. Figure 4c shows the working principle of the
SL-TENG, each piece of PTFE generates negative charges on
the surface and equal positive charges are generated on the sur-
face of the steel. All of them are well contacted and separated
by the synchronicity of ideal analogous spring structure. The
roughness of the steel surface is improved after sanding treat-
ment, leading to increase of the surface charge density of tri-
boelectric layers. The SL-TENG electric output performance is
demonstrated in Figure 4d that only three layers can reach a
maximum of 306 UW at an external load of 4 MQ under the
frequency of 10 Hz and amplitude of 5 mm. Due to its unique
structural design and material selection, SL-TENG can act as a
spring and is widely used in elastic and damping environments.
He et al. presented a TENG based on these two parallel spiral
structures to capture more mechanical vibration energy,® and
the maximum output power reaches 0.88 mW with the great
improvement compared to that with 306 uW of the single spiral
SL-TENG.B] Du et al. proposed a bellows-type nano-generating
spring to replace the traditional spring for VEH and vibration
attenuation,*?l which is illustrated in Figure 4e. A copper layer
and a triboelectric layer are bonded to each folded surface at a
trough of the bellows tube. Nitrile rubber and silicone rubber,

© 2023 Wiley-VCH GmbH

85U8017 SUOLILLIOD BA 1810 3(eol|dde ayy Aq peuseno ae ssjpiie YO ‘8sn JO 3| 10y AriqiT8uluO AB|IA UO (SUONIPUOD-PU-SLLLIBYWIOY"AB | IM ARIq 1 BUIUO//:SdNLY) SUORIPUOD pUe SWid | 8L 88S *[£202/20/5z] uo Ariqiauliuo A8im ‘Aisieaiun Buo L cerr ryBueus Aq TOFO0EZ0Z' 1ILUS/Z00T OT/10p/L00" A3 1M ARed 1 |Buluo//:Sdny woly papeojumod ‘0 ‘6289€TIT



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

sl

www.small-journal.com

—_~
=)

b=
g

(a)Cutting and assembling (b)

I
w0} Three-layers

g

5
]

A8
Jamog

(wripusun

(ki)

8

$wing arm 8 10 1 1w 16

4 6
Resistance (MQ)

(f) 10? ;
——TENG-S1 |
101|===TENG-S2 |

o

10°10°107" 10° 10" 10° 10

Bellows tube || Nitrile rubber Copper electrodes [l Silicone rubber i
Resistance R (M)

(K

N’

(h) high-frequency
vibration

@) =g =

=3

PTFE

W Acrylic pror
Copper Ml Nano Structures

Power (mW)
@ ;
%
® (X
‘0
N
(=3
o
) Jud.aan)

Power density (W/m?)

low-frequency
vibration

10’ 10 100 10t 100 10
Resistance (22)

o

10° 10 10’

Resistance (£2)

Figure 4. Analogous-spring VEH. a) Structure of the three-layer SL-TENG. b) Vibration damper of a car. c) Charge distribution and electricity generation
process of the SL-TENG. d) Output voltage, current, and power versus different external resistances for the SL-TENG with three-layers, respectively
(frequency of 10 Hz, amplitude of 5 mm). Reproduced under terms of the CC-BY license.!®% Copyright 2017, The Royal Society of Chemistry. e) Bellows-
type triboelectric nanogenerator spring (TENG-S). f) Output power densities of TENG-S 1 and TENG-S 2 for different load resistances. Reproduced
with permission.*2l Copyright 2020, Elsevier. g) Schematic diagram of the fabricated multiunit zigzag type TENG. h) System configuration of self-
powered sensors for monitoring the running status of a running grinding machine. i) Dependence of the current and output peak power on the load.
Reproduced with permission.®% Copyright 2017, American Chemical Society. j) Schematic of the wavy-structured TENG. k) Output peak power density
of the wavy-structured TENG dependent on the load resistance at the vibration frequency of 100 Hz. Reproduced with permission."8 Copyright 2014,

American Chemical Society.

both of which achieve reciprocating C-S through extend and
contract of the bellows tube. The output power density, as dem-
onstrated in Figure 4f, performs 15.72 mW m™ under a reso-
nant frequency of 11 Hz and amplitude of 2 mm with a load
resistance of 8 MQ. This energy transfer approach achieves
both efficient vibrational energy collection of the TENG unit
and structural vibration attenuation of the protected object. It
opens up a new possibility for harvesting energy in systems
that require vibration mitigation, such as landing gear of planes
and cable dampers of the suspension bridge. Moreover, a cross-
folded structure designed by Zhengl®® and an origami tessella-
tion proposed structure by Zhang,*® also became the highlights
and achieved a wonderful collection effect. Both structures pro-
vide many layers of facets to install tribo-pairs and ensure that
more contact tribo-surfaces participate in contact simultane-
ously within a motion cycle.

Besides the alike spring type, the arch is another typical struc-
ture of analogous-spring VEH, which can also conduct contact
and rebound of two triboelectric layers with external excitation.
For this purpose, the material used as an arch support tends to
be flexible and has good elasticity. The surface treated single
arch TENGs were pushed out one after another.*!l There is also
a sandwich type TENGP! with two arches and a clover typel®®
with three arches. However, limited by the power generation,
most of these arch-type analogous-spring TENG are generally
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applied as sensors. Therefore, to promote the output perfor-
mance, the stacking of layers is required. Wang et al. designed
an elastic multilayered TENG unit to harvest low-frequency
mechanical vibration energy.®”! As shown in Figure 4g, the mul-
tiunit TENG uses a zigzag-shaped Kapton film as the substrate
to behave like a spring in response to external vibration. Al
film and FEP film are designated as the triboelectric layers and
attached to each zigzag Kapton structure, and the displacement
between them will drive electrons flow in the external circuit.
By combining a power management circuit (PMC), it can sus-
tainably monitor the running statues based on vibration energy
harvested from a running grinding machine in Figure 4h. Fur-
thermore, micropores and nanowires were prepared on the sur-
faces of Al and FEP films to enhance the charge density. Due to
the larger contact area and micropores and nanowires prepared
on the surfaces of Al and FEP films, it has high electrical out-
puts and low external resistance at such low frequency. Figure 4i
shows that the maximum instantaneous power reaches 19 mW
on the load of 0.8 MQ at 7 Hz. Additionally, by combining a
PMC, it can sustainably monitor the running statues based on
vibration energy harvested from a running grinding machine,
which demonstrates the potential applications in self-service
equipment supervising, unmanned environment monitoring,
and vehicular electronic power supply. Li et al. and Yang et al.
proposed similar zigzag structures that had been successfully
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applied to capture mechanical vibration energy from machine
gears, bridges, and ships.®” This multilayer structure pos-
sesses good integration ability and boosts output performance
immensely.

In addition, some works directly take advantage of the elastic
deformation of triboelectric layers to achieve contact and sepa-
ration between each other.’l Wen et al. invented a TENG with
a wavy-structured Cu-Kapton-Cu sandwiched between two
nanostructured PTFE films," which is displayed in Figure 4j.
The special design allows self-restoration under mechanical
vibration, rather than using extra springs or converting direct
impact into lateral sliding, which is proved to be a more effi-
cient contact mode for harvesting.’?! It is employed to harvest
mechanical vibration energy from 5 to 500 Hz, and the peak
power density reaches 0.4 W m~2 under a frequency of 100 Hz,
as shown in Figure 4k. This scalable midbody maintains the
sustainability of the TENG without spring, and can be easily
packaged to apply for VEH. Besides, Zhao et al. developed a
highly sensitive self-powered vibration TENG (VS-TENG) com-
posed of foamed aluminum and FEP film with a gold-plated
electrode.l®!l Only with its elasticity, FEP film can repeatedly
oscillate under the vibration excitation. Specifically, it has been
resoundingly engaged in vibration detection for gearbox, com-
pressors, etc., by converting the vibration to an electric signal,
which may motivate its application in mechanical VEH.

