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ABSTRACT The exacerbation of the energy crisis has led to the development of various self-powered
sensors, resulting in rapid advancements in the energy field. The sensor based on the triboelectric nano-
generator (TENG) is particularly effective in collecting mechanical energy from low-frequency and irregular
movement. It can convert external mechanical forces directly into electrical signals, making it a self-powered
(or self-driven) sensor. High-performance TENGs are widely used in flexible sensing, implantable power
supplies, healthcare, and biomedical applications. This paper introduces TENG power generation methods,
advantages, and disadvantages of TENG, summarizes the related research of TENG simulation, material
selection, sensor fabrication, etc., and reviews applied research of TENG in manipulators. Finally, the current
challenges and problems facing TENG-based sensors are discussed, and the future development of TENG

technology is explored.

INDEX TERMS Self-powered, TENG, triboelectric material, flexible sensing, manipulators.

I. INTRODUCTION
The current energy crisis has led to extensive research on
self-powered sensors that use various technologies such
as triboelectricity, piezoelectricity, capacitance, and batter-
ies [1], [2], [3]. Among these, the triboelectric nanogenerator
(TENG) is a device that converts mechanical energy into
electrical energy by utilizing the triboelectric effect and elec-
trostatic induction [4]. The TENG typically consists of a
metal electrode coated or plated on one side of two different
polymers to form an electrical output electrode, while the
other side of the polymer serves as the triboelectric surface
[5]. The TENG can be used to collect various forms of
mechanical energy, such as human motion [6], mechanical
vibration [7], wind energy [8], wave energy [9], rotation [10],
sound waves [11], and raindrops [12]. However, the TENG
has applications beyond power generation, such as serving
as a self-powered sensor to detect physical parameters like
velocity [13], [14], [15], metal ions [16], humidity [17],
temperature [18], etc.

Considering that there is a certain relationship between
the mechanical excitation of TENG and the electrical sig-
nal generated, the mechanical signal can be measured by

The associate editor coordinating the review of this manuscript and

approving it for publication was Roberto C. Ambrosio

analyzing the electrical signal [19], [20], [21]. Moreover,
TENGs are frequently composed of elastic materials, which
provides them with unique advantages in adapting to diverse
environments compared to other sensors [22]. As a result,
TENGs have attracted considerable attention in areas such
as tactile sensing for the human body and perception and
actuation for biomimetic robotic hands [23].

In recent years, with the increasing demand for intelli-
gence and wearable technologies, triboelectric nanogener-
ators (TENGs) have gradually become a research hotspot.
TENG, as a self-powered sensor, possesses unique energy
conversion mechanisms and material flexibility, enabling
efficient energy harvesting and sensitive sensing in applica-
tions such as manipulators, while also demonstrating a wide
range of potential uses. By further optimizing the design and
structure of TENGS, researchers are striving to enhance their
output performance and improve their mechanical proper-
ties to achieve more reliable self-powered sensing capabili-
ties [24].

Furthermore, the emergence of soft robots has sparked
widespread enthusiasm for flexible and soft sensors and
actuators [25], [26]. Due to their low modulus and high
flexibility, flexible and soft sensors and actuators can be eas-
ily integrated into soft robots, allowing for safer interaction
with humans or the environment and relatively unrestricted
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movement [27], [28]. By combining advanced materials
science and nanotechnology, more sensitive, reliable, and
customizable TENG sensors can be developed to meet pre-
cise sensing and responsive requirements. The application
of TENG-based systems theoretically overcomes the cur-
rent challenges in mapping and integration faced by tradi-
tional mechanical systems, and addresses the shortcomings
of robots in terms of workspace, task objects, and human-
machine collaboration, to meet the increasingly complex task
demands.

This paper provides a comprehensive review of the fabrica-
tion, measurement, and application of flexible-triboelectric-
nanogenerator(TENG)-based sensors in robotics. Firstly, the
four basic working modes of TENGs are summarized, and
their respective advantages and limitations are analyzed in
detail. Subsequently, the current state-of-the-art research and
technological advancements in TENG fabrication, measure-
ment, performance evaluation, and simulation are discussed.
Finally, the paper highlights examples of TENG-based sen-
sors applied in robotic hands and provides insights into the
prospects of TENGs in this field.

1. APPLICATIONS OF TRIBOELECTRIC
NANOGENERATORS

There are four working modes of TENGs: vertical contact-
separation mode, lateral sliding mode, single-electrode mode,
and freestanding triboelectric-layer mode [29].

Table 1 summarizes the recent research on TENGs in
robotic hands, including the working modes used in each
study.

Table 1 indicates that the Vertical Contact-Separation and
Single-Electrode Modes are widely used in robotic hands
due to their simple structure and high instantaneous output
energy, while the freestanding triboelectric-layer mode and
lateral sliding mode have their advantages in specific appli-
cations. However, it is important to note that each TENG
theoretical model has its strengths and weaknesses, which are
summarized in Table 2.

The optimal TENG model can be designed by combining
various theoretical models according to practical application
scenarios. For instance, Xu et al. [40] combined the vertical
contact-separation mode and the lateral sliding mode to create
a hybrid-mode TENG (Fig. 1). The peak open-circuit voltage
of the hybrid-mode TENG reached 1169 V, and the unidi-
rectional short-circuit current of the hybrid TENG reached
187 A. Based on this design, a self-powered human motion
sensor was developed to detect finger bending, gait, and body
joint angles. This sensor accurately identified motion signals
from different body parts.

Ill. TENG-RELATED RESEARCH ON MANIPULATORS

A. THE MODELING AND SIMULATION OF TENG

The finite element simulation provides the visualization of
how the charges in the circuit are driven during the operation
of TENG, allowing a deeper understanding of the relationship
between mechanical energy and electrical energy conversion
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FIGURE 1. (a) Schematic illustration of the hybrid motion mode TENG;
(b) vertical contact mode; (c) lateral sliding mode [40].

and providing a theoretical foundation for the development of
high-efficiency TENGs [41]. For example, Mainra et al. [42]
used modeling and simulation to investigate the effects of
varying the thickness of the triboelectric layer on the output
voltage of TENGs with three different materials for triboelec-
tric layers. The results showed that the output voltage initially
increased linearly with the increase in triboelectric layer
thickness but then started to decrease. Similarly, Mathew
and Vivekanandan [43] designed a twodimensional model
of a single-electrode mode TENG (SETENG) for harvesting
wrist pulses and optimized the materials, thickness, and sur-
face morphology of SE-TENG to achieve maximum output
voltage. Finite element simulations generally focus on three
aspects:

1) DESIGN OPTIMIZATION
Simulation-based optimization enhances the performance
and power generation efficiency of TENGs by optimiz-
ing their structure, shape, size, and materials. For instance,
Yin et al. [44] proposed a parallel unit PC-TENG (Fig. 2)
that generates significantly more electrical output than the
traditional Z-TENG. The authors used a simulation model to
optimize three critical components of PC-TENG, namely the
electrodes, triboelectric layer, and substrate, to achieve higher
output power with the same mechanical input. They also
conducted numerical simulations of PC-TENG and ZTENG
using Comsol software to validate their design and perfor-
mance. Based on these simulations, the authors concluded
that the optimized design of PC-TENG has superior mechan-
ical energy conversion efficiency and stability.

