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Abstract: Smart responsive materials can react to external stimuli via a reversible mechanism and
can be directly combined with a triboelectric nanogenerator (TENG) to deliver various intelligent
applications, such as sensors, actuators, robots, artificial muscles, and controlled drug delivery. Not
only that, mechanical energy in the reversible response of innovative materials can be scavenged
and transformed into decipherable electrical signals. Because of the high dependence of amplitude
and frequency on environmental stimuli, self-powered intelligent systems may be thus built and
present an immediate response to stress, electrical current, temperature, magnetic field, or even
chemical compounds. This review summarizes the recent research progress of smart TENGs based
on stimulus-response materials. After briefly introducing the working principle of TENG, we
discuss the implementation of smart materials in TENGs with a classification of several sub-groups:
shape-memory alloy, piezoelectric materials, magneto-rheological, and electro-rheological materials.
While we focus on their design strategy and function collaboration, applications in robots, clinical
treatment, and sensors are described in detail to show the versatility and promising future of smart
TNEGs. In the end, challenges and outlooks in this field are highlighted, with an aim to promote the
integration of varied advanced intelligent technologies into compact, diverse functional packages in
a self-powered mode.

Keywords: smart materials; stimuli-responsive; triboelectric nanogenerator; energy conversion;
self-powered system

1. Introduction

Currently, the ever-growing need for versatile and efficient intelligent devices stim-
ulates people’s intense research interest in integrating smart response materials with
traditional electronics [1-3]. The original concept of smart materials stems from natural
biological systems that follow a perception-reaction-learning mechanism. Presently, they
are defined as materials that can respond to a variety of external stimuli or environmental
changes. This is because smart materials can adjust their function and respond accord-
ingly by rearranging their structure at the molecular level. They represent a family of
innovative materials for understanding experiences with self-awareness and purposeful
responses [4-8].

Historically, applications of functional smart materials with controllable shape or
volume changes in response to external stimuli have been investigated in several fron-
tier fields, such as sensors, actuators, optoelectronic devices, information storage, and
biomedicine [9-13]. These external stimuli include chemical incentives (e.g., changes in
concentration, humidity, pH) [14-16], mechanical stimuli (e.g., pressure, strain) [17,18],
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physical stimuli (e.g., light, sound, temperature, color) [19-23], and electromagnetic stimuli
(e.g., electric, magnetic, charge injection) [24-27]. The unique and excellent responsive char-
acteristics of smart materials enable them to be used specifically and accurately in certain
applications, allowing them to perceive changes in the environment and adapt future smart
polymers to similar situations and specific behaviors in specific applications [28-30].

A triboelectric nanogenerator (TENG) is a newly developed energy harvesting tech-
nology based on the coupling effect of contact charge and electrostatics [31,32]. It can
convert almost any type of mechanical energy, such as vibration [33], water waves [34],
wind [35], raindrops [36], and human motion [37], into electrical energy, and power various
sensors. In principle, TENGs have a wide selection of materials, such as organic materi-
als [27,38], polymers [39], hydrogels [40], and elastic rubbers [41,42], which can be directly
used to manufacture TENG or serve as active component of TENG systems. Thus, smart
materials can also be promising candidates combined with TENG devices and generate
many multifunctional applications. The introduction of smart materials not only improves
the performance of TENG in terms of material optimization, but also provides various
applications, such as sensors [43,44], actuators [45], robots [46], artificial muscles [47], and
controlled drug delivery [48]. Moreover, the mechanical energy in the reversible response of
smart materials can be cleared and converted into electrical energy, which is highly depen-
dent on the amplitude and frequency of environmental stimuli and can be digitized for the
latter. Therefore, a self-powered smart system can be constructed, with broad applications
in catalysis [49], sensors [50], drug/gene delivery [51,52], and self-assembly [53,54].

This review discusses recent advances in smart TENGs that are based on different
stimulus-response materials (Figure 1). In the first part of the review, we give an in-depth
introduction to the TENG, including stimuli based on electromagnetic drives and light
responses. In subsequent sections, we highlight the application of smart response TENG
in different research areas and future development prospects. Finally, the smart answer
TENG discussion is summarized, and current research gaps and future research directions
are suggested from a broader perspective.
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Figure 1. Diverse applications of TENGs that are based on multiple stimuli-responsive materials.
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(a) Vertical Contact-Separation Mode | (b) Lateral-Sliding Mode

2. Basic Principle and Working Modes of TENGs

TENG is capable of transforming mechanical energy from the surrounding environ-
ment into electrical power by utilizing a combination of triboelectrification and electrostatic
induction effects [55,56]. Typically, this involves contacting two materials with differing
charge affinities, causing electrostatic charges to build up on their surfaces until reaching sat-
uration with repeated contact. These charges generate an electric field that drives the flow
of electrons through an external load over time, ultimately converting mechanical energy
into electrical energy [57,58]. TENGs can be categorized into four working modes(Figure 2):
the vertical contact separation mode, which uses vertical polarization; the lateral sliding
mode, utilizing lateral polarization from the relative movement between two media [59];
the single-electrode mode, which can harvest energy from a freely moving object without
attaching conductive wires [60]; the independent triboelectric layer mode, which uses
electrostatic induction between a pair of electrodes to generate electrical energy [61].
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Figure 2. The basic principle of TENG.

Vertical contact separation mode is the basic model of TENG, which involves the
creation of opposite charges on the surfaces of two dielectric films with distinct electron
affinity upon physical contact. When there is an appropriate gap between the two films,
an electric potential difference occurs between the surfaces of the two dielectric films. If
the films were connected through electrodes and external circuits, the free electrons in one
electrode will flow to the other to balance the electrostatic field. Once the gap is closed, the
potential difference caused by the friction charge disappears, and the induced electrons
flow back. Regular contact and separation between the two materials drive rated electrons
to flow back and forth between the two electrodes, resulting in an AC output in the external
circuit. It is the basic model of TENG.

Lateral sliding mode involves relative movement in the direction parallel to the
interface between two materials with opposite triboelectric polarities. When the materials
are brought into contact, surface charge transfer occurs due to the triboelectrification effect.
When the materials are separated by a distance, a potential difference is generated across
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two electrodes due to the effective dipole polarization created in parallel to the direction of
the displacement.

Single electrode mode converts energy by combining dielectric materials with metal
electrodes. When the charged dielectric approaches the grounded metal electrode, an
induction charge is created in the metal plate to balance the electrostatic field. When the
dielectric moves away from the metal plate, the current flows back to the ground. SE is the
most convenient and simplest mode, which harvests the energy of moving objects through
only a metal plate without the need for other dielectrics.

Independent triboelectric layer mode has high potential in collecting natural energy.
The mode needs to place a dielectric layer on top of a pair of symmetrical electrodes that
are approximately the same size as the moving object and maintain a small gap between
the object and electrodes, an asymmetric charge distribution is generated via induction
in the surrounding medium when the object approaches or departs from the electrodes.
This occurs only if the object has been previously charged by a triboelectric process. The
electrons flow between the two electrodes to balance the local potential distribution. As
the object moves back and forth, the electrons oscillate between the paired electrodes
and generate an AC output. This mode offers the advantage of harvesting energy from a
moving object without requiring grounding, making the system more flexible.

The TENG's open circuit voltage (Voc) can easily reach several thousand volts, while
the short circuit current (Isc) is as low as a few microamperes. The output voltage of a
TENG decreases as the load resistance decreases. Therefore, intelligent responsive materials
can be used as the friction layer or electrode layer material of TENG to improve its output
characteristics. Moreover, TENG can also be used to drive some intelligent and responsive
materials and devices.

3. Classifications and Underlying Mechanisms of TENGs That Are Based on
Smart Materials

The self-adaptability and self-actuation of smart materials are achieved through the
autonomous movement of particles at the nanoscale. When stimulated by external factors,
molecules and atoms will aggregate, align, and orient themselves to provide the optimal
response to the external stimuli [62,63]. If combined with TENG, the system may deliver
various intelligent applications, such as sensors [64], actuators [65], robots [66], artificial
muscles [67], and controlled drug delivery [68] with immediate response to stress, electrical
current, temperature, magnetic field, or even chemical compounds. In this chapter, we
introduce the combination of different types of smart materials with TENG based on
their principles and mechanisms. In Table 1, we list the synthesis methods, properties,
and application comparison of TENGs combined with different types of smart materials.
Specifically, we present the working mechanism of the smart material in shape-memory,
self-healing, and other response polymers, discuss the basic principle of the stimulus-
response characteristics, and illustrate how the smart fabric can be combined with TENG
to obtain better output performance and diverse application scenarios.

