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Abstract: Triboelectric nanogenerators (TENGs) are emerging as a form of sustainable and renewable
technology for harvesting wasted mechanical energy in nature, such as motion, waves, wind, and
vibrations. TENG devices generate electricity through the cyclic working principle of contact and
separation of tribo-material couples. This technology is used in outstanding applications in energy
generation, human care, medicinal, biomedical, and industrial applications. TENG devices can be
applied in many practical applications, such as portable power, self-powered sensors, electronics,
and electric consumption devices. With TENG energy technologies, significant energy issues can be
reduced or even solved in the near future, such as reducing gas emissions, increasing environmental
protection, and improving human health. The performance of TENGs can be enhanced by utiliz-
ing materials with a significant contrast in their triboelectrical characteristics or by implementing
advanced structural designs. This review comprehensively examines the recent advancements in
TENG technologies for harnessing mechanical waste energy sources, with a primary focus on their
sustainability and renewable energy attributes. It also delves into topics such as optimizing tribo-
surface structures to enhance output performance, implementing energy storage systems to ensure
stable operation and prolonged usage, exploring energy collection systems for efficient management
of harvested energy, and highlighting practical applications of TENG in various contexts. The re-
sults indicate that TENG technologies have the potential to be widely applied in sustainable energy
generation, renewable energy, industry, and human care in the near future.

Keywords: triboelectric nanogenerator; renewable and sustainable; energy storage; energy collecting
system; energy applications

1. Introduction

The triboelectric nanogenerator (TENG)-based triboelectricity effect is now emerging
as a principle for an outstanding sustainable and renewable energy source, through energy-
harvesting technologies that harvest wasted mechanical energy and convert this energy
into electricity for daily living [1,2]. This advanced technology converts wasted mechanical
energy into electrical energy from many types of energy sources, such as human walking [3],
wind [4], motions, vibrations, and waves [3,5-9]. It has been verified that TENGs have
characteristics of low-cost fabrication [10], sustainable energy [11-14], green energy, and
renewable energy sources [15-17].

Traditional energy is extracted from non-renewable sources by burning or methods
related to burning, with a large number of disadvantages, such as gas emissions, discharge
of toxic pollutants, global warming, and negative effects on human health. These impacts
need to be rapidly reduced or eliminated to protect our health and environment. The total
carbon dioxide emissions captured from the energy sector was about 36.6 gigatons (Gt)
in 2021, following an increase of 1.9 Gt in 2020. The 2021 net zero roadmap for the global
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energy strategy targets a net zero scenario for emissions by 2050, corresponding to 90%
usage of electrical energy from renewable energy [18]. The global total renewable energy
capacity (TREC) statistics for 2023 show strong development of renewable energy through-
out the world during the years from 2013 to 2022. The TREC was about 1566.49 gigawatt
(GW) in 2013. In 2014, the TREC value was about 1699.06 GW. The TREC indicators were
1852.78 GW, 2018.26 GW, 2186.04 GW, 2359.39 GW, 2543.38 GW, 2813.16 GW, 3077.24 GW,
and 3371.79 GW in the years of 2015, 2016, 2017, 2018, 2019, 2020, 2021, and 2022, respec-
tively. The records indicate that the total renewable energy capacity increased by about 8.5%
per annum from 2013 to 2022, on average, with the highest increase of 10.6% in 2020 [19].

Sustainable and renewable energies are a potential choice for sustainable develop-
ment for the whole world. Sustainable and renewable energy resources and technologies
are used to convert natural energy, including solar energy, bioenergy, geothermal energy,
hydropower, ocean energy, wind power, triboelectric generation, and triboelectric nanogen-
erator energy, into usable energy. Many research groups have focused on the development
of methods, technologies, techniques, and materials to harvest renewable energy sources
into useful energy, improve the quality of renewable energy conversion, strengthen sustain-
able characteristics, enhance renewable energy systems, and apply renewable energy in
daily life. This research includes developing a biomethane generation technique for a green
energy strategy [20], building an optimization algorithm model of photovoltaic power pre-
diction for renewable energy development [21], using a deep learning method to improve
the stability of power generation from an oscillating water wave energy converter [22],
constructing a model reference adaptive control to increase the output performance quality
of a hybrid renewable energy system [23], combining a photovoltaic system and a power
grid for compressor motor applications [24], integrating renewable energy resources and
electrical vehicles in a power system [25], using an active power filter to connect renewable
energy to the power grid to improve the grid network performance [26], using intelligent
methods to track the maximum power of a wind energy harvesting system to improve a re-
newable energy system [27], developing a model of a hybrid storage system of photovoltaic
and hydrogen energy for agricultural, residential, industrial, and transportation applica-
tions [28], and using neuro-fuzzy technology to manage smart grids with the penetration
of photovoltaic power [29].

TENGs can work as sustainable and renewable generators to produce electricity for
electricity-consuming devices. Applications include using a sustainable power TENG
for vibration sensor application with the ability of self-powered action [30], acting as a
self-powered environmental monitor with a multidirectional vibration mechanism [31],
and acting as the sustainable power for electronic devices [32].

The tribo-material and tribo-surface structure are crucial in the construction of a
triboelectric nanogenerator for harvesting wasted mechanical energy and enabling many
effective applications. Tribo-material couples induce a triboelectrical effect during the
working cycle of a TENG. Power generation can be achieved in the contact-separation
mode and sliding mode between a tribo-surface couple. The output current density is
strongly dependent on the triboelectrical materials via the electrical effect difference of the
materials [33-37]. The polymer typically collaborates with a metal in the TENG to facilitate
the collection or release of electrons, enabling the flow of electrical current through an
external circuit. The triboelectric series, which is a quantified list of triboelectric materials,
has been tested and developed for TENG applications. Subsequently, materials in the
triboelectric series that have the ability to lose or gain electrons under the testing condition
of the contact and separation cycle have been identified [38]. Based on the triboelectric
series, TENG devices are built for harvesting energy in the shortest working time. It has
been clearly proven that tribo-surface structures can enhance the output performance of
the TENG by increasing the friction between the two triboelectric surface materials [39-42].
The key to increasing the output performance of the TENG is based on increasing the
contact between the two materials. This is closely related to the contact area of the tribo-
surface couples, which is strongly increased by introducing advanced surface morphology
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characteristics to the TENG [43,44]. Tribo-surface structures have received a large amount
of attention from research groups aiming to enhance TENGs’ output performance. These
efforts include using a TENG with a multilayer harvester based on the biomimetic structure
to enhance its performance [45], developing the surface structure of special micro-arrays
to improve contact friction between two tribo-surfaces to increase the electrical output
performance [46], using a novel surface structure and mechanism of microneedle patterns
to enhance the TENG's output performance [47], using a honeycomb structure in a TENG to
harvest vibration energy for an engine condition monitor with a self-powering capacity [48],
and using a lawn structure in a TENG to harvest wind energy [49].

Energy storage (ES) has the important duties of storage and management of the
harvested energy from the TENG. ES is an effective method to stabilize electric current in
electronic devices and electricity-consuming equipment [50-52]. Renewable energy that
is produced from renewable energy sources comes from nature. The natural resource’s
energy performance depends on natural behaviors such as seasons, weather, time of day,
months, and hours. These phenomena directly affect the output power of renewable energy
harvesters. Energy storage is extremely crucial to store redundant energy that is harvested
from renewable energy sources. The stored energy will be used as needed [53-58].

Energy collecting systems (ECSs) are one of the effective ways to manage and control
the harvested energy from TENGs. With ECSs, the harvested energy can be effectively
applied for different purposes such as directly powering an electrical consumption device,
storing energy for long-term use, and penetrating a power grid [59-63].

