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A B S T R A C T   

Triboelectric nanogenerators (TENGs), offering self-powered actuation, grasping, and sensing capabilities 
without the need for an external power source, have the potential to revolutionize the field of self-powered 
robotic systems. TENGs can directly convert mechanical energy into electrical energy that can be used to 
power small electronics. This review explores the huge potential of TENGs’ mechanisms and modes for various 
robotics actuation and sensing applications. Firstly, the improvements in efficiency and reliability of TENG-based 
actuation systems by self-powered actuation systems are discussed. Following that, TENG-based grippers having 
controlled gripping power and a distinctive ability to self-calibrate for precise and sharp object handling are 
enlightened. Additionally, the design and development of TENG-based pressure sensors incorporated into robotic 
grippers are further discussed. Self-powered multimode-sensing robotic devices, which can sense many stimuli 
such as temperature, applied force and its direction, and humidity, are briefly discussed. Integrating self-powered 
robotic systems with human-machine-interaction (HMI) technologies enables more sophisticated and intelligent 
robotic contact with its external environment, is also highlighted. Finally, we addressed the challenges and future 
improvements in this emerging field. In conclusion, TENGs can open up a wide range of opportunities for self- 
powered actuation, gripping, and sensing with exceptional efficiency and precision while being compatible with 
both soft and rigid robotic systems.   

1. Introduction 

Sensing and actuation are two important aspects of a robot to func-
tion effectively in various contexts [1–3]. These two components of 
robots work together to gather data about their surroundings and 
respond to physical movements [4,5]. As technology advances, we 
should expect robots with more advanced sensing and control capabil-
ities, allowing them to do more difficult tasks in a wider range of cir-
cumstances [6,7]. While early manufactured robots have been employed 
in structured industrial environments to perform pre-programmed tasks, 
smart robots can operate in unstructured environments and interact 
safely with humans [8–10]. To meet these challenges, a range of sensory 

units is required to recognize the environment and internal robot status 
[11,12]. Besides internal sensors that measure position, motion, and 
displacement, external sensors such as tactile and auditory are essential 
for effective environmental interaction [13,14]. Actuators serve a crit-
ical function in enabling robots to perform operational tasks. Therefore, 
self-powered, repair and maintenance-free, more reliable, and compe-
tent extensive sensing robots are crucial these days [15–17]. 

Triboelectric nanogenerators (TENGs) have become increasingly 
popular in robotics due to their ability to function as both power sources 
and self-powered sensors [18,19]. Triboelectrification and electrostatic 
effects play a vital role in converting mechanical energy into electricity 
in TENGs, as described in 2012 by Prof. Z. L Wang [17,20,21]. TENGs 
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are in high demand due to their excellent performance, several 
material-related choices, and low-cost processing [22–24]. They effec-
tively harvest energy from various vibrations occurring from body mo-
tion, wind, and waves [25–27]. The performance of the TENG-based 
sensors can be enhanced using a doping method to improve charge 
density and sensitivity [28]. As power sources, TENGs can drive various 
electrically responsive materials and devices made from piezoelectric 
materials, dielectric elastomers, and electrostatic materials [29–31]. 
Researchers have successfully developed various self-powered sensors 
based on TENGs, such as acceleration, displacement, strain, pressure, 
vibration, and acoustic sensors [32–35]. These TENG-based robots are 
promising alternatives to conventional rigid sensors, and they enhance 
the capabilities of robotics [36,37]. TENGs also promote the integration 
of robotics and the development of new flexible structures [38,39]. 
TENGs offer several advantages over other sensing technologies such as 
resistive, capacitive, and optical sensors [40]. The benefits are that 
TENG-based sensors remove the demand for additional power sources 
and minimize the complication of the entire system [41]. TENG-based 
systems have high stretchability, enabling them to easily adapt to the 
robot body and tolerate deformations without losing sensing capabilities 
[42]. In the low-pressure domain, TENG based sensors have excellent 
sensitivity, allowing them to detect tiny changes in proximity touch, and 
pressure. TENG-based sensors do not rely on external light sources or 
complex imaging systems and ensures efficient energy conversion as 
well as robust sensing capabilities [43-45]. 