Table 1. Comparison of synthesis methods, properties and applications of TENGs combined with
different types of smart materials.

. Method of L
Type Material Synthesis Performance Application References
5 Spin coating, Scavenging energy from

Magnetic v-Fe;03, PVDE Solution casting 0.8 1A, 90V rotary pump vibrations. [6]
ﬁif;?jll:e léll)/l\l/fsl fabric, Solidified stripping 30 pA, 205V Harvesting wind energy. [70]

NdFeB magnets Solution casting 1.17 mA-cm™2 Harvesting wind energy. [71]
Opti . ZnO-NPs, PVDF Solution casting 28V Monitoring of movement.  [72]

ptical responsive Sol-gel method Self-powered smart

materials PEDOT-MeOH 08¢ ! - 3 [73]

Spin coating windows
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Table 1. Cont.
. Method of e e
Type Material Synthesis Performance Application References
(;hltosan—glycerol Coating method 130V SweeTt sensor, [74]
film Monitoring of movement.
Hygrq-resp ONSIVE " PESA ionomer Sol'ut1on §ast1ng, - Self-powered steam sensor  [75]
materials Spin coating
Chemical vapor . 1
SnS, deposition 7.6 A Humidity sensor [76]
PCL, .ﬂuormated So.h(.:l—hquld 85nA, 6V Wetting momtoru.ng and [77]
alumina mixing temperature sensing
Temperature- CNFs, AgNWs, PA, . . 116 'V, 3.8uA, Fire warning,
responsive BP Vacuum filtration 42 nC, 33.4 pm—2 Temperature sensing [78]
material Free radical 242.72 nA, A stable warning system
NIPAM, MMA polymerization 0.72V, for real-time liquid [79]
and spin-coating. 10.78 nC temperature monitoring
pH-responsive . . 26.37 pA, Sl
materials PTFE, PDMS Spin coating 69.04 V Acid rain sensor [80]
acrylic acid,1-vinyl-
3-ethyl
imidazolium Solution casting 3.15W-m~2 Monitoring of movement  [81]
dicyandiamide,
Self-Healing ZnO NPs
materials AAM, KPS, 157 V, 16 uA,
glycerol, Solidified stripping 29 nC, Monitoring of movement [82]
NH,-PDMS-NH, 710 mW-m~2.
PU Solution casting 120;{& Monitoring of movement  [83]
PCL, g . Smart wrist splint with an
n-butyl acrylate Solidified stripping - alarm system. [84]
Shape-memory Polyurethane Electrospinning 150-320 'V, 72 Self-powered water [85]
polymers 2.5-4 pA-cm temperature sensor.
PSeDAE Cross—hnkmg, 445V,1 uA, Improwsed explosive [86]
Laser engraving 17.5nC device.

3.1. Magnetic Responsive Materials

In an external magnetic field, flexible materials embedded with magnetic particles
can produce a series of deformations, such as stretching, deformation, and expansion.
A controllable magnetic field can control these deformations of soft magnetic materials
because the interaction between electrons creates a solid molecular lot in ferromagnetic
materials. Ferromagnetic materials, in the process of spontaneous magnetization, will
produce a small magnetization in different directions to reduce the magnetostatic energy,
resulting in saturation magnetization. This is called the magnetic domain [87,88].

Thus, when a soft magnetic material is affected by the strength of an external magnetic
field, the functional magnetic domains will align in the direction of the area. Magnetic soft
materials are considered ideal alternative materials for specific space components due to
their responsiveness, ease of handling, and self-assembly. At present, the research field and
application range of intelligent magnetic response devices is less diverse than other types of
response materials. In most cases, they are combined with flexible polymer materials and
magnetically driven, employing unidirectional magnetization. Further investigation shows
that the magnetic directions of the domains are randomly distributed due to the irregularity
of the thermal motion, which causes the magnetic moments between the disciplines to
cancel each other due to the opposite directions. Thus, in an external magnetic field with
a strength of 0, the entire ferromagnet does not show magnetization. Once the external
magnetic field drives the magnetic moment, it tends to coincide with the direction of the
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external magnetic field. In this dynamic process, an induced magnetic field is formed, and
a magnetized current is generated (Figure 3a). Li et al. applied magnetized wind generated
by a magnetic field to ferromagnets, which improved the electrical output performance
and energy conversion efficiency of TENG and opened up a breakthrough direction for
studying the output characteristics of TENG [89].
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Figure 3. (a) The proposed enhancement mechanism of ferromagnetic-based S-TENG []. Copyright
2021, Wiley-VCH. (b,c) Schematic of M-TENG structure, with and without magnet and response of
magnetic nanocomposite layer with and without magnet [69]. Copyright 2019, AMER CHEMICAL
SOC. (d) Demonstration and schematic illustration of magnetic-assisted noncontact TENG for har-
vesting energy from wind and water flow (four devices arranged with perpendicular angles [70].
Copyright 2016, ELSEVIER. (e) A further detailed schematic of the zoomed-in wind blade and the
correct corresponding wind rotation. The MEG can be seen on the right in its compressed state.
(f) Schematic demonstration of the wind initiating the process of the generator [71]. Copyright 2022,
WILEY-VCH VERLAG GMBH.

The magnetic nanocomposites used to create the Magnetic Response Triboelectric
Nanogenerator (TENG) offer a unique benefit beyond the additional driving force provided
by the magnetizing current. Specifically, the solid magnetic response of the material
enables the external magnetic field to facilitate the contact and separation of the TENG’s
layers, without requiring any additional mechanical force. Therefore, it can work in
non-contact mode to prevent the device from coming into direct contact with external
mechanical shocks that could damage the electrodes and triboelectric layer. Bushara et al.
synthesized y-Fe,O3/PVDF transparent nanocomposites as friction layer materials for
TENG by spinning coating method, thus producing TENG devices with flexibility and
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stretchability advantages and stability [69]. In the preparation process, PET material was
used as the positive triboelectric layer material, and on one of the substrates, the spun
v-Fe;O3/PVDEF was used as the negative triboelectric material. The two are connected face
to face to a curved mylar film, and the spacing between them can be periodically changed
by externally applied forces and create a potential difference. As shown in Figure 3b,c, The
TENG moves vertically in response to the attraction of the magnet. When the magnet is
near the device, the magnetic nanocomposite is near the PET’s upper surface. When the
magnet is removed from above the device, the PET layer and the nanocomposite layer
separate due to gravity. The electrical output performance of the magnetic drive TENG in
non-contact mode is 0.8 pA and 90 V, respectively. In addition, the output characteristics
can be further optimized by changing the nanocomposite’s magnetized flux density or the
NP embedment’s mass fraction.

In the past few years, TENG has been studied to capture wind and blue energy.
Environmental factors for the outdoor energy harvesting process of the TENG in an open
environment, such as gas composition, especially humidity, have a significant impact on
the performance of the TENG. To adapt to wind energy and blue energy harvesting in
high-modesty environments, Huang et al. proposed a magnetic-assisted non-contact TENG
in which the device consists of two parts: a magnetic response layer (PDMS/FeCoNi
composite/PET/Al/PDMS) and a non-magnetic response layer (Al/Ni fabric/PET) [70].
As shown in Figure 3d, wind or water flow can drive the rotation of the entire device,
directly leading to contact separation of the magnetically assisted non-contact TENG. As
the magnet rotates toward the device, the magnetic response layer is absorbed, causing
the PDMS film to come into contact with the Al/Ni fabric. In contrast, the PDMS film
and Al/Ni fabric separate as the magnet rotates away from the device. The blue energy
can be harvested and converted into electrical energy by a contact separation between the
magnetic and non-magnetic responsive layers. Obviously, the higher wind speed makes
the panel spin faster, resulting in a higher frequency of contact separation between the
magnetic and non-magnetic auxiliary layers.