Practical application of the TENG involves bringing its harvesting capabilities to
serve in daily life. The machines can actively function using TENG energy harvesters. The
sensors can harvest and transmit signals, enabling their application in powering themselves
or other devices through TENG technology. The diodes and electrical lights can be lit up by
a TENG device. There are tremendous plurality of mechanical, biomechanical, electronic,
and Internet-of-Things devices, as well as self-powered sensors, protection devices, and
portable equipment, that can be effectively powered by TENG harvesters [64-72]. There
are many applications of TENGs in the energy sector such as self-powered devices for
electrochromic systems [73], TENGs for biomedical microsystems with sustainable power
ability [74], human-machine interface systems [75], and human mechanical energy sensors
for sport applications [76]. TENG applications are diverse, including biosystems, sensors,
human healthcare aid, monitoring systems, industrial applications, self-powered systems,
environment sensors, smart homes, manufacturing systems, therapeutics, and sustainable
applications [77-82]. Many other applications of TENGs are critical for human daily
living, such as smart transportation monitoring systems [83], R-TENGs for sensing, energy
harvesting and actuator applications [84], TENGs for Internet-of-Things (IoT) devices with
self-powered abilities [85], TENGs for self-powered sensors [86], and TENGs for flow
sensors [87].

This paper reviews current TENG technologies with the sustainable energy genera-
tion principle to produce electricity from wasted mechanical energy sources, the surface
structure applied to harvest energy and enhance output performance of TENGs, the en-
ergy storage system used to store energy for stable electrical consumption supported by
TENGsS, the energy collecting system used to manage and control the harvested energy
from TENGs, and many practical sustainable and renewable energy applications as well
as the hot issues of the benefits, challenges, and solutions to improving the powering
and servicing of TENGs. TENGs” working mechanisms are mentioned in theory with
four basic models of the TENG, including the single-electrode model, the free-standing
triboelectric layer model, the in-plane sliding mode, and the vertical contacting-separating
model. The surface structure introduces many structure patterns into TENGs to increase
the output performance of devices, such as microneedle structures, nanowire structures,
graphene morphology, micro pyramids, nanofibers, diamond-like carbon structures, textile
patterns, hydrophobic sponge structures, carbon nanotubes, hybrid micro-nano structures,
nanowire arrays, and wrinkle structures. Energy storage is the key technique to store large
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amounts of TENG energy for long-term use, maintain the stable working condition of
the TENG and avoiding fluctuation in input triggers on the TENGs during the process of
energy production. Energy collection systems play a vital role in ensuring the sustainability
of energy powering systems. They utilize an effective structural diagram for harvesting
wasted mechanical energy from TENGs, comprising fundamental components such as the
harvesting unit, processing unit, energy storage block, and energy consumption system.
Sustainable and renewable energy applications are crucial for TENGs with a wide range of
applications including lighting applications, energy storage, smart houses, transportation,
power grids, manufacturing, sensors, portable devices, access points, monitoring devices,
electric consumption equipment, and human healthcare. In this paper, we address critical
issues pertaining to the benefits, challenges, and solutions associated with TENG technol-
ogy. We highlight the advantages of TENGs, including their sustainability, low cost, and
flexibility and their ability to harvest energy from diverse sources. Additionally, we discuss
the disadvantages, such as low output energy performance and susceptibility to dust, and
propose solutions to overcome these limitations. These solutions encompass technologies
for more efficient mechanical energy harvesting; surface modifications to enhance TENG
output performance; methods, techniques, mechanisms, and materials to improve their
energy output; and energy storage to maintain a balanced electric current generated by
TENGs. The results show that TENG technologies can be widely applied in sustainable
energy generation, renewable energy, industry, and human healthcare in the near future.

2. Materials and Methods
2.1. Working Mechanism of the TENGs

TENGs have four working mechanisms to produce electricity via the triboelectrifica-
tion behavior between two materials during contact. The contact and separate operation of
two tribo-materials causes movement of charged particles from one material to the other.
Figure 1 shows the four working modes of TENGs: the single-electrode, free-standing tribo-
electric layer, in-plane sliding, and vertical contacting—separating modes. Figure 1a shows
a single-electrode TENG and its working mechanism. Figure 1b shows a free-standing
triboelectric layer TENG and its working mechanism. Figure 1c shows an in-plane sliding
mode TENG and its working mechanism. Figure 1d shows a vertical contacting—separating
mode TENG and its mechanical working mechanism. Single-electrode TENG (S-TENG)
devices produce an electric flow via an external load connected to the ground and an
electrode mounted on the TENG. An S-TENG consists of two triboelectric material layers
with just only one electrode on the metal layer to harvest electricity. During the working
process of the S-TENG, one triboelectric layer comes into contact cyclically with another
layer; electric particles will be charged on the triboelectric material surfaces and an electric
flow will be generated by the potential difference between the electrode and the ground [88].
An S-TENG is featured by the open-circuit voltage (Vc), short-circuit charge (Qsc), and
the capacitance (C), which are governed by the following relationship (1) [89].

Qsc = Voc xC 1)

where

Voc is the open-circuit voltage.

Qsc is the short-circuit charge.

C is the capacitance.

Free-standing triboelectric layer (F-TENG) devices are composed of one free-standing
layer of dielectric material and two metal pads with two electrodes attached to the metal
layer to harvest electricity. An F-TENG generates electrical flow by contact between the
dielectric layer from one metal layer and another metal layer; electrons will charge the
triboelectric material layers and an electrical flow will move via an external load under the
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unbalance condition of the potential between the two electrodes [90]. An F-TENG has an
open-circuit characteristic addressed by the following Equations (2) and (3) [91]:

20x
Voc = — @)
€0
where
Voc is the open-circuit voltage.
o is the triboelectric charge density.
x is the separating distance.
g9 is the vacuum permittivity.
aQ 1
R==__ V 3
7t cQ+Voc ®)

where

Voc is the open-circuit voltage.

Q is the transferred charge.

R is the resistance.

C is the capacitance.

In-plane sliding TENG (I-TENG) devices generate an electric current via an in-plane
sliding action to make contact between the two triboelectric material surfaces. An I-TENG
consists of triboelectric material layers and two electrodes attached to direct the current
moving through the output resistance during the sliding cycles of the tribo-surfaces in
outward and inward sliding directions. During the in-plane sliding cycles in an I-TENG, the
tribo-surfaces come into contact with each other; positive and negative electric particles will
be charged on the triboelectric surfaces and the sliding action will cause an imbalance in the
potential, leading to the I-TENG producing a current moving via the external load [92]. An
I-TENG creates an electrical current with the open-circuit voltage (Voc) calculated by the
following Equation (1) and the short-circuit current formulated by the following Equations

(4) and (5).
ox d1 d2 )
Vi = — 4+ = 4
OC ™ ol —x) (Srl €r @)
where

Voc is the open-circuit voltage.

o is the triboelectric charge density.

I is the length of the dielectric layers.

x is the separation distance between the dielectric layers.
g9 is the vacuum permittivity.

g,1 is dielectric layer 1’s permittivity.

g, is dielectric layer 2’s permittivity.

I sC =0 w% (5)
where

Igc is the short-circuit current.

w is the width of the dielectric layers.

o is the triboelectric charge density.

x is the separation distance between the dielectric layers.