3.3. Single-Cantilever VEH

In mechanical VEH, the cantilever beam is another classical
configuration beyond the structure associated with the spring.
On account of its advantages of simple structure, low-level
input,l??l and large deformation,® the cantilever beam is widely
put into practice in harvesting mechanical vibration energy.
Among them, single-cantilever VEH based on TENG is a typical
representative.””l Chen et al. developed a kind of elastic-beam
TENG (EB-TENG) with arc-stainless steel foil (arc-SSF),*!
which belongs to single-cantilever VEH. Figure 5a shows the
schematic of EB-TENG. The arc-SSF, copper electrode, and
PTFE film are pasted on the polymethyl methacrylate (PMMA)
board. One end of the elasticity arc-SSF is fixed on the PTFE/
Cu/PMMA structure, and the other part can touch the PTFE
film under vibration excitation to achieve contact electrification.
Working in C-S mode, the SSF and PTFE are positively and
negatively charged, respectively. When they separate, based on
electrostatic induction, the triboelectric charges are transferred
between the SSF and the copper electrode through an external
circuit. The peak value of open-circuit voltage generated by
such a mini size, as depicted in Figure 5b, is =28 V, which indi-
cates its potential for energy collecting.

To elevate the output performance of the single-cantilever
VEH, two C-S pair mode TENG is presented. As shown in
Figure 5c, Ren et al. proposed a trapezoidal cantilever-structure
TENG (C-TENG) for wideband vibration energy extracting.*4
In this design, the aluminum coating is developed on two sur-
faces of FEP film as the positive triboelectric layer and the flex-
ible vibration electrode, which is demonstrated in Figure 5d.
With the flexible electrode sandwiched in two negative FEP
layers, which forms a trapezoid, two TENG units are integrated
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in one device. To enhance the surface charge density during
contact electrification, the nanostructure on the surface of FEP
film has been prepared by plasma etching. Because of these
special settings, C-TENG can collect vibration frequencies
from 1 to 22 Hz. The instantaneous output or power density
is 1.2 mW or 62.2 W m™ at 5 Hz, as illustrated in Figure Se.
Moreover, Figure 5f exhibits the visualized output performance
of C-TENG, which is capable of lighting 120 LEDs under vibra-
tion frequency of 10 Hz. Furthermore, combining the array of
six C-TENG units with a power management system, a self-
powered wireless transmitting system is developed with suc-
cess, which provides a practical strategy for self-powered appli-
cation by harvesting mechanical vibration energy in a wide
range from ultralow frequency (1 Hz) to high frequency.

Yang®®l and Quanl! also designed sandwich cantilever
beams to increase the contact area in small volumes. Unlike
the usual design, Yang et al. added a mass to the middle canti-
lever beam based on the triple-cantilever TENG to improve the
effectiveness of the cantilever beam,*! which produces a peak
power density of 252.3 mW m™. By direct use of the polydi-
methylsiloxane (PDMS) as the mass and a triboelectric layer to
participate in C-S from the bottom part,®® the peak power of
the work proposed by the triboelectric layer achieves 0.91 uW
at 24.5 Hz. Even more, the tip mass can tune the resonant fre-
quency of the cantilever beam in Zhao's work.””l In addition,
some other profiles related to the mass to improve the output
performance of VEH have been invented.

Recently, a VEH consisting of a double-layered cantilever
beam and a cambered shell was reported by Du et al.'% and
shown in Figure 5g. A magnet is fixed on the free end of the
PET layer, which acts as a mass and takes part in electromag-
netic power generation as well. The TENG is composed of a
PTFE film coated with an aluminum electrode attached to
the convex surface of polylactic acid (PLA) cambered shell
and another aluminum coating as the electrode and triboelec-
tric layer on the PET film. Employing the flexible PET film,
when the cantilever beam vibrates, the aluminum electrode
contacts and separates from the PTFE layer, and mechanical
vibration energy is then converted into electricity. As shown
in Figure 5h, the maximum power contributed by the TENG
part is 1.2 mW at 0.4 MQ under 23 Hz. And then, the device
succeeded in powering a multifunctional thermometer, as
displayed in Figure 5i. For these designs, TENG increases
the collectible frequency range and supplies a better charging
performance.

What's more, different from the working mode of most can-
tilever-based VEH, Fu et al. developed a lateral sliding mode
cantilever TENG,[ as shown in Figure 5j, which composes of
a beam clamped on a base and a slider attached to the other
end. This VEH works in SCS mode with the slider sliding later-
ally on the bottom patches consisting of a triboelectric electri-
cally active patch and a dielectric layer electrically inert patch
without vertically separating (Figure 5k). Figure 5] shows the
RMS voltage under different surface charge densities, and the
RMS reaches almost 2 V under a frequency of 12 Hz and a
charge density of 200 pC m~2. Although the lateral cantilever
structure VEH with SCS mode is infrequent, it still provides a
vital reference for designing new VEH configuration based on
C-S mode TENG.
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Figure 5. Single-cantilever VEH. a) Schematic of the EB-TENG. b) The experimental results of U versus d and F. Reproduced with permission.*}l Copy-
right 2018, Wiley-VCH. c) Structure and materials design of the C-TENG. d) Working principle of the C-TENG. e) Output power density of the C-TENG
under different external loads. f) Photographs of the single C-TENG device powering the 120 LEDs at the vibration frequency of 10 Hz. Reproduced
with permission.! Copyright 2022, American Chemical Society. g) Structure and working principle of the double layered cantilever beam TENG.
h) Dependence of output current and output power of the double layered cantilever beam TENG on the external loading resistance. i) Demonstration
of the power-supplying system sustainably driving a thermometer. Reproduced with permission.'0 Copyright 2018, Wiley-VCH. j) Configurations of
the sliding mode cantilever TENG and k) the slider on patches. |) Frequency responses of the RMS voltage under different surface charge densities.

Reproduced under terms of the CC-BY license.[”!l Copyright 2020, IOP Publishing.

3.4. Multi-Cantilever VEH

Harvesting vibration energy in a wide bandwidth to the greatest
extent is always one of the key objectives for TENG and other
micro harvesters. On the basis of the characteristics of single-
cantilever VEH based on TENG, cantilever beams with dif-
ferent lengths have different resonant frequencies.'”? On
account of this, some piezoelectric nanogenerators have been
presented.'% Even more, as shown in Figure 6a, Han et al. pro-
duced a multi-cantilever VEH-based TENG, which integrates
three cantilever beams with different lengths for broadband
VEH.[% Under mechanical vibration excitation, the bottom alu-
minum electrode will vibrate with the polyvinylidene fluoride
(PVDF) cantilever beam leading to contact and separation with
the PDMS layer, which is depicted in Figure 6b. The inverted
pyramid microstructures with nanostructures are formed on
the PDMS. It has to be mentioned that, during the electrifi-
cation, the processed PDMS surface will greatly improve effi-
ciency and output voltage of the TENG.[03 At the first-order
resonant frequency of 15 Hz, the generated peak—peak voltage
is as high as 20 V, and a 1 uF storage capacitor can be charged
to 0.46 V in 120 s. Therefore, the TENG can effectively harvest
vibration energy from the environment. And the output voltage
under different frequencies is shown in Figure 6¢, and three
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peaks appear at 15, 32.5, and 47.5 Hz, respectively, which proves
the effectiveness of wideband energy harvesting. The output
performance of the device is greatly improved.

In addition to multiple individual cantilever beam, dividing
a cantilever beam into the main beam and a secondary beam,
Tang et al. proposed a two-degree-of-freedom (2DOF) canti-
lever vibration TENG to obtain higher operating bandwidth.[*¢]
The structure of it is shown in Figure 6d, which consists of
two TENGs with two top masses attached at the ends of the
main and secondary beams and two corresponding bottom
parts. The top part is composed of a glass substrate and an alu-
minum film that constitutes one triboelectric layer and the top
electrode. In contrast, a PDMS film with microstructures is the
other triboelectric layer and adheres to the bottom glass sub-
strate with another aluminum film electrode. When the main
beam and secondary beam start to vibrate, energy conversion
is completed by C-S between aluminum and PDMS. The theo-
retical lumped-mass model of this TENG is established. The
main and secondary TENGs have different peak power densi-
ties of 10.77 and 12.5 UW cm™2, respectively, according to the
test result, both of which are higher than many reported can-
tilever-based TENGs,1%0%%8 Then, as exhibited in Figure Ge,
this TENG was successfully applied on a vacuum compression
pump for 5 h, showing its feasibility of powering in daily life,
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Figure 6. Multi-cantilever VEH. a) 3D view and b) working principle of the PVDF multi-cantilever VEH-based TENG. c) Output voltage of the PVDF can-
tilever array under different frequencies. Reproduced with permission.l'® Copyright 2013, Springer Nature. d) Schematic of the 2DOF cantilever vibration
TENG. e) Application of the 2DOF cantilever vibration TENG on a vacuum compression pump. Reproduced under terms of the CC-BY license.l“s! Copy-
right 2019, MDPI. f) The structure of array-type CB-TENG. g) The percentage of open-circuit voltage varies with azimuth. h) Dependence of the current

and output power density on the external load resistance for the CB-TENG.

i) Array-type CB-TENG lighting 204 LEDs. Reproduced under terms of the

CC-BY license.® Copyright 2022, MDPI. j) 3D schematic diagram and k) working principle of the multilayer sandwich type TENG. ) Measured output
currents and corresponding output powers of the multilayer sandwich type TENG. Reproduced with permission.l’] Copyright 2016, Springer Nature.

although with slightly decreasing in the 1st h. Moreover, Hu
et al. designed a VEH with two TENG units fixed at two ends
of a rod to harvest the vibration energy of transmission lines as
well as vibration attenuation.l'”l The response frequency range
can be expanded five times by adding a movable mass roller,
which boosts the bandwidth significantly. And the peak voltage,
peak current, and peak power of the parallel TENG achieve
1002 V, 1775 A, and 4.31 mW separately.