Recently, Zhao et al. developed a magnetic elastomer generator that can change the
magnetic field in a soft system through wind-induced mechanical deformation. Addition-
ally, it can convert wind energy into electrical energy through electromagnetic induction
in any direction (Figure 3f) [71]. As shown in Figure 3e, the magnetic-elastic generator is
composed of magnetic particles and a polymer matrix with Young’s modulus of 980.9 kPa,
which has suitable mechanical tensile properties. The results indicate that a high current
density of 1.17 mA cm~2 and an extremely low internal impedance of 68 () are obtained at
266 r/min and driven by ambient rain-blown wind. The system can decompose water to
produce hydrogen at a rate of 7.5 x 10> mL h~! at a wind speed of 20 m s~ 1. In other words,
this work brings a whole new platform technology to the wind harvesting community.

3.2. Optical Responsive Materials

Light stimulation is a fundamental and straightforward approach for investigating
single stimulus responses, offering fast response times, high driving performance change
rates, and excellent stability [90-92]. In particular, photochromic molecules are crucial
components of light-responsive materials, capable of capturing optical signals and con-
verting them into valuable properties that can drive changes in shape and structure, as
well as exhibit macroscopic characteristics [93]. Integrating photochromic materials into
TENG systems enables the expansion of self-powered sensing applications and propels the
development of TENG towards higher precision [94].

Santanu Jana et al. have produced a wearable polymer composite NG (PCNG), which
facilitates the formation of y crystalline phases by adding ZNO-NPs to PVDF films [72]
(Figure 4a). PCNG delivers an open-circuit voltage of up to 28 V and a short-circuit current
of 450 nA by simple repetitive human finger application (at a pressure amplitude of 8.43 kPa)
(Figure 4c). Figure 4b shows experimental observations from the COMSOL multi-physical
field software that validate the simulated potentials of PCNG attached to fingers in the
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upward- and downward-bending states. More importantly, when a perceptive response is
generated by PCNG, where ZNO-NPs can be used as an optical probe, near-blue emission
is observed from the photoluminescence spectrum.
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Figure 4. (a) Schematic diagram of the PCNG layer by layer. (b) Simulation of piezo potential
distribution within PCNG during upward and downward bent states. (c) The embedded PCNG
response synchronized with a human finger gesture, for example, (i) upward, (ii) relaxed state,
and (iii) downward movements. [72]. Copyright 2016, IOP Publishing Ltd. (d) Classification of
PECDs: (i) Separated type PECD (S-PECD); (ii) Combined type PECD(C-PECD); (iii) Hybrid type
PECD (H-PECD) (e) Plot of PhCE versus exposure energy density of different types of PECDs. Inset:
Transmittance for the bleached and colored states of corresponding PECDs; (f) Dynamic transmittance
responses of different types of PECDs under illumination and dark for simulating the functional
condition of corresponding self-powered smart windows under sunny and cloudy conditions [73].
Copyright 2021, ELSEVIER.

The original model of solar-driven photo electrochromic devices (PECDs) is a hybrid
system of dye-sensitized solar cells (DSSCs) and electrochromic devices (ECDs), which is a
potential application for convenient self-powered applications. According to the structure
design, PECDs can be divided into two classical types: separated photochromic devices
(S-PECD) and combined photochromic devices (C-PECD), as shown in Figure 4d(i),(ii). In
order to further improve the optical contrast and reduce the response time, a novel hybrid
photochromic device (H-PECD) was proposed by Cheng et al. [73]. The novel H-PECD
structure comprises a photoelectrode coated with an electro-chromic conducting polymer
layer, which operates independently and exhibits exceptional speed and optical variation
during coloring and bleaching under diverse weather conditions. This performance is
comparable to conventional ECDs while circumventing the necessity for an additional
power supply or intricate wiring.

3.3. Hygro-Responsive Materials

When the external environment’s relative humidity (RH) changes, the humidity-
sensitive material can produce reversible expansion and shrinkage phenomena. Meanwhile,
it can convert chemical potential energy in water into mechanical energy. Therefore,
changing humidity conditions can provide the driving force for the TENG to switch to the
extreme environment. The moisture-sensitive TENG can effectively capture energy from
wind and raindrops. On the one hand, the device can optimize the working mode and
automatically switch the working structure without outside intervention, forming a wholly
self-powered intelligent system. On the other hand, the particular advantages of TENGs,
such as fast response speed and high output voltage, can be fully utilized. Therefore,
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introducing hygro-responsive materials into the TENG research route could generate some
attractive diversified applications in personal health monitoring or meteorology.

Jao et al. have developed a triboelectric nanogenerator based on chitosan-glycerol thin
films (C-TENG), which have resistance, environmental stability, and shape adaptability [74].
The output characteristics of the manufactured C-TENG are very stable under various
humidity conditions. More importantly, the C-TENG can be combined with our functional
textiles to enable a self-powered sensor (Figure 5a) to detect humidity, sweat, and gait
phases. As shown in Figure 5b, with the increased NaCl concentration, the output voltage
of the sweat sensor decreases from 26 V to 12.5 V. Because of this output tendency, NaCl
sensors can be implemented. Since the concentration of NaCl is an essential indicator for
people to monitor their physical condition during exercise, especially for high-intensity or
long-term exercise, C-TENG can be used to detect the concentration in sweat.
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Figure 5. (a) Components of the self-powered sweat sensor. (b) The output voltage of the self-
powered sweat sensor when detecting clothes worn with various concentrations of NaCl solution
adsorbed [74]. Copyright 2018, ELSEVIER. (c) Schematic illustration of the humidity-responsive
TENG based on the moisture/vapor-driven smart material (PFSA). (d) Deformation mechanism
of the TENG blade in response to changed humidity [75]. Copyright 2019, AMER CHEMICAL
SOC. (e) Schematic diagram of a self-powered dynamic response humidity sensor based on SnS;.
(f) Current increases by varying the level of RH from 30 to 99% at room temperature, (g) sensor
response by increasing RH at room temperature, (h) Dynamic responses of the self-powered SnS;-
based humidity sensor by exposing to different RH based on TENG source power (i) Stability of
sensor responses to 50% humidity over 5 months [76]. Copyright 2022, AMER CHEMICAL SOC.
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Humidity sensing is a well-studied field of smart response. The vapor-absorbing
materials used to make moisture-responsive actuators usually have porous or fibrous
structures designed to allow better passage of water molecules, and the change in water
molecule content will produce internal stress, thus causing spontaneous deformation. To
achieve a self-actuated TENG, a steam-driven actuator is an ideal device for coupling with
the TENG. Ren et al. demonstrated a wet-responsive TENG for vapor-driven materials
based on perfluorinated sulfonic acid (PFSA) ionomers (Figure 5c) [75]. As shown in
Figure 5d, at relatively high (or low) concentrations of PESA membranes, water molecules
can be absorbed (or desorbed) by these nanochannels, which gradually expand (or contract)
to generate internal stresses and drive TENG leaf deformation. This self-powered sensor
can be used to detect vapor concentration changes and monitor vapor leakage.

In addition, materials with two-dimensional (2D) structures have significant advan-
tages in many areas of sensors. SnS, has the most exciting design among two-dimensional
(2D) transition metal disulfide (TMD) materials, consisting of a tightly packed sheet of tin
atoms sandwiched between two sheets of sulfur atoms. It is worth noting that SnS, material
has high carrier mobility compared with other TMD material structures. The essential
method to obtain SnS; with different morphologies is chemical vapor deposition (CVD).
Through this method, SnS, can acquire a large number of available active sites, which is
the critical parameter to realize gas or humidity sensing. Leyla et al. made a humidity
sensor based on FTO/Kapton CS-TENG using SnS, (Figure 5e) [76]. Figure 5g,h shows
the current change and response of the SnS;-based humidity sensor at 30~90% RH. The
5nS,-based self-powered humidity sensor has a downward trend in resistance when the
device is exposed to the humidity range of 30-99% RH, which matches the active region
of the FTO/Kapton TENG. Figure 5i shows the dynamic response of the self-powered
TENG at room temperature at 30-70% RH. The output stability tested at 50%RH for more
than five months is shown in Figure 5f. It can be seen that humidity sensing based on the
TENG system can be realized in the fresh sensing layer. After 5 months, the SnS;-based
self-powered sensor responds to humidity to the same degree, with a stable output current
of about 7.6 pA, similar to the magnitude of the output current at 50% RH.

