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Abstract: There is an increasing need for structural flexibility in self-powered wearable electronics
and other Internet of Things (IoT), where adaptable triboelectric nanogenerators (TENGs) play a
key role in realizing the true potential of IoT by endowing the latter with self-sustainability. Thus,
in this review, the topic was restricted to the adaptive design of TENGs with structural flexibility
that aims to promote the sustainable operation of various smart electronics. This review begins
with an emphatical discussion of the concept of flexible electronics and TENGs, and continues
with the introduction of TENG-based self-powered intelligent systems while placing the emphasis
on self-powered flexible intelligent devices. Self-powered healthcare sensors, e-skins, and other
intelligent wearable electronics with enhanced intelligence and efficiency in practical applications
due to the integration with TENGs are illustrated, along with an emphasis on the design strategy of
structural flexibility of TENGs and the associated integration schemes. This review aims to cover
recent achievements in the field of self-powered systems, and provides information on how flexibility
or adaptability in TENGs can be adopted, their types, and why they are required in promoting
advanced IoT applications with sustainability and intelligence algorithms.

Keywords: wearable electronics; TENG; self-powered system; IoT application

1. Introduction

Recently, flexible electronics have been attracting tremendous attention because of
their merits, such as high compatibility, conformal contact with human skin, and easy
integration on diverse IoT platforms. However, toward the rich application scenarios, for
instance, personalized medicine [1,2], chemical sensors [3], personal motion monitoring [4],
personalized electronic device customization [5], and so on, the true potential of IoT can
only be realized if they are made self-sustainable, either by reducing the power consumption
of the IoT through ultra-low-power-consumption circuits and low-voltage operation, or
combining them with energy-harvesting technologies and making more energy available,
or in most cases, hand in hand [6–8]. Meanwhile, as an emerging and ever-growing
technological field, another challenging issue is to make flexible electronic materials as well
as integrated power sources both durable and powerful in strained states, especially for
applications such as skin-like electronics, implantable biodegradable devices [9–11], and
bioinspired soft robotics [12–16]. Highly stretchable and biocompatible energy technologies
will greatly boost the development of next-generation intelligent lifelike electronics [17,18].

Wang and his team reported in Science in 2001 that ZnO semiconductor material tape
was synthesized for the first time. Then, using the piezoelectric and semiconductor prop-
erties of ZnO, a piezoelectric nanogenerator (PENG) with small volume and wide energy
collection range was invented in 2006. Later, in order to further develop nanogenerators,
improve energy collection range, and expand application scenarios of nanogenerators,
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Wang and his team proposed the triboelectric nanogenerator (TENG) in 2012. Since it was
invented by Wang and his colleagues, the TENG has been proven as both a promising
energy-converting technology for collecting mechanical energy from the ambient envi-
ronment and a highly sensitive sensor for dynamic force detection [19–21]. Because of
the extensibility, portability, low cost, and high compatibility, the TENG is finding wide
applications in various self-powered systems, ranging from integrated displays to wearable
real-time healthcare electronics [22]. Especially, with the advantage of great customizability,
affordability, and portability, self-powered systems based on TENGs with high structural
flexibility are growing in popularity for various applications. Scientists are now exploring
the greater design options for surprising new purposes and improving old devices with
the key design considerations in terms of energy-conversion efficiency, dynamic detection
sensitivity, and operation sustainability, and searching for more universal strategies for
engineering stretchable TENGs regardless of the material [23–25].

Considering the importance of adaptive structural design for fast progress in TENG-
based self-powered systems, this paper reflects the latest research trends and presents
efforts in the structural design of flexible TENGs and aims to improve and maintain the
performance of self-powered electronics in various application scenarios. We explain, in
turn, the geometric and structural designs introduced to achieve (a) high-performance
energy conversion, (b) high sensitivity toward desired mechanical stimuli, (c) reliable
output in harsh environments, and (d) multifunction of reliable and flexible electronics.
Finally, a perspective on reliable and flexible self-powered electronic devices that are
developed based on TENGs is also presented for suggesting next-generation research
(Figure 1).
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2. Recent Progress in Structural Design for Self-Powered Systems
2.1. Working Principle of TENG

In principle, TENGs scavenge mechanical energy and transform it into alternating
current based on coupled triboelectric effect and electrostatic induction. For the triboelectric
effect, because different atomic nuclei have different binding capacities for extranuclear
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electrons, when two objects rub against each other, atoms with weak binding capacity for
extranuclear electrons will lose electrons, while electrons with strong binding capacity
for extranuclear electrons will gain electrons [22]. Currently, TENGs can operate under
various working modes, for example, vertical contact separation mode [26], lateral sliding
mode [27], single-electrode mode [28], and freestanding triboelectric layer mode [29]
(Figure 2). Among them, the vertical contact separation mode is the most basic one,
where triboelectric layers are generally made of two different triboelectric materials and
stacked side by side, and their respective backs are attached with current collectors. When
triboelectric layers are in contact, the same number of charges with opposite signs are
formed on the contact surface. When the triboelectric layers are separated from each other,
an air gap is formed in the center, and a prompted potential difference is shaped between
the two electrodes. A current is then generated at the load between the two electrodes.
When the triboelectric layers are close to each other, the potential contrast shaped by the
triboelectric charge vanishes, and the electrons return. The flat sliding mode is similar
to the upward vertical contact separation mode. The relative displacement between the
triboelectric layers becomes the horizontal direction and then slides periodically to produce
an alternating output. The single-electrode mode uses the Earth as an electrode, which can
freely collect mechanical energy and is now widely used. In the independent layer mode,
two detached electrodes are joined to the rear of the dielectric layer. At the point when the
charged item reciprocates between the two electrodes, the potential difference between the
two terminals changes and afterward drives electrons to stream between the two electrodes
by the outer circuit [30].
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Theoretically, the triboelectrification effect occurs when two materials with different
triboelectric polarities touch, where electrons flow from the triboelectric positive surface
to the negative one. When they are separated, a dipole moment arises to drive electrons
through the external load, and the TENG acts as a charge pump, allowing current to flow
back and forth between the electrodes in the form of alternating current [31], thus enabling
a wide selection of electrode materials, including materials with high flexibility. It means
that the structure of the TENG can develop as indicated by the required performance when
there is a change from the already established state, and the primary adaptability of the
TENG can even be developed as elastic and intelligent and may influence the operating
mode of existing wearable electronics and the possible design of newly proposed self-
powered devices.



Micromachines 2022, 13, 1586 4 of 28

2.2. Structural Flexibility for High-Performance Energy Conversion

As mentioned above, the TENG is now considered as a new energy-harvesting tech-
nology and can collect energy from the ambient environment on the basis of coupled
triboelectrification effect and electrostatic induction [32]. However, to continually and
stably power various electronic devices, TENGs must be cost-effective and sustainable
while offering features such as lightweight, small size, and high efficiency, even at low
frequencies [33,34].

2.2.1. Design of Rich Energy Collection Channels

To improve its output power, Wang’s team developed a new TENG in view of a
conductive elastic sponge (ES-TENG) [35]. This particular structure has a great level of
flexibility, and the adaptive deformation of the sponge allows it to collect kinetic energy of
tumbling movements of different amplitudes from different flexible article surfaces, thus
effectively improving the efficiency of energy harvesting (Figure 3a,b). Later, to enrich the
application scenarios of e-textiles, Cao et al. reported a flexible and stretchable (Figure 3c)
all-textile TENG that can collect energy from human movement, wind, and air noise [36].
The textile device is composed of three layers, one layer of silk fabric (positive electrode),
one layer of conductive material (second electrode), and one layer of elastic conductive
fabric woven from silicon-coated yarn (negative electrode and an electrode) (Figure 3d).
The maximum power density of the fabric can reach 138.55 mW/m2 under the force of
50 N and 3 Hz, thus greatly widening its application scenarios.

2.2.2. Increase Surface Charge Density

Generally, the triboelectrification-induced surface transfer charge density is now con-
sidered as the core factor that determines the output power of a TENG, whether the material
is flexible or not [37,38]. Fan et al. precisely implanted N ions into polytetrafluoroethylene
(PTFE) and polyethylene terephthalate (FEP) films to generate extremely negative triboelec-
tric polymers (Figure 3e,f) with a surface charge density of four to eight times that of the
original sample [39]. At the same time, the strong polarity greatly improved the dielectric
constant of the material and further improved the energy storage density of the material.

Increasing the charge density on the positive triboelectric film can also improve the
output power. Sahoo et al. creatively introduced charge trapping layer (CTL) Al2O3
(Figure 3g) between the conducting electrode layer and positive triboelectric to construct
an attractive and flexible graphene TENG for improving charge density [40]. In view of
the trial results, after adding CTL, the output power of the advanced three-layer graphene
TENG was 30 times higher than that of the TENG without CTL due to the synergistic effect
between them.

2.2.3. Design for Reducing Power Loss

The power output may be greatly affected if the conductivity of composite triboelec-
tric electrodes is seriously degraded, elongated, or deformed, Zhong et al. proposed an
omnidirectional stretchable triboelectric fabric based on liquid metal (LM) electrodes and
Ecoflex (Figure 3h) [41]. The ultimate tensile strength of the triboelectric fabric is 660%, the
resistance can be maintained at 0.678 Ω under 200% tensile strength, and the dielectric con-
stant was improved by joining TiO2 particles into Ecoflex. The triboelectric fabric produced
a maximum power density of 15.4 Wm−2 at 30 N and 3 Hz.
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Figure 3. (a) Schematic representation of the ES-TENG. (b) (I–III) The optical and SEM pictures of a
conductive flexible sponge with various compressive strains [35]. Liu et al. (2020), Elsevier. (c) Fabric
TENG device structure for collecting acoustic energy. (d) Photos showing the elasticity of knitted
fabrics [36]. Cao et al. (2022), Elsevier. (e) Schematic representation of TENG composed of Al and PTFE
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modified by ion implantation. (f) The left half is the schematic diagram of the equipment. The right
half is the real device image based on the left, and 20 LED lights can light up in series [39]. Fan et al.
(2021), Elsevier. (g) The schematic outline of the charge-catching system of 3L-Gr-TENG shows the
case without and with the Al2O3 charge-catching layer [40]. Sahoo et al. (2021), MDPI. (h) (I) The
finished product photo (II) two different deformation states of the OSHD-TENG. (III) LM electrode
conductivity test photo [41]. Zhong et al. (2022), Elsevier.

2.3. Flexible TENG for Detection of Mechanical Stimuli

With the quick advancement of the Internet of Things and intelligent robots, informa-
tion about most of the objects around us is expected to be collected in real time to the cloud
through various possible networks [42]. Self-powered flexible sensors that are based on
TENGs have gradually entered the historical arena.

2.3.1. Highly Customized Design

Due to the high sensitivity and extensibility of the TENG as a sensor, the TENG has
been widely studied in the fields of real-time dynamic monitoring, intelligent robots, and
personalized monitoring. Yang et al. used printed thermoplastic polyurethane as the
triboelectric layer and elastic shell (Figure 4a) to produce a highly customized and flexible
TENG (CF-TENG) [43]. Due to its high customization, it can focus on improving target
sensing to achieve high accuracy that ordinary sensors cannot achieve. Thus, it can be
effectively applied to fingers, wrists, or elbow joints to achieve a highly sensitive response.