Vertical contact-separation mode TENG (V-TENG) devices consist of a triboelectric
material coupled to two attached electrodes to harvest mechanical energy into electricity.
The V-TENG working mechanism is based on a contact and separation cycle between the
two triboelectric surfaces. During the working process, electric particles will be induced
on the triboelectric surfaces under complicated physical conditions of contact-separation

with force and friction; the potential difference will occur via the contact-separation action,
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leading to an electrical flow via the external load [47]. A V-TENG produces an electrical
flow with an open-circuit voltage (Voc) expressed by the following Equation (6) and a
short-circuit current governed by the following Equation (7) [93]:

ox(t)
Voc = (6)
€0
where
Voc is the open-circuit voltage.
o is the triboelectric charge density.
x is the distance between the two contact surfaces.
g9 is the vacuum permittivity.
So do dx
@)

Ise= = @t

where
Igc is the short-circuit current.
S is the contact surface area.
dy is the effective thickness coefficient.

TEG/TENG

Single- Free-standing In-plane vertical
electrode triboelectric sliding contacting-
layer separating

(a) i (b) ‘ (c) i
== |

_—‘ 'ﬁl & &

I Contact-separate in vertical direction o= Positive electrical signal

4==) (Contact-separate in sliding direction == Negative electrical signal

- Resistance - Electrode _ [0 | Triboelectric materials

Figure 1. The four working modes of TENGs. (a) A single-electrode TENG and its working mech-
anism. (b) A free-standing triboelectric layer TENG and its working mechanism. (c¢) An in-plane
sliding mode TENG and its working mechanism. (d) A vertical contacting—separating mode TENG
and its mechanical working mechanism.
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In summary, the working mechanism of TENGs is based on the contact and friction
between two triboelectric materials, resulting in the generation of electric current. TENGs
have a simple structure that relies on the pairing of triboelectric materials, such as metal
and polymer materials. With these working mechanisms, TENGs are capable of effectively
harnessing a wide range of wasted mechanical energy resources, from minor triggers to
substantial impacts. For instance, TENGs operating in the contacting—separating mode
have been developed to collect energy from sound waves, yielding a peak current of
0.45 mA and a charging rate of 61 uC/s within the frequency range of 50 Hz—425 Hz [94].
Moreover, TENGs employing the contacting—separating mechanism can serve as power
sources, delivering a peak power density of approximately 7 W/m?, a short-circuit current
of 175 pA, and a short-circuit voltage of 400 V, harnessed from acoustic energy sources
with a pressure level of 115 dB and a frequency of 170 Hz [95]. Furthermore, TENGs
based on the contacting—separating mode can generate electric power with a peak power
density of about 5.07 W/ m?2, a short-circuit current density of about 16.9 mA/ m?2, and a
short-circuit voltage of about 1080 V, by utilizing the pressure characteristics of vehicle
motion ranging from 1.25 to 6.25 kPa [96]. Additionally, TENGs designed with a single-
electrode mode can convert eye motion into electricity, yielding approximately 750 mV,
suitable for self-powered communication systems [97]. TENGs can also be constructed
in a free-standing mode to convert ocean wave energy into electricity, with impressive
electrical characteristics, including a maximum power density of 28.2 W/m?3 [98]. Lastly,
TENGs based on the in-plane sliding mode have the capability to generate direct current
with electrical characteristics of 270 pA/m?2 and 80 V [99].

Figure 2 depicts a detailed working mechanism diagram of a typical TENG operating
in the vertical contacting-separating mode. This illustration serves to elucidate the electrical
production mechanism employed by TENG devices. The electrical production can be
addressed in the electrostatic charge procedure. In the initial position, triboelectric materials
are in a balanced condition without any electron transfer in the dielectric materials, as
shown in Figure 2a. When the two triboelectric material surfaces come into contact with
each other, the tribo-negative material receives electrons donated by the tribo-positive
material due to the physical phenomenon of the triboelectric effect, as shown in Figure 2b.
The separating phase induces an electric current through an output load as shown in
Figure 2c. The electrons will form the next potential balance condition as shown in Figure 2d.
The imbalance condition occurs when pressing the TENG again and induces an electric
current, moving via an external load as shown in Figure 2e. As a result, the repeated cycle
of contact and separation of the two triboelectric materials produces an alternative current
(AC) flow by an output load.
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(a)

Initial position

Contacting Separating

1

g dp g gp 5 I « gh gp e gh 5p I
(e e --- .

(e) S (d) (—

Pressing Total separating
Tribopositive material gk Positive electrical signal
Tribonegative material m=  Negative electrical signal
Electrode B Resistance

Figure 2. The detailed working mechanism diagram of a common TENG working in the vertical
contacting—separating mode: (a) initial position condition without electricity induced in the dielectric
materials; (b) the contacting stage in which the tribo-negative material receives electrons via donation
from the tribo-positive material; (c) the separating stage that produces an electric current through an
output load; (d) the total separating state that forms the next potential balanced condition; (e) the
pressing state that induces an electric current, moving via an external load.

2.2. Triboelectric Materials

Triboelectric materials are very important in the production process of electricity
during the working cycle of TENGs via the triboelectric effects of a tribo-material couple.
Dielectric materials are available in nature from a diverse range of sources, including
metals, polymers, organic materials, and inorganic materials. Advanced tribo-materials are
easy to find, low cost, environmentally friendly, and have simple fabrication characteristics.
They can sustainably work in nature to harvest mechanical energy converted into electrical
energy from renewable sources. In particular, these materials can act enduringly under
friction conditions and even in severe environments. Thus, advanced tribo-materials with
triboelectric characteristics have been attracting many researchers to develop more and
more TENG models to harvest huge amounts of energy from nature. Electricity generation
via TENGs can be achieved by contact-separation or sliding modes between the two
triboelectric surfaces. The electrical charge density depends on the physical properties of
the triboelectric material couple during the working cycle of the TENG. Figure 3 shows the
triboelectric series with the electron acceptor and donor characteristics of tribo-materials.
The figure shows the strong electrification behavior of tribo-materials in the triboelectric
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series; tribo-materials will receive or donate electrons from or to each other [38]. The
triboelectric series reveals that many materials in our living environment can be used in
TENG:S, for example, TENGs from PTFE film and aluminum to harvest ocean energy [100],
triboelectric generator devices constructed of microneedle PDMS and aluminum to harvest
mechanical energy into electricity [47], TENGs fabricated by ZnO nanorods and Si micro-
pillar arrays to transform wasted energy into electricity [101], and TENGs from porous
Na,COj3; material and polydimethylsiloxane film for moving sensors [102].

Positive | Polyamide 11 Polyester
Polyamide 6-6 Polyuretane flexible sponge
Melanimel formol | | Polychlorobutadiene
Wool ,O | Nature rubber
Silk s Polybisphenol carbonate
Aluminum "2 | Polychloroether
Paper .9 Polystyrene
Cotton i Polyethylene
Steel 8 Polypropylene
Wood ) Polyimide
Hard rubber _8 Polyvinyl chloride
Nickel ‘T | Polydimethylsiloxane
= | (PDMS)
Brass Polytetraflouroethylene ,
Silver Polytetraflouroethylene Negalive

Figure 3. The triboelectric series with the positive and negative characteristics of the tribo-materials.