3.4. Temperature-Responsive Material

An important property of temperature-responsive materials is the low critical solution
temperature (LCST). LCSTS are mainly found in polymer-based materials, and the polymer
will dissolve into micelles in various proportions at temperatures below the LCST. In
contrast, at temperatures above the LCTS, it will form separate phases [95,96]. Intelligent
temperature response TENG is vital for energy harvesting and application expansion. The
current working environment of electronic devices is mostly room temperature. In fact,
temperature also has a non-negligible influence on the output performance of TENG, which
limits their applicability significantly. Combining the temperature-sensitive material with
the TENG can not only directly and accurately judge the real-time temperature through the
output signal but also serve as a probe to reflect the ambient state at different temperatures.

Li et al. utilized the intelligent temperature-regulating behavior of tribological proper-
ties to propose a poly(e-caprolactone) (PCL)-based liquid—solid TENG. The PCL material
comprises a hydrophobic backbone [-(CH2)5], hydrophilic end groups (-COOH, -OH),
and amphiphilic ester groups, rendering it thermally responsive [77]. As a heterogeneous
polymer, the surface of PCL will recombine when the temperature changes, even when
the polymer is in a glassy state. Under relatively low temperatures (20 °C), the PCL chain
migrates slowly, resembling the “frozen state” (Figure 6a), which is the thermodynamically
unstable state. As the temperature increases (40 °C), the PCL chain transitions to an “active
state”, and most of the hydrophobic groups at the interface are eventually replaced by
hydrophilic groups (Figure 6b), reaching a state of thermodynamic equilibrium. As shown
in Figure 6¢, the wearable-device-based PCL liquid-solid TENG is designed to detect
abnormal body temperature to monitor human health.
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Figure 6. Conformation of PCL chains at (i) air-polymer interface and (ii) water-polymer interface
at (a) 20 °C and (b) 40 °C. (c) Wearable liquid—solid TENG is used for detecting human body
temperature [77]. Copyright 2021, WILEY-VCH. (d) Flame-retardant mechanism illustration of CNF-
BP-PA film [78]. Copyright 2022, ELSEVIER SCIENCE SA. (e) Schematic diagram of the PNM-based
temperature sensor with designed structure, (f) detected short-circuit current (Isc) when droplets
impact onto the surface of PNM under 25 and 33 °C. (g,h) The photographs show the “unexcited”
and “excited” state of the warning sensor under 25 and 33 °C, respectively [79]. Copyright 2022,
WILEY-VCH VERLAG GMBH.

Recently, most TENGs based on biologically derived natural materials have been
reported. Nanocellulose is a rich raw biomolecular material, which is renewable, bio-
degradable, and highly biocompatible. Wang et al. developed a flexible and biodegradable
flame retardant friction nanogenerator (FR-TENG) using cellulose nanofibrils (CNF) and
phosphorous flame retardants for fire monitoring and warning purposes [78]. Tannic
acid (TA) modified BPNS (TA-BPNs), and PA were added to CNF as non-toxic co-flame
retardants as triboelectric layers (CNF-BP-PA films) and silver nanowires (AgNWs) as
conductive layers. Compared to pure CNF films, CNF-BP-PA /AgNWs films exhibited
excellent fire resistance and flame retardation, with a thermal index of 3779.16 K, indicating
the film’s sensitivity to temperature. Figure 6d shows the combustion mechanism of
FR-TENG based on CNF-BP-PA composite membrane. The BPNS of composite CNF-BP-
PA films can be used as the flame-retardant mechanism of condensing and gas phases
to achieve effective flame-retardant performance. At the initial stage of combustion, the
layered structure of TA-BPNS can act as a physical barrier to prevent the transfer of pyrolytic
products to the flame and simultaneously inhibit continuous combustion by generating
heat. Subsequently, for the condensation phase flame retardant mechanism, BP will be
oxidized to P,Os, promoting the dehydration and carbonization of the polymer, forming a
protective carbon layer. In addition, P,Os traps water molecules and includes a series of
phosphoric acids that coated the surface of the material, blocking oxygen and heat from the
outside world. The feasibility of FR-TENG in temperature sensing and its application in
fire alarms are proven.

N-isopropyl acrylamide (NIPAM) has a thermal phase transition behavior and intelli-
gent adjustable properties as a biologically compatible and temperature-sensitive material.
Poly (n-isopropyl acrylamide) (PNIPAM) is water soluble at room temperature and has
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a low critical solution temperature (LCST) of 32 °C [97,98]. By changing the external
temperature, it can undergo a phase transition from curl to the ball. Feng et al. prepared
the temperature-sensitive NIPAM by free radical polymerization and spin coating and
introduced it into L-S TENGs [79]. Due to its thermal properties, the main groups and
surface wettability vary with temperature. On this basis, in order to demonstrate the
practicality of the PNM-based L-S TENG, an alarm device was designed to monitor fluid
pipe temperatures exceeding 30 °C. The assembly of the monitoring device is shown in
Figure 6e. In the temperature sensor design, the tribological energy generated by water
droplets flowing over the surface of PNM at different temperatures is the key to triggering
the alarm. Figure 6f shows the Iy at different temperatures when the droplet impinges on
the PNM surface, and the tilt angle is 40°. At 25 °C and 33 °C, a droplet sliding on the device
can obtain an output of 35 and 64 nA, respectively. According to the output difference, the
threshold I is set to trigger the wireless alarm sensor. As shown in Figure 6g,h, when the
droplet touches the PNM surface at 33 °C, the transmitter sends out a wireless signal; at
the same time, the wireless receiver receives the corresponding password and wakes up
the alarm, and the mobile phone receives the alarm information in real-time. The size and
frequency of the droplet can be obtained from the triboelectric output, and corresponding
measures can be taken. Since the LCST of PNM is close to the physiological temperature of
the human body, there will be more scenarios for applying PNM temperature sensing in
the future.

3.5. pH-Responsive Materials

pH-responsive materials have attracted much attention from academia and researchers
in the past few decades. pH-responsive polymers are materials that respond sensitively
to the pH of solution through changes in structural properties such as solubility, surface
activity, configuration, and chain structure formation [99,100]. Polymer-based materials
were widely used as pH response materials during their development because of their
structurally weak acid/primary groups. Significant changes in pH value can lead to
swelling /deswelling of polymers, dissolution/precipitation of polymer chains, or the effect
of hydrophobic/hydrophilic surface characteristics on changes in surface properties.

Liu et al. demonstrated a real-time acid rain sensor based on a PTFE-PDMS composite
membrane nanogenerator (Figure 7a) [80]. As shown in Figure 7b,c, when standard water
droplets and artificial acid rain impact the surface of the optimized PTFE-PDMS friction
layer, the output signals are significantly different: 26.37uA and 69.04V, respectively. A
circuit was constructed to demonstrate the real-time application of the D-TENG developed.
As shown in Figure 7d, the output of the rectified TENG is used to power light-emitting
diodes (LEDs) to distinguish between average rain and acid rain. The D-TENG is not
only simple in structure but also requires no additional external driving force. The acidity
of rainwater can be qualitatively measured in real-time. The pH value of acid rain can
be roughly judged by measuring and fitting the output current or voltage curve. The
experimental results show that PDMS-PTFE-based TENG has excellent pH sensitivity
and linearity.

3.6. Self-Healing Materials

During the process of mechanical energy collection, the TENG may suffer from long-
term physical impact, mechanical stiffness, and chemical corrosion, which may cause
equipment failure [101,102]. The sustainability and safety of the equipment are greatly
affected. In conclusion, the development of self-repairing materials can effectively improve
the durability of TENG and enhance the functionalization of application scenarios. Self-
healing materials mimic living organisms with self-healing properties after damage and
injury. Through the reconstruction of chemical bonds, self-healing materials essentially
repair losses and restore the original performance of devices. Most of the self-healing
polymers studied so far are in gel form. Hydrates of hydrogels or organic gels are synthe-
sized by fixing water or organic solvents in a self-healing polymer grid. Their structure
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is similar to the three-dimensional structure, which makes them complement the natural
organization, with excellent adaptability and flexibility.
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Figure 7. (a) Preparation process of the friction layer, the structure of the TENG device, and a
real-time photograph of the sensor based on the D-TENG. (b,c) Differences in output performance
when artificial acid rain and standard water droplets impinge on the optimized D-TENG. (d) Circuit
diagram for detecting acid rain with the TENG sensor. Section 1 represents the visual determination
of typical and acid rainwater droplets, and Section 2 illustrates the estimation of the pH value of acid
rain [80]. Copyright 2021, AMER CHEMICAL SOC.