Adly et al. [45] developed a Triboelectric inertial motion
sensor and investigated its electromechanical coupling per-
formance both theoretically and experimentally. They vali-
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TABLE 1. Applications of various working modes of TENG on mechanical hands.

Time Author Research topic Work mode Advantages
2018 Inkyum All-in-one cellulose based triboelectric Vertical Contact- The designed all-fiber-based TENG shows the
Kim[30] nanogenerator for electronic paper using simple Separati-on Mode  superior foldable characteristic and stable sheet
filtration process resistance in hard
mechanical stress of folding
2019 Xie[31] Spiral Steel Wire Based Fiber-Shaped Stretchable  Single-Electrode The system exhibits flexibility, good
and Tailorable Triboelectric Nanogenerator for Mode compatibility, and high accuracy in electrical
Wearable Power Source and Active Gesture signal recognition.
Sensor
2019 Zhang[32] Self-Powered Triboelectric-Mechanoluminescent Vertical Contact- When used as a contact-separation mode
Electronic Skin for Detecting and Differentiating Separati-on Mode ~ TENG, it exhibits a maximum sensitivity of 2
Multiple Mechanical Stimuli V/IN.
2019 Wang[33] Large-Area Integrated T triboelectric Sensor Vertical Contact- The device is flexible and durable, capable of
Array for Wireless Static and Dynamic Pressure Separati-on Mode  sensing both flexible and durable, while also
Detection and Mapping capable of sensing both flexible and capable of
sensing static and dynamic pressure from the
external environment.

2019 Zheng[34] Dual-Stimulus Smart Actuator and Robot Hand Freestanding The device provides a safe, high static voltage

Based on a Vapor-Responsive PDMS Film and Triboelectric- that poses no risk to researchers and can serve
Triboelectric Nanogenerator Layer Mode as a self-powered system using TENG without
external power sources.

2019 Smitha Single-electrode triboelectric nanogenerator based  Single-Electrode The device can efficiently harvest energy from
Ankanahalli on economic graphite coated paper for harvesting ~ Mode hand clapping and generate a maximum open-
Shankaregowda  waste environmental energy circuit voltage of up to 320 V for GCP-TENG.
[35]

2019 Lai[36] Single-Thread-Based Wearable and Highly Single-Electrode The devices are simple yet reliable, useful,

Stretchable Triboelectric Nanogenerators and Mode and efficient, and the processes are cost-
Their Applications in Cloth-Based Self-Powered effective
Human-Interactive and Biomedical Sensing and suitable for industrial manufacture.
2022 Zhang[37] Nondestructive Dimension Sorting by Soft Freestanding The gripper is capable of nondestructive
Robotic Grippers Integrated with Triboelectric Triboelectric- grasping, size measurement, and precise
Sensor Layer Mode sorting. The measurement error rate is only
2.22%.

2022 Hyosik Plasticized PVC-Gel Single Layer-Based Vertical Contact- The method of introducing plasticized PVC-gel

Park[38] Stretchable Triboelectric Nanogenerator for Separati-on Mode ~ can generate high output power, and dozens of

Harvesting Mechanical Energy and Tactile
Sensing

LEDs can be lit with a simple touch.

dated the model by designing a low-cost device (Figure 3)
and conducted parameter studies to differentiate the influence
of various device parameters. A hybrid particle swarm opti-
mization (PSO) and direct search technique were employed
to improve some device parameters. Experimental tests were
carried out over an input acceleration range from 0.4 g to
1.2 g, and target functions for output voltage density, i.e., peak
output voltage per unit volume, were formulated for different
excitation frequencies and various design parameters. A com-
parison between the theoretical model and experimental
measurement results demonstrated the practicality and effec-
tiveness of the optimization techniques used, emphasizing
their potential applications in other triboelectric applications.

Chen et al. [46] systematically investigated the influence of
reference electrodes on the performance of single-electrode
triboelectric nanogenerators (SETENGs) through theoret-
ical simulations and experimental validations. The paper
presented an analysis and optimal design of the reference
electrodes for both the Contact-Separation Mode SETENG,
called P-CS-SETENG (with the main electrode as the tribo-
electric layer), and the Sliding Mode SETENG, as well as the
study of SETENG with an additional dielectric layer struc-
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ture attached to the main electrode. The authors found that
factors such as the position, as shown in Figure 4, shape, and
distance from the main electrode to the reference electrode all
affect the output performance of SETENGs. They proposed
targeted strategies, including positioning the reference elec-
trode offset from the main electrode, maximizing the area of
the reference electrode while not exceeding the main elec-
trode’s area, and keeping the distance between the reference
electrode and the main electrode as far as possible without
exceeding the maximum separation distance, among others.
Experimental validations demonstrated that the results were
in good agreement with the theoretical simulations, confirm-
ing the reliability of the theoretical modeling. These findings
provide important theoretical guidance and an experimental
foundation for the design and optimization of SETENGs.
Roopa et al. [47] argue that the complexity of the
experimental process, the demand for multiple manufactur-
ing techniques, extensive characterization, cost, and time
can be significantly reduced through simulation when using
new materials or multiple material systems in practical
experiments. They employed COMSOL to simulate a sim-
ple, inexpensive, and scalable method for constructing a
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TABLE 2. Types of TENGs and their pros and cons [39].

TENG Type Advantages Limitations
Structurally simple, easy
to fabricate, with The friction

Vertical Contact-

Separation Mode materials are

prone to wear

instantaneous high output,
suitable for multilayer
integration

The energy conversion

efficiency is high, with The device

Lateral Sliding diverse forms and easy :
. . ) occupies a large
Mode integration and packaging,
T area
making it widely
applicable

Lightweight, wear-
resistant, and highly

flexible in the operational The low

Single-Electrode efficiency of

Mode state, making it ideal for .
. energy collection
self-driven sensors
application
Teazsimmating Diverse forms, improved

durability, and higher
current in comparison to
single-electrode mode

Unstable energy

Triboelectric-Layer :
signals

Mode
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owanege ___ T i
Cortact T Comset  Separated
100
0
0 =90°
(12.5 mm) -100

“ Voltage (V) 40
20

.

FIGURE 2. (a) Contact and separated states of PC-TENG and Z-TENG
(b) Simulated open-circuit voltage of a triboelectric cell [44].

triboelectric nanogenerator with an extremely high electrical
yield, as shown in Figure 5. The nanogenerator consisted
of polydimethylsiloxane (PDMS), gold, and polymethyl
methacrylate (PMMA) with gold nanoparticles. Aluminum
and copper were used as alternatives to gold in the exper-
iments. Through simulations, the PDMS polymer thickness
was optimized to 10 mm, resulting in a maximum voltage of
the order of 103 volts. The vertical contact-mode generator
with gold-coated electrodes generated an expected power of
15 mW.
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FIGURE 4. The effect of the reference electrode’s location on the output
performance of the P-CS-SETENG. a-d) Images showing the reference
electrode placed at (a) below, (b) below right, (c) right, and (d) upper right
of the primary electrode [46].
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FIGURE 5. (a) Proposed TENG module; (b) Structure simulated using the
tool [47].