The progressive development of robotics has opened new opportu-
nities for robots to interact with their environment in a safer and more 
versatile manner [46,47]. Robots can function autonomously through 

the incorporation of TENGs. Continuous task completion is possible with 
self-powered robots, increasing productivity and efficiency. Combining 
robots and TENGs has several advantages, including energy harvesting, 
self-powered operation, greater mobility, environmental friendliness, 
versatility, scalability, and increased reliability. By enabling more 
effective and sustainable operations, these benefits can potentially 
change several industries, including robotics, automation, and smart 
devices. Table 1 compares the performance of TENG-integrated robotics 
systems and their applications. 

This paper aims to provide a comprehensive overview of the latest 
developments in TENG-based self-powered robotic systems. In partic-
ular, the article delves into TENG-based actuation systems such as 
electrostatic force actuators, dielectric elastomer actuators, and electro- 
adhesion actuators. These systems are scrutinized to understand their 
operation principles and advantages better. Following that, TENG-based 
grippers that can be used to apply a controllable gripping force without 
the need for an external power source are discussed. Additionally, 
TENG-based pressure sensors focusing on high sensitivity, spatial reso-
lution, and flexibility/stretchability, which help detect small changes in 
pressure, are also discussed. The review also presents TENG-based 
multimode sensing devices, where a single device can sense multiple 
stimuli, such as pressure, temperature, and humidity. The current 
challenges and future improvements in this emerging field are also 
highlighted. Overall, this paper illustrates the significant potential of 
TENGs in revolutionizing the field of robotic systems by providing a 
sustainable and self-powered solution for actuation, gripper, and various 
sensing applications. 

Table 1 
Comparision of the TENG-driven robots based on performance and applications.  

Sl. 
No. 

Robotic systems based on 
TENGs 

Working-mode Voltage 
(V) 

Current 
(μA) 

Performance Applications Ref 

1 PET-carbon black ink-PDMS 
soft actuator (PCPA) 

Contact-separate 
mode 

3.7 - large bending deformation 
angle (840◦), high response 
speed (278◦/s) 

Tactile feedback processing [86] 

2 Ionic polymer-metal 
composites-based soft 
actuator (IPMC) 

Freestanding 
mode 

4 7.52 29.6 mN (Sensitivity) Self-powered actuator and gripper [89] 

3 Bionic-antennae-array (BAA) 
soft sensor 

Single-electrode 
mode 

25 3 5.6 V mm− 1 (Sensitivity) Self-powered noncontact sensor [92] 

4 Soft cable-driven 
manipulation system 

Lateral-sliding 
mode 

1.5–3 - 1.5–3 V (Threshold value) Soft stiffness-tunable arm, a bioinspired 
gripper, and self-powered HMI controllers 

[94] 

5 Soft robotic gripper (SRG) Sliding 
freestanding mode 

3.6 - 70–120 mm, 95% accuracy A self-powered non-destructive sorting system [104] 

6 Smart soft-robotic gripper 
system 

Single-electrode 
mode 

- - 98.1% accuracy Object identification and duplicate robotic 
manipulation in a virtual environment 

[110] 

7 Soft gripper integrating 
tactile sensors 

Single-electrode 
mode 

- -  Self-powered object shape perception system [114] 

8 ZIF-67 TENG-based soft robot Vertical contact 
separation mode 

117 1.7 15 μW cm2 power density at 
load resistance of 50 MΩ 

Self-powered robot object recognition system [115] 

9 Soft robotics pressure sensor 
arrays 

Vertical contact- 
separation mode 

6.5 1.5 1.52 mV/Pa (Sensitivity), (R2 

= 0.94) 
Self-powered keystroke dynamics-based 
authentication 

[118] 

10 Self-powered soft pressure 
sensor 

Single-electrode 
mode 

21 2.25 0.049 V⋅kPa− 1 (Sensitivity) Self-powered ultra-wide range pressure 
detection 

[121] 

11 Self-powered e-skin soft 
sensor 

Single-electrode 
mode 

3.14 2.62 0.5 W m− 2 power density at 
load resistance of 200 MΩ 

Self-Powered Electronic Skin for Robotic 
Tactile Sensing 

[129] 