Li et al. proposed a transparent self-healing ion gel-based TENG (SI-TENG) [81]. The
self-healing gel is synthesized by in situ polymerization of acrylic acid (AA) in 1-vinyl-
3-ethyl imidazolium dicyanamide ([Emim] [OAc]) with zinc acetate dihydrate and ZnO
nanoparticles (NPs). SI-TENG was prepared by assembling PAA-Znsy/ZnO5 /1L ionic
gel and two 3 M 9495 tape pieces into a sandwich structure. When the cut SI-TENG was
rejoined, the coordination bonds on the fractured surface gradually re-formed (Figure 8a).
The self-healing ability of PAA-Znsi/ZnOyy/ILg enables SI-TENG to maintain its original
electrical output after multiple cutting/healing cycles (Figure 8b).
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Figure 8. (a) Schematic diagram showing (1) damage to the output performance of the SI-TENG and
(2) healing of the output performance of the SI-TENG. (b) The open-circuit voltage of the SI-TENG
after different cutting/healing cycles [81]. Copyright 2022, WILEY-VCH VERLAG GMBH. Optical
images of the self-healing process for (c) glycerol-based PAAM-Clay organohydrogel and (d) IU-
PDMS. Stress—strain curves of (e) glycerol-based PAAM-Clay organohydrogel and (f) IU-PDMS before
and after self-healing [82]. Copyright 2021, ELSEVIER. (g) Schematic diagram of coordination and
hydrogen-bonded dual-dynamic network. (h) Comparison of self-healing efficiency of PU-DHP /Fe30,
PU-DHP/Feyp, PU-DHP/Feg and PU-DHP/Fe; [83]. Copyright 2021, ELSEVIER.

The self-healing characteristic provides the TENG with excellent electrical output
recovery capability, which can quickly return to its original state over a wide temperature
range. The novel PAAM-Clay organic hydrogel-based TENG designed by Huang et al.
can operate in a wide temperature range from —30 to 80 °C [82]. As shown in Figure 8c,d,
organic hydrogels, and IU-PDMS can repair themselves and form a segment that cannot be
separated by mechanical stretching. Figure 8e,f shows the tensile strain curves of organic
hydrogel and IU-PDMS. It can be seen that there is no significant change in mechanical
properties after self-healing compared with before damage. The output properties of the
new TENG are 157 V, 16uA, and 29 nC, respectively.
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However, most current studies focus on preparing self-healing materials for mechani-
cal damage, ignoring the high risk of damage caused by an electrical breakdown in TENG.
Wau et al. proposed a TENG for a repairable elastomer based on a double dynamic network
of hydrogen and coordination bonds [83]. Figure 8g shows a schematic diagram of the
two-dynamic network of coordination and hydrogen bonds, giving the unique material
properties. After the breakdown of multiple electric fields, the mechanical self-healing
efficiency of TENG is still 96%, and the electrical self-healing efficiency is almost 100%
(Figure 8h). It provides an excellent idea for TENG to avoid mechanical or electrical break-
down damage.

3.7. Shape-Memory Polymers Materials

Shape-memory polymers (SMPs) are a class of responsive materials that can change
their temporary shape and recover their original shape intact in response to external stimuli.
This process is due to the dissociation—association process that occurs within the dynamic
interaction of the polymer [103,104]. Due to their dielectric properties, wide electron
affinity range, flexibility, and barrier properties, SMPs can be used as contact materials for
TENG, providing considerable benefits to the device [105]. For instance, polyurethane SMPs
fabricated through photolithography have been used to prepare pyramid-patterned TENGs,
which can improve the device’s lifespan [106]. This approach may represent a promising
direction to enhance the durability and functional diversification of TENG devices.

Liu et al. reported an SMP-based TENG (STENG) to capture biomechanical energy and
detect biomechanical motion [84]. The SMP was synthesized by incorporating a semicrys-
talline thermoplastic polymer in a chemically cross-linked elastomer. The mechanism of
shape-memory behavior is shown in Figure 9a. The shape-memory properties of semi-IPN
elastomers are qualitatively demonstrated using thin films. Flat films deform into different
shapes (spring-like in Figure 9b) with higher temperatures. Shape recovery is triggered by
changing the room temperature (Figure 9¢). By utilizing the macroscopic shape-memory
ability of SMP, a wrist splint capable of shape adaptation for mechanic sensation was
developed using a blend of photocurable elastomer and polycaprolactone SMP film. Addi-
tionally, this SMP film was utilized as an energy harvester for body motion. Although this
is only a rough model, it has a simple manufacturing process and broad feasibility.

In addition, SMPs also can be implemented under non-thermal stimuli such as wa-
ter/humidity, photoactivity, electroactivity, and magnetic activity. As shown in Figure 9d,
Xiong et al. broke through the research gap of water-activated microarchitecture shape-
memory TENG with water energy harvesting and water temperature sensing capabil-
ities. They proposed a multifunctional TENGs electro-spun microstructure pad with
self-recovery capability [85]. Three scalable microfibers (MF), microspheres (MS), and
microsphere-nanofiber (MSNF) pads were fabricated by electrospinning. The types of
micro-structured shape-memory TENG provide triboelectric sound output (~150-320 V,
~2.5-4 pA cm~2). The shape-memory capability of the display can be adapted to a vari-
ety of temporary shapes, and the recovery rate of 100% can be achieved quickly in 10 s
(Figure 9e). The results show that electrospinning is an effective method for constructing
layered microstructures without losing shape memory.

In a dynamic interaction, SMPs store only one temporal shape per shape-memory loop.
Therefore, the dual shape-memory effects of heat-sensitivity, light-sensitivity, and chemical
sensitivity can be achieved by using reversible dynamic bonds. Further, SMPs with triple
or multiple shape-memory effects are created using noninterfering reversible interactions
of two or more responses to different stimuli and combined into a system. Xuan et al.
synthesized a high-permittivity poly(sebacoyl diglyceride-co-4,4’-azo dibenzoyl diglyc-
eride) elastomer (PSeDAE) with light-to-thermal conversion and triple-shape-memory [86].
PSeDAE as a triboelectric layer constructs an Information Encoding Device (IED) based on
TENG (Figure 9f). TENG can produce tri-shape-memory effects, inducing both microscopic
and macroscopic functions. The micro-scale shape-memory effect enhances the electrical
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memory properties of IED, enabling program editing capabilities. Meanwhile, it enables the
on-demand transformation of wearable applications through macro-scale shape memory.
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Figure 9. (a) Schematics showing the mechanism of shape-memory behavior. (b) Sample with
temporary spring shape and (c) after reverting to the original condition along with the corresponding
thermal images [84]. Copyright 2018, WILEY-VCH VERLAG GMBH. (d) Schematic illustration of the
electrospinning process of SMPU microarchitectures. (e) The recovery ratio of a representative MFs
mat as a function of the heating time at 75 °C. Insets are photographs of a mat ribbon in the initial
circular shape and the completely recovered form [85]. Copyright 2019, ELSEVIER. (f) Schematic
illustrations of the PSeDAE and resultant IED with an integrated structure [86]. Copyright 2022,
AMER CHEMICAL SOC.

3.8. Multiple-Stimulus-Responsive Materials

The TENG based on stimulus-response materials is a simple and efficient device that
can be accurately controlled and easily prepared. However, in real-world environments, the
stimulus sources are diverse, and the application scenarios are complex and variable. There-
fore, to meet the diverse requirements of such environments and to enhance the intelligent
response of TENG output, a single stimulus-response material is often insufficient. To ad-
dress this issue, research is currently focusing on developing updated response conditions
and diversified response methods. One promising approach is the use of multi-stimulus
response smart materials, which incorporate multiple functional stimulus-response groups
into polymer materials. Through precise molecular structure design and effective prepa-
ration methods, these materials can achieve multiple reaction properties and explore the
practicality of smart response TENG functions.