2) CHARACTERIZATION OF PERFORMANCE

Simulation can be used to evaluate the performance indicators
of TENG, such as output voltage, output power, linearity,
etc. Cheng et al. [48] simulated and studied the effect of
temperature difference on the performance of TENGs by
combining the electron-cloud-potential-well model for tribo-
electrification and the thermionic-emissi-on model. They also
designed and fabricated a temperature-difference TENG to
improve the power output performance in high-temperature
environments.

Bhatta et al. [49] introduced a new S-PVDF composite
nanofiber membrane and incorporated experimental data on
surface charge density into a COMSOL model. By simulating
the surface potential of the TENG at various gap distances
(mm) between TENG layers (Fig. 7), the authors established a
relationship between the potential and the gap distance, where
the potential increased as the gap distance increased. After
optimizing the device volume, a gap of 2mm was selected
between the two layers. The experimental results confirmed
the accuracy and reliability of the simulation calculations.

3) VISUALIZATION

The deformation process of TENG can be effectively demon-
strated through simulations and visualizations. By using ani-
mation, one can easily illustrate the working principle of
TENG as well as the variations of its potential distribution
under different conditions [50]. Additionally, visual distribu-
tion maps can provide an intuitive way to present complex
physical processes.
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FIGURE 7. (a) The plot of the simulated surface potential of the TENG at
various gap distances between the triboelectric pairs. (b) The COMSOL
simulation of the TENG [49].

Wuetal. [51] designed a vertical Contact-Separation Mode
TENG. To better understand its principles and performance,
they used Comsol Multiphysics to perform theoretical sim-
ulations of the TENG. Theoretical analysis was conducted
through simulation of the electric potential distribution,
charge distribution, and energy of the TENG structure, and
the simulation results were obtained, as shown in Figure 8.
Analysis of the results shows that the electric potential (open-
circuit voltage) increases with the increase of the Triboelec-
tric layer spacing, which confirms the electrical principle of
the TENG.

The use of simulation software for multiphysics simula-
tion of triboelectric nanogenerators (TENGs), coupled with
parameter optimization by adjusting factors such as dielec-
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FIGURE 8. The potential distribution picture with different distances [51].

tric constants and charge transfer rates, offers an effective
approach to optimize TENG design and enhances its power
generation efficiency. The coupling simulation of multiple
physical fields accelerates the research process and reduces
costs.

B. SELECTION OF TRIBOELECTRIC LAYER MATERIAL
Considering the application of TENG in robotic hands,
TENG-based sensors require high tensile and compliance
properties. Therefore, the selected Triboelectric material
should exhibit excellent flexibility and pliability.

Negatively charged materials such as polydimethylsilox-
ane (PDMYS) [52], [53], polytetrafluoroethylene (PTFE) [54],
[55], [56], fluorinated ethylene propylene (FEP) [57], [58],
and polyimide (PI) [59], [60], [61] have been tested for
this purpose. PDMS is a promising material for TENG
triboelectric layers due to its excellent flexibility and
high transparency [62]. In 2012, Fanetal. [63] created
micro/nano-patterns on the surface of PDMS using a sil-
icon template, resulting in a transparent TENG with 50%
transparency that could be attached to the surface of a
mobile phone screen for energy harvesting and pressure
detection. The TENG’s performance was improved by over
three times compared to TENGs without surface patterns,
greatly enhancing the sensitivity to induced pressure. In 2016,
Zhao et al. [64] utilized sandpaper templates to create surface
micro/nanostructures on PDMS and assembled a TENG with
a fabrication method that was both simple and low-cost. The
output performance of the TENG was improved to more than
five times that of a planar PDMS-based TENG, with an output
power density of 62.3uW/cm?2.

Shi et al. [65] designed a functional sensing element with
a micro-structured PDMS layer, using stretchable polymer
PET as the substrate and embedding four AgNWs electrodes
on the four sides (Fig. 9a). They studied the contact position
and velocity of objects detected by simulating intelligent skin,
achieving a resolution of up to 1.9mm.
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FIGURE 9. (a) Schematic diagram of an analog smart skin. (b) Photograph
of an artificial hand covered by two-dimensional analog smart skins on
the curved back of the hand and one-dimensional analog smart skins on
the middle finger [65].

He et al. [66] developed a flexible unipolar TENG con-
sisting of an oxide/PDMS thin film. The authors conducted
a systematic study on the effects of MXene content and
compression force on the device’s output performance and
achieved a peak open-circuit voltage of 225V by periodically
manually striking a flexible TENG measuring 2 x 4cm?.

Additionally, PTFE is widely recognized as an excel-
lent material for the triboelectric layer. In a study by
Shankaregowda et al. [35], a graphite-coated paper was used
as an electrode, and a PTFE film strip was used as a tribo-
electric layer to produce a highly flexible single-electrode
mode TENG. The device generated a maximum open-circuit
voltage of 320 V through hand tapping to collect energy.
In another study, Dudem et al. [67] utilized a soft printing
process to create microstructures on a silk fibroin membrane
to fabricate a vertical contact-separation mode TENG (AT-
MASF TENG), with methanol-treated microstructured silk
fibroin serving as the positive triboelectric layer and PTFE
as the negative triboelectric layer. The sensor generated an
impressive output voltage of 395V and a current density of
89 mA/m?2. Fig. 10 illustrates the application of the AT-MASF
TENG in powering various electronic devices and sensing
human body movements.

Yao et al. [68] developed an electronic skin for mechani-
cal hand sensing, leveraging the excellent characteristics of
two materials integrated into the same sensor, as depicted
in Fig. 11(a). The electronic skin comprises four layers:
a shielding layer, a microstructured PDMS layer with sil-
ver nanowires (AgNWs) serving as the triboelectric layer,
another triboelectric layer comprised of micro-spikes on the
surface of microstructured PTFE, and a back electrode layer
that interlocks with the upper triboelectric layer. The sensitiv-
ity of the pressure measurement was enhanced by 14 times.
Fig. 11(c) demonstrates the outstanding tactile sensing ability
of the TENG electronic skin sensor by displaying the hand-
shake pressure and bending angle of each finger of a bionic
hand when shaking hands with a human. Sun et al. [69] devel-
oped a TENG-driven and controlled soft robot called TENG-
bot. They proposed a soft robot consisting of a unidirectional
dielectric elastomer actuator (DEA), a flexible arch, and a
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FIGURE 10. Flexible AT-MASF-TENG device to sense various human
activities by locating it on different places of the body, i.e., under the
finger, on the elbow, opisthenar of hand, and knee, respectively [67].
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FIGURE 11. (a) Schematic diagram of the TENG e-skin sensor structure.
(b) Photograph of 3 x 3 triboelectric sensor arrays attached on the back
and palm of a bionic hand, and the TENG e-skin sensors mounted on the
finger joints of the bionic hand. (c) Voltage signals in response to index
finger gestures with different bending angles after relative humidity of
70% [68].

unidirectional bearing wheel, as shown in Figure 12. For the
TENG fabrication, they selected a 25um-thick FEP film as
the sliding part, with two copper electrodes as the fixed part,
mounted on an acrylic acid substrate. To enhance the output
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FIGURE 12. An independent TENG is directly connected to a soft robot,
generating a voltage when the TENG slides. The voltage drives the DEA
(Dielectric Elastomer Actuator), causing the DEA to elongate and contract,
resulting in the displacement of the robot. In a sliding cycle, the soft
robot completes one motion step [69].

performance of the TENG, the bottom surface of the FEP film
was treated with inductively coupled plasma (ICP) to form
a nano-rod structure [70]. Under no load conditions, a good
linear relationship was observed between the motion speed of
the soft robot and the sliding speed of the TENG, which is of
significant guidance for the power and control of the robot.