12 Soft E-skin for 
multifunctional pressure 
Sensing 

Single-electrode 
mode 

160 3.5 230 mW m− 2 power density Intelligent prosthetic hand for finger tactile 
identification, a real-time pedometer and 
speedometer, and a self-powered soft digital 
keyboard 

[132] 

13 Joint motion triboelectric 
quantization acrylic sensor 
(jmTQS) 

Grating-sliding 
mode 

0.4 - 3.8◦ (Minimum resolution 
angle) 

Self-powered rotation sensing and gesture 
control of a robot 

[135] 

14 Magnetic array-assisted 
sliding triboelectric acrylic 
sensor (Ma-s-TS) 

Freestanding 
mode 

1.2 - Durability up to 6000 cycles Real-time gesture interaction [139] 

15 Triboelectric vector acrylic 
sensor (TVS) 

Sliding mode/ 
rotatory mode 

96.6 - 103.4 mV mm− 1 

(Displacement sensitivity) 
Self-powered motion vector sensor [140] 

16 Slug-inspired magnetic soft 
millirobot 

Contact 
separation mode 

120 10 450 mW m− 2 Power density 
at load resistance of 10 MΩ 

On-board Sensing and Self-powered Charging [144]  
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2. Working mechanism of TENGs 

TENGs harvest energy by converting mechanical energy into elec-
trical energy through triboelectrification and electrostatic induction 
[48–50]. These devices comprise two dielectrics with contrasting 
triboelectric properties that generate an electric charge when they come 
into contact and then separate [51–53]. This charge separation can be 
employed to produce electricity that can be stored or used to power 
electronic devices [54,55]. TENGs have diverse applications, from 
powering small electronic devices to harvesting energy from the sur-
rounding environment [56,57]. They operate in various modes, each 
with its unique working mechanism. This section explores the distinct 
working mechanisms of the sliding mode, contact-separation mode, and 
single-electrode mode. Schematic representation of material choices, 
device designs, working modes, and robotic applications of TENGs are 
presented in Fig. 1. 

2.1. Contact-separation mode 

In contact-separation mode, two dielectric materials of different 
polarities come in contact and then separate [58,59]. During contact, 
electrons are transferred from one material to the other, resulting in a 
charge imbalance. When the materials are separated, an electric po-
tential difference is generated in the TENG, which drives electrons along 
an external circuit, thus generating an electric current. The 
contact-separation mode is a simple and effective approach for har-
vesting energy from mechanical motion, with potential applications in 
wearable electronic devices, self-powered sensors, and other portable 

devices [60]. Due to the significant relative displacement between the 
two triboelectric layers during contact and separation, this mode has a 
high energy conversion efficiency. This mode can harvest energy from 
many mechanical sources, including human touch or surface contact, 
and is suited for robotic applications involving periodic motions, such as 
vibrations or tapping. 

2.2. Sliding mode 

The sliding mode is a unique mechanism employed in TENG to 
generate electricity from the relative sliding motion between two ma-
terials with contrasting triboelectric properties [61,62]. In this mode, 
the TENG materials come into contact, and as they slide against each 
other, electrons are transferred due to the difference in their triboelec-
tric properties. This transfer results in one material gaining electrons, 
becoming negatively charged, and another losing electrons, becoming 
positively charged. This charge separation creates an electric potential 
difference across the TENG, which drives electrons along an external 
circuit, thus generating an electric current that can be used for powering 
electronic devices or stored for later use. Due to the constant contact 
between the triboelectric layers, this mode of TENG is suitable for ro-
botic applications involving sliding or rubbing motions, such as linear 
actuators or robotic arms. It also gives a stable and consistent output 
voltage. 