To further enhance the electrical output, an array-type vibra-
tion energy harvester integrated with eight cantilever-beam-
based TENGs (CB-TENG) is designed by Lian et al. for trans-
verse VEH of drill pipes,*! which is illustrated in Figure 6f. In
each unit, two vibrators structure like C-TENG™ are set in CB-
TENG, whose output voltage is 2.9 times than the one vibrator
structure. To further utilize the internal space of the drill pipe
and improve the electrical output, eight CB-TENGs are inte-
grated along the circumference to form the array. Thanks to
this unique design, CB-TENG can harvest vibration energy in
the arbitrary transverse direction, and the voltage varying with
azimuth is displayed in Figure 6g. In Figure 6h, the maximum
peak power of the eight CB-TENGs in parallel has increased to
30.95 mW at a vibration frequency of 3 Hz. And 204 LED bulbs
were successfully lit up, which is depicted in Figure 6i. A 30-day
durability test was also performed, and the current output was
only reduced by 2%, showing well robustness of it.

Instead of direct integration of single-cantilever VEHSs
based on TENG, Quan proposed a multilayer sandwich
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type TENG through structural design to increase output in
a novel way,” which is shown in Figure 6j. Figure 6k indi-
cates that it consists of four TENGs based on five cantilever
beams, both surfaces of each cantilever beam are plated with
copper films. FEP films are attached on the surfaces of the
second and fourth beams from the top down to be used as
triboelectric materials. The vibration of the middle cantilever
motivates copper and FEP films on each beam to periodically
contact and separate, resulting in a current flow. Figure 6l
shows the highest output power reaches about 0.13 mW under
a load resistance of 0.8 MQ. By integrating EMG in series, the
TENG can charge a self-made Li-ion battery from 1 to 1.9 V
in 6.3 h. Compared with the single-cantilever VEH in vibra-
tional energy scavenging, the integration of multiple cantile-
vers brings wider bandwidth and larger triboelectric gener-
ating area to obtain a larger collection range and higher elec-
trical output, which is one of the development trends of this
structure.

In summary, different types of VEHs have been designed
according to mechanical vibration characteristics and different
working environments. A major objective of VEHs based on
TENG is to improve power output performance; researchers
have made a lot of progress in improving output performance
by selecting different tribo-materials, increasing contact area
through structural design, surface treatment, etc. For the VEHs
based on C-S mode TENG, the use of spring, analogous-
spring, and cantilever beam, concluded as elastic structure,
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in C-S mode VEH not only guarantees the essential space
between tribo-materials, which is crucial to the power genera-
tion of TENG, but also magnifies the amplitude of motion. So
that, the C-S mode VEH can be excited by mechanical vibration
of lower frequencies and lower amplitudes. Therefore, the C-S
mode has been broadly applied in mechanical VEH in intelli-
gent mechanical engineering. Furthermore, multilayer VEH
based on C-S mode TENG has significantly improved due to its
unique stack design and elastic structure. The VEHs based on
C-S mode TENG primarily depend on the elasticity modulus
of the elastic structure, which presents resonance characteris-
tics. Therefore, most of the VEHs based on C-S mode TENG,
regardless of spring, spring-like, or cantilever beam construc-
tion, present unique merits in VEH for machinery, vehicles,
and structures working at relatively constant frequencies.
Consequently, the prime output could be obtained if the reso-
nant frequency of the VEH is in accordance with the vibration
of machinery or structure. However, the durability of VEHs
based on C-S mode TENG may be affected by the working
life of springs and cantilever beams due to long-term opera-
tion. Although the elastic material of the analogous-spring
structure has stronger toughness and longer service life, the
resonant frequency of the elastic structure including the spring,
cantilever beam, and analogous-spring is not easily adjustable,
which also limits its application in wide frequency. Meanwhile,
wideband frequency adaptability should be highlighted because
of various working condition of the mechanical engineering.
Therefore, it will need further research orientation to address
favorable output under a relatively wide mechanical vibration
frequency range by wideband frequency VEH design, including
tunable elasticity of the elastic structure, and nonlinear VEH
technology.

4. VEH Based on Freestanding Mode TENG

Besides the VEH based on C-S mode TENG, because the
nonlinear factors in the freestanding layer’s stiffness allow
the TENG to be efficient at collecting mechanical energy
over an extensive frequency range,'” VEHs based on free-
standing mode TENG motive rapid progress in mechanical
VEH based on TENG technology. Different from the C-S
mode, the spring or analogous spring is not indispensable in
the VEH based on freestanding mode TENG. Generally, there
is no physical connection between the freestanding layer and
the other triboelectric materials or electrodes. Under adequate
external mechanical vibration, the freestanding layer will move
or bounce between two limiters, leading to charge transfer
between two electrodes, commonly installed on the limiters. In
other aspects, VEH based on sliding freestanding mode TENG
can also be utilized to harvest mechanical vibration energy
with the assistance of some other structures. In any case, the
freestanding layer is one of the critical factors, which will influ-
ence the output performance, as well as the mechanical VEH
efficiency, to a great degree. Therefore, according to different
freestanding layers, such as the single-ball type, multi-ball type,
flat type, sliding surface type, and deformable type, the VEHs
based on freestanding mode TENG are systematically discussed
in this section.
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4.1. Single-Ball VEH

Single-ball VEH is one of the simplest configurations in VEHs
based on freestanding mode TENG. The ball, as the free-
standing layer in most cases, bounces or rolls on other tribo-
materials or electrodes under external vibration, which will
result in energy conversion because of the contact and sepa-
ration between the ball and other parts. Among numerous
studies, the bouncing ball system has raised much concern
in the engineering due to its simplicity and the abundant
dynamic behaviors in vibration systems.l'’””] To begin with, Du
et al. proposed a bouncing-ball TENG (BB-TENG) to convert
ship machinery vibration energy into electricity.} As shown
in Figure 7a, the BB-TENG consists of two copper electrode
layers attached to two acrylic panels and PTFE ball inside the
PLA container. Demonstrated through a high-speed camera,
described in Figure 7b, the PTFE ball will bounce between the
two electrodes driven by enough external vibrations. When the
PTFE ball contacts the copper electrodes, due to different tribo-
electric polarities, the copper electrodes are positively charged,
while the PTFE ball is negatively charged. Based on these,
the continuous motion of the PTFE ball in the PLA container
will generate continuous electric energy. As demonstrated in
Figure 7c, the maximum power density is about 3 W m~ with
seven separate single-ball VEH integrated under a vibration fre-
quency of 35 Hz, which can light up 30 LEDs, showing great
potential to be a distributed power source. Additionally, the BB-
TENG is practically arranged on an air compressor (shown in
Figure 7d) to monitor the vibration condition. Guo et al. also
take advantage of the PTFE ball’s contact with the copper panel
electrode, and achieve monitoring of equipment operation in
real-time by converting vibration energy to electricity.""®! More-
over, Wang et al. proposed another self-powered multifunc-
tional motion triboelectric sensor with polyurethane (PU) ball,
PTFE film, and electrodes.'%%]

To scavenge vibration energy in full space,"'”! researchers
designed a spherical space with metal electrodes adhered to its
inner surface, which not only allows the ball to move 360°, but
also increases the contact area between the ball and electrodes.
Zhu et al. proposed a square-shell spherical cavity structure
with the ball arranged inside,*! as shown in Figure 7e, which
is called PC-TENG consisting of PLA, silicone rubber ball, and
copper electrode. Figure 7f shows that each half of the cavity
is deposited with the copper electrode, and the silicon rubber
ball will approach or principle the top and bottom electrodes
under mechanical vibration. To improve the collection ability,
they embedded five by five PC-TENGs units in a plate-type
structure for harvesting vibration energy from buildings and
transportation systems, as shown in Figure 7g. According to
the test results, the PC-TENG can efficiently collect mechanical
energy as well as work as a vibration and shock absorber for
some major buildings and equipment.