Research has demonstrated that PDMS is highly flexi-
ble and can be easily processed into various shapes and
sizes while also possessing strong adhesion to most sub-
strate materials, such as silicon and glass. Additionally, it is
simple to prepare [71]. PTFE, on the other hand, exhibits
a high coefficient of friction, excellent wear resistance, and
corrosion resistance [72]. Fig. 13 depicts the triboelectric
series of TENG materials [73] and illustrates the trend of
materials gaining or losing electrons. Materials with positive
charges are more prone to losing electrons, whereas nega-
tive materials exhibit the opposite effect. There are neutral
substances located in the middle of this series, which do
not exhibit a strong tendency to attract or lose electrons.
As the distance between materials increases, the transfer of
charge between them also increases. Therefore, When the
top material rubs against the bottom material, there will be
more charge transfer. The output power of a TENG can be
significantly enhanced by carefully selecting the appropriate
material composition, surface roughness, surface potential,
and motion parameters and accounting for environmental
factors such as humidity and temperature effects.

C. DESIGN AND OPTIMIZATION OF TRIBOELECTRIC LAYER
The TENG’s performance is directly related to the charge
density of the contact surface. As a result, increasing charge
production has consistently been a critical strategy for
enhancing output power [68], [72]. The design of the tribo-
electric layer is centered on the material’s micro-structured
surface and its functionalization. The micro-structuring of
materials can be achieved through a variety of methods,
including the assembly of colloidal arrays [74], soft lithog-
raphy [75], self-assembly of block copolymers (BCP) [76],
and surface nano-material manufacturing [77]. These tech-
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FIGURE 13. The triboelectric series is divided from the most negative
tribopolarity to the most positive tribopolarity [73].

niques increase the contact area between materials, enhancing
the triboelectric effect and improving the detection sensi-
tivity, detection limit, and detection range of sensors. For
instance, Fan et al. [63] demonstrated a TENG pressure sen-
sor by fabricating a pyramid-shaped micro-structured PDMS
film on the triboelectric layer, which improved performance
by 5-6 times compared to non-structured films. Similarly,
Yang et al. [78] developed a TENG-based sensor with micro-
pyramid-structured PDMS thin films for collecting biome-
chanical energy and detecting pressure. The research induced
a higher charge density through micro-pyramid structures
prepared by etching silicon surfaces, resulting in an improved
sensitivity of 0.29£0.02 V/kPa. Moreover, micro-pyramid
structures can improve surface wettability, providing TENGs
with self-cleaning functionality. Man et al. [79] designed a
single-electrode TENG (S-TENG) with PDMS as the tribo-
electric layer and microscale relief structures on the surface.
A 20nm thick indium tin oxide film was used as the electrode
layer, and external circuits were used to output electrical
energy. The microscale relief structure improved the electri-
cal performance of the triboelectric layer. The open-circuit
voltage and short-circuit current of the S-TENG were
detected by applying different external pressures, and the
results showed that the open-circuit voltage of the prepared
S-TENG reached 80V. Jeong et al. [76] demonstrated a novel
TENG design concept using nano-patterning technology
and BCP self-assembly. By controlling the self-assembly of
polystyrene-block-polydimethylsiloxane (PS-b-PDMS) thin
films, various silica nanostructures, including nanodots,
nanogrates, and nanomeshes, were achieved. The silica film
with the nanostructure, combined with polytetrafluoroethy-
lene, effectively generated electricity. The BCP-TENGs with
nanostructures exhibited significantly improved output per-
formance, with voltage and current densities of up to 130 V
and 2.8 mA-m~2, respectively.
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In conclusion, the triboelectric layer’s microstructure plays
a crucial role in enhancing the performance of TENG-
based sensors. Various methods can be used to achieve
the desired microstructure, such as assembling colloidal
arrays, soft lithography, self-assembly of block copolymers,
and surface nano-material manufacturing. These methods
increase the contact area and improve the Measurement
accuracy, detection limit, and detection range of sensors.
The micro-pyramid structure is a popular design choice that
can improve surface wettability, provide self-cleaning func-
tionality, and extend the lifespan of TENGs. However, the
most suitable microstructure should be selected based on the
specific application to achieve more accurate and reliable
measurements and detections.

The functionalization of materials can be achieved through
various methods, such as ion doping, plasma treatment,
polarization, laser induction, and the formation of nanocom-
posites [80], [81], [82], [83], [84], [85] In TENGs, mate-
rials such as BaTiO3, TiO2, graphite, graphene, ZnSnO3
nanocubes, and PTFE have been used as dopants in PDMS to
improve output performance [86], [87], [88], [89], [90], [91].
Jing et al. [92] proposed a method to improve the triboelectric
performance of PDMS composite materials by filling the
PDMS matrix with high dielectric constant liquids, which
can reduce the effective thickness of PDMS while increas-
ing the dielectric constant of the PDMS composite material.
When the filling ratio is 50% (PDMS-hd50), the triboelectric
properties are improved by 4.5 times the output voltage and
3.9 times the output current compared to pure PDMS.

Fluorine-containing elements with the strongest elec-
tronegativity are typically chosen as triboelectric materials
in TENG design [93]. Matsunaga et al. [94] modified the
surface of PDMS with carbon tetrafluoride plasma and used
spray technology to prepare a large area (12 x 12 cm)
S-TENG for wearable energy harvesting (Fig.14(b)), increas-
ing the output power to 8 W/m2. Li et al. [95] introduced F
elements by adding FDTS to PDMS and fabricated a flex-
ible PDMS-FDTS film as a negative triboelectric layer. A
4 cm2 TENG was made using PET as the positive tribo-
electric layer and copper nanowires/reduced graphene oxide
(Cu-NWs/RGO) as the electrode. It had an output voltage
of 125 V.