2.3.2. Multiple Components Designed for Coordinated Operation

To realize the highly sensitive sensing, coordinated operation of multiple components
is essential for TENG construction. Yuan et al. combined the sensor based on the TENG
with the capacitive sensor to produce a multifunctional integrated sliding sensor [44], and
gave an adaptable detecting plan to the delicate robot to accomplish high responsiveness
and intelligent recognition (Figure 4b). Later, Zhu et al. developed an energy-self-sufficient,
flexible multimode sensor system based on a thermoplastic polyurethane film [45]. It
consisted of an intelligent conductive network composed of carbon ink and silver nanowire
(C–Ag NW ink) through the screen-printing process (Figure 4f), and the system integrates
a single-electrode TENG, flexible solid-state supercapacitor (FSSC), and strain sensor. The
ingenious conductive network enables the strain sensor to recognize the strain applied,
and the classic sandwich structure means that FSSC is used for energy storage. Due to the
coordinated operation of various components, the as-constructed self-powered system has
good detection and recognition ability for various physiological signals (expression, action,
and voice) of the human body, and can be widely used in rehabilitation training, medical
diagnosis, etc.

2.3.3. Bionic Design and Improvement of Biocompatibility

To better simulate human skin and realize highly sensitive sensing, Zhao et al. de-
signed a fingerprint-inspired electronic skin based on the TENG [46]. Through the bionic
design of human fingerprint morphology (Figure 4c), it can respond to the fine texture
(Figure 4d) and detect the contact area change caused by the dynamic contact between the
bionic fingerprint structure and the measured object. The minimum size of the recognizable
texture is as low as 6.5 µM and it can recognize disordered and ordered textures with an
accuracy of 93.33% and 92.5%.

Compared to conventional sensors, flexible electronic skin can better fit the irreg-
ular human body and accept repeated bending and strain. Yu et al. designed a one
contact separation TENG (CS-TENG) composed of ultra-flexible micro truncated array
polydimethylsiloxane film and copper electrode (Figure 4e) [47], which can be well fitted
on human skin to realize physiological signal observing with great sensitivity, stretchability,
and short reaction time (60 ms).
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2.3.4. Highly Sensitive Textile Structure

Electronic textile products (e-textiles) have many advantages, such as flexibility,
breathability, stretchability, and lightweight. Unlike electronic skin, which can only be
used for part of the human skin (wrist and knee), electronic textiles can be easily inte-
grated into clothes, shoes, and other products due to their excellent breathability and low
weight. The electronic textile products based on TENGs can provide a feasible method for
high-sensitivity sensing through the triboelectricity of TENGs [48–50].

Hao and his team proposed a highly integrated and expandable conductive composite
fiber manufacturing process for weaving TENGs [51]. The fiber is formed by simultaneously
injecting liquid alloy and silicon rubber into the separate entrance port of the coaxial needle,
then automatically assembling from the exit end; this fiber has the structure of liquid
alloy/silicone rubber core/sheath (Figure 4g). Due to the excellent flexibility and strain
sensitivity of the fiber, it can be used as a strain sensor and can be made into T-TENG rings
of different sizes to be worn on fingers, wrists, and elbows, or integrated into clothes, shoes,
and other articles for monitoring their movement (Figure 4h).
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Figure 4. (a) The structure and manufacturing process of the CF-TENG and the optical picture of
the insole sensing by pressure [43]. Yang et al. (2022), CNKI. (b) Schematic representation of the
flexible sliding sensor. The device can be placed on the surface of a finger to collect pressure and glide
signals [44]. Yuan et al. (2020), Elsevier. (c) Microstructure of human finger surface. (d) Design of a
tactile sensing system based on Fe skin and artificial neural network [46]. Zhao et al. (2021), Elsevier.
(e) Schematic diagram of CS-TENG manufacturing process and sensor array [47]. Yu et al. (2020),
Elsevier. (f) Structural schematic of flexible TENG [45]. Zhu et al. (2022), Elsevier. (g) Schematic
diagram of T-TENG based on a single fiber. (h) Wide application scenarios of T-TENG (I) a finger.
(II) a wrist. (III) an elbow and (IV) a foot. [51]. Wu et al. (2022), Elsevier.
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Yan et al. designed a wearable piezoresistive fiber-based triboelectric sensor (PRF-TES)
utilizing nylon wires, silver nanowires, carbon nanotubes (CNTs), and PDMS as starting
materials (Figure 5) [52]. Among them, nylon wires with a silver nanowire layer constitute
flexible stretchable electrodes, and a piezoresistive CNTs/par film layer is used as a shell
sensing element. It has good elasticity and flexibility and can be kept intact under 150%
tension. It can be easily woven into large-area intelligent textiles for detecting human
motion or posture. At the same time, because the two fibers have sensing ability, a sensor
unit will be formed at their cross-contact point, so that it can map and quantify the static
mechanical stress caused by pressure and strain, and sensitively detect the stress and strain
itself, thus promoting the development of high-sensitivity and multimodal sensors, making
them widely utilized in personal sports data monitoring.
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2.4. Structural Design for Reliable Output in Extreme Conditions

Harsh environments such as acidic, alkaline, humid, and saline conditions are always
challenges and barriers to the practical applications of TENG [53,54]. To maintain a stable
output, the core part of the TENG, triboelectrode, as well as the friction layer, must be
specially designed, either by encapsulation or adopting durable triboelectric materials that
could be stable under a wide range of extreme conditions that are mentioned above.

2.4.1. Corrosion Resistance

TENGs can continuously collect wave energy and provide power to sensors, which
has great potential in ocean sensing. Ahn et al. designed a TENG (AR-TENG) based on a
thermoplastic polymer with a nanopore pattern [55], which can maintain its performance
after immersion in seawater or 1 million cycle tests, and its mechanical and chemical
stability was not greatly affected. The highest peak output voltage reaches 360 V, and the
current reaches 22 µA, which can provide sufficient power output for the ocean monitoring
system for a long time.

Ye et al. reported a kind of full fabric TENG (F-TENG), which is composed of SiO2
nanoparticles and PVDF/perfluoroalkyl trichlorosilane (Figure 6a) [56], which not only
has good air permeability, but also has excellent acid and alkali resistance and also shows
hydrophobicity (static contact angle of 157◦) and self-healing performance while providing
effective power output under extreme conditions (Figure 6b).

2.4.2. Wear Resistance

Wear-resistance-based long service life is another critical issue that should be ad-
dressed for practical application. Yang et al. designed a multifunctional single-electrode
TENG (MF-TENG) [57], which consists of two self-healing silicone elastomer films and a
thin self-healing polyvinyl alcohol-based hydrogel (Figure 6c) sandwiched between them.
Due to the repairable network of dynamic imine bond in the charged layer and borate ester
bond in the electrode, the original performance can be restored within 10 min after being
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damaged (Figure 6c), which greatly improves the stability and life of the TENG under
extreme conditions.
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2.4.3. Stretchability

Stretchability has always been an important advantage of flexible TENGs. Lu et al.
developed one portable microstructured nano triboelectric generator (MS-TENG) [58]. It
is composed of special microstructures which have PDMS (polydimethylsiloxane) film,
lithium chloride polyacrylamide (LICLPAAM) hydrogel, and fluorinated ethylene propy-
lene (FEP) film (Figure 7f). Because of the hydrogel structure, it can easily stretch more
than 1300% and has certain light transmittance (Figure 7g). Because of this special mi-
crostructure, it can also increase the voltage of the MS-TENG by seven times. When used
in the data monitoring of athletes, it can also collect the biomechanical energy generated by
continuous vibration during their movement through the capacitor, and provide power for
small electronic equipment. The MS-TENG has been widely used in the wearable field for
biological data collection or motion detection due to its good stretch and light transmittance.
Wang et al. also designed a TENG based on cellulose nanofiber (CNF)/transition metal
carbide and nitride (MXene) composite film for collecting human motion energy [17]. In
addition, due to the introduction of carbon fiber into this TENG, the composite film has
excellent mechanical strength, flexibility, and sensitivity to temperature changes.

2.4.4. High-Temperature Resistance

Flexible and stretchable TENGs have always been very efficient energy solutions.
However, in addition to ensuring power generation performance, this flexible equipment
also needs to ensure its safety. For example, TENGs are constructed based on noncom-
bustible materials to guarantee the safety of workers in extreme temperature conditions,
but the traditional TENG cannot meet this demand. Kim et al. proposed a deformable
TENG constructed by flame-retardant epoxy ion gel membrane (Figure 7a) [59]. The
TENG has excellent optical transparency, flame retardancy (Figure 7b) (no combustion
in the flame for 20 s), and flexibility. It can meet the safety of workers under extreme
temperature conditions.
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Guo et al. reported an integrated temperature-resistant and flexible hydrogel ion
diode with a triboelectric nanogenerator [60]. The diode is highly rectified by a binary
ethylene glycol/water solvent system and can work from −20 ◦C to 100 ◦C. A rectification
ratio of up to 1201 (ethylene glycol content of 0%) and 566 (ethylene glycol concentration of
40%) was achieved, and the vibration energy can be collected by integrating the full wave
rectifier circuit (with high rectification and fast operation function) with the TENG.

Li et al. synthesized ZnO nanoparticles-reinforced poly(acrylic acid)-based self-healing
ion gel [61]. The ionic gel has the advantages of high-temperature resistance, high mechani-
cal strength, and good ionic conductivity. It can be effectively used as the friction layer of
the TENG, and by sandwiching the ion gel between 3 m tapes, which can be made into a
high-power output TENG with a great power density of 3.15 W/m2.

2.4.5. Self-Luminescence

Lighting is an indispensable part of wearable devices to facilitate the identification
and operation in the dark and the safety of night activities, but ordinary wearable devices
based on TENG can only generate instantaneous light, and the TENG also needs to power
other electronic devices. Therefore, to deal with extreme darkness, Li et al., inspired
by bioluminescent Mycena chlorophos, prepared a soft and tough elastomer luminescent
composite with SrAl2O4:Eu2+ nanoparticles and silicone rubber as materials (Figure 7c) [62].
The screw thread steel is wrapped with composite materials, which effectively solves
the problem of performance degradation of flexible triboelectric nanogenerators caused
by continuous deformation, and completes the SLEN-TF. Due to the special structure
of threaded steel, the SLEN-TF has high flexibility (Figure 7e). It can be made into a
corresponding wearable device for motion sensing and provides great help to collect
human night motion data (Figure 7d).
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Figure 7. (a) Structural schematic diagram of the TENG system. (b) Flame retardancy and flexibility of
the TENG device [59]. Kim et al. (2021), Elsevier. (c) Photos of SLEN-TF and knitted SLEN-TF-based
textiles under natural light (upper) and dark (lower). (d) The photo of SLEN-TF textile clothing in the
sun and dark. (e) Schematic diagram of flexibility and tensile properties of the SLEN-TF [62]. Li et al.
(2022), Elsevier. (f) The application scene of the MS-TENG in speed skating and the manufacturing
process of the MS-TENG. (g) The optical image of the MS-TENG in bending state [58]. Lu et al.
(2022), MDPI.
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2.5. Flexible Design toward Multifunctionality

Self-powered flexible equipment can be widely used in various fields [55,63], and
multifunctionality is always highly anticipated for miniaturization, higher integration, and
lower power consumption.