On the basis of the promotion in the electrode structure,
more directly with a bigger ball over a small ball, as illustrated
in Figure 7h, Wu et al. proposed a S-TENG to collect the down-
hole vibration energy."!l The composition of S-TENG is shown
in Figure 7i. Here, a fixed ball shell is directly used to form a
space for the free movement of the freestanding ball. The tri-
boelectric materials are copper and PTFE, with the copper film

[110]
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Figure 7. Single-ball VEH. a) Structure of the BB-TENG. b) PTFE ball-bouncing status demonstrated by using high-speed camera at the frequency of
25 Hz. c¢) Output power and current of the BB-TENG in series with different load resisters. d) The BB-TENG is arranged on the air compressor. Repro-
duced under terms of the CC-BY license.a Copyright 2021, MDPI. ) Structure and f) working principle of the PC-TENG. g) PC-TENGs are used in
the fields of some smart buildings or transportation systems. Reproduced with permission.1*l Copyright 2022, Elsevier. h) The downhole measuring
instrument with the S-TENG. i) Composition schematic diagram of the S-TENG. Reproduced under terms of the CC-BY license.["l Copyright 2020,
MDPI. j) Schematic diagram of the “Willow” friction layers. k) Charge generation process in TENG module. ) Voltage and power relationship diagram
of the TENG with different excitation directions. m) Output performance of the TENG with different frequency. Reproduced with permission 7!

Copyright 2020, Elsevier.

also serving as the electrode. The output power of S-TENG
reaches the maximum value of 10.9 x 10~ W. According to the
test result, if the power generation is stored for a while with
multiple S-TENGs connected in parallel, it is possible to pro-
vide intermittent power supply for low-power downhole meas-
uring instruments. And similar to the S-TENG, Zhang et al.
designed a spherical 3D-TENG, consisting of an outer spherical
shell and an inner polyfluoroalkoxy ball, which can effectively
scavenge vibration energy in full space as well.'"¥)

To further enhance the output performance, as shown in
Figure 7j, He et al. presented six willow shape electrodes evenly
to the inner surface of the spherical shell to transform 3D full-
space mechanical energy.*”" Instead of working in vertical
contact, the internal plastic ball tends to roll back and forth
between two pieces of copper electrodes in response to the
vibration, as displayed in Figure 7k. It is worth mentioning that
the plastic ball directly contacts with the silicone layer covered
on six copper electrodes, which is possible to improve the sus-
tainability of it. According to the triboelectric series, the plastic
ball is more active than silicone rubber. Therefore, the plastic
ball has positive charges, and the silicone layer preserves nega-
tive charges during the mechanical VEH process. Furthermore,
the inverted pyramid structures are prepared on the surface
of the silicone layer for the improvement of contact area and

Small 2023, 2300401
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triboelectric effect and then the output performance. As seen
from Figure 71, the maximum output power of TENG under
the vibration in the x-axis or y-axis is 18 or 6 W at an external
resistance of 200 MQ. And in Figure 7m, the voltage and cur-
rent of the TENG in this work achieve 88 V and 0.95 pA under a
vibration frequency of 3 Hz. Similar to the six electrodes in this
work, a multi-electrodes array structure can greatly improve the
space utilization rate and effectively increase the output power
density,™? for example, radial-arrayed rotary electrodes,!12>113]
fine-grating electrodes, ™ and interdigitated electrodes.[]

4.2. Multi-Ball VEH

On basis of single-ball VEH, using more balls as the free-
standing layer to participate in charge transfer is a direct and
effective method to improve the electrical output of TENG.[!1!
Some works put a number of electronegative balls between two
parallel metal plates to harvest the vibrational energy.'"! First,
Xiao et al. designed a honeycomb structure-inspired TENG
(HSI-TENG),™! as shown in Figure 8a, PTFE balls are filled
in honeycomb grooves and vibrate in their own fixed orbits
rather than moving in disarray. The effective contact area and
the power density of the honeycomb structure are enhanced

© 2023 Wiley-VCH GmbH
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Figure 8. Multi-ball VEH. a) Structure and b) working mechanisms of the HSI-TENG. c) Dependence of the voltage and output power on the external
load resistance for the HSI-TENG working at vibration frequency of 25 Hz and vibration amplitude of 2.0 mm. d) Photograph of HSI-TENG as a self-
powered monitor for the diesel engine on the ship YuKun. Reproduced with permission.”) Copyright 2019, Wiley-VCH. e) Schematic diagram of the
self-powered full-set ammonia operation process. Reproduced with permission." Copyright 2022, Elsevier. f) Schematic illustration of the hybridized
generator to simultaneously harvest tribo-thermal energy induced by the vibration of the PTFE beads. g) Electrical output power density of the C-TENG
acquired with the various load resistances. Reproduced with permission."’dl Copyright 2022, Elsevier. h) Schematic structure of the HS-TENG by
nesting three-layer spherical shells. i) Working principle of the HS-TENG. j) The comparison for the output powers of an HS-TENG and an SB-TENG

at 2 Hz. k) Charging curve of the capacitor (10 iuF) while an electronic wa
2019, Elsevier.

by 12.2% and 43.2%, respectively, compared to that of square
structure. Even more, the sponge is attached to the upper and
lower electrodes to increase the contact area between the ball
and the electrode. All these arrangements undoubtedly promote
output performance. The HSI-TENG can generate electricity
once the balls separate from the electrode, the theoretical mode
of it is established, and the test results show that it is adapt-
able to harvest mechanical vibration energy from 10 to 60 Hz
effectively. The PTFE ball in each groove forms a small TENG
with its upper and lower electrodes (Figure 8b) to ensure suf-
ficient contact between the triboelectric layers. As plotted in
Figure 8c, the peak value of output power is 50 W m™ at the
load resistance of 200 MQ with 55 PTFE balls, which can light
more than 200 LEDs. Moreover, it is successfully installed on
an actual diesel engine to be a self-powered vibration sensor,
which is demonstrated in Figure 8d. Given this design’s high
output and low-frequency adaptability, as shown in Figure 8e,
Chang et al.l"®l paralleled five layers of the HIS-TENG together
to power ammonia leakage sensor for new energy ships by har-
vesting ship machinery’s vibration energy triumphantly with

Small 2023, 2300401 2300401

tch is driven by the HS-TENG. Reproduced with permission.l% Copyright

the power density of 59.783 W m™. This actual application
exhibits the great potential of the TENG to be a sustainable and
in situ power source for the wireless ammonia leakage sensor.
Other than installing different balls in relatively separate
spaces,"” many balls in one room is another way to further
the power performance of the VEH. San et al.'"’d proposed
a hybridized generator consisting of a cylindrical TENG
(C-TENG) and a flexible thermal generator, which is shown
in Figure 8f. C-TENG is composed of a transparent cylinder
with two aluminum caps, which serve as electrodes and one
of the tribo-materials, and PTFE beads, which serve as the
triboelectrification inducing materials. In this study, PTFE
beads with a 40% volume ratio (Figure 8f), which affects the
output of C-TENG in aspects of contact area with the electrode
and moving distance in the cylinder, are confirmed by inves-
tigating 10-90% volume ratios under vibration frequency of
5 Hz. After verifying the resonant frequency (15 Hz), durability,
and the impact of different tilting angles under various vibra-
tional forces, C-TENG could reach the highest power density
of 23.4 mW m= at 110 MQ, which is shown in Figure 8g. To
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accommodate more balls, 'l Pang et al. designed a matry-
oshka-inspired hierarchically structured TENG (HS-TENG) by
nesting three-layer spherical shells,’% as shown in Figure 8h.
In Figure 8i, PTFE balls are filled into the gaps between the
neighboring shells, and they will move back and forth on the
surface of two Cu electrodes painted on shell under the actua-
tion. Figure 8j shows the comparison of the output powers of
the HS-TENG and a single ball TENG (SB-TENG) at 2 Hz. The
output power of the HS-TENG is more than six times greater
than that of the SB-TENG, reaching a maximum value of
544 uW. In Figure 8k, the actual output performance is verified
by powering an electronic watch after charging a capacitor. This
kind of TENG with nest-assembling multiple shells can effec-
tively harvest low-frequency mechanical vibration energy and
easily achieve high output power density. Compared with tra-
ditional single-ball TENGs, these multi-ball designs improves
space utilization and contact area in a limited volume, resulting
in better energy harvesting performance.