Besides the working mechanism, triboelectric material couples are very important
in producing electrical power via their triboelectric effect by way of donor or acceptor
electron particles. Metals are normally selected as the donor because of the improved
electrostatic induction ability of metals such as copper and aluminum. Polymers are
generally chosen to receive electrons in TENG harvesters because of the triboelectric effect
of negative triboelectric materials like polymers, wood, fiber, paper, and composites [34,103].
When negative triboelectric materials are coupled with positive triboelectric materials, they
form a triboelectric nanogenerator capable of harnessing substantial wasted mechanical
energy and converting it into electricity for practical applications. These applications
include TENGs made with aluminum and Kapton materials, which achieved an output
performance of a short-circuit current of 2.8 pA and an open-circuit voltage of 40 V at
a working frequency of 4 Hz [104]. Additionally, TENGs made with aluminum and
polytetrafluoroethylene (PTFE) result in electric characteristics featuring a maximum open-
circuit voltage of 130 V, a maximum short-circuit current of 6.6 A, and a peak power output
of 350 uW [105]. Furthermore, the development of a TENG utilizing copper particles and
polytetrafluoroethylene generated an output power profile with a peak current density
of about 41.4 mAm~—3 [106]. Lastly, introducing a bimetallic hydroxide composed of
nickel /copper and polytetrafluoroethylene induced electric power generation with a peak
power density of about 1.3 mW /cm?, a short-circuit current of 36.15 pA, and an open-circuit
voltage of 328 V [107].

Researchers continue to seek new tribo-materials to expand the capability of harvesting
wasted energy for practical applications. For instance, the combination of two triboelectric
polymer films, nylon and polytetrafluoroethylene, was used to construct a TENG that
exhibited impressive power characteristics, including a power density of about 5.3 Wm ™2,
an open-circuit voltage of 1300 V, and a short-current density of about 4.1 mAm 2 [72].
Additionally, an msw-TENG was built using liquid metal as the positive tribo-material
and silicon as the negative tribo-material, producing a power output of 15 uW, suitable
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for self-powered biomedical sensors [72]. Furthermore, a TENG was constructed using
cellulose/nylon-PDMS/silver, resulting in an output performance featuring a power output
of 352 uW, a peak open-circuit voltage of 170 V, and a short-circuit current of 0.8 A, making
it applicable for biomechanical monitoring and energy harvesting [108].

2.3. Tribo-Surface Structure

In addition to triboelectric materials, the tribo-surface structure stands out as one of
the most critical factors for enhancing the output performance of TENGs. Researchers are
consistently drawn to the triboelectric surface as they seek solutions to improve TENG per-
formance. The morphology of the tribo-surface exhibits potent triboelectric characteristics
through its structure, pattern, and surface densities, all of which contribute to enhancing
the triboelectric effect when two tribo-materials come into contact during their working
cycle. Microstructure or nanostructure patterns in particular demonstrate a significant
contribution to increasing TENG output performance by effectively increasing the friction
and contact area during the interaction of the tribo-surfaces.

Many research groups are focused on improving the performance of TENGs by em-
ploying novel or specialized structures. These include using a microneedle structure
made of PDMS material to enhance electricity generation [47], utilizing nanocomposites
of polyester/Ag nanowires/graphene for TENGs [109], incorporating a graphene sheet
with PDMS material to enhance the power output of TENGs [110], designing an arch-
shaped TENG with micro-pyramid PDMS material to convert mechanical energy into
electricity [111], utilizing a nanofiber with an electrospun ion gel for TENGs to boost
output power [112], employing a micropattern fluoropolymer TENG made of polyperflu-
orodecyl methacrylate (FDMA) to generate electrical characteristics such as a voltage of
68 1V and a current of 6.68 A [113], producing a TENG with a textile structure of PTFE to
harvest energy from all sliding directions [114], creating a hydrophobic sponge structure
for TENGs to produce sustainable energy with an output performance of 0.1 mA /cm?
in current density [115], constructing a fabric-structured TENG to achieve a maximum
output performance of 3.2 W/m? measured in power density [116], utilizing a textile struc-
ture for TENGs to achieve a maximum power density of 38.8 mW /m? [117], designing
TENGs with micro/nanostructures to achieve an output performance of 25.1 V measured
in open-circuit voltage [118], fabricating a polypropylene nanowire array structure for
TENGs to produce an output performance of 19 mA /m? measured in short-circuit current
density [119], introducing a wrinkle structure for TENGs to generate a maximum current
output of about 182 pA [120], and using a polydimethylsiloxane film with carbon nanotubes
on the surface for TENGs to harvest a power output of 60 mA m~2 by current density
unit [121]. Table 1 showcases some outstanding results achieved through the application
of tribo-materials and tribo-surface structures in TENGs. The table illustrates that these
TENGs were constructed using a triboelectric material couple of a metal and a polymer to
induce electrification, and they employ surface structures on the tribo-surface to enhance
the output performance, achieving hundreds of volts in open-circuit voltage for various
applications.

In summary, the tribo-surface structure plays a pivotal role in enhancing the output
performance of TENGs. For instance, introducing a hierarchical fabric material with a fiber
surface enhances the TENG's output performance, yielding an electrical characteristic of
3.2 Wm~2 [116]. Similarly, achieving a high output performance, such as a 19 mAm?2
short-circuit current and a 1900 V maximum open-circuit voltage, is possible by using a
TENG with a nanowire array on a polypropylene (PP) tribo-surface [119]. Furthermore, a
TENG with a PDMS micro-pyramid structure resulted in an enhanced output performance,
characterized by a power density of about 802.3 mWm ™2, a short-circuit current of 9.5 pA,
and an open-circuit voltage of 275 V [122]. Additionally, a TENG with a PDMS micro-
patterned structure and a nanosheet of graphene oxide yielded good electrical features,
including approximately 630 V, a power density of 3 Wm 2, and a current density of
about 2.1 mAm 2 [123]. However, there are several limitations associated with applying
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tribo-surface enhancements to TENGs, particularly concerning fabrication technology and
materials. These challenges include the use of very expensive gold film with a crumpled
structure for TENGs to achieve an output performance featuring a peak current of 10.13 pA,
a peak voltage of 124.6 V, and a peak power density of about 0.22 mWcm 2 [124]. Addition-
ally, the costly lithography technique is employed to create micropyramid structures using
a silicon mold master to improve the output performance of TENGs [125]. In response
to these challenges, researchers in the field of TENG technology have sought solutions to
overcome the disadvantages and enhance the output performance, expand applications,
and facilitate energy harvesting for various routine purposes. These efforts include using
a natural leaf to mold the PDMS pattern for TENGs, resulting in an output performance
of about 45 mWm 2 [126], employing a cost-effective cellulose material for sustainable
TENGs [127]; and exploring low-cost biodegradable materials for TENG applications [128].

Table 1. Output performance characteristics of some outstanding TENGs.

Tribo-Materials Surface Structure Output Performance Ref.
Open-Circuit Short-Circuit Current Power
Voltage (Vo) Current (Isc) Density Density
PDMS/ Al Microneedle 102.8 V 43.1 pA 1.5 uA/cm? [47]
Polyester/Silver/graphene Nanowire - - - 7 nW/cm? [109]
Copper/PDMS/graphene Graphene - - - 4.8 W/m? [110]
Al/PDMS Micro-pyramid 2V 9 uA 1.13 uA /cm? [111]
Al fl I:ﬁgfti(l’;f;’glgd Nanofiber 45V - 49 pA/cm? [112]
Al/PFDMA/AL/PET diamond-like carbon 68V 6.68 LA [129]
PTFE/Nylon/Ag Textile 629V [114]
Al/PDMS Hlydrophobic sponge 0.1 mA/cm? [115]
Polyvinylidene/Fabric carbon nanotube 125V 3.2 W/m? [116]
Nylon fabric/PVC Textile structure 136 V 2.68 LA 38.8 mW/m? [117]
Au/polytetrafluoroethylene Micro/nano structure 251V 7.3 A - - [118]
(PTEE)
Al/PP nanowire array 1900V - 19 mA /m? - [119]
Aluminum/PDMS Wrinkle structure - 182 A - [120]
Aluminum /PDMS carbon nanotubes - - 60 mA /m? - [121]