D. THE FABRICATION OF TENG

The fabrication method for TENG depends on the specific
design and choice of materials. The coating is a general fab-
rication method for TENG, where the basic idea is to coat the
triboelectric layer and electrode on the substrate, then apply a
sealing layer on the electrode to form a closed structure. This
method can quickly fabricate TENG and adapt to different
substrate materials and size requirements. Ding et al. [96]
first cut polyethylene and spun a layer of PDMS on the
surface of copper foil to form a PDMS triboelectric layer.
The conductive copper foil was then attached to the sur-
face of another substrate, as shown in Fig. 15(a4). A layer
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FIGURE 15. (a) . (a1-a5) The fabrication process of the PDMS layer and
bamboo stick layer [96]. (b). The fabrication process of the self-powered
triboelectric tactile sensor with PDMS/EGaln alloy electrode [97].

of glue was coated on the surface of the copper foil, as
shown in Fig. 15(a5). Glued onto the surface of the glue as
shown in Fig. 15(a6). Finally, the two parts were combined
to form a B-TENG. In another study, Wang et al. [97] used
a coating method to fabricate a self-powered TENG-based
tactile sensor with a multilayer PDMS triboelectric layer and
a PDMS/eutectic gallium-indium (EGaln) composite elec-
trode. The sensor (Fig. 15(b)) achieved a detection limit of
7 mPa.

Wang et al. [98] employed spin-coating to apply a layer
of PDMS onto a mold, and subsequently utilized a solution
comprising silver nanowires (AgNW) for spraying onto the
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[98].

PDMS surface, serving as a shielding layer for the electrodes.
Another layer of PDMS was applied for surface encapsula-
tion, and a copper (Cu) film was deposited on the curved
structure of the PDMS as a flexible friction layer for contact
and separation. Then, PDMS was spin-coated on a glass sub-
strate and baked, followed by spraying a solution containing
silver nanowires (AgN'W) on the PDMS surface and applying
a layer of circular patterned electrodes. A conductive silver
paste was used to attach conductive tape on the electrodes,
and another layer of PDMS was spin-coated on top. Uncured
PDMS was applied around the top layer, bonding the top and
bottom layers together, followed by baking. The fabrication
process is illustrated in Figure 16. Figure 17 shows the appli-
cation of the TENG-based multidimensional force sensor
(TENGe-skin) in tactile sensing during robot manipulation.
Qu et al. [99] developed an intelligent finger that surpasses
human tactile perception for material type and roughness
recognition in prosthetics and robotic hands. The intelligent
finger integrates sensor arrays, a signal acquisition mod-
ule, a processing module, a communication module, and an
OLED screen. The sensor array consists of four TENGs, each
adopting high-purity materials: PA66, PET, PS, and PTFE
films as the friction layers, with aluminum foil coated as the
friction layer on the surface of high-purity materials. The size
of the sensors is 1 x 1 cm?. The housing of the intelligent
finger is 3D-printed. The sensor array is integrated beneath
the fingertip, as shown in Figure 18(b). This intelligent finger
can be integrated into smart prosthetics or robotic hands and
can recognize various textures such as polymers, metals, and
wood.

Zhang et al. [32] demonstrated how to fabricate a multi-
functional electronic skin sensor using a spin-coating tech-
nique. A layer of silver nanowires (AgNWs) solution in
ethanol was first spin-coated onto a glass substrate, followed
by a layer of polydimethylsiloxane (PDMS) and curing agent
mixture, which was then vacuum-dried and cured. The result-
ing film was peeled off, and a copper foil was attached to its
surface. Another layer of PDMS was spin-coated on top to
form the triboelectric layer, and PDMS surface microstruc-
tures were created. The sensor was prepared by mixing
PDMS, curing agent, zinc sulfide, and Cu fluorescent powder.
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of the triboelectric tactile perception smart finger. (b) Structure of the
triboelectric tactile perception smart finger, consisting of a triboelectric
sensor array, data acquisition and transmission module, and display
module. (c) Schematic diagram of the output signals of the triboelectric
sensor array when the smart finger identifies different materials. a.u.,
arbitrary units [99].

Moreover, Yao et al. [68] fabricated a flexible electronic skin
by casting uncured PDMS onto a microstructured template,
followed by vacuum placement to eliminate bubbles and peel-
ing the microstructured PDMS substrate from the template
after an hour of curing. The PDMS substrate had a surface of
polytetrafluoroethylene tinny burrs, and the flexible electrode
was made of an AgNWs network. The fabrication process of
the flexible electronic skin is shown in Fig. 19(b).

The coating method is a widely used and cost-effective
technique for fabricating TENGs. However, the substrate
material and coating quality can limit TENG performance.
In addition to the coating method, He et al. [1] used the
doctor-blade method to fabricate a sandwich-structured
TENG. Fig. 20 shows that TENG-based sensors capable of
rapid self-healing at a specific temperature were equipped.
The self-healing polymer material NBR was dripped onto the
bottom plate and scraped into a thin film using a scraper to
form the first layer. Then, the second layer was formed by
spraying a coating of MXene onto the first layer of NBR.
Several drops of NBR material were dripped again, and the
NBR was scraped into a thin film to form the third layer.
Since self-healing materials were used, the triboelectric layer
and conductive layer could be repaired within 5 seconds by
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FIGURE 19. (a) Structure schematic depiction of the STMES [32].
(b) Schematic fabrication processes of the TENG e-skin sensor [68].
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mapping images when two tactile sensors were simultaneously triggered
1].

heating with a hair dryer. This approach could improve the
durability and performance of TENGs, making them more
suitable for practical applications.

In addition to the coating method, 3D printing (3DP)
technology has also been utilized to fabricate TENGs [100].
As shown in Fig. 21, various 3DP techniques such as
fused deposition modeling (FDM) [101], [102], [103], [104],
[105], direct ink writing (DIW) [76], [106], [107], [108],
stereolithography (SLA) [109], and selective laser sintering
(SLS) [110], [111], [112], [113] have been employed. How-
ever, other 3DP techniques, such as photolithography and
plating, are rarely used [114]. These researches have shown
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FIGURE 21. Schematic illustrations and structure demonstrations of
3DP-based TENGs by various 3DP technologies [100]. (a) ,(b).(c).(e) and(f)
Schematic illustrations and structure demonstrations of 3DP-based
TENGs by FDM technology [76], [101], [102], [103], [104], [105], [106],
[107], [108], [109], [110], [111], [112], [113], [114]. (d),(g).(j).(k) Schematic
illustrations and structure demonstrations of 3DP-based TENGs by DIW
technology [76], [106], [107], [108]. (h),(i).(I).(m) Schematic
illustrationsand structure demonstrations of 3DP-based TENGs by SLS
and other technologies [110], [111], [112], [113]. (n) and (o) Schematic
illustrations and structure demonstrations of 3DP-based TENGs by SLA
technology [109].

that FDM technology is particularly suitable for fabricating
longer and thinner filamentous films [102], [103] and array
structures [104], [105] with significant economic benefits,
making it a promising method for the design and development
of new triboelectric materials.