2.5.1. Multistimuli Perception

It is similar to the skin sensor that humans cannot live without; tactile sensors play
an important role in robot recognition of environmental conditions [64]. To manufacture
tactile sensors similar to human skin, multistimulus analysis capabilities are essential.
Rao et al. designed a tactile skin that can recognize and distinguish multiple stimuli
simultaneously [65]. The skin consisted of a single electrode mode TENG (high sensitivity of
5.07 mV/Pa) and a thermal resistance electrode (combined with BiTo and RGO) (Figure 8a);
the resistance temperature coefficient was 1.15%/K at 25 ◦C, and the range was 25–100 ◦C.
Due to the advantages of TENG, BiTo, and RGO, the electronic skin has good flexibility
(Figure 8b) and can simultaneously detect temperature and pressure.

Simultaneously, to simulate the rich sensor types of human skin, Yin et al. also re-
ported multifunction electronic skin (CNEs) realizing contact and noncontact detection [66].
The electronic skin has a shared flexible substrate layer, which is formed by simple low-
temperature hydrothermal etching of aluminum foil and has many holes on the surface
(Figure 8c). The TENG (contact type) and humidity sensor (noncontact type) share the flexi-
ble substrate layer, and due to the high specific surface area brought about by the porous
structure and nanosheet structure on the outer layer of the shared flexible substrate, we can
easily introduce a silver nanowires (AgNWs) charged layer and a SnO2 moisture sensing
layer on the top surface of the shared substrate (Figure 8c). CNEs provide a reliable way to
construct electronic skin with complementary tactile perception and noncontact perception.

2.5.2. Multi-Working Mode

To combine the excellent tensile performance with multimode electromechanical con-
version, Wu et al. proposed a spiral structure fiber TENG (HS-TENG) with Ti3C2Tx as the
triboelectric coating [67]. Due to its unique helical structure, HS-TENG can realize multi-
mode electromechanical conversion including stretching, pressing, twisting, and bending,
and the HS-TENG under this structure also has a 200% tensile capacity (Figure 8d). The
HS-TENG, with its excellent stretching ability and multimode electromechanical conversion
ability, can be widely used in electronic textiles, and it has been successfully integrated into
knee pads and gloves for music player signal control through tactile sensing (Figure 8e).

Flexible electronic devices based on TENGs have good elasticity, high sensitivity, fast
response, durability, and low cost, which have attracted wide interest in wearable devices
and skin electronic devices, and can be effectively used in gesture recognition, motion
perception, and other fields. To manufacture flexible electronic equipment with multiple
working modes that can be applied to different parts of the body, Chen et al. demonstrated
an ultra-thin wearable triboelectric nanogenerator (S-TENG) with coplanar electrodes [68].
The triboelectric nanogenerator has a three-layer structure, with a stretchable film of
polydimethylsiloxane at the bottom and two stretchable special conductive materials
(including carbon nanotubes, nano silver, and polyurethane nanofibers) embedded in
the flexible PDMS film as electrodes in parallel. One of the electrodes is coated with
microstructured PDMS, so it has high electronegativity and can be used as a friction layer,
and the other electrode is straightforwardly used as another friction layer. Since all materials
used for manufacturing the device are flexible and stretchable, the S-TENG has excellent
stretchability and can be stretched in any direction, and because of the ultra-thin structure
of the device, it can also adhere to the skin conformally and deform with the movement
of the body. By adjusting the size of the ultra-thin structure, the S-TENG can be worn on
various parts of the human body to collect motion data of the human body.
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3. Structural Flexibility Promotes Self-Powered Systems
3.1. Tactile Sensors

The self-powered tactile sensor has always been an important application field of
TENGs [69], but the traditional tactile sensor based on TENGs can only detect the force in
a single direction, which seriously limits its application. Wang et al. proposed a flexible
and stretchable electronic skin capable of simultaneously sensing shear force and normal
pressure based on a TENG (single electrode mode) (Figure 9a,b) [20]. The electronic skin is
mainly composed of two layers. The upper layer includes the outermost PDMS packaging
layer (for protection), the AgNW electrode shielding layer (to reduce interference and
improve accuracy), and the curved PDMS layer (flexible triboelectric layer for contact and
separation) with a Cu film deposited thereon. The bottom layer consists of a PDMS substrate
(a triboelectric layer) and a circular electrode in the middle. The circular electrode in the
middle can be changed into two identical semicircular electrodes for multidimensional
force sensing.

Although the multidimensional force has dramatically enriched the application fields
of tactile sensors, it is still insufficient for some special applications. Luo et al. devised
an MXene/PVA hydrogel TENG (MH-TENG) [70], which uses MXene nanosheets and
polyvinyl alcohol (PVA) hydrogels as raw materials and uses silicone rubber as a triboelec-
tric layer (prevents water loss of composite hydrogel) (Figure 9c). In single-electrode mode,
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the measured open-circuit voltage of the MH-TENG is 230 V, and it can be extended to 200%
of the original length because the relationship between the tensile length and the short-
circuit voltage is monotonically increasing; it has a high sensitivity to local needlepoint
stress, and can be well used for handwriting recognition and accurate sensing.

With the development of electronic skin, more and more problems have emerged. Due
to the growth of bacteria and poor air permeability, long-term wearing will cause itching
and even inflammation. Therefore, to improve the comfort and safety of flexible electronic
skin, we need to improve its antibacterial property, flexibility, and air permeability. Shi et al.
reported an electronic skin based on a flexible, breathable, and antibacterial TENG [71].
The flexible device is a self-powered electronic skin with a nanofiber network and a three-
dimensional permeable layered structure created by inserting a silver (Ag NW) nanowire
electrode between a thermoplastic polyurethane (TPU) detection layer and a polyvinyl
hydroxide/chitosan (PVA/CS) substrate (Figure 9d). The electronic skin has excellent
pressure sensitivity (0.3086 V kPa−1), excellent air permeability (10.32 kg m−2 day−1),
and excellent antibacterial activity. It can be applied to medical sensing and the statistical
analysis of sports (volleyball). Moreover, due to the excellent air permeability, stretchability
(Figure 9e), and bactericidal properties of silver ions, this electronic skin can well meet the
requirements of antibacterial property and comfort.

He et al. combined structural, mechanical design, microstructure modification, and
transparent shielding layer coating to develop a thin, soft, and retractable self-powered
tactile sensor based on the triboelectric effect for electronic skin (Figure 9f) [72]. The sensor
uses sandpaper to modify the microstructure and uses a transparent silver nanowire (agent)
network as the shielding layer for direct spraying, which significantly reduces the electrical
crosstalk in the tactile sensor array based on the TENG. In general, this tactile sensor can
recognize a wide range of pressures, as high as 0.367 mV/Pa (Figure 9g).

Cai et al. prepared a pleated PDMS/MXene composite film (pleated pattern is formed
by stretching and UVO treatment) based on UV–ozone (UVO) radiation [73] and con-
structed a flexible TENG as a self-powered tactile sensor through the film (Figure 9h),
reaching the optimal sensitivity of 0.18 V/Pa during 10–80 Pa, respectively. UVO irradia-
tion is a simple and low-cost method for preparing the flexible self-powered tactile sensor,
and this tactile sensor also has excellent sensitivity, so it has great potential in the field of
fine sensing.
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Figure 9. (a) Structural diagram of TENG-based electronic skin sensor. (b) The left half is the
analog sensor displacement plot under the normal force of 0, 5, 10, and 20 N. The right half is
the numerical calculation of the sensor’s deformation under different shear loads [69]. Wang et al.
(2021), ACS. (c) Structural diagram of the MH-TENG [70]. Luo et al. (2021), John Wiley and Sons
Inc. (d) Fabrication and characterization of the E-skin. (I) The fabrication process of the E-skin.
(II) Schematic structure of the E-skin. (III) Schematic illustration of the transmission path in the
E-skin of sweat on the arm. (IV) The SEM images of the TPU layer. The inset shows the diameter
distribution. (V) The SEM images of the PVA/CS layer. The inset shows the diameter distribution.
(VI) The SEM image of the Ag NW electrode layer.(e) Picture of electronic skin elongation test [71].
Shi et al. (2021), ACS. (f) Some 4 × 4 schematic diagrams of the sensor array. (g) Touch, poke, tap,
and press with your fingers [72]. He et al. (2021), Elsevier. (h) Triboelectric tactile sensor based on
pleated PDMS/MXene composite film [73]. Cai et al. (2021), Elsevier.
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3.2. Display

Flexible alternating-current light-emitting (ACEL) devices, with uniform light emission
and low power consumption, can be widely used in wearable devices [74–76]. However,
the heavy power supply required to drive this kind of equipment has greatly hindered its
commercialization process. Chen et al. developed a self-powered flexible ACEL device
with a TENG [77], which uses a simple and low-cost corrugated aluminum electrode. The
resulting voltage and current can be as high as 490V and 71.74 µA., corresponding to a most
extreme momentary result power of 1.503 mW/cm2. To meet the power demand of ACEL,
the device uses a flexible TENG, which is based on folded aluminum (AL) film. The folded
structure has a fold strain percentage of 400%, which increases the effective triboelectric
area and decreases the surface resistance, making it helpful for the progression of surface
charges. The flexible transparent ACEL device resembles a sandwich structure and consists
of an electroluminescent layer and two electrodes; the former is a composite film of ZnS:
Cu and polyvinylpyrrolidone (PVP), and the latter is an electrode of indium tin oxide (ITO)
and silver. Generally speaking, the successful development of self-powered flexible display
has considerable application potential in human–computer interaction, artificial electronic
skin, and energy-self-sufficient communication in the IoTs.

Sun et al. proposed a flexible transparent self-powered display, which is characterized
by combining ACEL devices with a TENG and is a display system sharing transparent
electrodes (Figure 10a) [78]. First, the emission layer of ZnS: Cu @ PDMS was sandwiched
between the transparent electrode of a single-walled carbon nanotube (SWCNT) and
ITO/PET substrate to prepare transparent ACEL. Then, they assembled ACEL with two
transparent triboelectric layers, ITO and PDMS. This device has a voltage of 200 V and a
short-out current of 6 µA. The ACEL device can be easily lit, and the integrated system has
a light transmittance of more than 80%.

Shan and his team introduced MXene into the emission layer to prepare a new self-
powered ACEL device (Figure 10b,c) [79]. Among them, MXene is a new two-dimensional
(2D) material composed of transition metals and carbides/nitrides (mainly made by eroding
the max phase), which have excellent chemical properties [80]. PDMS is an important
material of TENGs, and its relative dielectric constant will improve by the load of MXene
to varying degrees. Therefore, when 0.25 wt% MXene was loaded in the emission layer,
the brightness of ACEL was also increased by 500%. The TENG in the system is a contact
mode, with Cu as a positive charge collector and PTFE as a negative charge collector to
continuously provide power for ACEL equipment.

Micromachines 2022, 13, x FOR PEER REVIEW 18 of 31 
 

 

 

Figure 10. Structure of flexible self-powered display screen. (a) Structural diagram of an integrated 

self-powered transparent ACEL system [78]. Sun et al. (2022), Elsevier. (b) Schematic diagram of 

ACEL device, consisting of two SWCNT transparent electrodes and ZnS: Cu emission layer. (c) Con-

ceptual diagram of self-powered ACEL device [79]. Sun et al. (2021), Elsevier. 

A flexible self-powered display screen has great potential in the fields of IoT and 

personalized display devices due to its special structure and self-powered characteristics. 

However, the single black and white color tone greatly limits its commercialization. To 

solve this problem, Chang et al. integrated TENG with stretchable multicolor AC electro-

luminescent (ACEL) devices, and a new self-powered and self-repairing multicolor dis-

play was proposed (Figure 11a,d) [81]. This self-powered self-healing multicolor display 

has a structure with high stretchability and self-healing efficiency by adding reversible 

dynamic imine bonds to ordinary PDMS (reaching 2500% tensile performance and 96% 

self-recuperating effectiveness at room temperature); through this special structure (Fig-

ure 11c) as electrode substrate and emitter layer matrix, they successfully manufactured 

naturally stretchable and self-mending ACEL (SSH/ACEL) devices (Figure 11b). 