3. Energy Storage

Energy storage (ES) is one of the most important applications of a TENG, for storing
redundant or unused energy harvested from the TENG sources for long-term usage. The
ES stage is also an effective method to keep electric consumption devices working in
sustainable conditions under a fluctuating current. The ES is shown as a good way to
stabilize the output performance of the TENG [130]. ES involves effective techniques to
power small devices that use electricity output from the TENG [131]. There are many
research groups that are focused on energy storage technology and methods for TENGs,
such as developing theories and techniques to manage energy storage from TENGs [132],
constructing an energy storage system to store output energy of TENGs and make a
sustainable power source for a temperature sensor [133], optimizing the charging system of
the TENG to obtain efficient energy storage [134], developing a sustainable and renewable
system for the TENG for energy storage [135], using a robust TENG with a nanoarray
structure to store energy [136], and designing an energy storage system to store electrical
energy from the TENG with a rigid—flexible design [137]. Figure 4 shows a proposed energy
storage system to store the harvested energy from a TENG. Figure 4a shows the TENG
sources used to convert wasted mechanical energy. Figure 4b shows the processing unit
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used to process electrical signals into the desired output. The processing unit (PU) can be a
power management circuit made of a rectifier bridge, an LTC-3588 linear technology chip,
or a combination of a rectifier bridge and the LTC-3588 to control the balancing value of
the output voltage of the TENG as it stores electricity in an energy storage medium [137].
A PU can be also applied by using a capacitor, a rectifier bridge, and inductors to form a
special power management circuit to enhance the energy storage efficiency of a TENG [138].
Another example of a PU is a passive power management circuit consisting of one diode,
one inductor, and a capacitor to enhance the energy storage performance of the TENG [131].
Figure 4c shows an energy storage unit used to manage and store energy from a TENG.
The energy storage unit can be a capacitor or a battery used to store electricity produced
from the TENG [132]. An all-solid-state Na-ion battery can be used to store energy from the
TENG with a stable power output capacity [52]. A Li-ion battery is also a good choice for a
flexible charging unit [139]. Following this, the TENG devices harvest renewable energy
from nature for storage applications. The processing medium is a power management
circuit used to control the electrical current and to direct the output power of the TENG
into the storage devices. An example of a processing medium is a rectifier bridge used to
effectively change alternating current into direct current before powering into capacity or
storage devices. The energy storage equipment is now diverse from capacity to battery.
The energy storage unit can store energy for long-term use or directly manage the current
from the TENG into an electronic device for safe working conditions, evading fluctuating
current through the power consumption devices.

@ (b) ©
g TENG & Processing
£ sources if medium Energy storage

Figure 4. An energy storage system to store harvested energy from the TENG. (a) The TENG sources
used to harvest wasted mechanical energy. (b) A processing unit is used to process the electrical
signals into the desired output performance. (c) An energy storage unit is used to manage and store
energy from the TENG.

TENGs have many advantages to perform the duty of energy storage such as porta-
bility, sustainable charging, self-charging of the energy storage system [60], flexible charg-
ing [140], and wearable self-charging features [141]. However, TENGs encounter certain
limitations during the energy storage process, including issues such as self-discharge
problems and leakage currents, which contribute to the loss of stored energy in the ca-
pacitor [142]. Recent technological advancements have been developed to address the
drawbacks associated with self-discharge issues. These include the development of sup-
pression techniques aimed at eliminating the problem of self-discharge when charging
energy into storage media from the TENG [143,144].

Energy storage can be evaluated via the capacitor charging ability of the TENG. Table 2
shows some successful examples of energy storage from the charging ability of the TENGs.
The table shows that the MN-PDMS TENG has an excellent charging ability, with charging
characteristics of a charging voltage of 2.1 V in the charging time of about 0.56 s [47]. The
table shows other charging voltages of different TENGs that are higher than that of the
MN-PDMS TENG, but they require longer charging times, for example, a charging voltage
of 3 V during the charging time of 117 min (3 V-117 min couple) that is exhibited by a
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TENG of PTFE/PDMS with a nanoparticle structure [140], a 1.5 V-1.36 h couple is exhibited
by a TENG of PPy /PTFE with a micro/nanostructure [145], a 3 V-9 s couple is exhibited
by a TENG of Al/FEP with a micro/nanostructure [146], a 3 V-320 s couple is exhibited
by a TENG of Al/PTFE materials [147], a 2.2 V-1 min couple is exhibited by a TENG of
Nylon/PTFE with a nanostructure [148], and a 2.5 V=35 s couple is exhibited by a TENG of
Al/PTFE with a nanostructure [105].

Table 2. Some examples of energy storage from the charging ability of the TENGs.

Tribo-Materials Surface Structure Output Performance Refs.
Charging Time Charging Voltage Ene;/}geyditlcl)ll;age

PDMS/ Al Microneedle 0.56s 21V Capacitor [47]
PTFE/PDMS Nanoparticles 117 min 3V Micro-supercapacitor [140]
PPy/PTFE Micro/nanostructure 1.36h 15V Supercapacitor [145]
PET/PDMS Wrinkle structure 3h 900 mV Capacitor [149]
Al/FEP Micro/nanostructure 9s 3V Capacitor [146]
Cu/PTFE - 9N0s 1.2V Capacitor [150]
Al/PTFE - 320s 3V Capacitor [147]
Nylon/PTFE Nanostructure 1 min 22V Capacitor [148]
Al/PTFE - 38s 1.09V Capacitor [151]
Al/PTFE Nanostructure 35s 25V Capacitor [105]
Al/PTFE Nanostructure 20s 0.39V Capacitor [152]

4. TENG Energy Collecting System

Figure 5 shows a proposed TENG energy collecting system (TENG-ECS) with the
core unit of the TENG used to produce electricity from all daily mechanical activities. The
figure shows the energy flow moving from raw mechanical energy to electrical energy for
its applications. The energy collecting system includes basic components arranged in a
logical diagram to harvest wasted mechanical energy. Figure 5a shows the mechanical
energy sources that are the input energy for the energy converter, with many types of
activities such as walking, motion, vibrations, waves, and wind. Figure 5b shows a TENG
harvester that changes mechanical energy into electrical energy, with four types of working
modes including single-electrode, free-standing triboelectric layer, in-plane sliding, and
vertical contacting-separating modes. Figure 5c shows the power management block with
the duty of directing the electricity produced from the TENG into the desired electrical
source for further applications, such as changing alternating current into direct current
to charge the capacitor or for loads using direct current, inverting the alternating current
into an alternating current for use in the power grid or for electrical applications using
an alternating current, and boosting the output voltage of the TENG by using a voltage
boosting circuit. Figure 5d shows the power grid block with the duty of connecting the
electricity from the TENGs to the power grids for further applications or transporting the
TENG electricity over long distances. Figure 5e shows the load block that enables TENG
electricity use in devices such as portable electronics, sensors, diodes, and so on. Figure 5f
shows the storage block with the duty of storing the electrical energy generated from the
TENG for long-term use. The energy collecting system is a harvesting—processing—storage—
consumption energy system that was constructed for TENG harvesting energy systems and
other energy collecting systems such as solar, hydropower, geothermal energy, biomass,
wind power, and marine energy systems. The system was derived from input energy
resources like motion, wind, water waves, vibration, and oscillation. These energy sources
are changed into electricity by a TENG device. Subsequently, the power management
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unit is used to control and manage the current electrical consumption demand of the
designer. The targets of the harvested energy are very diverse, including loads that use the
current from the TENG, storage units used to store energy for long-term use or prevent
the electrical current from fluctuating in electronic devices, and powering a power grid to
transfer electricity to remote areas.