4.3. Flat-Type VEH

According to the working principle of TENG, the larger contact
area will bring more immediate power generation performance
improvement. To achieve this, many flat-type VEHs with large

www.small-journal.com

contact areas have been proposed. To begin with, as shown in
Figure 9a, a contact-mode freestanding TENG (CF-TENG) con-
sisting of FEP film, aluminum, and acrylic sheet connected by
eight springs is employed by Wang et al. An acrylic plate with
FEP films on both sides is designed as the vibration resonator.
Energy harvesting is achieved by contacting and separating
with two external aluminum electrode deposited acrylic plates
under mechanical vibration,”! which is illustrated in Figure 9b.
To boost the output performance, the FEP film is treated by
plasma etching to increase the surface charge density. Ben-
efiting from the large surface area and high charge density,
the maximum power density achieves 17 mW m™. It could
directly drive 60 LED under the vibration with and amplitude
of 1.5 cm and frequency of 15 Hz. Furthermore, CF-TENG can
convert the vibration energy to electricity during the operation
of an actual wind blower, shown in Figure 9c. As depicted in
Figure 9d, the maximum power density of CF-TENG reaches
17 mW m~2 under the resonant frequency of 15 Hz and ampli-
tude of 1.5 cm, which can directly light up 60 LEDs and show
its potential to be an energy harvester.

Although some treatment method can enhance the charge
density,3212% to boost the output power of the TENG, the
single-layer TENG still face the challenge of low output power.
To address the low output power of single-lay TENG and syn-
chronize the output of different TENGs in multilayered TENG,
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Figure 9. Flat-type VEH. a) Structure and b) working principle of the CF-TENG. c) Demonstration of the CF-TENG to monitor the vibration of a wind
blower during its operation. d) Power density of CF-TENG under different resistances. Reproduced with permission.l’!! Copyright 2014, American
Chemical Society. e) Schematic structure of multi-cantilever-based vibration TENG. f) Step movements of brass block resulting in charge generations
on active layers. g) Different maximum powers with three, four, five, and six beams in load matching experiment. h) Condition monitoring for a vacuum
pump using the three-beam TENG. Reproduced with permission.?2l Copyright 2022, IOP Publishing. i) General illustration of MPNG. j) Working
principle of MPNG including TENG and EMG. k) Calculated power density of the TENG on the different external loading resistances. |) Application of
MPNG for energy harvesting from the train vibration. Reproduced with permission.['®l Copyright 2017, Elsevier.
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a multilayered stacked TENG (3D-TENG) is reported by Yang
et al.””] The 3D-TENG is composed of some pinned and move-
able fingers with all the fingers parallel to each other and eight
identical springs used to bridge all the fingers. With the excita-
tion by mechanical vibration, the moveable fingers go up and
down with the assistance of springs. According to test results,
the power density of 3D-TENG reaches 104.6 W m~2, and it has
effective response to the vibration frequency of 2-54 Hz. The
design of the square plate and spring can also be seen in these
works, 276 which is the typical structure of the earliest pro-
posed TENG for vibration energy collecting. Even more, cubic-
TENGs with an inside cube and outside cube are fabricated to
accommodate multi-direction vibration.!?!l The highest voltage
of 500 V of the cubic-TENG is obtained in the SF, atmos-
phere, which achieves an increase of 67% compared to that in
the air.’”!d Qiu et al. used the Fe balls inside the inner box to
enhance the triboelectricity between the inner and the outer
box [121b]

Besides the square or similar flat type TENG, circular flat
type TENG is another popular one. For instance, Prutvi et al.
reported a multi-cantilever-based vibration TENG employing
screen-printed ZnO film and FEP film as tribo-materials. The
circular brass mass taking the role of a freestanding layer is
fastened to some strip-type Al beams, which is depicted in
Figure 9e.'22l In Figure 9f, ZnO film bonded to brass mass will
contact upper and lower ZnO film successively under mechan-
ical vibration, generating electricity with an effective reply to
vibration frequency from 0 to 400 Hz. The maximum output
power falls continuously as the number of beams increases. As
shown in Figure 9g, the peak value of 680 uW or 1.38 W m~2 is
achieved by the three-beam architecture. This tunable design
can adapt to different vibration conditions by adjusting the
number of beams without major structural changes. As shown
in Figure 9h, when the three-beam TENG is mounted on a
vacuum pump, it is worth noting that it not only captures
vibration frequency accurately, but also has the potential to be
self-powering.

In addition to these flat-type VEH with the physical con-
nection between the freestanding layer and the outer shell, Jin
et al. integrated EMG and TENG to propose a maglev porous
nanogenerator (MPEG) for the vibration of running trains,!2%!
as shown in Figure 9i. The middle magnet covered with porous
PTFE, which acts as the freestanding layer of TENG and moves
freely inside the shell without constraints by springs or beams,
contacts the electrodes to be involved in electricity generation
under the dual effects of the bottom magnet and vibration
(Figure 9j). The porous structure provides a rough surface,
leading to a larger effective contact area when the TENG is
working. The instantaneous power density of the TENG has
a maximum value of 0.34 mW g! at the resistance of 50 MQ,
which is plotted in Figure 9k. And Figure 91 shows the energy
harvesting from the train vibration in the train-running pro-
cess by MPEG arrays. Given the characteristics of free-moving
freestanding layer, many magnetically levitating flat-type VEHs
based on TENG are invented. The nanogenerator proposed by
He et al. can harvest vibration energy efficiently/*?Y and the
TENG delivers a peak output power of 78.4 uW under 20 Hz.
Kim et al. proposed a levitating oscillator-based TENG for har-
vesting energy from pendulum-like structures.! Using a
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bridge rectifier, 21 and 61 commercial green LEDs were lit up
by employing the 1 and 2 Hz inputs to the TENG, respectively.
These works generally agreed that the levitated TENG is more
sensitive than traditional mechanical suspension (like spring or
cantilever). Thus, it prefers small energy collection and avoids
mechanical fatigue or damage.

4.4. Sliding Surface Type VEH

Sliding freestanding is another freestanding mode of TENG,
which is also popular in VEH or vibration sensing. In this type,
the freestanding layer alternately slides on two electrodes. The
classic sliding block or sliding plate structure also appears in
the TENG application. First, as shown in Figure 10a, Li et al.’?
reported a sliding block type TENG, which can convert the
vibration of structures to electricity in AC and direct current
(DC) mode with the name dual-mode TENG (AC/DC-TENG)
to be a fully self-powered vibration monitoring system. The
slider attached with a FEP film slides in a reciprocating manner
between two friction electrodes under mechanical vibration,
resulting in a back-and-forth flow of electrons between two fric-
tion electrodes. When a part of the slider moves off the edge
of the electrode, air breakdown occurs because of the strong
electric field under a tiny gap, resulting in a DC signal in the
external circuit and driving the alarm light directly. AC/DC-
TENG is applied to a bridge model, as displayed in Figure 10b.
When the slider works under safe vibration, the mechanical
energy will be converted into electrical energy by AC mode
and stored in a capacitor. Then, if the slider slides out of the
safe zone under abnormal vibration, the DC produced by the
DC mode drives the red LED light in real-time. The energy
produced by the AC mode, with a peak power of about 50 UW,
can provide the power for wirelessly transmitting the vibration
signal. Furthermore, to accomplish multi-direction mecha-
nical vibration harvesting, Chen et al. proposed a freestanding
plate connected with four radial springs for scavenging low-
frequency vibration energy from arbitrary in-plane directions
with a peak power of 85.7 uW and successfully applied to har-
vest brake energy of a bicycle wheel.?l Xia et al. installed a
honeycomb-like three-electrode structure on the inner surface
of a spherical shell to convert mechanical vibration energy to
electricity in full space.'””) The inner mass-spring-slider in
Pang’s work rubs against the multi-walls of the outer shell.['28]
More stereoscopically, sliding freestanding TENGs with the
sleeve-tube structure are proposed and fabricated.’*'*] And
Wu adopted the sleeve-tube structure in drill string vibration
environment successfully.3%