Figure 10. Structure of flexible self-powered display screen. (a) Structural diagram of an integrated
self-powered transparent ACEL system [78]. Sun et al. (2022), Elsevier. (b) Schematic diagram
of ACEL device, consisting of two SWCNT transparent electrodes and ZnS: Cu emission layer.
(c) Conceptual diagram of self-powered ACEL device [79]. Sun et al. (2021), Elsevier.
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A flexible self-powered display screen has great potential in the fields of IoT and
personalized display devices due to its special structure and self-powered characteristics.
However, the single black and white color tone greatly limits its commercialization. To
solve this problem, Chang et al. integrated TENG with stretchable multicolor AC elec-
troluminescent (ACEL) devices, and a new self-powered and self-repairing multicolor
display was proposed (Figure 11a,d) [81]. This self-powered self-healing multicolor display
has a structure with high stretchability and self-healing efficiency by adding reversible
dynamic imine bonds to ordinary PDMS (reaching 2500% tensile performance and 96%
self-recuperating effectiveness at room temperature); through this special structure (Fig-
ure 11c) as electrode substrate and emitter layer matrix, they successfully manufactured
naturally stretchable and self-mending ACEL (SSH/ACEL) devices (Figure 11b).
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Figure 11. (a) Schematic representation of the stretchable self-healing ACEL device consisting of
two electrodes and an emissive layer. (b) The working mechanism of the self-healing polymer and
the manufacturing route of the ACEL self-powered red multicolor display. (c) Photographs of the
healed emissive layer at different loads (0%, 50%, and 100%). (d) Multicolor display with a ZZU [81].
Chang et al. (2022), Elsevier.

3.3. Medical Devices

With the gradual development of the medical field, we have greatly expanded the
application scenarios of medical devices. However, the common rigid structure and DC
power supply severely limit the application scenarios of the device, while the flexible
sensor has good application prospects in personal movement detection, health monitoring
of various parts of the body, analysis of data for medical diagnosis, and intelligent human–
machine interaction because of its great response to various types of external stimuli [82–86].
Therefore, to enrich the application of medical equipment, flexible, stretchable, and self-
powered equipment is the future development direction [87].

Liu et al. designed a flexible self-powered drug release device (FDRD) which has the
benefits of self-powered, flexible structure, and controllable delivery [87]. This device is an
integrated TENG, including three TENG units. Sufficient power output can be generated
through mutual assistance between the three units; each TENG unit is made out of an
acrylic plate (improve protection and support), fluorinated ethylene propylene (FEP) film
clung to a copper electrode, a copper film, a sponge (provide soft layer), and a kapton film
(Figure 12b,c). In this device, the FEP film and copper film serve as the triboelectric layer,
the copper film also serves as the electrode, the kapton film (thickness 200 µm) serves as the
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support layer, and the acrylic plate and sponge serve as the card base and the soft layer. The
TENG can effectively obtain energy from biomechanical energy (Figure 12a), and due to the
stable voltage result of the TENG, the device can record the ultraviolet–visible absorption
spectra of little molecules (which have methylene blue, sodium fluorescein, and Rhodamine
6G) let out of FDRD in real time, and since the poly (3-hexylthiophene) (P3HT) film has
electronic/ionic conductivity and solution processability in Na2SO4 aqueous solution, the
device can adjust the special switchable wettability by turning the mechanical switch on
and off.

Human sweat contains hormones (for regulation), metabolites (to be discharged to the
body), electrolytes, and amino acids (important components of protein). These substances
assume a significant part in reporting health status and can be used for medical diagnosis of
skin diseases, diabetes, and other diseases. However, the early sweat sensor is a rigid base,
and it will feel uncomfortable after wearing it for a long time. Therefore, light, soft, flexible
electronic devices are more and more popular, and because the soft and stretchable device
has a larger contact area with the skin, the data obtained in sweat monitoring are also more
convincing. To meet the light and flexible characteristics of the sweat sensor, Qin and his
team developed a fully flexible, self-powered sweat sensor that was based on conductive
cellulose hydrogel (Figure 12d) [88]. Due to the use of special cellulose nanocomposites,
the hydrogel has a tensile property of 1530% and a self-healing rate of 95%, and high
conductivity within 10 s without external stimulation. This cellulose nanocomposite
contains oxidized CNF (TOCNF), polyaniline (urease sensor), tempo, and PVA/BORAX
(PVAB). The TOCNF/PANI-PVAB hydrogel (CCPPH) electrode is encapsulated by a flexible
and wear-resistant PDMS and assembled with an ion-selective membrane (ISM) capable of
detecting the concentrations of Na+, K+, and Ca2

+. The ISM and PDMS layers encapsulate
the flexible electrode and act as a positive triboelectric layer and a negative triboelectric
layer, respectively.

Meanwhile, Li et al. proposed a bionic sweat-resistant and wear-resistant friction elec-
tric nanogenerator (BSRW-TENG) for medical data detection during exercise (Figure 12e) [89].
Since the two friction layers of the BSRW-TENG replicate the micro/nanostructure of the
lotus leaf surface, the two friction layers of the BSRW-TENG (raw materials are elastic
resin and PDMS) have superhydrophobic and self-cleaning capabilities, and this special
micro/nanostructure can also effectively improve the power-generation capacity of the
TENG. In addition, with the support of this superhydrophobic structure, the BSRW-TENG
has excellent antiperspiration ability and it can be worn on all parts of the human body for
a long time for medical data analysis.
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Figure 12. (a) The TENG collects biomechanical energy to provide power for the FDRD. (b) Structure
of the FDRD. (c) The surface morphology of the ITO layer, the PVA molecular layer, and the P3HT
layer was recorded with an atomic force microscope (AFM) [87]. Liu et al. (2020), John Wiley and
Sons Inc. (d) Cellulosic conductive hydrogel for self-powered sweat measurement, CPPH electrode
material, microstructure diagram, and CPPH sweat sensor module structural diagram. During body
movement, the sweat sensor monitors the concentration of sweat ions in real time. The CPP sweat
sensor is placed on the skin’s sweat glands to detect and quantify Na+, K+, and Ca2+ [88]. Qin et al. (2022),
John Wiley and Sons Inc. (e) Schematic structure of the BSRW-TENG [89]. Li et al. (2022), Elsevier.

Electrical stimulation has always been a good method to treat the loss of muscle
function. To stimulate muscles for a long time, Wang et al. reported a flexible wearable
self-powered muscle stimulation device (Figure 13a) [90]. The equipment adopts a stacked
TENG structure that can be well integrated into human movement. This structure first
folds the PET sheet into a “zigzag” structure, and stores the mechanical deformation energy
in the form of elastic properties (this special “zigzag” structure can automatically restore
the TENGs after each compression to the original position (Figure 13a)), and then attaches
the aluminum film to each surface of the folded PET film, as an electrode for discharging
charge. When this structure deforms under the applied pressure, charge transfer will occur,
and mechanical energy will be converted into electrical energy.

The wound healing can be accelerated by receiving appropriate electrical stimulation,
but the bloated power supply system limits the use scenario of this method. To remove
the bloated power supply system, Du et al. fabricated a single-terminal TENG-based skin
electronic patch by embodying the conductive and photothermal composite hydrogel of
polypyrrole (PPy) and watery F127 in elastic silicone [91]. The dermal patch has excellent
extensibility (~300%), and biocompatibility, motion induction, and promotion of wound
healing were achieved through synergistic use of electrical stimulation and photothermal
heating capacity (Figure 13b,c). In addition, the electromechanical signal conversion
that occurs due to stretching or deformation of wearable TENG e-skin can effectively
compensate for the loss of cognition (squeezing and touching) caused by the wound.
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Figure 13. (a) The left half shows the tensile and compressive properties of the TENG, and the right
half shows the concept of muscle electrical stimulation directly powered by the TENG [90]. Wang et al.
(2019), ACS. (b) Functions of wearable TENG e-skin patch in the wound: near-infrared photothermal
heating, electrical stimulation, and sense. (c) Skin wound images were taken on days 0, 3, 5, 7, 9, and
11 of the control group, NIR, TENG, and NIR + TENG [91]. Du et al. (2022), Elsevier.

3.4. Cathodic Protection Device

In the face of metal corrosion [92], the traditional cathodic protection device cannot
output current stably for a long time and has the characteristics of high cost, large volume,
and narrow application range [93,94]. The difference is that the flexible TENG can obtain
available energy from raindrops, waves [95], and a series of small vibrations. Moreover, due
to the special flexible structure of the TENG, it can cling to all places where it is convenient
to obtain energy and continuously and stably increase the current for the cathodic protection
system. Therefore, in the anticorrosion application of ships, giant cranes, and other heavy
metal equipment, connecting the metal to the self-powered cathodic protection system
operated by the TENG can effectively protect the metal from corrosion.

Cai et al. prepared a flexible cellulose/collagen/graphene oxide thin film TENG (GO
CC TENG) (Figure 14a) [23]. Under the external mechanical energy movement frequency of
1 Hz and the load resistance of 400 mΩ, the maximum power of the GO CC TENG reached
196 µW, which can be effectively applied to cathodic protection. Among them, graphene
oxide (GO) used as raw material has the advantages of extremely high specific surface
area and [96] extremely significant mechanical properties. Collagen is biocompatible and
thermally stable within a certain temperature range. Cellulose has the advantages of
biodegradability, nontoxicity, and low cost.

The self-sufficient cathodic protection system powered by the TENG is usually used
in harsh environments such as ships. Liu et al. prepared hybrid coatings with self-healing
hydrophobicity through micro-arc oxidation (MAO) and fluorinated sol–gel (FSG) coatings
(Figure 14b) [97]. The hybrid coating is used as a triboelectrification layer in a self-powered
cathodic protection system, and if the fluorine composition on the coating surface is
damaged, the system will transfer the loaded perfluoro silane to the damaged surface to
achieve self-healing. This self-powered cathodic protection system with hydrophobicity
and self-healing ability has great application potential in the field of rust removal in harsh
environments.

At the same time, Sun et al. obtained a self-healing silicone-modified polyurethane
(PU) coating through tin-catalyzed hydroxypropyl silicone oil and hexamethylene diiso-
cyanate (Figure 14c,d) [98]. This layer is used as the triboelectric layer of the TENG. When
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the friction layer is worn during the energy-collection process, the broken organosilicon-
modified polyurethane polymer chain will be gradually crosslinked through hydrogen
bonding within 30 min to achieve a self-healing effect. This kind of TENG with a self-healing
function can be widely used in a self-powered cathodic protection system to improve the
stable anticorrosion function of metal equipment.

Wang and his team introduced a wind-powered flexible TENG as a power supply for a
self-powered cathodic protection (CP) system (Figure 14e) [99]. The system uses hydropho-
bic polytetrafluoroethylene (PTFE) flexible film as a friction layer and generates an electric
charge together with polyvinyl alcohol (PVA) film, which is continuously transferred to
the cathodic protection system, reaching a power of 1.74 mW. Usually, the system can
effectively convert wind energy to prevent metal corrosion in marine facilities.
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diagram of the PU-based linear silicone-modified self-healing TENG [98]. Sun et al. (2022), ACS.
(e) Schematic diagram and mechanism diagram of the PTFE-based flexible TENG for collecting wind
energy and moisture resistance [99]. Sun et al. (2021), Elsevier.