(d)
Power
grids
(a) (b) (c) (e)
Mechanical TENGs Power i o
energy management
6]
Storage

Figure 5. A TENG-based energy collecting system. (a) The mechanical energy sources that provide
input energy for the energy converter come from many types of activities such as walking, motion,
vibration, waves, and wind. (b) The TENG harvester changes energy from mechanical energy into
electrical energy with four types of working modes, including single-electrode, free-standing tribo-
electric layer, in-plane sliding, and vertical contacting—separating modes. (c) The power management
block has the duty of handling the current for electrical applications. (d) The power grid block has
the duty of connecting the electricity from the TENGs to the power grids for further applications
or supplying TENG electricity to distant areas. (e) The load block enabled the direct use of TENG
electricity such as in portable electronics, sensors, diodes, and so on. (f) The storage block has the
duty of storing electrical energy generated from the TENG for long-term use.

Sustainable and renewable energy conversion systems have garnered significant atten-
tion for their potential to incorporate TENGs, offering a host of outstanding characteristics
that contribute to the sustainable and renewable development of our society. These encom-
pass a wide array of applications, including the construction of a TENG-based self-powered
system designed to harvest wind and water energy for electronic devices and wind speed
sensors [153]. Additionally, there is a growing interest in building hybrid systems that
combine photovoltaic and TENG technologies to efficiently capture both solar and me-
chanical energy and convert it into electrical energy [154]. Furthermore, there are efforts
to fabricate active resonance TENG systems capable of collecting renewable wave energy
to power the Internet of Things (IoT) in marine environments [155]. Moreover, there is
ongoing work in constructing flexible corrugated TENG-based intelligent systems tailored
for human-centric applications [156]. Initiatives to create TENG-based ocean energy con-
version systems have gained traction, with the aim of harnessing the vast potential of ocean
energy and transforming it into electricity [157]. The development of sustainable TENGs
for self-powered wind sensor systems, enabling the detection of natural wind speed and
direction, is also advancing [158]. Additionally, TENG-based self-powered electrochemical
systems are being explored for various sustainable practical applications [159]. In parallel,
efforts are underway to construct sustainable and renewable TENG-based self-powered
multifunctional systems capable of efficiently converting mechanical energy into electrical
energy [160].

A TENG energy collecting system offers several advantages compared to electrical en-
ergy systems, including a green electric power system [17], the ability to collect energy from
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diverse sources regardless the time of day, a low-capital cost, a self-power collecting mech-
anism, eco-friendliness [161], and applicability to self-powered biomedical systems [162].
However, TENG energy collecting systems do face certain limitations concerning electricity
generation, energy storage, load driving, and integration into the power grid. These limita-
tions include discontinuous triggers resulting from input mechanical signals and relatively
low power performances [163].

There are many solutions to eliminate these limitations such as eliminating discon-
tinuous triggers by building a hybrid energy collecting system formed by TENGs and
electromagnetic and piezoelectric generators to collect many types of energy for electrical
systems such as remote monitors, Al, and networks of sensors [164]. Limitations can be
overcome by using large-scale power systems to boost power performance [165], construct-
ing hybrid collecting energy systems for TENGs and solar cells to enhance the energy
conversion efficiency even in rainy weather conditions [166], and developing systems of
power management models to obtain stable and flexible TENG-ECSs [167].

An AC/DC inverter is one of the best solutions to boost the output performance
of a TENG for applications needing high voltages, for example, an AC/DC converter
was built to increase the open-circuit voltage of a TENG to 2.5 kV via a multiple voltage
doubling circuit for micro plasma applications [168]; a power management circuit was
constructed based on an AC/DC inverter to boost the output, increasing the output voltage
up to twofold and the power output fourfold [169]; and an AC/DC voltage multiplier
circuit was developed for TENGs to produce a DC high voltage for driving micro plasma
sources [170]. Figure 6 shows the power management kit of a voltage-boosting circuit to
produce an AC boosting voltage in three steps: with an AC/DC converter, a DC/DC boost
converter, and a DC/AC inverter. The AC/DC converter changes the alternating current
produced by the TENG into a direct current. The DC/DC boost converter changes the
direct current produced by the AC/DC converter into a DC and increases it multiple times
via several electrical components such as diodes, inductors, switches, and capacitors. The
DC/AC inverter converts the direct current back to an alternating current which can later
be supplied to a power grid or electrical equipment. The proposed model uses a full-wave
rectifier with the feature of a smooth output waveform.

DC/DC

AC/DC DC/AC

Boost

Converter Inverter
Converter

Figure 6. The power management model of a voltage-boosting circuit with three types of transformers:
an AC/DC converter, a DC/DC boost converter, and a DC/AC inverter.

5. Applications

TENGsS typically consist of two fundamental advanced triboelectric materials, namely
a metal and a polymer, with special surface structures introduced on the polymer sur-
face to enhance the TENGs’ output performance. These surface structures encompass a
variety of designs, including nanostructures [40], pyramid patterns [171], microrod mor-
phologies [172], nanowires [173], textile structures [174], micro rhombic patterns [175],
microneedle structures [47], nanowrinkle patterns [176], porous structures [83], and hybrid
structures combining nanofibers and microspheres [177]. The applications of these power-
ful TENGs based on polymer materials and their structures span a wide range, including
energy storage, transportation applications, manufacturing, portable devices, sensors, ac-
cess points, monitoring devices, smart homes, power grids, lighting applications, electric
consumption equipment, and human healthcare applications. TENGs can directly power
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electricity-consuming devices or connect to them indirectly through additional equipment.
Figure 7 provides examples of TENG applications in lighting and charging. Figure 7a illus-
trates an electrical circuit connected to a TENG for charging, while Figure 7b demonstrates
an electric circuit powered by a TENG for lighting applications. The MN-PDMS TENG,
with an MN-TENG power output of 102.8 V open-circuit voltage and a short-circuit current
of 43.1 uA, can charge a voltage of 2.1 V into a capacitor and illuminate 53 diode bulbs
connected in series [47]. These practical examples showcase the successful application
of TENGs and can serve as models for other triboelectric nanogenerator devices. Energy
storage applications safeguard electricity-consuming equipment and store energy for fu-
ture use. Transportation applications encompass traffic engineering, charge transportation
behavior [178], self-powered sensors [179], and intelligent transportation systems [180].
Manufacturing applications promote green, renewable, and sustainable development in
areas such as sustainable wastewater treatment [181], powering electrospinning systems
to manufacture nanofibers [182], and monitoring the working conditions of robotics [183].
In the realm of portable devices, TENGs contribute to powering portable electronics [17],
serving as portable power supplies [184] and enhancing portable mobile applications [185].
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Figure 7. Some examples of TENGs in charging and lighting applications: (a) an electrical circuit
connected to a TENG for charging applications; (b) an electric circuit driven by a TENG for lighting

applications.