To further improve energy conversion efficiency, electrodes
with uniform spacing and complementary triboelectric layers
are set in some works, 11 1B300131 919 3 nonlinear oscillator-
based TENG is also proposed based on the grating structure
to boost the output performance of VEH.'32 Among them,
considering the oneness of vibration direction, this sleeve-
tube structure TENG was also combined with EMG to form
a magnetic suspension energy harvester.’3129%¢133] The mag-
netic floating embedded TENG proposed by Seol et al.’>%l is
shown in Figure 10c. The floating oscillator, as the freestanding
layer, is composed of a core magnetic rod and porous PDMS
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Figure 10. Sliding surface type VEH. a) The detailed structure of AC/DC-TENG. b) The photo of AC/DC-TENG on the bridge model. Reproduced with
permission.’2 Copyright 2020, American Chemical Society. c) Schematics of the magnetic floating embedded TENG. d) Operating principle of the
TENG component. e) Contribution ratio of the TENG and the EMG components with various charging times. Reproduced with permission.>l Copyright
2016, Elsevier. f) Structure of EM-TENG. g) Schematic of the electricity generation principle of EM-TENG. h) Average power density and RMS current
of EM-TENG with external load resistances. Reproduced with permission.[3% Copyright 2020, Wiley-VCH. i) Schematics and j) working principle of
the TSMR-TENG. k) Load-current, load-voltage, and peak power curves for the TSMR-TENG. |) 500 LEDs in series lit by the TSMR-TENG. Reproduced

with permission.l*l Copyright 2020, Elsevier.

sponge surrounding the rod. In addition, the outer surface
of the PDMS sponge is coated with PTFE, which serves two
main roles. First, the porous sponge allows tight contact with
the electrode for a larger contact area and triboelectric charge
density.® Second, the PTFE layer reduces the frictional force at
the sidewall, which results in smoother oscillation. As shown in
Figure 10d, the freestanding oscillator floats in the tube by the
bidirectional magnetic repulsion force and contacts with two
aluminum electrodes up and down to generate current under
the vibration excitation. The TENG component produces an
output power of 130 W kg™! m~ under the sinusoidal vibration
with 75 Hz. Figure 10e is the contribution ratio of two compo-
nents during charging, which proves that TENG subsequently
provides a breakthrough at high consistency.

On the basis of above, some VEHs based on TENG for
ultra-low-frequency energy harvesting are also invented.*¥l In
addition, disc structure TENGs!'**l with comb-type sector elec-
trodes in freestanding layer mode are also developed to harvest
low-frequency mechanical vibration energy. Different from
the 2D motion of the above VEHs, one of the key factors for
disc TENGs to scavenge vibration energy is how to convert 2D
mechanical vibration into sliding of the freestanding layers on
the disc. Here, an escapement mechanism-based TENG (EM-
TENG) was reported by Han et al. for harvesting extremely
low-frequency irregular motions of less than 0.1 Hz.3> As
shown in Figure 10f, the conversion mechanism inspired

Small 2023, 2300401 2300401

by the mechanical watch consists of an escapement mecha-
nism, an energy storage spring, and a torsional resonator. The
energy storage spring captures irregular and low-frequency
vibration energy. When the spring has been fully wound, the
gear transfers energy to the spring-rotor part for generating
regular and high-frequency rotational movement to drive the
TENG. EM-TENG is operated in freestanding mode between
the nylon film, PTFE film, and aluminum electrode. As shown
in Figure 10g, when the rotator composed of nylon and PTFE
moved, electrons in one electrode moved to another one to pro-
duce electric power. The average power density of EM-TENG is
41 mW m~2 under a low input frequency of 0.067 Hz, as shown
in Figure 10h. More importantly, EM-TENG is capable of pro-
ducing steady long-lasting power under short input motion,
lasting for 110 s, which is about 22 times as much as 5 s input.
It follows that EM-TENG has great potential to be applied in
irregular and extremely low frequency VEH existing in many
structures.

Beyond the flat triboelectrification, Yang et al. presented a
travel switch integrated mechanical regulation TENG (TSMR-
TENG) equipped with circumferential flexible FEP films and
copper electrodes.3®] The random vibration energy could be
converted into electrical energy with a linear-rotational motion
transformation mechanism and spiral spring, as shown in
Figure 10i. The inertia wheel causes the flexible FEP film to
slide against the copper electrodes to generate electric power,
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which is illustrated in Figure 10j. As shown in Figure 10k,
TSMR-TENG gets a peak output power of 5 mW at the resist-
ance of 70 MQ and can simultaneously light up 500 LEDs,
which paves a way to widely applied to common random vibra-
tion environment, such as the vibration of bridges and passing
over speed bumps by car. In brief, it is generally necessary for
efficient low-frequency and irregular mechanical VEH to con-
vert the conversion and storage mechanism into high-frequency
and controllable mechanical energy as the input of TENG.

4.5. Deformable Type VEH

Deformable materials have been broadly employed in various
fields owing to their excellent adaptability.'”) Following these
features, an increasing number of VEHs based on TENG adopt
deformable materials as freestanding layers to achieve better
shape adaptation to enhance triboelectric contact area to raise

www.small-journal.com

output power.3¥l Recently, by placing the flexible silicone
rubber ring in the annular space of the drill pipe, a drill pipe-
embedded annular type TENG (AT-TENG) was proposed by Du
et al. to harvest arbitrary direction lateral vibration for the power
supply of measurements while drilling system.’¥ The struc-
ture of AT-TENG is shown in Figure 11a. The annular silicone
rubber can fit closely better with the copper film attached to the
inner surface of the outer tube. After contact, negative charges
accumulate on the surface of the silicone rubber ring, and an
equal amount of positive charge is induced on the copper film
(Figure 11b). The moving status of the silicone rubber ring in
AT-TENG is demonstrated by a high-speed camera, and its
deformation increases the contacting area between silicone
rubber and copper electrode with the increase of drill pipe vibra-
tion frequency or amplitude, thus enhancing the output perfor-
mance. As shown in Figure 1lc, the maximum output power
density of the AT-TENG reaches 63.7 W m~ with a matching
resistance of 400 MQ. And AT-TENG shows appreciable output
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Figure 11. Deformable type VEH. a) Structure schematic and b) working principle of the AT-TENG. c) Measured output current and calculated output
power-resistance profile for the AT-TENG. Reproduced with permission.® Copyright 2022, Wiley-VCH. d) Schematic illustration of the fabricated
P-TENG. e) Detailed illustration of the electrical energy generation steps in the vertical vibration mode and horizontal vibration mode of the P-TENG.
f) Load resistance dependency of the power density of the P-TENG with a volume ratio of 50% with vertical force of 100 N and a vibration frequency
of 3 Hz. Reproduced with permission.’<l Copyright 2016, American Chemical Society. g) Schematic diagram of the liquid metal TENG. h) Application
scenario of the liquid metal TENG. Reproduced with permission.[® Copyright 2017, American Chemical Society. i) Internal liquid flow of the liquid-
metal-based freestanding TENG. j) Output power of the liquid-metal-based freestanding TENG at different load resistances. Reproduced under terms

of the CC-BY license."?3 Copyright 2021, Frontiers Media S.A.
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performance when the lateral vibration direction changes in
360° direction. Meanwhile, the TENG enables lighting up more
than 100 LEDs and powering a commercial temperature and
humidity sensor successfully.

To pursue more extreme deformation, some works
use triboelectric materials powder as freestanding layers. Kim
et al. reported a P-TENG using PTFE power, as shown in
Figure 11d.171 Two aluminum metal plates, which are nano-
structured using a hydrothermal process by hot water, serve
as the top and bottom electrodes and provide a larger contact
surface area. Even more, four pieces of copper electrodes are
attached to the outer side wall of the container in a configura-
tion of two pairs facing each other. Due to fluid-like characteris-
tics, the powder moves freely in 3D directions in the container,
as depicted in Figure 1le. The working mode can be divided
into two types: vertical mode and horizontal mode, which can
harvest random mechanical vibrations in all directions. As
displayed in Figure 11f, the output power is maximized with
1.2 W m™2 at a 108 Q load with a vibration source of 3 Hz and
is capable of powering 240 LEDs and charging a commercial
battery. In addition, P-TENG also exhibits excellent durability
against mechanical friction. Furthermore, because the powder
has no specific shape, the structure can be designed rather
freely, which leads to outstanding manufacturability regardless
of size or shape of the container due to its fluid-like features,
which provides a promising way to be durable and scalable
VEHs for self-powered systems. Going extra miles, Lin et al.
combined ceramic sheet with PTFE particles and silver parti-
cles mixed powder and designed layer-powder-layer structure
TENGs to respond to ultra-high frequency vibration range of
3-133 kHz, which can be utilized in track fracture detec-
tion, automobile engine monitoring, and geological exploration
applications. Then a flexible piece structure is designed further
to adapt to curved structures, such as pipelines, with the excel-
lent reply to 3-170 kHz.**" It was especially pointed out that
silver particles act as the electropositive triboelectric material
to enhance the triboelectric effect in these works.[>13! Ferro-
magnetic particles are also applied in VEHs based on TENG to
scavenge ambient mechanical energy.[139%140]