Furthermore, certain polymers exhibit sensitivity to humidity as well as other stimuli,
allowing for a diverse range of design functionalities. Li et al. have demonstrated the
design of two flexible actuators and grippers that can respond to dual stimuli of ethanol
steam and electrostatic power, as illustrated in Figure 10a,b. These devices are capable
of completing a series of tasks such as loading, driving, transporting, and unloading
objects without requiring an external power supply [65]. They can complete a series of
motion tasks such as loading, driving, transportation and unloading objects without an
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external power supply. Xiang et al. proposed a self-powered triboelectric mechanical
luminescent electronic skin (STMES) capable of detecting and discriminating between
multiple stimuli [107]. An electronic skin sensor with an electro-optical dual-signal sensing
mode is designed by combining the TENG and mechanical luminescence (ML). STMES
operates under the synergy of TENG and ML. As shown in Figure 10c, the electrical signal
senses normal pressure or bending stress, while turning or transverse tensioning stimulates
the optical signal of the mechanical luminescence spacer. Different responses in the form of
electrical /optical signals distinguish mechanical stimuli.
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Figure 10. (a,b) Curling and recovery process of the PDMS film [65]. Copyright 2019, AMER
CHEMICAL SOC. (c) Working principle and three working processes of the dual-stimulus flexible
gripper based on TENG and vapor induction: (i) ethanol vapor drives the gripper to open, (ii) TENG
drives the gripper to hold the object, (iii) TENG reopens the gripper and unloads the object [107].
Copyright 2022, ELSEVIER.

TENG provides a straightforward and effective means to drive many electrically
responsive materials and devices, leveraging its unique output characteristics. The output
voltage and transmitted charge of the TENG can be precisely controlled by selecting specific
operating parameters, enabling the drive and operation of these systems. To effectively
navigate and control a range of TENG-based functional systems, it is crucial to maintain
high output voltage levels.

4. Applications of TENGs That Are Coupled with Smart Materials
4.1. Magnetic Field Detection

The field of magnetic sensing has greatly benefited from the development of various
types of magnetic sensors, such as biological magnetic sensors, GMI magnetic sensors, mag-
netic harmonic sensors, and magnetometers. However, these commonly used sensors have
limitations that need to be addressed, such as complex circuits, high cost, and nonlinearity
in demodulation, which can hinder their widespread use in practical applications. To over-
come these challenges, researchers have focused on developing magnetically responsive
materials that can be used to monitor magnetic fields with high accuracy and sensitivity.
The development of such materials has led to the creation of innovative magnetic sensors
that can provide reliable and precise measurements of magnetic fields in a wide range of
settings, from scientific research to industrial applications. As early as 2012, Wang et al.
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proposed a magnetic field monitoring system based on the triboelectric nanogenerator
(TENG), which combines polydimethylsiloxane (PDMS) and a metal (Fe) disc for magnetic
field sensing [108]. PDMS serves as the dielectric that generates friction charges, while a
metal (Fe) disc is connected to the other end of the TENG as the sensitive unit for the mag-
netic field, with a solenoid coil placed underneath the disc. When current flows through
the solenoid coil, the Fe disc is attracted by the electromagnetic force, causing the TENG
to bend downward. The resulting deformation and deformation rate lead to the electrical
output signal of the TENG.

Wan et al. prepared MRE films by embedding MFD in styrene-butene-styrene (SEBS)
and designed the pointer TENG structure [109]. MRE is a magnetically sensitive smart
composite that external magnetic fields can rapidly and reversibly control. As shown in
Figure 11a, a vertical magnetic field is applied to the TENG, and the MRE film deforms
under the magnetic field, driving the PTFE close to the Al electrode. The MRE-based TENG
has excellent output performance with an open circuit voltage of 16 V, a short circuit current
of 0.18 pA, and a maximum output power of 1.3 uW at a voltage of 80 M (). The developed
magnetic sensor based on the MRE film has a fast response capability of 80 ms and an ultra-
high sensitivity of 31.6 mV/mT in the magnetic field range of 35 to 60 mT. With the help
of a programmable platform, the initial vectorization capability and unique self-powered
capability are realized for real-time magnetic field monitoring, which further promotes
the application of tribometer technology in sensing. Sugato Hajra et al. used triboelectric
and piezoelectric effects to create a hybrid nanogenerator device based on multiferroic
materials (MF-HG) (Figure 11b) [110]. The rare earth regular ferrite ErFeOs is doped into
the ferroelectric BaTiO3 without disturbing its lattice. It was experimentally demonstrated
that 3% wt. EFO in BTO and 10% wt. BTEFO in PDMS would produce the best electrical
output (260 V and 3 pA). The designed multi-cell MF-HG can be used as a functional
sensor to sense the external magnetic field. The research and analysis conducted in this
study show that the MF-HG device has the potential to serve as a promising candidate for
self-powered electromagnetic sensors. Moreover, MF-HG may have practical applications
in magnetic sensing, mineral exploration, defense, and environmental monitoring in the
near future.

In the actual application of the TENG, in addition to its mechanical losses, the friction
layer is easily stained by biological and chemical stains from the external environment.
Therefore, stains on the interface will reduce the output capacity of the TENG and bring
bias to the TENG sensor. Wang et al. proposed a novel magnetic field-assisted non-contact
liquid-liquid interface TENG (LLI-TENG) to solve the above problems of traditional TENG
in self-powered sensing applications [111]. As shown in Figure 11c, to achieve non-contact
behavior, ferrofluid is injected into a sealed polytetrafluoroethylene (PTFE) tube coated
with a copper (Cu) electrode. The ferrofluid flows smoothly through the line under the
action of the external ring. Electrons are transferred back and forth between the copper
electrode and the ground. In order to construct the liquid-liquid triboelectric interface
and promote the sliding behavior of the ferrofluid at the interface, an oil-perfluorinated
polyether (PFPE) was introduced into the interface between the ferrofluid and the PTFE
tube. This method expands the range of the linear relationship between the friction current
peaks and increases the maximum detection velocity value of LLI-TENG from 0.1 cm/s
to 5 cm/s. The study highlights the benefits of using a non-contact liquid-liquid interface
TENG as a self-powered water level sensor. Notably, the TENG performs exceptionally well
in simulating polluted water environments (Figure 11d,e), indicating its strong immunity
to harsh conditions.
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Figure 11. (a) The structural design of the MRE-based TENG device [109]. Copyright 2021, MDPIL.
(b) Mechanism of mechano-magnetic and magneto-electric coupling [110]. Copyright 2021, ELSE-
VIER. (c) The schematic of magnetic field assisted non-contact LLI-TENG. (d,e) The photograph of
LLI-TENG for the water level sensor and the schematic of the detection process [111]. Copyright
2020, ELSEVIER.

4.2. Body Condition Monitoring

Precise monitoring of body movements is crucial for health assessment and early
medical diagnosis, particularly for the elderly and injured individuals. The camera-based
approach is considered one of the most efficient ways to capture gait movement. Nonethe-
less, these devices have limited sensing and deformation abilities, as well as limited dura-
bility, which renders them inadequate for motion monitoring applications. As a result, the
development of novel technologies that offer wearable, user-friendly, and accurate motion
detection features remains a significant challenge.

Ahmed et al. have proposed a multimodal ferrofluid tribological nanogenerator (FO-
TENG) with significant stretchability and diversified sensing capabilities and excellent
verifiability [112]. The smart sensing platform developed through FO-TENG can facili-
tate danger signals by activation/stimulation of different mechanical stimuli, including
endogenous forces such as compression, tension, or vibration (body movement), or even
remotely trigger the system by exogenous forces such as magnetic fields, sound waves,
or radio (Figure 12a). It is worth noting that MXene is a material with high thermal con-
ductivity and high photothermal conversion behavior so it can be easily applied in both
photo-responsive and electrical-responsive applications. Moreover, MXene is compatible
with textile substrates without reducing its conductivity, which is due to its abundance of
end groups. Ma et al. designed a wearable, hydrophobic MXene-decorated airstream mesh
paper (Si-MAP) through a simple dip-coating strategy [113]. The manufacturing process is
shown in Figure 12b. The response time and recovery time of the pressure sensor based on
Si-MAP are ~40 and ~30 ms, respectively. It is expected to be used as a wearable electronic
textile in human motion monitoring.
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Figure 12. (a) Hazard preventive wearable platform. Different forms of mechanical force are typically
obtained by the human body or induced externally by magnetic or acoustic fields [112]. Copyright
2019, WILEY-VCH VERLAG GMBH (b) Schematic illustration of the preparation process of the
hydrophobic MXene-decorated fabrics [113]. Copyright 2020, AMER CHEMICAL SOC. (c¢) Schematic
structure of the BSRW-TENG [114]. Copyright 2022, ELSEVIER. (d) Real-time demonstration process
in the actual application of the self-power smart elastic belt system [115]. Copyright 2021, AMER
CHEMICAL SOC. (e) Application of the TES for sleep-body monitoring [116]. Copyright 2016,
AMER CHEMICAL SOC. (f) Application of the FB-TENG array as a smart pillow in monitoring head
movement [117]. Copyright 2022, AMER CHEMICAL SOC.