Although the coating method is currently widely used in
the fabrication of TENG-based sensors, with the advance-
ment of technology and considering issues related to the
accuracy, it is believed that the future of TENG fabri-
cation will rely heavily on 3D printing technology. This
method offers excellent potential for producing customized
and complex TENG structures with enhanced performance
and durability, thus opening up new possibilities for practical
applications. The aforementioned methods can be selected
based on specific requirements and adjusted according to
different structures and materials. It is essential to choose
suitable materials, design appropriate structures, accurately
control the thickness and size, and ensure a clean fabrication
process to obtain efficient and stable TENGs. By doing so,
achieving the desired performance and durability is possible,
thus enabling TENGs to be effectively applied in various
fields.

IV. APPLICATIONS OF TENGs ON THE MANIPULATORS
There has been extensive research on incorporating Tribo-
electric Nanogenerator (TENG) sensors into robot arms, with
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FIGURE 22. (a) A digital photograph and schematic diagram of the TENG
combined with the artificial hand. The bending and straightening
movement of the finger causes contacting and separating states of the
TENG. (b) The reversed current signal in one process of contacting and
separating. (c) Transferred charge quantity curve of different random
movements of the middle finger [125].
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FIGURE 23. The structure of the soft gripper integrated with a
TENG-based tactile sensor [126].

a primary emphasis on both self-powered sensing [115] and
data communication [116]. Recent studies in this field are
summarized in Table 3.

A. TACTILE PERCEPTION

TENG-based tactile sensors technology has been developed
for robotic hands to enhance external object perception and
recognition, leading to more accurate human-machine inter-
actions. In a study by Jin et al. [125], a self-powered motion
detection sensor with a fluorinated ethylene propylene tribo-
electric layer and an aluminum film electrode was created.
An electric signal was produced during contact separation
when the sensor was attached to the hand (Fig. 22(a)).
Fig.22(b) shows that the device can convert mechanical
energy generated by finger movements into electrical signals.
During complex and random movements of fingers, the con-
tact areas between the sensor and the upper, middle, and lower
joints vary. This variability enables the identification of which
joint or joints were moved by analyzing the magnitude of the
signal, as shown in Figure 22(c).

Li et al. [126] applied TENG tactile sensors in a soft
robot gripper for object shape recognition. The gripper
design(Fig. 23) incorporates four TENG electrodes to sense
pressure. When pressure is exerted on a specific electrode,
a voltage signal is generated at that location. When pressure
is exerted between two electrodes, adjacent electrodes receive
similar signals, enabling rough recognition of the shape of the
grasped object. Jin et al. [127] developed an intelligent soft
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FIGURE 25. (a) TENG Sensor and Its Basic Structures. (i)(i) Length-TENG
(L-TENG) sensor and (ii) Tactile-TENG (T-TENG) sensor. (b) A soft gripper
integrated with TENG sensors. (c) An intelligent sensory data processing
strategy is introduced. E1~E4, and EL are the electrodes of the T-TENG
sensor. (d) a digital twin application based on the AloT perception system
is presented [127].

robot gripper system based on TENG sensors (Fig. 25). The
system captures the soft gripper’s continuous motion and tac-
tile information. A distributed electrode in the tactile sensor
senses the contact position and area of external stimuli. The
gear-based length sensor with a stretchable strip allows the
continuous detection of elongation via the sequential contact
of each tooth. The system can recognize different objects by
using the SVM algorithm to train the triboelectric haptic data
collected during the soft gripper operation.
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TABLE 3. Applications of TENGs on robot arms.
Time Author Research content: Sensm‘g Ele“r?de Device performance. Sensing .
materials  materials Categories
Ultrastretchable, transparent tr}boelecFrlc . PDMS Detect finger movement through touch with pressure
2017 Pu (1171 nanogenerator as electronic skin for biomechanical Graphene S . .
. . . a minimum detection pressure of 1.3 kPa. sensing
energy harvesting and tactile sensing
Multi-walled
e e e e b e PDMS carbon Pressure range of 1 ~ 40 kPa and capable of pressure
2019 Leell18]  touch sensor . .
nanotubes accurately detecting finger movements. sensing
(MWCNTs)

2016 Shi 651 Self-Powered Analogue Smart Skin PDMS AgNWs The resolution can reach up to 1.9 mm S ;:E;e
e DMS | Copper.  minimum ouipu of open et volige s pressue

2020 He 166] nanogenerators with MXene/PDMS composite film . opp P P Py age press

: . . composite  nickel alloy up to 170V, and 20pA cm™? short-circuit sensing
for biomechanical motion sensors ; 3
material current density.
Wane ros A stretchable self-powered triboelectric tactile EI:IIY([) S/EGal The device has ultra-low detection limits and rossure

2021 €11 sensor with EGaln alloy electrode for ultra-low- PDMS Y high sensitivity. It has achieved the lowest press

. composite T sensing
pressure detection clectrode detection limits of 7 mPa.
Flexible single-electrode triboelectric MWCNT/ Under continuous pressure, the peak open-

2022 Zhang(119] nanogenerator with MWCNT/PDMS composite PDMS Ag/textile circuit voltage can reach 435V, and the pressure
film for environmental energy harvesting and thin film silver textile maximum short-circuit current density is 13 sensing
human motion monitoring pA-cm2.

Stretchable Triboelectric-Photonic Smart Skin for Ecoflex STPS can b.e used as‘TENG to sense vertical pressure

2018 BU 1201 . . AgNWs pressure, with a maximum sensitivity of 34 .
Tactile and Gesture Sensing 00-20 sensing

mV/Pa-1.
Self-powered triboelectric-mechanoluminescent When used as a contact-separation mode rossure

2022  ZhangP? electronic skin for detecting and differentiating PDMS AgNWs : . paratio press

. . A TENG, its maximum sensitivity is 2 V/N. sensing
multiple mechanical stimuli
Dual-Stimulus Smart Actuator and Robot Hand Nylon and Z:rf gﬁ;:zjstztﬁgzzczrpcr;\:;leﬁ}?g t:f Ie\:]tG slip force
2019 ZhengB*  Based on a Vapor-Responsive PDMS Film and Y Al . . arget P’
. . PDMS object, and the gripper can hold objects with sensing
Triboelectric Nanogenerator .
a weight of up to 6g.
A triboelectric nanogenerator as a self-powered PTFE conductive zx?de :ﬁ?l; :Sragilr:ed;z?l;l drirelsg; ltsir}lg_gt(‘) th(cje R
2018 Xia [121]  temperature sensor based on PVDF and PTFE /PVDF copper foil P . P
sensor are approximately 0.01 and 3.5 s sensing
Self-restoring, waterproof, tunable microstructural The sensitivities of the device are 0.11

2019 Xiong (122 shape memory triboelectric nanogenerator for self- SMPU Al Ve°C-1and 02V °C—1' at impacting times temperature

powered water temperature sensor mats of 5 s and 10 s, respectively, for the water  sensing
temperature between 25 + 5-95 °C.
A whirligig-inspired intermittent-contact the IC-TENG can be driven by hand, and the slip force

2021 Fanl'#]  triboelectric nanogenerator for efficient low- FEP Cu tapping operation can empower the IC- serI:sin
frequency vibration energy harvesting TENG to illuminate 120 LEDs &

Compared to the dielectric sliding parts, the
A sliding hybrid triboelectric-electromagnetic sliding TENG with a conductive magnet can

2021 Nieri2g ~ hanogenerator with staggered electrodes for human PTFE Al obtain higher electrical output. The Voc, Isc, slip force

motion posture and transfer charge of the TENG section of  sensing

SHTE-NG can arrive at 175V, 3.25 pA, and
75 nC, respectively.