Sensors are ideal candidates for harnessing the power from TENGs due to their com-
pact size and minimal energy requirements. Sensors exhibit excellent characteristics when
powered by TENGs, leading to various practical applications such as TENGs for active
sensors [186], TENGs for wave sensors in maritime engineering [187], TENGs for flexi-
ble sliding sensors in IoT applications [188], tactile sensor systems powered by TENGs
to monitor pressure distribution [189], TENGs for flow sensors in automobile applica-
tions [190], self-powered sensors using TENGs for sports applications [191], and TENGs for
self-powered speed sensors in traffic applications [192]. Access point applications leverage
TENGs to provide power for the IoT infrastructure [193]. In industrial settings, device
monitoring is a highly effective application of TENGs, including the use of pressure sen-
sors powered by TENGs to monitor fluid status [194], employing TENGs as self-powered
sensors for monitoring machinery conditions [195], and utilizing TENGs to monitor flue
gas systems [196]. Furthermore, TENGs have the potential for numerous applications in
our daily lives, including smart homes [197], power grids [198], lighting applications [199],
electricity-consuming equipment [200], and human healthcare applications [201].
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The applications of TENGs have been incredibly diverse since their inception, span-
ning from lighting to industrial use, from on-shore to off-shore settings, and from self-
powered devices to power grid integration. TENGs have clearly demonstrated their
suitability for sustainable and renewable energy applications [202,203]. Figure 8 illustrates
the multitude of applications for TENGs, including biosystems, sensors, human healthcare,
monitoring systems, industrial applications, self-powered systems, environmental sensors,
smart homes, manufacturing systems, and therapeutic applications. TENGs find versatile
application in our daily lives, such as serving as self-powered sensors for artificial intelli-
gence applications like machine learning or IoT [204], contributing to the development of
sustainable ocean monitoring systems [205], monitoring marine environments through self-
powered TENG sensor systems [206], and supporting sensor applications in the chemical
and biological fields [207]. TENGs play a role in various applications, from soft robotics
with TENG sensors [208] to self-powered wind speed sensors [209], vibration sensors [210],
and gas sensors [211], as well as applications in rescue and protection [212] and industrial
monitoring systems [213]. They are also applied in therapeutic applications [214], smart fit-
ness systems [215], the loom weaving industry [216], cooling water monitoring in industrial
settings [217], medical electronic devices [218], precision medicine in cancer treatment [219],
human healthcare monitoring [220], biosystems [221], smart home applications [222], and
smart factories [223]. Additionally, TENGs contribute to smart grid applications [224].
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Figure 8. The numerous applications of TENGs, including biosystems, sensors, human healthcare,
monitoring systems, industrial applications, self-powered systems, environment sensors, smart
homes, manufacturing systems, and therapeutic applications.

TENG applications offer numerous outstanding advantages for sustainable energy
development. Examples include the development of a disk-shaped TENG based on nylon
and Kapton to generate sustainable output power for oil recycling work [14], the creation of
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a TENG as a sustainable power source for ocean monitoring systems [205], the introduction
of a TENG made from fluorinated ethylene propylene and copper electrodes with the ability
to sustainably harvest energy for chemical composition analyses [225], the utilization of
a sustainable energy harvester from a disk TENG for self-powered mechanical sensor
applications [226], and the use of a TENG with sustainable self-power for electrochemical
synthesis applications [227]. Additionally, sustainable TENGs have been fabricated using
cellulose materials [127], introduced into wearable electronics applications [228], developed
with Cam drivers for practical and industrial applications [229], employed as sustainable
power sources for biomedical microsystems [74], used for sustainable energy generation
with solid-liquid contact mechanisms in practical sensor applications [230], and created
with sustainable output currents using asymmetrical designs for electronic devices and
energy storage applications [231].

Triboelectric nanogenerators also possess characteristics suitable for renewable energy
conversion technology. Research groups have been actively involved in developing and ap-
plying TENGs for renewable energy applications, such as using a WI-TENG (a TENG-based
water tube design) to harvest renewable energy [232], harnessing renewable mechanical en-
ergy for green hydrogen production with TENGs [233], converting renewable energy from
the ocean through segmented TENG structures for self-powered marine applications [234],
fabricating TENGs to convert renewable cellulosic energy into electrical energy for self-
powered biodegradable applications [235], scavenging renewable mechanical energy for
smart sensors using TENGs constructed from polymethyl methacrylate and polyvinylidene
difluoride [236], developing robust TENGs to harvest renewable mechanical energy for
self-powered speedometer applications [237], and utilizing renewable-energy-harvesting
TENGs from ocean waves for self-powered pressure and load sensors [4].

6. Benefits, Challenges, and Solutions

TENGs are generally preferred in numerous energy harvesting devices for a wide
range of applications in our daily lives. They possess outstanding characteristics such
as low costs, flexibility, and the ability to harness energy from diverse wasted energy
sources [202,203]. However, TENGs also come with some disadvantages, including low
output performances and susceptibility to dust. Despite these limitations, TENGs have
garnered significant attention from research groups seeking to overcome these challenges
and improve their output performance for various energy harvesting applications [204].
The benefits of TENGs are extensive and include their sustainable energy harvesting ca-
pabilities from converting abundant wasted mechanical energy resources into electrical
energy [205] and their low capital cost [238], durability [239], suitability for self-powered
devices [240], robust structure [241], compact size for human healthcare applications [242],
sustainability for biomedical microsystems [74], flexibility [243], sensitivity in biochemical
sensor diagnostics [244], portability [245], lightweight design [246], eco-friendliness [247],
green energy conversion abilities [248], multifunctionality for self-powered sensors [249],
smart features [250], high material availability for fabrication, simple structure, and com-
patibility with a variety of trigger sources in nature [202,203]. Numerous research efforts
have focused on utilizing TENGs for self-powered sensing applications. Examples include
the development of a triboelectric nanogenerator for self-powered chemical sensors [251],
the construction of a ring-shaped vibration TENG for vibration sensors [252], the creation
of a sliding-mode TENG for self-powered security applications [253], the fabrication of a
3DWE-TENG for self-powered stretchable sensors, the construction of an SWE-TENG for
self-powered stretchable sensing [254], the development of self-powered humidity sensors
with structured surfaces (nanowire, nanoporous, nanotube, and monolayer) [255], the use
of a garment-integrated TENG for pressure sensors [256], the construction of hybrid TENGs
for self-powered sensors [257], self-powered humidity, and temperature sensors [258], the
utilization of a flexible TENG based on MXene/GO composites for self-powered health
monitoring [259], the construction of a C-TENG for self-powered strain sensors [260], and
the production of a hybrid TENG and a piezoelectric nanogenerator for self-powered wear-
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able sensors [261]. Numerous surveys have highlighted the advantages of TENGs, such as
their potential as a blue energy source [262], their role as a renewable energy resource [263],
their green energy source suitability with sustainable diagnostics for human healthcare
applications [244], their clean energy source attributes with small sizes [150], their abil-
ity to offer flexibility and smart applications through materials like MXene-TENG [264],
their use as a self-powered device for biomechanical energy harvesting and behavior sens-
ing [265], their suitability for portable and flexible wearable sensing and human healthcare
applications [266], their ability to provide flexible and self-charging power systems [267],
their capacity for stability and selectivity in self-powered and advanced chemical sensor
systems [268], their capability to enhance the energy conversion efficiency for powering
LEDs and various TENG applications [269], their proficiency as an effective power resource
for flexible pressure sensing and portable electronic equipment [270], their competence in
harvesting energy from low-frequency acoustic waves for capacitor charging [146], their
ability to sensitively detect physiological signals [146], their characteristics of sustainable
and efficient energy conversion with a light weight and low capital cost [146], their ability to
collect biomechanical energy for human motion and wearable applications [146], their capa-
bility to charge and store energy in capacitors or batteries [271], their outstanding features
including stability, portability, high energy harvesting efficiency, and compatibility with a
variety of materials [272], their specificity with a simple structure, stable electric generation,
and easy fabrication [245], their capacity to harvest wasted mechanical energy from various
sources such as wind, raindrops, sound, waves, and hybrid energy [273], their eco-friendly
nature [274], their high-quality renewable energy source status [275], their stretchability,
reliability, and safety in energy provision [276], their durability in harsh environments [277],
their biodegradability and sustainability in medical treatment applications [278], and their
bio-friendly characteristics and transparency features [279].