Currently, exercise movement monitoring and analysis can effectively regulate in-
correct movements and thus effectively ease the suboptimal health status (SHS) body.
Moreover, dynamic analysis of athletes’ exercise movements can enable them to discover
tiny imperfections in their training and thus improve their performances. Li et al. proposed
a biologically responsive sweat-proof wearable triboelectric nanogenerator (BSRW-TENG)
for motion monitoring during exercise [114]. As shown in Figure 12¢c, the BSRW-TENG
consists of a superhydrophobic and self-cleaning friction-charged layer (elastic resin and
polydimethylsiloxane (PDMS)). The hierarchical micro/nanostructure replicated by lotus
leaves not only achieves twice the output increase of BSRW-TENG but also provides BSRW-
TENG resistance with excellent pollution and humidity, constituting sweat resistance. The
BSRW-TENG has great potential for low-cost monitoring of individual sports and analysis
of athlete training. In the study of wearable electronic devices, most current conductors
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possess poor electromechanical performance and adhesion of fillers on elastomers due to
uneven mixing, thus leading to insufficient compatibility between conductive fillers and
adjacent elastic networks. Sheng et al. have synthesized the hydrogel with zinc (Zn) in
a polymer strategy with sodium alginate (SA) and poly(acrylic-acrylamide) (PAA) [115],
and they have introduced an ultra-stretchable TENG based on a tensile ionic conductor
hydrogel. Experiments have shown that Zn hydrogel TENG exhibited good electrical out-
put performance even under high-tensile states. In addition, a TENG self-powered elastic
training band sensor based on conductive hydrogel was developed for monitoring data in
stretching exercises (Figure 12d). The proposed TENG may have potential applications in
fields of medical monitoring and rehabilitation, electronic skins, self-powered sensors, and
human—computer interaction in the future.

Nowadays, sleep disorders are major health problems affecting many people. At
the same time, health monitoring products have gradually entered daily life with the
functions of blood pressure monitoring. Traditional sleep monitoring products might be
affected by poor wearing comfort, low detection sensitivity, radiation, and external power
supply. Therefore, it is imperative to develop a sleep monitoring product with a simple
structure, low cost, self-powered supply, noninvasive usage, comfortable experience, and
high sensitivity. Song et al. have introduced a sensitive TENG based on an aluminum-
plastic laminated film (APLF) serving as a self-powered device [116]. The sensitive and
flexible TENG based on nanopillar arrays on APLF is easily packaged and used as a
self-powered TES for monitoring the overturning movement of a shoulder and a leg
during sleeping (Figure 12e). As a sleep monitoring product, the most critical features are
comfort and convenience. Kou et al. have developed a pressure-sensitive, noninvasive,
breathable, and comfortable smart pillow [117]. The smart pillow is based on a flexible
and breathable triboelectric nanogenerator (FB-TENG) pressure sensor array for head
movement monitoring and the falling-out-of-bed alarm function (Figure 12f). The FB-TENG
is assembled based on porous poly(dimethylsiloxane) (PDMS) containing a fluorinated
ethylene propylene (FEP) powder produced by the sacrificial template method. Based on
the FB-TENG, an 8 x 8 sensor array was integrated. This work is expected to provide
another possibility for the field of human—machine interactive sleep behavior monitoring.

4.3. Soft Robots

Soft robots inspired by living organisms have shown tremendous promise. Soft robots
can provide safer and more robust human—computer interaction than their rigid counter-
parts. Their deformability and drive performance can adapt to complex environments and
relatively free movement. Stimulus-responsive soft robots, as a new type of intelligent sys-
tem used for multifunctional actuators or sensors, have attracted much attention. However,
it is not easy to develop sensors that can work on soft robots. They will face problems
such as complex device structures, poor stretchability, poor performance, and incompatible
moduli. The self-feedback soft robots based on TENG technology have the advantages of
good design flexibility, simple installation, and light weight, which opens up new avenues
for the development of self-assembling soft robots.

Lai et al. first demonstrated a variety of soft robots enabled by self-powered, highly
stretchable, and highly sensitive triboelectric skin [118]. The triboelectric effect can actively
perceive and respond to external stimuli and internal motion. First, as shown in Figure 13a,b,
the pressure-sensitive friction skin is embedded into the abdomen of the crawling robot
and its ability is tested. Figure 13d shows the real-time output after the robot has moved
a distance of ~15 cm, indicating the reliability of the rubbed skin. Figure 13c illustrates
a perceptive soft grip. The actively generated signals show that the gripper can sense
different movements of grasping objects and is aware of items falling, indicating that they
can be applied to the monitoring and feedback control of industrial robots.
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Figure 13. (a) Image of conscious robotic crawler(1, 2, and 3 are three signal ports). (b) The appearance
of the abdomen of a conscious robotic crawler and tribo-skin. (c) Tribo-skins enable soft robotic
gripping to finger to perceive working states actively. Real-time outputs of right and left tribe-skins
when conscious gripper grabbed and dropped an object. (d) Real-time results of conscious crawler
during crawling ~15 cm distance [118]. Copyright 2018, WILEY-VCH VERLAG GMBH. (e) Schematic
of the contact feedback of the PCPA. (f) Photographs of PCPA demonstrating the shape-memory
diversity [119]. Copyright 2022, ELSEVIER.

Jin et al. proposed a kind of contact feedback thin film soft actuator based on pho-
tothermal effect and friction nanogenerator: PET-carbon Black ink-PDMS actuator (PCPA)
(Figure 13e) [119]. It is noteworthy that PCPA can achieve mechanical memory without
shape-memory materials. It can withstand mechanical stress in any direction. As shown in
Figure 13£(i-ii), it bends under light stimulation and returns to its initial state after turning
off the light, demonstrating the shape-memory diversity of the soft actuator.

4.4. Biomedicine

The increasing demand for health monitoring and personalized medicine has driven
the design and development of TENG-based wearable biosensors. Biomechanical energy,
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provided by human movement, can be collected by TENGs to generate high-quality electri-
cal signals, enabling real-time measurement of physical parameters such as pulse, heart
rate, temperature, and blood pressure [120]. The support of internet- and wireless network
technology allows for sustainable and personalized physiological monitoring of the human
body, where TENGs can quantify various biochemical markers noninvasively and provide
personalized physiological parameters. TENG-based therapeutic tools have been devel-
oped for clinical treatment, showing excellent performance in tissue repair, cell proliferation,
and nerve prostheses. TENG-based self-powered systems provide the possibility to solve
the limitations of traditional biomedical equipment by operating in a self-powered mode,
accurately identifying the health status of the body, and treating chronic diseases with a
flexible plan through continuous feedback of data [121]. Advancements in materials science,
mechanical engineering, and wireless communication technologies have optimized the
intelligence and mobility of TENG-based self-powered systems for providing customized
medical services and personalized medical solutions in various applications, such as drug
delivery, wound healing, nerve regulation, and respiratory sensing.