4. Conclusions and Perspectives

In general, current trends in the adaptable design of TENG-based self-powered sys-
tems were concisely introduced, and strategies to achieve high-performance energy con-
version, high-sensitivity detection of mechanical stimulation, and reliable output in harsh
environments were systemically reviewed. Cutting-edge progress of self-powered sys-
tems with multifunctionality in optoelectronics, medical treatment, sensing, and cathodic
protection was discussed. With the structural flexibility, a TENG-based electronic device
can not only change the shape, for instance, being interwoven into textiles, and perfectly
fit on the skin, but can also change the raw materials to achieve the effects of ventilation,
sterilization, physical and chemical stability, and flame retardancy for harsh environments.
To date, wide applications of structural flexible TENGs in biosensors, human–machine
interaction, and intelligent robots have been explored, either as sustainable power sources
or as self-powered sensors themselves to help collect environmental or human motion data.

Nevertheless, challenges and barriers to the practical application of TENGs in the
current situation also need to be addressed. Some issues are commonly faced by TENGs,
and some may be individual due to the integration of TENGs with other electronics to form
self-powered multifunctional systems.

4.1. Increase Output Power

There are currently three main methods to improve the device’s power output: chang-
ing the triboelectric layer’s material, modifying the triboelectric layer’s surface, and chang-
ing the structure of the TENG.

Surface modification of the triboelectric layer includes chemical and physical meth-
ods. The chemical method is mainly grafting some chemical groups to generate or accept
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electrons. Physical transformation methods include modeling, plasma processing, and
engraving. In general, the output power can be improved through an appropriate combina-
tion of physical and chemical methods.

For the material selection of the triboelectric layer, materials are always expected to be
more triboelectrically negative, if other physicochemical properties can be guaranteed, and
the exploring of new triboelectric materials is an everlasting task for enhancing the output
of TENGs.

The structure of the TENG is also an essential factor affecting output efficiency. A
major future research direction is how to design the structure to make it more integrated
with the human body and more consistent with the physical rules while maintaining stable
and powerful performance.

4.2. Higher Sensitivity

TENG-based sensors are suitable to be embedded in or integrated with the Internet of
Things and intelligent robots if improved sensitivity, reduced interference, and customized
structure can be obtained.

For high-precision selection, we should try our best to find highly sensitive materials.
Of course, we should synthesize and develop new materials. In order to reduce interference,
we can design multiple groups of filter circuits in future research. Structural customization
is also a major reason that restricts the accuracy of sensors. Therefore, we can devote
ourselves to developing higher-precision printers, finding high-precision materials suitable
for printing, or achieving high customization through electrospinning and laser etching.

4.3. Comfortability and Stability

Comfort and stability have always been the parameters that people pay attention
to. Due to the working principle of the TENG, long-time triboelectric between layers is
required. Therefore, to reduce the loss and prolong the TENG’s service life and stability,
future research can focus on finding more wear-resistant materials or a triboelectric method
with a low loss rate.

In addition, stability in the unique working environment is also one of the factors
that must be considered, such as high temperature and humid climate. In the future, we
can choose high-temperature-resistant materials and modify the surface or integrate the
hydrophobic membrane into TENGs. As sense is the main field of flexible devices, various
minor disturbances will inevitably occur in sensing, which will seriously affect the stability
of devices. Therefore, in the future, we can focus on circuit design and achieve the purpose
of reducing or eliminating disturbances through special filter circuits.

To improve the user experience, comfort and stability are indispensable. Since the
flexible equipment itself has a certain degree of flexibility and stretchability, the emphasis
can be placed on the air permeability and weight of the material, and the future research
direction can be set on finding more advanced materials, such as cotton, silk, linen, chiffon,
cotton silk, etc. Alternatively, in the future, we can also focus on the textile method of
electronic textiles. Flexible wearable electronic devices made by unique textile methods can
also have good air permeability and are lightweight.

4.4. Environmental Tolerance

Improving environmental tolerance is the key to enhancing the stability and safety
of TENGs. Since it is difficult for traditional equipment to collect energy under extreme
conditions, such as high-temperature conditions, acid–base conditions, etc., and the TENG
is a rare multichannel energy-collection device, it proposes higher requirements for the en-
vironmental tolerance of TENGs. For high-temperature problems, future research can focus
on finding more high-temperature-resistant materials or adding auxiliary heat-dissipation
devices to solve the problem of high-temperature resistance. For acid–base issues, in ad-
dition to finding more acid–base-resistant materials in the future, the superhydrophobic
surface can also be prepared by surface modification and other methods. At the same time,
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the TENG also faces extreme conditions such as stretching and use in the dark. We can
focus on finding more elastic materials, adding LED lamps for auxiliary lighting, or adding
biological luminescent enzymes to solve this problem.

4.5. Multifunctionality

Increasing the function of flexible TENG equipment is also a significant direction to
improving user experience. For example, multilayer flexible self-powered equipment with
blood glucose detection and motion detection capabilities needs to integrate the multilayer
films, and the wearer needs to generate enough motion to provide energy, which has high
requirements on the toughness, thickness, electronegativity, and functionality of the films.
In this case, the future should focus on the method of integrating films with different
functions so that the films with different functions can play their respective roles, and the
output power of the TENG should be increased so that it can support more functions.

4.6. Cost Reduction

Low cost is an intrinsic advantage of TENGs in comparison with other energy harvest-
ing technologies, especially for the scavenging of waste mechanical energy from the ambient
environment. However, seeking lower costs always conforms to the keep-moving rule. As
far as the adaptive design of TENGs for applications in IoT, the raw material cost can be
conveniently reduced by selecting inexpensive nylon films (nm) or even waste/natural
materials as the main raw material under the precondition of satisfactory functionality.

Author Contributions: Z.Z.: investigation, writing—original draft and editing, conceptualization.
Y.L.: resources, supervision, conceptualization, validation. Y.M.: resources, supervision, conceptu-
alization, validation. J.M.: resources, supervision, conceptualization, validation. X.C.: resources,
supervision, conceptualization, validation. N.W.: resources, supervision, conceptualization, valida-
tion. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the National Key R&D Project from Minister of
Science and Technology (2021YFA1201601), the Key Research Program of Frontier Sciences, CAS,
China (ZDBS-LY-DQC025), the National Natural Science Foundation of China (NSFC Nos. 51873020),
and the Fundamental Research Funds for the Central Universities (No. FRF-MP-20-38). Patents have
been filed to protect the reported inventions.

Data Availability Statement: Data available on request from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Yokota, T.; Fukuda, K.; Someya, T. Recent Progress of Flexible Image Sensors for Biomedical Applications. Adv. Mater. 2021,

33, 2004416. [CrossRef] [PubMed]
2. Ryu, D.; Kim, D.H.; Price, J.T.; Lee, J.Y.; Chung, H.U.; Allen, E.; Walter, J.R.; Jeong, H.; Cao, J.; Kulikova, E.; et al. Comprehensive

Pregnancy Monitoring with a Network of Wireless, Soft, and Flexible Sensors in High- and Low-Resource Health Settings. Proc.
Natl. Acad. Sci. USA 2021, 118, e2100466118. [CrossRef] [PubMed]

3. Arakawa, T.; Dao, D.V.; Mitsubayashi, K. Biosensors and Chemical Sensors for Healthcare Monitoring: A Review. IEE J. Trans.
Elec. Eng. 2022, 17, 626–636. [CrossRef]

4. Li, S.; Cao, P.; Li, F.; Asghar, W.; Wu, Y.; Xiao, H.; Liu, Y.; Zhou, Y.; Yang, H.; Zhang, Y.; et al. Self-Powered Stretchable Strain
Sensors for Motion Monitoring and Wireless Control. Nano Energy 2022, 92, 106754. [CrossRef]

5. Vu, C.C.; Kim, J. Fractal Structures in Flexible Electronic Devices. Mater. Today Phys. 2022, 27, 100795. [CrossRef]
6. Wang, L.; He, T.; Zhang, Z.; Zhao, L.; Lee, C.; Luo, G.; Mao, Q.; Yang, P.; Lin, Q.; Li, X.; et al. Self-Sustained Autonomous Wireless

Sensing Based on a Hybridized TENG and PEG Vibration Mechanism. Nano Energy 2021, 80, 105555. [CrossRef]
7. Huynh, N.D.; Lin, Z.-H.; Choi, D. Dynamic Balanced Hybridization of TENG and EMG via Tesla Turbine for Effectively

Harvesting Broadband Mechanical Pressure. Nano Energy 2021, 85, 105983. [CrossRef]
8. Ghaderiaram, A.; Bazrafshan, A.; Firouzi, K.; Kolahdouz, M. A Multi-Mode R-TENG for Self-Powered Anemometer under IoT

Network. Nano Energy 2021, 87, 106170. [CrossRef]
9. Fernandes, C.; Taurino, I. Biodegradable Molybdenum (Mo) and Tungsten (W) Devices: One Step Closer towards Fully-Transient

Biomedical Implants. Sensors 2022, 22, 3062. [CrossRef] [PubMed]

http://doi.org/10.1002/adma.202004416
http://www.ncbi.nlm.nih.gov/pubmed/33527511
http://doi.org/10.1073/pnas.2100466118
http://www.ncbi.nlm.nih.gov/pubmed/33972445
http://doi.org/10.1002/tee.23580
http://doi.org/10.1016/j.nanoen.2021.106754
http://doi.org/10.1016/j.mtphys.2022.100795
http://doi.org/10.1016/j.nanoen.2020.105555
http://doi.org/10.1016/j.nanoen.2021.105983
http://doi.org/10.1016/j.nanoen.2021.106170
http://doi.org/10.3390/s22083062
http://www.ncbi.nlm.nih.gov/pubmed/35459047


Micromachines 2022, 13, 1586 25 of 28

10. Lee, J.H.; Rim, Y.S.; Min, W.K.; Park, K.; Kim, H.T.; Hwang, G.; Song, J.; Kim, H.J. Biocompatible and Biodegradable Neuromorphic
Device Based on Hyaluronic Acid for Implantable Bioelectronics. Adv. Funct. Mater. 2021, 31, 2107074. [CrossRef]

11. Picco, C.J.; Domínguez-Robles, J.; Utomo, E.; Paredes, A.J.; Volpe-Zanutto, F.; Malinova, D.; Donnelly, R.F.; Larrañeta, E. 3D-
Printed Implantable Devices with Biodegradable Rate-Controlling Membrane for Sustained Delivery of Hydrophobic Drugs.
Drug Deliv. 2022, 29, 1038–1048. [CrossRef] [PubMed]

12. Zhang, Y.; Zhang, W.; Yang, J.; Pu, W. Bioinspired Soft Robotic Fingers with Sequential Motion Based on Tendon-Driven
Mechanisms. Soft Robot. 2022, 9, 531–541. [CrossRef]

13. Youssef, S.M.; Soliman, M.; Saleh, M.A.; Mousa, M.A.; Elsamanty, M.; Radwan, A.G. Underwater Soft Robotics: A Review of
Bioinspiration in Design, Actuation, Modeling, and Control. Micromachines 2022, 13, 110. [CrossRef]

14. Piazzoni, M.; Piccoli, E.; Migliorini, L.; Milana, E.; Iberite, F.; Vannozzi, L.; Ricotti, L.; Gerges, I.; Milani, P.; Marano, C.;
et al. Monolithic Three-Dimensional Functionally Graded Hydrogels for Bioinspired Soft Robots Fabrication. Soft Robot. 2022,
9, 224–232. [CrossRef]