Similarly, vibration energy harvesters introducing liquid
medium has been the subject of active research recently, with
advantages of shape adaptability, scalability, durability, and flex-
ibility to subtle and irregular vibrations.*!! Therefore, liquid
metal is a better choice for the liquid medium TENG and gen-
erally as a positive material.*®!*2] Zhang et al. reported a liquid
metal mercury droplet-based TENG,® as shown in Figure 11g.
The structure and working principle are similar to those ball-
TENGs' 2441 byt the liquid metal mercury drop replaces the
solid ball and is positively charged after contacting the triboelec-
tric PVDF layers with nanofibers. And as shown in Figure 11h,
they demonstrated that the liquid metal TENG fixed onto the
air compressor and automotive engine to monitor the working
state. In Figure 11i, Deng et al. used a large amount of liquid
metal to obtain low-frequency and multi-directional vibration
energy collection.*? When the TENG is excited by external
vibration, the internal mercury collides between the surfaces of
Kapton on both sides to generate electricity. Figure 11j demon-
strated that the maximum output power of 10* uW is obtained
when the load resistance is 8 MQ and the constant frequency

[55,67¢,139]
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is 10 Hz. To demonstrate the power generation capability more
intuitively, 100 series-connected LEDs are lit up in the low-
frequency environmental experiment successfully. The liquid-
metal-based freestanding TENG can be placed in car suspen-
sion to harvest vibrational energy. Both shape adaptability and
fluidity of this kind of deformable freestanding triboelectric
layer increase the contact area and thus improve the output,
which has a broad prospect in mechanical VEH for WSNs in
the era of IoT.

In brief, one of the most significant core elements of the
VEH based on freestanding mode TENG is the freestanding
layer. In particular, different freestanding layer structures have
an important influence on the vibration as well as the power
generation characteristics of the VEH. According to the above
description, VEHs based on the freestanding mode TENG can
either have resonant characteristics such as the moving parts
are restricted by elastic or magnetic force in flat-type or sliding
surface type, or non-resonant characteristics such as the balls
or powder moving freely in the VEH frame without restric-
tion. Therefore, the freestanding mode VEH is both superior
in adapting to efficient energy harvesting at resonant frequen-
cies and achieving wide-frequency VEH by optimizing the free-
standing layer. Meanwhile, the frame of the VEH can remain
fixed and closed as the moving parts of the VEH based on free-
standing layer mode TENG are inside the frame, which enables
it to be widely adapted to the environment. Furthermore, it can
be seen from the above different freestanding layers that the
main means to enhance its output is to increase the triboelec-
tric area. Excellent progress has been made in increasing the
contact area to improve the output performance of the VEHs
related to mechanical engineering. Besides, the charge den-
sity of the VEH based on freestanding mode TENG has also
been enhanced by the surface modification of the electrodes
and the freestanding layers. Meanwhile, the electrodes of most
freestanding mode VEHs, such as some ball-type VEHs, and
flat-type VEHs, are solid and fixed, which may lead to mis-
matching of the maximum contact area between tribo-mate-
rials, greater friction under uneven mechanical vibration, and
performance deterioration under drastic mechanical vibration
with high frequency if the freestanding layer is rigid and non-
deformable as well. Sliding freestanding mode and deform-
able VEHs are emerged with optimal structure design to
address this concern. Incredibly, although powder and liquid
metal type VEH has outstanding adaptability to an extreme
wide frequency range, the power (density) is relatively weak.
Therefore, future research should concentrate on achieving
the perfect combination of high performance and excel-
lent response to wideband frequency mechanical vibration
through novel structural design, deformable material selection,
etc.

5. Conclusions and Perspectives

Vibration energy is omnipresent in the field of mechanical
engineering, whereas the vast majority of it is underutilized. In
the era of intelligence, it is of great significance to efficiently
harvest the vibration energy related to mechanical engineering
to be the sustainable and in situ power supply for tremendous
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WSNs in the industrial and social fields. Over the past few dec-
ades, PVEHs and EMVEHs have been successfully applied in
VEH. Since the TENG was invented, it has blazed a new way in
substantial mechanical VEH and brought out a lot of fantastic
achievements. In this paper, the recent advances in VEH based
on TENG related to mechanical engineering have been sum-
marized comprehensively and discussed systematically from
the perspective of the most suitable working modes as C-S and
freestanding mode.

A summary of structure characteristics and energy har-
vesting properties of some representative TENG-based VEHs
with different working mode and structure is demonstrated in
Table 1. The materials, output power (density), microstructure
type, frequency range, applicable vibration direction, durability,
application scenarios, and highlights are presented systemati-
cally for the first time. As shown in Table 1, these two different
types of VEHs are featured with specific characteristics and
are capable of performing respective advantages in different
application scenarios. The VEHs based on C-S mode TENG
can achieve high output at the resonant frequency and adapt
to 2D direction VEH, while the VEHs based on freestanding
mode TENG show advantages in multi-directional and broad
bandwidth VEH. The most detailed summary of various VEHs
based on TENG related to mechanical engineering is shown
in Table S1, Supporting Information. It can provide a useful
reference for researchers to design different VEHs properly to
achieve optimal output performance with comprehensive con-
sideration of the mechanical vibration characteristics and the
application scenarios.

Through this study, it is anticipated that VEHs based on
TENG will provide remarkable support for the alternative
power supply of massive WSNs required in the era of intelli-
gence. With the increasing demand for intelligence in the fields
of mechanical engineering, embedded WSNs in machinery,
vehicles, and structures are playing more and more signifi-
cant roles in intelligent monitoring in the era of IoT. There-
fore, it has become one of the developing orientations of the
VEHs based on TENG to overcome the power supply problem
and fully satisfy the self-powered demand of embedded WSNs
by efficient mechanical VEH. Despite the fact that noticeable
progress on VEH based on TENG is being accomplished,
some challenges in energy conversion efficiency and practical
application still need to be addressed to improve its future
development (Figure 12).

5.1. Advanced Materials

The energy conversion of VEH based on TENG depends on the
difference of triboelectric series of the tribo-materials to a great
extent. So far, commercial polymer materials or compounds
are generally applied to be the common tribo-materials. The
inherent electron affinity of these existing materials hinders fur-
ther promotion of energy conversion efficiency. Furthermore,
common to many other fields, most polymer materials are dif-
ficult to be completely decomposed within a brief period under
natural environment, which may cause a problem for final
treatment of the tribo-materials. Therefore, it is urgent to create
new tribo-materials, not only with superior electronegativity
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and brilliant ability to charge capture and retention, but also
with prominent environmental-friendly and recyclability.

5.2. Exquisite Configuration

Diversified latest designs have been developed to boost the
energy conversion efficiency. However, VEH in higher degree
broadband width and adaptability to irregular and multi-
direction vibrations is required to be promoted nonetheless.
To overcome this issue, the following two ways should be
highly concerned. (1) Theoretical analysis: Disparate vibra-
tion features represent in different application fields related
to mechanical engineering, and then issue in varying excita-
tion mechanics. The configuration of the VEH based on TENG
should be designed on the basis of comprehending the excita-
tion mechanics in depth. (2) Manufacturing technique: Fabri-
cation accuracy tends to affect the output performance of the
TENG. Therefore, it is imperative to adopt or invent new manu-
facturing techniques to ensure configuration accuracy in light
of in-depth theoretical research.

5.3. Charge Density Promotion

Boosting the charge density is another manner to increase the
output of the VEH based on TENG to realize fully self-powered
of the WSNs. Zoul™ and Xu et al.] have systematically sum-
marized the physical and chemical modification ways for high-
performance TENGs. However, the overwhelming majority of
the existing methods fasten on the negative materials. More-
over, polarization and charge pump face the challenge of mul-
tifarious fabrication processes or complex structures of the
VEH based on TENG. Therefore, epochal charge density lifting
schemes are supposed to be created and applied to both posi-
tive and negative materials to promote the charge density of the
VEH based on TENG.