Challenges associated with triboelectric nanogenerators (TENGs) encompass several
aspects, including the attachment of dust and environmental particles to the surface of
triboelectric materials, discontinuous output signals resulting from intermittent input trig-
gers, the difficulty of enhancing the output performance of the TENGs [280], issues related
to low energy generation [263], technology immaturity and unreliable serviceability [221],
limitations in durability [281], secure and efficient power management problems [282], the
need to find practical applications [283], the difficulty of enhancement of the structure of
TENG to improve energy harvesting performance [80], challenges related to miniaturiza-
tion, stability, efficiency, and encapsulation [284], restrictions to low-power generation [285],
biosafety concerns when applying TENGs in biosensors [286], and environmental pollution
issues [287]. Many experimental studies have revealed the specific limitations of TENGs,
such as the impact of environmental factors like relative humidity and air pressure on
reducing TENG charge generation. For instance, it has been observed that TENG charge
power increases by approximately 20% as the humidity decreases from 90% to 10% [288].
Solutions to these challenges encompass a wide array of technologies, structures, methods,
techniques, mechanisms, and materials aimed at mitigating the limitations of TENGs. These
solutions include the use of well-designed structural devices to mitigate the attachment
of environmental dust and particles, the implementation of energy storage systems to
ensure a smoother output performance [289], the utilization of nanocomposite materials to
address the low output performance [290], the application of polymer materials to with-
stand environmental hazards such as sunlight, waves, and wind [157], the construction
of hybrid energy harvesting device models and material optimization to enhance TENG
energy harvesting [291], the incorporation of smart textile materials to improve the energy
harvesting efficiency [292], the use of cellulose materials to enhance output performance
and environmental friendliness [127], the design of advanced structures to boost TENG
output performance [293], the incorporation of hybrid TENG and piezoelectric elements
to increase the electrical output performance [294-296], the introduction of friction layers,
biocompatible materials, and electrode layers to address biosafety concerns [286], and the
use of degradable eco-friendly materials to address environmental issues [287]. Additional
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solutions are under development to overcome TENG deficiencies, with a focus on designing
and packaging TENGs to mitigate the effects of relative humidity and air pressure on the
output performance. Some efforts are also directed towards adapting low-power TENGs
for applications with a low energy consumption, such as in sensing and Internet of Things
devices, to bridge the gap in TENG output performance [297]. Moreover, solid-liquid
tribo-interfaces are being explored to mitigate surface wear issues experienced by TENGs
during operation [298]. One promising solution involves the use of recyclable polymers for
TENG production. A production project roadmap using recycled polymer materials from
PET bottles in Singapore and India, for instance, has the potential to produce small-scale
TENG devices for the populations of both countries [299].

7. Conclusions

Triboelectric nanogenerators (TENGs) hold immense potential for sustainable and re-
newable energy-harvesting devices, offering several advantages including reductions in gas
emissions, environmental protection, and improvements to human health. This innovative
technology is capable of harnessing wasted mechanical energy from various sources such
as motion, waves, wind, and vibrations, converting it into electrical energy. TENG devices
operate based on the cyclic principle of contact and separation between tribo-material
pairs. They find applications in a wide range of practical scenarios, including portable
power sources, self-powered sensors, electricity-consuming equipment, manufacturing
systems, and industrial processes. TENGs are capable of producing electrical power with
hundreds of volts and hundreds of microamps, and have the ability to illuminate numerous
LEDs. Moreover, TENGs can be adapted to generate power in the range of kilovolts for
practical applications. This paper provides an overview of current TENG technologies,
highlighting their sustainable and renewable energy generation principles, which enable
the production of electricity from otherwise wasted mechanical energy sources. The mecha-
nisms and energy conversion principles of TENGs are explained for how to enhance the
output performance of the TENGs. Four working mechanisms of TENGs are theoretically
described, including the single-electrode model, the free-standing triboelectric layer model,
the in-plane sliding model, and the vertical contacting—separating model. Various surface
structures, such as nanowires, microneedles, graphene morphology, nanofibers, micropy-
ramids, diamond-like carbon structures, textile patterns, carbon nanotubes, hydrophobic
sponge structures, hybrid micro-nano structures, wrinkle structures, and nanowire arrays,
are employed to enhance the output performance of TENGs. Energy storage systems are
essential for stabilizing the operation of electricity-consuming equipment and enabling
long-term energy storage, remote energy supply, and power supply to portable devices.
Energy harvesting systems are employed to manage and control the harvested energy
from TENGs for use in electrical equipment, power grids, and energy storage applications.
Sustainable and renewable energy development represents a crucial application of TENGs,
offering benefits such as environmental conservation, improved human health, reduced
greenhouse gas emissions, and support for sustainable development across various sectors
worldwide. Current TENG technologies leverage their renewable and sustainable energy
generation principles to extract power from wasted mechanical energy resources, enhance
output powers through surface structuring, employ energy storage systems to stabilize
electrical output, and implement energy harvesting systems for efficient energy utilization.
Voltage-boosting circuits are employed to increase the TENG output performance when
a high-voltage power is required. Energy storage plays a pivotal role in storing TENG-
generated energy for future use, ensuring stable power output and mitigating fluctuations
during electricity generation. Energy harvesting systems are crucial for maintaining the
sustainability of energy systems, with effective structures for collecting wasted energy, in-
cluding harvesting blocks, processing units, energy storage components, and consumption
systems. The applications of renewable and sustainable energy are vast, encompassing
energy storage, lighting, transportation, smart homes, sensors, power grids, manufactur-
ing, access points, portable devices, human healthcare, monitoring devices, and electrical
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consumption equipment. Notably, this paper addresses the advantages, challenges, and
solutions associated with TENG technology, highlighting their benefits of sustainability,
flexibility, cost-effectiveness, and the ability to tap into diverse energy sources. It also
acknowledges the drawbacks regarding their low resistance to dust and low output perfor-
mance and outlines solutions to overcome these limitations. These solutions include the
development of technologies to harness more wasted energy, the application of surface
structures to enhance the output performance, the improvement of methods, mechanisms,
techniques, and materials to improve the output performance, and the utilization of energy
storage methods to ensure a stable power output. The results presented herein offer hope
that TENG technologies will see widespread application in sustainable energy generation,
renewable energy production, industry, and human well-being in the near future.
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Abbreviations

Symbol and Definition

Acronym

Gt Gigaton

TREC Total renewable energy capacity
GW Gigawatt

TENG Triboelectric nanogenerator

ES Energy storage

ECS Energy collecting system

IoT Internet of Things

S-TENG Single-electrode TENG

F-TENG Free-standing triboelectric layer
I-TENG In-plane sliding TENG

V-TENG Vertical contact-separation mode TENG
Voc Open-circuit voltage

o Triboelectric charge density

d Distance between the two contact surfaces
€0 Vacuum permittivity

ZnO Zinc oxide

Si Silicon

Nay,CO3 Sodium carbonate

PDMS Polydimethylsioxane

Ag Silver

mA cm~2 Milliampere per square centimeter

W/m? Watt per square meter
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mW/m? Milliwatt per square meter

\Y Voltage

LA Microampere

Isc Short-circuit current

nA Nanoampere

AC Alternating current

DC Direct current

MN Microneedle

PTFE Polytetrafluoroethylene

FDMA Poly-perfluorodecyl methacrylate
LIG Laser-induced graphene

s Second

h Hour

min Minute

PET Polyethylene terephthalate

FEP Fluorinated ethylene propylene
Al Artificial intelligence
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