15. Liu, Y.; Chen, B.; Li, W.; Zu, L.; Tang, W.; Wang, Z.L. Bioinspired Triboelectric Soft Robot Driven by Mechanical Energy. Adv.
Funct. Mater. 2021, 31, 2104770. [CrossRef]

16. Kim, M.-H.; Nam, S.; Oh, M.; Lee, H.-J.; Jang, B.; Hyun, S. Bioinspired, Shape-Morphing Scale Battery for Untethered Soft Robots.
Soft Robot. 2022, 9, 486–496. [CrossRef]

17. Yang, W.; Chen, H.; Wu, M.; Sun, Z.; Gao, M.; Li, W.; Li, C.; Yu, H.; Zhang, C.; Xu, Y.; et al. A Flexible Triboelectric Nanogenerator
Based on Cellulose-Reinforced MXene Composite Film. Adv. Mater. Interfaces 2022, 9, 2102124. [CrossRef]

18. Lu, Y.; Li, X.; Ping, J.; He, J.; Wu, J. A Flexible, Recyclable, and High-Performance Pullulan-Based Triboelectric Nanogenerator
(TENG). Adv. Mater. Technol. 2020, 5, 1900905. [CrossRef]

19. Qian, Y. Facile Synthesis of Sub-10 Nm ZnS/ZnO Nanoflakes for High-Performance Flexible Triboelectric Nanogenerators. Nano
Energy 2021, 88, 106256. [CrossRef]

20. Wang, Z.; Bu, T.; Li, Y.; Wei, D.; Tao, B.; Yin, Z.; Zhang, C.; Wu, H. Multidimensional Force Sensors Based on Triboelectric
Nanogenerators for Electronic Skin. ACS Appl. Mater. Interfaces 2021, 13, 56320–56328. [CrossRef] [PubMed]

21. Yao, G.; Xu, L.; Cheng, X.; Li, Y.; Huang, X.; Guo, W.; Liu, S.; Wang, Z.L.; Wu, H. Bioinspired Triboelectric Nanogenerators as
Self-Powered Electronic Skin for Robotic Tactile Sensing. Adv. Funct. Mater. 2020, 30, 1907312. [CrossRef]

22. Wang, Z.L. Self-Powered Nanosensors and Nanosystems. Adv. Mater. 2012, 24, 280–285. [CrossRef]
23. Cai, T.; Liu, X.; Ju, J.; Lin, H.; Ruan, H.; Xu, X.; Lu, S.; Li, Y. Flexible Cellulose/Collagen/Graphene Oxide Based Triboelectric

Nanogenerator for Self-Powered Cathodic Protection. Mater. Lett. 2022, 306, 130904. [CrossRef]
24. Chen, H.; Zhang, S.; Zou, Y.; Zhang, C.; Zheng, B.; Huang, C.; Zhang, B.; Xing, C.; Xu, Y.; Wang, J. Performance-Enhanced Flexible

Triboelectric Nanogenerator Based on Gold Chloride-Doped Graphene. ACS Appl. Electron. Mater. 2020, 2, 1106–1112. [CrossRef]
25. Dong, S.; Xu, F.; Sheng, Y.; Guo, Z.; Pu, X.; Liu, Y. Seamlessly Knitted Stretchable Comfortable Textile Triboelectric Nanogenerators

for E-Textile Power Sources. Nano Energy 2020, 78, 105327. [CrossRef]
26. Comparative Study on the Contact-Separation Mode Triboelectric Nanogenerator. J. Electrost. 2022, 116, 103685. [CrossRef]
27. Ji, S.; Fu, T.; Hu, Y. Effect of Surface Texture on the Output Performance of Lateral Sliding-Mode Triboelectric Nanogenerator.

J. Phys. Conf. Ser. 2020, 1549, 042095. [CrossRef]
28. Manjari Padhan, A.; Hajra, S.; Sahu, M.; Nayak, S.; Joon Kim, H.; Alagarsamy, P. Single-Electrode Mode TENG Using Ferromag-

netic NiO-Ti Based Nanocomposite for Effective Energy Harvesting. Mater. Lett. 2022, 312, 131644. [CrossRef]
29. Walden, R.; Kumar, C.; Mulvihill, D.M.; Pillai, S.C. Opportunities and Challenges in Triboelectric Nanogenerator (TENG) Based

Sustainable Energy Generation Technologies: A Mini-Review. Chem. Eng. J. Adv. 2022, 9, 100237. [CrossRef]
30. Zhang, Z.; Bai, Y.; Xu, L.; Zhao, M.; Shi, M.; Wang, Z.L.; Lu, X. Triboelectric Nanogenerators with Simultaneous Outputs in Both

Single-Electrode Mode and Freestanding-Triboelectric-Layer Mode. Nano Energy 2019, 66, 104169. [CrossRef]
31. Chen, B.; Wang, Z.L. Toward a New Era of Sustainable Energy: Advanced Triboelectric Nanogenerator for Harvesting High

Entropy Energy. Small 2022, 18, 2107034. [CrossRef] [PubMed]
32. Pan, S.; Zhang, Z. Fundamental Theories and Basic Principles of Triboelectric Effect: A Review. Friction 2019, 7, 2–17. [CrossRef]
33. Saqib, Q.M.; Shaukat, R.A.; Chougale, M.Y.; Khan, M.U.; Kim, J.; Bae, J. Particle Triboelectric Nanogenerator (P-TENG). Nano

Energy 2022, 100, 107475. [CrossRef]
34. Wang, Y.; Matin Nazar, A.; Wang, J.; Xia, K.; Wang, D.; Ji, X.; Jiao, P. Rolling Spherical Triboelectric Nanogenerators (RS-TENG)

under Low-Frequency Ocean Wave Action. J. Mar. Sci. Eng. 2021, 10, 5. [CrossRef]
35. Liu, Y.; Zheng, Y.; Wu, Z.; Zhang, L.; Sun, W.; Li, T.; Wang, D.; Zhou, F. Conductive Elastic Sponge-Based Triboelectric

Nanogenerator (TENG) for Effective Random Mechanical Energy Harvesting and Ammonia Sensing. Nano Energy 2021, 79, 105422.
[CrossRef]

36. Cao, Y.; Shao, H.; Wang, H.; Li, X.; Zhu, M.; Fang, J.; Cheng, T.; Lin, T. A Full-Textile Triboelectric Nanogenerator with Multisource
Energy Harvesting Capability. Energy Convers. Manag. 2022, 267, 115910. [CrossRef]

37. Wang, Z.L.; Wang, A.C. On the Origin of Contact-Electrification. Mater. Today 2019, 30, 34–51. [CrossRef]
38. Xu, W.; Zheng, H.; Liu, Y.; Zhou, X.; Zhang, C.; Song, Y.; Deng, X.; Leung, M.; Yang, Z.; Xu, R.X.; et al. A Droplet-Based Electricity

Generator with High Instantaneous Power Density. Nature 2020, 578, 392–396. [CrossRef]
39. Fan, Y.; Li, S.; Tao, X.; Wang, Y.; Liu, Z.; Chen, H.; Wu, Z.; Zhang, J.; Ren, F.; Chen, X.; et al. Negative Triboelectric Polymers with

Ultrahigh Charge Density Induced by Ion Implantation. Nano Energy 2021, 90, 106574. [CrossRef]

http://doi.org/10.1002/adfm.202107074
http://doi.org/10.1080/10717544.2022.2057620
http://www.ncbi.nlm.nih.gov/pubmed/35363100
http://doi.org/10.1089/soro.2021.0009
http://doi.org/10.3390/mi13010110
http://doi.org/10.1089/soro.2020.0137
http://doi.org/10.1002/adfm.202104770
http://doi.org/10.1089/soro.2020.0175
http://doi.org/10.1002/admi.202102124
http://doi.org/10.1002/admt.201900905
http://doi.org/10.1016/j.nanoen.2021.106256
http://doi.org/10.1021/acsami.1c17506
http://www.ncbi.nlm.nih.gov/pubmed/34783538
http://doi.org/10.1002/adfm.201907312
http://doi.org/10.1002/adma.201102958
http://doi.org/10.1016/j.matlet.2021.130904
http://doi.org/10.1021/acsaelm.0c00100
http://doi.org/10.1016/j.nanoen.2020.105327
http://doi.org/10.1016/j.elstat.2022.103685
http://doi.org/10.1088/1742-6596/1549/4/042095
http://doi.org/10.1016/j.matlet.2021.131644
http://doi.org/10.1016/j.ceja.2021.100237
http://doi.org/10.1016/j.nanoen.2019.104169
http://doi.org/10.1002/smll.202107034
http://www.ncbi.nlm.nih.gov/pubmed/35332687
http://doi.org/10.1007/s40544-018-0217-7
http://doi.org/10.1016/j.nanoen.2022.107475
http://doi.org/10.3390/jmse10010005
http://doi.org/10.1016/j.nanoen.2020.105422
http://doi.org/10.1016/j.enconman.2022.115910
http://doi.org/10.1016/j.mattod.2019.05.016
http://doi.org/10.1038/s41586-020-1985-6
http://doi.org/10.1016/j.nanoen.2021.106574


Micromachines 2022, 13, 1586 26 of 28

40. Sahoo, M.; Lai, S.-N.; Wu, J.-M.; Wu, M.-C.; Lai, C.-S. Flexible Layered-Graphene Charge Modulation for Highly Stable Triboelectric
Nanogenerator. Nanomaterials 2021, 11, 2276. [CrossRef]

41. Zhong, J.; Qian, S.; Wang, X.; Yang, C.; He, J.; Hou, X.; Chou, X. An Omnidirectional Stretchable Hyper-Elastic Dielectric
Composed Triboelectric Textile for Energy Harvesting. Mater. Lett. 2022, 306, 130859. [CrossRef]

42. Zhang, Y.; Lyu, F.; Yang, P.; Wu, W.; Gao, J. IoT Intelligence Empowered by End-Edge-Cloud Orchestration. China Commun. 2022,
19, 152–156. [CrossRef]

43. Yang, Y.; Hou, X.; Geng, W.; Mu, J.; Zhang, L.; Wang, X.; He, J.; Xiong, J.; Chou, X. Human Movement Monitoring and Behavior
Recognition for Intelligent Sports Using Customizable and Flexible Triboelectric Nanogenerator. Sci. China Technol. Sci. 2022,
65, 826–836. [CrossRef]

44. Yuan, Z.; Shen, G.; Pan, C.; Wang, Z.L. Flexible Sliding Sensor for Simultaneous Monitoring Deformation and Displacement on a
Robotic Hand/Arm. Nano Energy 2020, 73, 104764. [CrossRef]

45. Zhu, G.; Ren, P.; Yang, J.; Hu, J.; Dai, Z.; Chen, H.; Li, Y.; Li, Z. Self-Powered and Multi-Mode Flexible Sensing Film with Patterned
Conductive Network for Wireless Monitoring in Healthcare. Nano Energy 2022, 98, 107327. [CrossRef]

46. Zhao, X. Fingerprint-Inspired Electronic Skin Based on Triboelectric Nanogenerator for Fine Texture Recognition. Nano Energy
2021, 8, 106001. [CrossRef]