Yuan et al. designed a portable self-powered stimulated nanocomposite repair (NR)
based on a frictional nanogenerator and an intelligent nanoparticle delivery system [122].
The cooperation of the film prepared by layer-by-layer self-assembling 2-hydroxypropyl
trimethyl ammonium chloride chitosan (HTCC), alginate (ALG), and poly-dopamine/Fe3*
nanoparticles (PFNs), with a self-powered nanogenerator (SN) driven by moving into
a nanocomposite repairer (HAP/SN-NR) is conducted (Figure 14a,b). The system can
provide a strong electric field and stimulate epidermal regeneration, which is conducive
to angiogenesis and rapid active skin healing. More importantly, when the wound state
changes from neutral to slightly acidic, polydopamine nanoparticles (PNP) from HAP films
can be released to the injury site in response to maintaining cell health (Figure 14c). The
damaged area of the film deforms after contact with water, which is specifically manifested
as the beginning of the rapid expansion. In addition to this, the mobility of PNPs and the
movement of polyelectrolyte ALG and HTCC chains are enhanced, leading to an enhanced
aggregation affinity at the site of membrane damage. It can be seen that water molecules
play an important role in the self-healing mechanism of HAP/SN-NR films. Figure 14d,e
show the self-repair process and self-healing mechanism of HAP films. Furthermore, elec-
trical stimulation (ES) has recently attracted widespread attention in wound treatment due
to its superiorities in aspects of promoting cell migration, collagen deposition, angiogenesis,
etc. Du et al. presented an integrated and rectifier-free TENG patch with surface-engineered
electrodes for the drug loading/release and locally producing ES to accelerate the heal-
ing of infected wounds [68]. The results of in vitro and in vivo tests show that the skin
patch can fit the wounds, and simultaneously produce ES and release minocycline in a
controlled manner for inhibiting the wound bacteria (~ 96.7%, S. aureus) and benefiting
skin tissue repair (Figure 14f). Upon in vivo application, the MSETENG generated AC
voltage (0.5-4.5 V) and current (540 nA) induced by the mouse’s motions (Figure 14g).
This work opens a new route for combating wound bacterial infection and facilitating skin
regeneration through a convenient and personalized solution.
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Figure 14. (a) HAP/SN-NR comprises utilized film and a self-powered nanogenerator (SN). (b) The
work process of the SN system under motion-activated electrical stimulation to make skin convales-
cent. (c¢) The ROS-clearance of HAP film with ROS and pH dual response to rehabilitate damaged
human dermal fibroblasts. (d) The diagrammatic sketch of the self-healing process. (e) The self-
healing mechanism of HAP film [122]. Copyright 2021, WILEY-VCH VERLAG GMBH. (f) Photograph
of the mouse wearing the MSETENG patch on infected wounds in the back and the proposed mecha-
nism for promoting infected wound healing. (g) Output voltages of the MSETENG patch induced by
the mouse’s motion [68]. Copyright 2021, ELSEVIER. (h) A schematic system set up by B-TENG to
induce ES for bruise therapy. (i) The condition of output voltage and current of B-TENG for ES [123].
Copyright 2022, WILEY. (j) The fabrication processes of HENG. (k) Schematic representation of
experimental protocols of the ultrasound-driven electrical stimulation of vagus nerves for attenuating
the endotoxin-induced systemic inflammation [124]. Copyright 2021, ELSEVIER.

Compared to incisional wounds, bruises and pressure sores caused by impact or
pressure are also injuries that need to be paid more attention to, especially for long-term
bedridden patients and people with disabilities who cannot move by themselves. Chen et al.
reported a facile, fabric-compatible, and flexible B-TENG based on the borophene/ecoflex
nanocomposite [123]. The borophene/ecoflex nanocomposite possesses high surface charge
density, cost-effectiveness, large scalability, flexibility, and durability. the animal model
test was employed to confirm the feasibility of using B-TENG in real wound-healing
applications (Figure 14h). B-TENG served as a self-powered therapeutic unit to treat
the as-designed wound, where the wound recovery was statistically evaluated by the
animal model. The output performance of B-TENG was fixed at 30 pA current and 125 V
voltage within the measurement, respectively, as shown in Figure 14i. It is expected that
the as-designed B-TENG will not only manifest the progress of self-powered healthcare
sensors but also benefit future technological applications from assistive technology to
wearable therapeutics.
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Exploring micro or soft implantable bioelectronic installations with wirelessly pow-
ered or self-powered technology is a rapidly growing field of research. Ping et al. pre-
sented a battery-free vagus nerve stimulator that uses an implantable hydrogel nano-
generator (HENG) for power [124]. The generator was developed based on a polyacry-
lamide/graphene conductive hydrogel (Figure 14j). Since the ultrasonically induced vi-
bration of the compressible electric double layer is at the conducting hydrogel/electrolyte
interface, HENG can be remotely driven to generate induced current using programmable
ultrasonic pulses. To test the ability of PAM/graphene HENG to stimulate the vagus
nerve in vivo in anti-inflammatory therapy, systemic inflammation was induced in ex-
perimental mice by intravenous injection of lipopolysaccharide (LPS) at a median lethal
dose (10 mg/kg) (Figure 14k). After implanting HENG, it was excited using ultrasound
in real time with programmable ultrasound pulses to generate AC pulses for vagus nerve
stimulation. After electrical stimulation, the inhibitory effect of vagus nerve stimulation on
proinflammatory cytokines was evaluated by blood analysis of rats.

5. Summary and Perspectives

Smart materials that are combined with TENG may present superior sensing and
responsive capabilities for broad development prospects about artificial intelligence, the
Internet of Things, smart healthcare, etc. In this review, we briefly summarize the basic
concept and the recent progress of TNEG-based self-powered systems that utilize the
advantages of smart materials. Although the functions of these smart materials and the
TENG-based systems may differ in structure, working principle, and integration strategy;,
the integrated systems all take advantage of the smart responsive properties, either in
enhancing energy conversion efficiency or obtaining sensitive features. As a result, TENG-
based materials reach the same end by different means by combining self-healing materials,
and shape-memory materials, for wider applications in biomedicine, smart wearables, and
soft robotics. Nevertheless, to stride the span from laboratory scale to practical applica-
tion, the prospective development of TENGs that are based on smart materials might be
strengthened in the following aspects:

1.  Enhance the synergistic effect of electrical conductivity and mechanical properties of
smart materials.

To open up new avenues for advanced applications of multi-functional systems, it is
crucial to further investigate the fundamental characteristics of smart materials, such as
compatibility and flexibility. However, achieving the desired performance of conductivity
and mechanical behavior poses a challenge due to their contradictory recovery efficiencies.
Hence, future studies should focus on developing a better understanding of the synergistic
effect of high conductivity and mechanical properties. This requires multi-scale theoretical
simulations and modeling to elucidate the molecular-level repair mechanisms. By gaining
insights into the nanoscale to micron scale, innovative concepts, theories, and scalable
manufacturing techniques can be designed to fabricate new smart materials.

2. Develop multiple functions based on the TENG features.

The potential of traditional response materials and devices can be further enhanced by
leveraging the universal applicability and diversified structural design of triboelectric nano-
generators. This technology can facilitate the miniaturization of large operating systems
and provide self-protection capability for high-voltage devices, which traditional power
sources cannot achieve. Additionally, TENG-based systems can simplify feedback/control
circuits and enable instant human-computer interaction.

3. Explore various materials and devices coupled to the TENG.

To develop an efficient and intelligent system, the response materials device applied
to TENG should satisfy the following basic conditions. Firstly, in order to match the
characteristics of high output voltage and low current of the TENG, the picked materials
and devices are preferably voltage-adjustable systems. Secondly, the picked materials and
devices coupled to the TENG must have excellent insulation properties (capacitor pieces) to
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diminish leakage current and benefit to keep the high voltage of the nanogenerator. Thirdly,
the target system must work with low power consumption due to less charge transfer
during the motion period of the electrodes. Ultimately, the distinctive capabilities of the
target materials and equipment should help to broaden the spectrum of applications for
TENG-based self-power systems.

4.  Reliability of TENG-based self-powered systems.

In the current research stage of intelligent sensor systems based on TENG, most
researchers focus on achieving sensing capability and the sensing accuracy of TENG has not
received adequate attention. The sensing accuracy of TENG can be improved by modifying
materials, designing structures, and managing power to enhance its electrical performance.
In practice, many external environmental factors can damage the steadiness—humidity, for
example. This will be a significant obstacle to TENG-based development promotion. One
effective solution is to enhance the hydrophobicity and self-cleaning of the friction layer by
modifying its surface with hydrophobic chemical groups or creating surface nanostructures.
Another promising approach is to develop advanced packaging techniques that can shield
TENG devices from moisture penetration while maintaining their electrical performance.
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