5.4. Integration Capability

As we have mentioned, VEHs based on TENG related to
mechanical engineering are principal to be the sustainable and
in situ power supply for the WSNs. Nevertheless, TENGs with
high voltage, low AC, and huge intrinsic impedance render
severe difficulty in the integration between the VEH and the
WSNs with low voltage and DC requirements.[*] As a result,
PMC, which is used to accommodate the imbalance between
supply and demand, becomes a promising way to integrate
VEHs based on TENG and WSNs.[¢) However, current PMCs
are basically scheduled to specific TENG rather than universal
for common use. Accordingly, the commonality and optimi-
zation of the PMCs are instant to be worked out. In addition,
hybridization between VEH based on TENG and that based
on other principles, such as PENG and EMG, ought to be
given priority as well, which may achieve much more efficient
mechanical VEH. Further, miniaturization and modularization
of the VEHSs and the integration system are always the develop-
ment orientation of the VEHs based on TENG.
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Table 1. A summary of structure characteristic and energy harvesting property of various TENG-based VEH.

Mode Structure Material Output Microstructure Frequency ~ Direction  Durability Application Highlight Ref.
range
C-S Single spring/ ~ PTFE/Cu 2.5 mwW Plasma-etching 2-25 Hz 2D Over 500 000 Overhead trans- Six-layered helical [64]
multilayer (5 MQ) method (resonance 15 Hz) cycles mission line  structure/distributed
manner
Two plates/  PVDF/wCF- 12.8 mW Nanopore/ 5Hz 2D =11000 cycles Harsh environ- Chemical transform  [78b]
four PANI.ES (1 MQ) nanoflake ment/medical
corners-springs application
Mass/four FEP/Cu 25 m\W / 6-20 Hz 2D 36000 cycles The loTs/smart Dual TENGs [40]
springs (optimal 18 Hz) factory system/autonomous
wireless frequency
monitoring
Arch PVDF/nylon 37.1mwW Nanowire 5Hz 2D 36000 cycles  Powering DC Nanostructure [41a]
(9 MQ) motor/UVR
detection device
Patch PET/AI 6.5 UW cm™2 / 10-100 Hz 2D / Coolant loop  Vibration visualiza-  [41h]
(resonance 30 Hz) pipe in a nuclear tion sensor system/
power plant image processing
method
Multilayer FEP/AI 19 mW Plasma etching/ 2-30 Hz 2D / Machine/riding  Elastic multiunit/ [89]
zigzagstructure (=0.8 MQ) electrochemical (resonance 7 Hz) bicycle power management
etching circuit for DC
Trapezoidal PET/AI 1.2 mW Plasma etching 1-22 Hz 2D 200000 cycles Self-powered ~ Wide-range/inte- [44]
cantilever (10 MQ) (optimal 15 Hz) electronic grated TENG array
structure system
Triple-canti- PDMS/Cu 2523 mW m=  Nanowire 2.5-5Hz 2D 100000 cycles  Self-powered Surfacemodification/  [96]
lever beam/ (0.25 MQ) (resonance electronics low-frequency
mass 3.7 Hz)
Two cantilevers ~ FEP/Cu 431 mW / 3.5 Hz-5.0 Hz 2D 12h Transmission  Vibration attenua- [105]
(70 MQ) (optimal 4.1 Hz) line tion/change reso-
nant frequency
Cantilever- PTFE/AI 30.95 mW Sanded 2-5Hz 2D 30 days Drill pipe  Array-type/Measure-  [45]
beam array (optimal 5 Hz) ment While Drilling
Freestanding Spherical shell/  silicone 18 W Inverted pyramid 1-3 Hz (optimal Arbitrary / Ocean/large  TENG-EMG/mul-  [67b]
single ball rubber/PS (200 MQ) structure 3 Hz) mechanical tilayer spherical
vibration shells/3D full-space
equipment
Spherical shell/ ~ PTFE/Cu =0.011 uW / 0.5-8 Hz (optimal Arbitrary 10 000 times Low-speed Downhole ]
single ball (10 Q) 8 Hz) drilling
Two plates/ PTFE/Cu 50 W m™ / 10-60 Hz (optimal 2D 7 days Ship machinery Honeycomb struc- [47]
multi-ball (200 MQ) over 35 Hz) ture/real ship test
Two plates/ PTFE/Cu 59.783 W m~3 / 333 Hz 2D 3 weeks Ammonia  Real ship application  [118]
multi-ball (1 MQ) leakage moni-
toring device/
ship machinery
Plate—plate/ FEP/ZnO 680 uW Screen-printed 1-400 Hz (optimal 2D / Vacuum pump  Tunable frequency ~ [122]
cantilever-mass 18 Hz) response/detecting
machinery fault
Plate—plate PTFE/AI 0.34mW g Porous structure 20 Hz 2D / High speed train  TENG-EMG/self- [123]
(50 MQ) powered wireless
smart sensor/real-
time monitoring
Springs/slider FEP/Cu 22 m\W / 10-50 Hz (optimal 2D / Industrial loTs Nonlinear oscillator/  [132]
(100 MQ) 20 Hz) boosting output
Rotating disk PTFE/PU 15.68 mW / 0-50 Hz 2D / Train wheel ~ Power management  [143]
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Table 1. Continued.
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Mode Structure Material Output Microstructure Frequency  Direction  Durability Application Highlight Ref.
range
Sandwich/flex-  silicone 94.95 W m~ Sanded 5-90 Hz (optimal 2D 14 days Metro/vehicle/ Soft structure/lower  [138]
ible strip rubber/Al (250 MQ) 90 Hz) ship/bridge/ startup limit
power plant/
building

Two plates/  PTFE/AI/Cu 1.2Wm3 Nanograss 1-300 Hz 3D 1 week loTs Fluid-like character-  [67¢]

powder (100 MQ) (7 x 108 cycles) istic/all directions
Cylindrical tube Kapton/Hg =1 mW (8 MQ) / 0-18 Hz 3D 3500 s Car suspension/ Liquid metal [142a]

ocean

5.5. Energy Storage

With progress of electronic technology, the power consumption
of the WSNs is lower and lower, so the vibration energy har-
vested by TENG may exceed the power consumption of WSNs,
which may lead to energy surplus. It will be an immense
waste if the residual energy is discarded. At present, the most
common storage mode is to charge a capacitor, but electric
leakage and capacity limitation impede the development.
Henceforward, alternative energy storage mode needs to be
highlighted on the agenda.

5.6. Durability and Stability

Abrasion in the working process of the VEHs based on TENG
excited by the mechanical vibration is inevitable, and it is
against the durability and stability of TENGs. Scholars have
tried various ways to solve this problem, such as non-contact
design, soft materials, buffer design, and lubrication. Fur-
thermore, liquid or self-healing material may provide new

enlightenment for us to address this issue. In addtion, working
environment factors relevant to machinery, vehicles, and struc-
tures, including high/low temperature, high humidity, dust
contamination, and electromagnetic influence, will be adverse
to its durability and stability. Therefore, waterproofing and
electromagnetic shielding encapsulation are necessities in the
development path of VEHs based on TENG related to mechan-
ical engineering. On top of the above, extremely high/low
temperature such as the exhaust gas area of the diesel engine
(higher than 180 °CI")) and polar region (lower than —50 °C),
have proposed challenges for its durability and stability, which
should be paid close attention.

5.7. Large-Scale Production

VEHs based on TENG have been proven to be a breakthrough
in mechanical VEH due to their unique superiority. The ulti-
mate goal of VEHs based on TENG is practical application
in mechanical VEH. Although some VEHs based on TENG
verge on maturity to harvest mechanical vibration energy are

q\usltF-

canfiguy ngn

Figure 12. Challenges and perspectives of VEH based on TENG. Reproduced under terms of the CC-BY license.“23 Copyright 2021, Frontiers Media
S.A. Reproduced with permission.*3 Copyright 2020, Wiley-VCH. Reproduced with permission.'?l Copyright 2014, American Chemical Society. Repro-
duced with permission.[’] Copyright 2016, Springer Nature. Reproduced with permission.l*’ Copyright 2022, Elsevier. Reproduced under terms of the

CC-BY license."8dl Copyright 2021, MDPI.
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successively applied in natural working environments, it is still
a long way to large-scale production. Not only technical aspects
but also commercial aspects are requested to make more
efforts.

The above challenges are also opportunities for researchers
all over the world. Along with the further development of intel-
ligence, we always keep the faith that VEHs based on TENG
will play more and more crucial roles in mechanical VEH in
the near future.
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