47. Yu, J.; Hou, X.; He, J.; Cui, M.; Wang, C.; Geng, W.; Mu, J.; Han, B.; Chou, X. Ultra-Flexible and High-Sensitive Triboelectric
Nanogenerator as Electronic Skin for Self-Powered Human Physiological Signal Monitoring. Nano Energy 2020, 69, 104437.
[CrossRef]

48. Feng, P.-Y.; Xia, Z.; Sun, B.; Jing, X.; Li, H.; Tao, X.; Mi, H.-Y.; Liu, Y. Enhancing the Performance of Fabric-Based Triboelectric
Nanogenerators by Structural and Chemical Modification. ACS Appl. Mater. Interfaces 2021, 13, 16916–16927. [CrossRef]

49. Wang, J.; He, J.; Ma, L.; Yao, Y.; Zhu, X.; Peng, L.; Liu, X.; Li, K.; Qu, M. A Humidity-Resistant, Stretchable and Wearable
Textile-Based Triboelectric Nanogenerator for Mechanical Energy Harvesting and Multifunctional Self-Powered Haptic Sensing.
Chem. Eng. J. 2021, 423, 130200. [CrossRef]

50. Liu, S.; Ma, K.; Yang, B.; Li, H.; Tao, X. Textile Electronics for VR/AR Applications. Adv. Funct. Mater. 2021, 31, 2007254.
[CrossRef]

51. Wu, Y.; Dai, X.; Sun, Z.; Zhu, S.; Xiong, L.; Liang, Q.; Wong, M.-C.; Huang, L.-B.; Qin, Q.; Hao, J. Highly Integrated, Scalable
Manufacturing and Stretchable Conductive Core/Shell Fibers for Strain Sensing and Self-Powered Smart Textiles. Nano Energy
2022, 98, 107240. [CrossRef]

52. Yan, L.; Mi, Y.; Lu, Y.; Qin, Q.; Wang, X.; Meng, J.; Liu, F.; Wang, N.; Cao, X. Weaved Piezoresistive Triboelectric Nanogenerator for
Human Motion Monitoring and Gesture Recognition. Nano Energy 2022, 96, 107135. [CrossRef]

53. Graham, S.A.; Chandrarathna, S.C.; Patnam, H.; Manchi, P.; Lee, J.-W.; Yu, J.S. Harsh Environment–Tolerant and Robust
Triboelectric Nanogenerators for Mechanical-Energy Harvesting, Sensing, and Energy Storage in a Smart Home. Nano Energy
2021, 80, 105547. [CrossRef]

54. Rodrigues, C.; Kumar, M.; Proenca, M.P.; Gutierrez, J.; Melo, R.; Pereira, A.; Ventura, J. Triboelectric Energy Harvesting in Harsh
Conditions: Temperature and Pressure Effects in Methane and Crude Oil Environments. Nano Energy 2020, 72, 104682. [CrossRef]

55. Ahn, J.; Kim, J.; Jeong, Y.; Hwang, S.; Yoo, H.; Jeong, Y.; Gu, J.; Mahato, M.; Ko, J.; Jeon, S.; et al. All-Recyclable Triboelectric
Nanogenerator for Sustainable Ocean Monitoring Systems. Adv. Energy Mater. 2022, 12, 2201341. [CrossRef]

56. Ye, C.; Liu, D.; Peng, X.; Jiang, Y.; Cheng, R.; Ning, C.; Sheng, F.; Zhang, Y.; Dong, K.; Wang, Z.L. A Hydrophobic Self-Repairing
Power Textile for Effective Water Droplet Energy Harvesting. ACS Nano 2021, 15, 18172–18181. [CrossRef]

57. Yang, D.; Ni, Y.; Kong, X.; Li, S.; Chen, X.; Zhang, L.; Wang, Z.L. Self-Healing and Elastic Triboelectric Nanogenerators for Muscle
Motion Monitoring and Photothermal Treatment. ACS Nano 2021, 15, 14653–14661. [CrossRef]

58. Lu, Z.; Jia, C.; Yang, X.; Zhu, Y.; Sun, F.; Zhao, T.; Zhang, S.; Mao, Y. A Flexible TENG Based on Micro-Structure Film for Speed
Skating Techniques Monitoring and Biomechanical Energy Harvesting. Nanomaterials 2022, 12, 1576. [CrossRef]

59. Kim, Y.; Lee, D.; Seong, J.; Bak, B.; Choi, U.H.; Kim, J. Ionic Liquid-Based Molecular Design for Transparent, Flexible, and
Fire-Retardant Triboelectric Nanogenerator (TENG) for Wearable Energy Solutions. Nano Energy 2021, 84, 105925. [CrossRef]

60. Guo, Z.H.; Wang, H.L.; Shao, Y.; Li, L.; Jia, L.; Pu, X. Flexible Ionic Diodes with High Rectifying Ratio and Wide Temperature
Tolerance. Adv. Funct. Mater. 2022, 8, 2112432. [CrossRef]

61. Li, H. Mechanically and Environmentally Stable Triboelectric Nanogenerator Based on High-Strength and Anti-Compression
Self-Healing Ionogel. Nano Energy 2021, 11, 106645. [CrossRef]

62. Li, L.; Chen, Y.-T.; Hsiao, Y.-C.; Lai, Y.-C. Mycena Chlorophos-Inspired Autoluminescent Triboelectric Fiber for Wearable Energy
Harvesting, Self-Powered Sensing, and as Human–Device Interfaces. Nano Energy 2022, 94, 106944. [CrossRef]

63. Zeng, Y.; Cheng, Y.; Zhu, J.; Jie, Y.; Ma, P.; Lu, H.; Cao, X.; Wang, Z.L. Self-Powered Sensors Driven by Maxwell’s Displacement
Current Wirelessly Provided by TENG. Appl. Mater. Today 2022, 27, 101375. [CrossRef]

64. Wu, H.; Yang, G.; Zhu, K.; Liu, S.; Guo, W.; Jiang, Z.; Li, Z. Materials, Devices, and Systems of On-Skin Electrodes for
Electrophysiological Monitoring and Human–Machine Interfaces. Adv. Sci. 2021, 8, 2001938. [CrossRef] [PubMed]

65. Rao, J.; Chen, Z.; Zhao, D.; Ma, R.; Yi, W.; Zhang, C.; Liu, D.; Chen, X.; Yang, Y.; Wang, X.; et al. Tactile Electronic Skin to
Simultaneously Detect and Distinguish between Temperature and Pressure Based on a Triboelectric Nanogenerator. Nano Energy
2020, 75, 105073. [CrossRef]

http://doi.org/10.3390/nano11092276
http://doi.org/10.1016/j.matlet.2021.130859
http://doi.org/10.23919/JCC.2022.9837843
http://doi.org/10.1007/s11431-021-1984-9
http://doi.org/10.1016/j.nanoen.2020.104764
http://doi.org/10.1016/j.nanoen.2022.107327
http://doi.org/10.1016/j.nanoen.2021.106001
http://doi.org/10.1016/j.nanoen.2019.104437
http://doi.org/10.1021/acsami.1c02815
http://doi.org/10.1016/j.cej.2021.130200
http://doi.org/10.1002/adfm.202007254
http://doi.org/10.1016/j.nanoen.2022.107240
http://doi.org/10.1016/j.nanoen.2022.107135
http://doi.org/10.1016/j.nanoen.2020.105547
http://doi.org/10.1016/j.nanoen.2020.104682
http://doi.org/10.1002/aenm.202201341
http://doi.org/10.1021/acsnano.1c06985
http://doi.org/10.1021/acsnano.1c04384
http://doi.org/10.3390/nano12091576
http://doi.org/10.1016/j.nanoen.2021.105925
http://doi.org/10.1002/adfm.202112432
http://doi.org/10.1016/j.nanoen.2021.106645
http://doi.org/10.1016/j.nanoen.2022.106944
http://doi.org/10.1016/j.apmt.2022.101375
http://doi.org/10.1002/advs.202001938
http://www.ncbi.nlm.nih.gov/pubmed/33511003
http://doi.org/10.1016/j.nanoen.2020.105073


Micromachines 2022, 13, 1586 27 of 28

66. Yin, F.; Guo, Y. Hybrid Electronic Skin Combining Triboelectric Nanogenerator and Humidity Sensor for Contact and Non-Contact
Sensing. Nano Energy 2022, 101, 107541. [CrossRef]

67. Wu, F.; Lan, B.; Cheng, Y.; Zhou, Y.; Hossain, G.; Grabher, G.; Shi, L.; Wang, R.; Sun, J. A Stretchable and Helically Structured
Fiber Nanogenerator for Multifunctional Electronic Textiles. Nano Energy 2022, 101, 107588. [CrossRef]

68. Chen, X.; Song, Y.; Chen, H.; Zhang, J.; Zhang, H. An Ultrathin Stretchable Triboelectric Nanogenerator with Coplanar Electrode
for Energy Harvesting and Gesture Sensing. J. Mater. Chem. A 2017, 5, 12361–12368. [CrossRef]

69. Wang, F.; Wang, M.; Liu, H.; Zhang, Y.; Lin, Q.; Chen, T.; Sun, L. Multifunctional Self-Powered E-Skin with Tactile Sensing and
Visual Warning for Detecting Robot Safety. Adv. Mater. Interfaces 2020, 7, 2000536. [CrossRef]

70. Luo, X.; Zhu, L.; Wang, Y.; Li, J.; Nie, J.; Wang, Z.L. A Flexible Multifunctional Triboelectric Nanogenerator Based on MXene/PVA
Hydrogel. Adv. Funct. Mater. 2021, 31, 2104928. [CrossRef]

71. Shi, Y.; Wei, X.; Wang, K.; He, D.; Yuan, Z.; Xu, J.; Wu, Z.; Wang, Z.L. Integrated All-Fiber Electronic Skin toward Self-Powered
Sensing Sports Systems. ACS Appl. Mater. Interfaces 2021, 13, 50329–50337. [CrossRef] [PubMed]

72. He, J.; Xie, Z.; Yao, K.; Li, D.; Liu, Y.; Gao, Z.; Lu, W.; Chang, L.; Yu, X. Trampoline Inspired Stretchable Triboelectric Nanogenerators
as Tactile Sensors for Epidermal Electronics. Nano Energy 2021, 81, 105590. [CrossRef]

73. Cai, Y.-W.; Zhang, X.-N.; Wang, G.-G.; Li, G.-Z.; Zhao, D.-Q.; Sun, N.; Li, F.; Zhang, H.-Y.; Han, J.-C.; Yang, Y. A Flexible
Ultra-Sensitive Triboelectric Tactile Sensor of Wrinkled PDMS/MXene Composite Films for E-Skin. Nano Energy 2021, 81, 105663.
[CrossRef]

74. Zhu, G.-J.; Ren, P.-G.; Wang, J.; Duan, Q.; Ren, F.; Xia, W.-M.; Yan, D.-X. A Highly Sensitive and Broad-Range Pressure Sensor
Based on Polyurethane Mesodome Arrays Embedded with Silver Nanowires. ACS Appl. Mater. Interfaces 2020, 12, 19988–19999.
[CrossRef] [PubMed]

75. Zhu, G.-J.; Ren, P.-G.; Guo, H.; Jin, Y.-L.; Yan, D.-X.; Li, Z.-M. Highly Sensitive and Stretchable Polyurethane Fiber Strain Sensors
with Embedded Silver Nanowires. ACS Appl. Mater. Interfaces 2019, 11, 23649–23658. [CrossRef]