Machine tactile perception encompasses various aspects,
including not only pressure sensing [65], [66] but also tem-
perature sensing [121], [122] and slip force sensing [123],
[124], among others.

The electrical properties of nanomaterials are influenced
by temperature, causing changes in the charge distribution
within the nanomaterials when in contact with objects of
different temperatures. By monitoring these variations in
charge distribution, TENGs can convert them into electrical
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energy and utilize it to perceive the temperature of the object.
Xiaet al. [121] proposed a self-powered temperature sensor
constructed using a TENG. The sensor employed TENG
made of polytetrafluoroethylene and polyvinylidene fluoride,
with conductive copper foil serving as the electrodes and sili-
con paper and polyvinylidene fluoride film as the supporting
structure, as shown in Figure 26. This TENG was capable
of detecting temperature changes within the range of 10 to
90 degrees Celsius, with a response time of 0.01 seconds
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FIGURE 27. (a) Three-dimensional structure. (b) Two-dimensional view.
(c) Geometric structure of the rotor with a rotation angle 6. (d) Working
principle with the black arrowheads denoting the direction of external
excitation [123].

and a reset time of 3.5 seconds. The study also discussed
other types of self-powered sensors, including temperature
sensors that convert mechanical energy into electrical energy
using TENG. These sensors hold potential applications in
healthcare, environmental monitoring, energy harvesting, and
other fields.

Xiong et al. [122] developed a self-healing, waterproof,
and tunable microstructured shape memory triboelectric
nanogenerator (TENG) for self-powered water temperature
sensing. The TENG was fabricated using shape memory
polymers that can recover their original shape from a tempo-
rary deformation upon temperature stimulation. The TENG
collected energy from both cold and hot water and served as
a self-powered sensor to provide real-time indication of water
temperature. The article extensively explains the working
principle of the TENG: the impact of hot water causes the sen-
sor’s microstructure to recover into different forms, resulting
in varying voltage outputs that enable temperature sensing of
the water. Therefore, this technology can be applied in various
scenarios where water temperature measurement is required,
such as aquaculture and water resource management fields.

TENGS can also perceive the frictional sliding between
objects. In terms of slip force sensing, Fan et al. [123]
designed a rotating intermittent-contact triboelectric nano-
generator (IC-TENG) structure, as shown in Figure 27(a).
This generator was capable of harvesting low-frequency

VOLUME 11, 2023

(a) (c)
'
e i

‘mﬂ«m: nanogenerator

—

Moving part Coil

Triboclectric diclectric layer (PTFE)

Moving part (Conductive magnet)

Conductive aluminum

L L

 Contuti mae

PTFE ﬁlm

FIGURE 28. (a) The schematic illustration of the sliding triboelectric
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vibration energy. The IC-TENG employed a sliding rope to
drive the rotor, which initiated rotation through a dynamic
mechanism similar to a carousel, converting low-frequency
vibrations into the high-speed rotation without the need for
manual operation. The IC-TENG exhibited high electrical
stability, with its normalized electrical output remaining
stable at approximately 81%, while the normalized elec-
trical output of non-contact mode TENG decayed to 48%
within 10 days. The IC-TENG holds potential as a sustain-
able and decentralized energy solution for small-scale low-
power electronic devices by harnessing commonly available
low-frequency vibration energy.

Furthermore, Nie et al. [124] designed a novel sliding
hybrid triboelectric-electromagnetic nanogenerator (SHTE-
NG) for harvesting mechanical energy and sensing human
motion postures. The SHTE-NG consists of a triboelectric
part and an electromagnetic part, with the conductive magnet
serving as the frictional material. The triboelectric part and
the electromagnetic part are connected through a rectifier
bridge to collect mechanical energy and generate electrical
output. The structural diagram is shown in Figure 28. The
authors installed the SHTE-NG on the human leg to sense
human motion states and reflected different motion states
through different electrical signals generated by the tribo-
electric part. The article also presents detailed output results
of the electrical signals generated by the TENG part under
different motion states. This demonstrates that the SHTE-NG
can serve as a self-powered human motion posture sensor to
reflect different motion states.

Through these tactile sensing capabilities, triboelectric
nanogenerators can achieve the perception of external
objects’ pressure, temperature, and frictional sliding infor-
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mation. This technology holds potential applications in fields
such as biomedicine, robotics, and wearable devices.

Electronic skin sensors possess multimodal also sensing
capabilities, enabling them to detect and monitor a variety
of stimuli, including distance, pressure, strain, temperature,
and more. They can even monitor multiple stimuli simulta-
neously [128], [129], [130]. Unlike traditional sensors that
rely on rigid substrates and functional materials, the flex-
ibility and stretchability of electronic skin sensors present
unique challenges in terms of TENG materials, structural
design, and fabrication methods [131], [132]. Along with
their self-powering properties, measurement sensitivity is
crucial for electronic skin sensors to emulate the percepti-
bility of human skin. TENG-based sensors’ sensitivity and
measurement range can be enhanced or adjusted by altering
surface conditions, device modes, or structures [133], [134],
[135], [136], [137].

Pu et al. [117] have developed a flexible and transparent
TENG (Fig. 29) that employs an elastic body and ion hydro-
gel as the charged layers and electrodes. The design enables
the device to harvest biomechanical energy and enable tac-
tile sensing while still maintaining high stretchability and
transparency. As a result, these TENGs are well-suited for
powering wearable electronic devices.

Due to their high sensitivity to pressure, STENGs are
suitable for touch/pressure sensing in artificial electronic
skin. Yao et al. [68] fabricated interlocking structures in
the triboelectric layers by replicating the cone-like array
microstructures of the Calathea zebrine leaf. The chained
microstructure and production of PTFE micro protru-
sions significantly increase the triboelectric effect. The
self-powered electronic skin developed was applied to a
bionic hand, and the tactile sensing ability of the TENG-skin
sensor was demonstrated by measuring the distribution of
gripping pressure and bending angle for each finger of the
bionic hand. Additionally, the authors conducted a 5000-
cycle loading test under a pressure of 25 kPa, and the sensor
output remained stable, demonstrating the high durability
of the sensor. Wang et al. [33] have reported a self-powered
large-area integrated TENG array (TSA) that used a TENG
array and a CD4066 array chip connected through traditional
coupling (Fig. 30). This TSA can detect static and dynamic
pressures, and its ground shielding layer suppresses crosstalk,
effectively solving the problem of crosstalk signals. The
TSA has been integrated with signal processing circuits to
create a complete wireless sensing system. Bu et al. [120]
have developed a stretchable triboelectric-Photonic Smart
Skin (STPS) for a robotic hand. The STPS(Fig. 31) allows
for multidimensional tactile and gesture sensing. It adopts
a single-electrode mode to sense external touch and vertical
pressure, using silicone rubber as the triboelectric layer and
Ag NWs as the stretchable electrode. The surface of the
silicone rubber has been treated with sandpaper to create a
microstructure. The grating structure of metal film serves
as the biological excitation skin stripe, enabling STPS to
exhibit tunable aggregation-induced emission within a lateral
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FIGURE 29. a) Scheme of the STENG with sandwich structure. (b) A
circular STENG transparent to full visible colors. (c) VHB-STENG (indicated
by arrows) at initial state (stretch | = 1) and stretched state (I = 11 or
strain e = 1000%). (d) An image of a STENG-based tactile sensor with

3 x 3 attached to a curvy hand [117].

stretch range of 0-160%. As the tensile strain increases, the
brightness significantly increases.