76. Fan, M.; Wu, L.; Hu, Y.; Qu, M.; Yang, S.; Tang, P.; Pan, L.; Wang, H.; Bin, Y. A Highly Stretchable Natural Rub-
ber/Buckypaper/Natural Rubber (NR/N-BP/NR) Sandwich Strain Sensor with Ultrahigh Sensitivity. Adv. Compos.
Hybrid Mater. 2021, 4, 1039–1047. [CrossRef]

77. Zhang, S.; Qu, C.; Xiao, Y.; Liu, H.; Song, G.; Xu, Y. Flexible Alternating Current Electroluminescent Devices Integrated with High
Voltage Triboelectric Nanogenerators. Nanoscale 2022, 14, 4244–4253. [CrossRef] [PubMed]

78. Sun, J.; Chang, Y.; Liao, J.; Chang, S.; Dai, S.; Shang, Y.; Shan, C.-X.; Dong, L. Integrated, Self-Powered, and Omni-Transparent
Flexible Electroluminescent Display System. Nano Energy 2022, 99, 107392. [CrossRef]

79. Sun, J.; Chang, Y.; Dong, L.; Zhang, K.; Hua, Q.; Zang, J.; Chen, Q.; Shang, Y.; Pan, C.; Shan, C. MXene Enhanced Self-Powered
Alternating Current Electroluminescence Devices for Patterned Flexible Displays. Nano Energy 2021, 86, 106077. [CrossRef]

80. Wei, L.; Wang, J.-W.; Gao, X.-H.; Wang, H.-Q.; Wang, X.-Z.; Ren, H. Enhanced Dielectric Properties of a Poly(Dimethyl Siloxane)
Bimodal Network Percolative Composite with MXene. ACS Appl. Mater. Interfaces 2020, 12, 16805–16814. [CrossRef] [PubMed]

81. Chang, Y.; Sun, J.; Dong, L.; Jiao, F.; Chang, S.; Wang, Y.; Liao, J.; Shang, Y.; Wu, W.; Qi, Y.; et al. Self-Powered Multi-Color Display
Based on Stretchable Self-Healing Alternating Current Electroluminescent Devices. Nano Energy 2022, 95, 107061. [CrossRef]

82. Chang, X.; Chen, L.; Chen, J.; Zhu, Y.; Guo, Z. Advances in Transparent and Stretchable Strain Sensors. Adv. Compos. Hybrid Mater.
2021, 4, 435–450. [CrossRef]

83. Chen, J.; Zhu, Y.; Chang, X.; Pan, D.; Song, G.; Guo, Z.; Naik, N. Recent Progress in Essential Functions of Soft Electronic Skin.
Adv. Funct. Mater. 2021, 31, 2104686. [CrossRef]

84. Wang, L.; Wang, Y.; Yang, S.; Tao, X.; Zi, Y.; Daoud, W.A. Solvent-Free Adhesive Ionic Elastomer for Multifunctional Stretchable
Electronics. Nano Energy 2022, 91, 106611. [CrossRef]

85. Zhou, K.; Xu, W.; Yu, Y.; Zhai, W.; Yuan, Z.; Dai, K.; Zheng, G.; Mi, L.; Pan, C.; Liu, C.; et al. Tunable and Nacre-Mimetic
Multifunctional Electronic Skins for Highly Stretchable Contact-Noncontact Sensing. Small 2021, 17, 2100542. [CrossRef]

86. Zhu, G.; Ren, P.; Hu, J.; Yang, J.; Jia, Y.; Chen, Z.; Ren, F.; Gao, J. Flexible and Anisotropic Strain Sensors with the Asymmetrical
Cross-Conducting Network for Versatile Bio-Mechanical Signal Recognition. ACS Appl. Mater. Interfaces 2021, 13, 44925–44934.
[CrossRef]

87. Liu, G.; Xu, S.; Liu, Y.; Gao, Y.; Tong, T.; Qi, Y.; Zhang, C. Flexible Drug Release Device Powered by Triboelectric Nanogenerator.
Adv. Funct. Mater. 2020, 30, 1909886. [CrossRef]

88. Qin, Y.; Mo, J.; Liu, Y.; Zhang, S.; Wang, J.; Fu, Q.; Wang, S.; Nie, S. Stretchable Triboelectric Self-Powered Sweat Sensor Fabricated
from Self-Healing Nanocellulose Hydrogels. Adv. Funct. Mater. 2022, 32, 2201846. [CrossRef]

89. Li, W.; Lu, L.; Kottapalli, A.G.P.; Pei, Y. Bioinspired Sweat-Resistant Wearable Triboelectric Nanogenerator for Movement
Monitoring during Exercise. Nano Energy 2022, 95, 107018. [CrossRef]

90. Wang, J.; Wang, H.; Thakor, N.V.; Lee, C. Self-Powered Direct Muscle Stimulation Using a Triboelectric Nanogenerator (TENG)
Integrated with a Flexible Multiple-Channel Intramuscular Electrode. ACS Nano 2019, 13, 3589–3599. [CrossRef] [PubMed]

91. Du, S.; Suo, H.; Xie, G.; Lyu, Q.; Mo, M.; Xie, Z.; Zhou, N.; Zhang, L.; Tao, J.; Zhu, J. Self-Powered and Photothermal Electronic
Skin Patches for Accelerating Wound Healing. Nano Energy 2022, 93, 106906. [CrossRef]

92. Ma, L.; Wang, J.; Zhang, Z.; Kang, Y.; Sun, M.; Ma, L. Preparation of a Superhydrophobic TiN/PTFE Composite Film toward
Self-Cleaning and Corrosion Protection Applications. J. Mater. Sci. 2021, 56, 1413–1425. [CrossRef]

http://doi.org/10.1016/j.nanoen.2022.107541
http://doi.org/10.1016/j.nanoen.2022.107588
http://doi.org/10.1039/C7TA03092D
http://doi.org/10.1002/admi.202000536
http://doi.org/10.1002/adfm.202104928
http://doi.org/10.1021/acsami.1c13420
http://www.ncbi.nlm.nih.gov/pubmed/34641665
http://doi.org/10.1016/j.nanoen.2020.105590
http://doi.org/10.1016/j.nanoen.2020.105663
http://doi.org/10.1021/acsami.0c03697
http://www.ncbi.nlm.nih.gov/pubmed/32252521
http://doi.org/10.1021/acsami.9b08611
http://doi.org/10.1007/s42114-021-00298-x
http://doi.org/10.1039/D1NR08203E
http://www.ncbi.nlm.nih.gov/pubmed/35244117
http://doi.org/10.1016/j.nanoen.2022.107392
http://doi.org/10.1016/j.nanoen.2021.106077
http://doi.org/10.1021/acsami.0c01409
http://www.ncbi.nlm.nih.gov/pubmed/32186174
http://doi.org/10.1016/j.nanoen.2022.107061
http://doi.org/10.1007/s42114-021-00292-3
http://doi.org/10.1002/adfm.202104686
http://doi.org/10.1016/j.nanoen.2021.106611
http://doi.org/10.1002/smll.202100542
http://doi.org/10.1021/acsami.1c13079
http://doi.org/10.1002/adfm.201909886
http://doi.org/10.1002/adfm.202201846
http://doi.org/10.1016/j.nanoen.2022.107018
http://doi.org/10.1021/acsnano.9b00140
http://www.ncbi.nlm.nih.gov/pubmed/30875191
http://doi.org/10.1016/j.nanoen.2021.106906
http://doi.org/10.1007/s10853-020-05364-1


Micromachines 2022, 13, 1586 28 of 28

93. Ma, L.; Wang, J.; Ren, C.; Ju, P.; Huang, Y.; Zhang, F.; Zhao, F.; Zhang, Z.; Zhang, D. Detection of Corrosion Inhibitor Adsorption
via a Surface-Enhanced Raman Spectroscopy (SERS) Silver Nanorods Tape Sensor. Sens. Actuators B Chem. 2020, 321, 128617.
[CrossRef]

94. Ma, L.; Wang, J.; Zhang, D.; Huang, Y.; Huang, L.; Wang, P.; Qian, H.; Li, X.; Terryn, H.A.; Mol, J.M.C. Dual-Action Self-Healing
Protective Coatings with Photothermal Responsive Corrosion Inhibitor Nanocontainers. Chem. Eng. J. 2021, 404, 127118.
[CrossRef]

95. Rodrigues, C.; Ramos, M.; Esteves, R.; Correia, J.; Clemente, D.; Gonçalves, F.; Mathias, N.; Gomes, M.; Silva, J.; Duarte, C.; et al.
Integrated Study of Triboelectric Nanogenerator for Ocean Wave Energy Harvesting: Performance Assessment in Realistic Sea
Conditions. Nano Energy 2021, 84, 105890. [CrossRef]

96. Xing, J.; Tao, P.; Wu, Z.; Xing, C.; Liao, X.; Nie, S. Nanocellulose-Graphene Composites: A Promising Nanomaterial for Flexible
Supercapacitors. Carbohydr. Polym. 2019, 207, 447–459. [CrossRef] [PubMed]

97. Liu, Y.; Sun, W.; Li, T.; Wang, D. Hydrophobic MAO/FSG Coating Based TENG for Self-Healable Energy Harvesting and
Self-Powered Cathodic Protection. Sci. China Technol. Sci. 2022, 65, 726–734. [CrossRef]

98. Sun, W.; Luo, N.; Liu, Y.; Li, H.; Wang, D. A New Self-Healing Triboelectric Nanogenerator Based on Polyurethane Coating and
Its Application for Self-Powered Cathodic Protection. ACS Appl. Mater. Interfaces 2022, 14, 10498–10507. [CrossRef]

99. Sun, W.; Wang, N.; Li, J.; Xu, S.; Song, L.; Liu, Y.; Wang, D. Humidity-Resistant Triboelectric Nanogenerator and Its Applications
in Wind Energy Harvesting and Self-Powered Cathodic Protection. Electrochim. Acta 2021, 391, 138994. [CrossRef]

http://doi.org/10.1016/j.snb.2020.128617
http://doi.org/10.1016/j.cej.2020.127118
http://doi.org/10.1016/j.nanoen.2021.105890
http://doi.org/10.1016/j.carbpol.2018.12.010
http://www.ncbi.nlm.nih.gov/pubmed/30600028
http://doi.org/10.1007/s11431-021-1943-8
http://doi.org/10.1021/acsami.2c00881
http://doi.org/10.1016/j.electacta.2021.138994

	Introduction 
	Recent Progress in Structural Design for Self-Powered Systems 
	Working Principle of TENG 
	Structural Flexibility for High-Performance Energy Conversion 
	Design of Rich Energy Collection Channels 
	Increase Surface Charge Density 
	Design for Reducing Power Loss 

	Flexible TENG for Detection of Mechanical Stimuli 
	Highly Customized Design 
	Multiple Components Designed for Coordinated Operation 
	Bionic Design and Improvement of Biocompatibility 
	Highly Sensitive Textile Structure 

	Structural Design for Reliable Output in Extreme Conditions 
	Corrosion Resistance 
	Wear Resistance 
	Stretchability 
	High-Temperature Resistance 
	Self-Luminescence 

	Flexible Design toward Multifunctionality 
	Multistimuli Perception 
	Multi-Working Mode 


	Structural Flexibility Promotes Self-Powered Systems 
	Tactile Sensors 
	Display 
	Medical Devices 
	Cathodic Protection Device 

	Conclusions and Perspectives 
	Increase Output Power 
	Higher Sensitivity 
	Comfortability and Stability 
	Environmental Tolerance 
	Multifunctionality 
	Cost Reduction 

	References