Additionally, researchers have combined TENG-based
sensors with other types of sensors to improve their sensing
capabilities. For example, Yuan et al. [138] developed a sens-
ing device that combines a capacitive-type transducer with
a TENG-based sensor. This device is designed for flexible
manipulators and can achieve high sensitivity and intelligent
recognition of grasping force. The capacitive transducer is
used to identify pressure and deformation, while the TENG
part senses sliding motion, the linear relationship between
the displacement of the contacted object, and the transferred
charge. Furthermore, The peaks in current signals can also
indicate the sliding velocity of the contact object. This com-
bination provides a method to avoid accidental sliding and
damage during the flexible grasping process.

Another example is the hybrid energy harvesting method
proposed by Zhu et al. [139], which combines piezoelec-
tric and triboelectric methods. They fabricated a composite
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FIGURE 30. (a) The working principle of the TSA. (b) Wireless
foot-stepping experiments conducted with a leather shoe and a heel [33].
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FIGURE 31. (a) Schematic diagram of the structure of STPS and Schematic
diagram of the STPS for a robotic finger. (b) Open-circuit voltages of STPS
with different touching conditions by a human hand, which are shown in
upside photographs. (c) The photocurrent (i) excited by PL of STPS
through bending the finger with different states, and the synchronous
open-circuit voltages (ii) by touching the different areas of STPS [120].

material of PVDF/PTFE composite film and triboelectric
leaf-shaped micro-structured film. The design of PVDF
nanoparticles and leaf-shaped woven fiber PTFE film
enhances the collection efficiency of the composite film,
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signals can be transmitted and converted into instructions for a robotic
hand [148].
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FIGURE 33. Schematic diagram of a communication system based on the
TENG as a self-powered communication unit [116].

while the designed leaf-shaped PTFE film enhances the
power output of the TENG.

B. DATA COMMUNICATION

The development of self-powered TENG sensors [21], [140],
[141], [142], [143], [144] has opened up possibilities for
designing self-powered communication systems that can con-
vey information from people or objects. For such communica-
tion systems, information recognition and signal transmission
are critical functions. TENG devices can respond to different
frequencies and produce unique output performance under
vibration excitation due to the resonance phenomenon [145],
[146], [147]. This property may help establish working bands
for selectively recognizing special signals to transmit infor-
mation.

Guo et al. [148] proposed a self-powered organic light
communication system (SOC) (Fig. 32). The system consists
of organic light-emitting diodes driven by TENGs and per-
ovskite photodetectors provided by solar cells. Due to the
excellent performance of the optoelectronic coupler, SOC
can effectively convert mechanical signals into optical sig-
nals and then into voltage signals between two insulated
units, synchronously realizing information transmission. The
system encodes the mechanical tape of different areas of
TENGs into binary, enabling large amounts of data trans-
mission and successfully controlling the mechanical hand to
complete different actions. It reflects the intelligent applica-
tion of SOC in human-machine interaction. Yu et al. [116]
designed a self-powered communication unit based on TENG
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Improving efficiency

Improving efficiency to meet the needs of robotic hands. TENG efficiency can be
improved by enhancing materials, structures, and manufacturing processes.

Future directions include enhancing the structure and manufacturing process to extend
its stability and lifespan. making it better adapt to the use environment of robotic
hands.

Improving stability

roadmap for future technology development

Wearable application

TENG can be applied to wearable devices, such as robotic gloves and arms, to
achieve a more intelligent and humanized control method.

Multi-sensor coupling

Multimodal coupling enhances the performance of robotic hands. Multimodal coupling
can be achieved by combining TENG with other sensors or devices.

FIGURE 34. The roadmap for future technological developments.

(Fig. 33). The TENG works in different frequency regions,
collecting specific frequency environmental trigger signals as
the energy supply of the entire communication system. The
collected trigger signals can also be converted into binary
digital signals and transmitted directly by optoelectronic
devices without external power. The elaborately designed
TENG is built in a membrane structure, which can effec-
tively drive electronic-optical devices within a bandwidth of
1.30 kHz to 1.65 kHz. In addition, A design based on can-
tilever structures, driven by low-frequency vibration signals
in the frequency range of 16~22 Hz, further demonstrates the
ability and feasibility of TENG technology for information
communication. The design flexibility of the TENG tech-
nique allows for transmitting triggering signals at various
frequencies.

Therefore, The TENG design can function as electronic
skin attached to a manipulator for improving precision, sta-
bility, and performance. It can also provide bidirectional
feedback between the robot’s end effector and control system,
similar to human palm touch and nerves, enabling precise
control [149]. TENG technology has substantial prospects
in human-machine interaction, soft robotics, and artificial
intelligence fields.

V. CONCLUSION

In recent years, TENG has made significant breakthroughs
and developments as both a power generator and a
sensor, demonstrating its potential for various applica-
tions. To further enhance its application in robotic hands,
the roadmap for future technological developments is as
follows:

Significant progress has been made in synthesizing and
selecting materials, device fabrication schemes, and the
performance of flexible sensors based on TENG. How-
ever, to achieve practical applications of TENG-based self-
powered sensors, particularly in robotics, challenges still
need to be addressed.
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1) TENG-based pressure sensors are sensitive in a low-
pressure range, and the sensitivity decreases with
increasing pressure, limiting the measurement range.
New solutions, such as the design of layered stiffness
materials and structures, need to be explored.

2) Multimodal and high spatial resolution sensing has
great appeal for robotics, but the static interference
between adjacent TENG unit cells and interconnec-
tions can significantly affect measurement accuracy,
especially in a large array of sensor units. Integrat-
ing a shielding layer in the device has been proven
to eliminate interference effectively, but additional
components must be balanced to maintain device
complexity.

3) To achieve touch sensing capabilities similar to
humans, TENGs must be combined with other mecha-
nisms to achieve multifunctional sensing. For example,
the human sense of temperature is a critical element of
touch sensing, but the mechanical motion or force that
triggers TENGs sensors cannot measure temperature.
Recent efforts to integrate thermoelectric materials in
sensor arrays represent promising steps in this direc-
tion.

4) Prolonged mechanical impacts and harsh work-
ing environments, such as high temperatures and
humidity, challenge the robustness and reliability
of sensors. Therefore, researchers must develop
robust and reliable sensors that can withstand such
environments.
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