2.3. Single-electrode mode 

Single-electrode mode-based TENG has a simplified design with only 

Fig. 1. : Illustration of Triboelectric nanogenerator-based robotics applications and working mechanism of triboelectric nanogenerators.  
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one triboelectric layer and one electrode [63,64]. The material is 
deformed through bending or stretching, which generates triboelectric 
charges. These charges can then be harvested to generate an electrical 
current. In the working mechanism of the single-electrode mode, the 
TENG material first comes in contact with the other material by any 
mechanical vibration. As these materials subsequently separate, they 
undergo a triboelectric effect, resulting in the transfer of electrons be-
tween them. The TENG material gains or loses electrons depending on its 
triboelectric properties and the nature of the material it encounters [65, 
66]. This mode provides a lightweight, compact device that can generate 
energy through sporadic contact and separation, making it ideal for 
small-scale robotic systems. It is also appropriate for robotic applications 
involving irregular mechanical motions. 

2.4. Freestanding mode 

The freestanding mode is an operational mode used in TENGs for 
generating electricity through the triboelectric effect [67,68]. In this 
mode, a single material with intrinsic triboelectric properties is used as 
both the contact and separation material, eliminating the need for a 
different counter material. The freestanding TENG typically consists of a 
flexible, thin film of material that can freely move and deform in 
response to mechanical stimuli. When the TENG is subjected to me-
chanical deformation or motion, the triboelectric effect induces a charge 

separation within the material, generating an electric potential differ-
ence across the TENG. This potential difference can be harvested to 
generate an electric current for various applications, such as powering 
small electronic devices or sensors. The freestanding mode offers ad-
vantages such as simplicity in design and fabrication, high flexibility, 
and potential for integration into wearable or flexible devices [69,70]. 
This mode can harvest energy from various mechanical deformations, 
such as bending, stretching, or twisting, and it offers improved flexibility 
and deformability, enabling incorporation into soft or flexible robotic 
systems. In complex robotic motions where conventional contact-based 
modes would not be practical, this mode can help with energy 
generation. 

3. Robotic applications based on TENG 

TENGs have enabled the self-powered actuation and acceleration of 
robots, including soft robots, microbots, and large-scale robots [71–73]. 
Soft actuators have come a long way in recent years, with advances in 
their size and operational speed. However, it is much needed to develop 
modern soft actuators with great environmental adaptability and me-
chanical robustness, along with the ability to provide feedback to meet 
the standards of future electronics. Responding to this need, Chen et al. 
designed a hybrid actuator that combines the advantages of traditional 
rigid actuators and soft pneumatic actuators composed of conductive 

Fig. 2. : (a) Schematic of the contact feedback of the PET-carbon black ink-PDMS (PCPA) actuator; (b) Schematic illustration of the actuation of the PCPA actuator 
induced by the light, as well as the shape memory of the PCPA actuator; (c) Photographs of the PCPA-150 in different states during a light-induced cycle; (d) Digital 
image of actuation of PCPA. Reprinted from. (e) Device design and on-intercalation induced actuation mechanism of Ionic polymer-metal composites (IPMC); (f) 
Schematic of operation diagram of TENG drive IPMC to clamp the object and (g) actuation and angle of detection measured by TENG driving IPMC at fishtail 
(a) [86] with permission from Elsevier, Copyright © 2022, Elsevier; (b) Reprinted from [89] with permission from Elsevier, Copyright © 2019, Elsevier. 
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sponge/porous silicon [49]. 
Many studies have been done on nanoscale actuating materials that 

can react mechanically to external stimuli [74–76]. One of these smart 
actuation materials is a vapor-driven deformable material [77]. 
Vapor-stimulated mechanical reactions often need complex synthesizing 
procedures or are unduly expensive [78]. Zheng et al. prepared UV/O3 
treated poly-dimethyl siloxane (PDMS), a film that can spontaneously 
deform into microscopic wrinkles when exposed to small alcohol mol-
ecules like ethanol vapor [79]. Novel additive manufacturing technol-
ogies have paved the way for the easy processing of soft robots having 
multifunctional self-powered sensing capabilities [80,81]. Zhu et al. 
designed, fabricated, and demonstrated a soft robotic finger using 
multi-material 3D printing with a triboelectric curvature sensor [82]. 
They demonstrated the working of the device at a very low frequency of 
0.6 Hz and the detection of finger curvature up to 8.2 m− 1. Zu et al. 
developed a self-powered early waring glove via elastic-arched TENG 
and flexible printed circuit [83]. 

The TENG integrated with soft-rigid hybrid actuators exhibited its 
potential as a self-powered touch sensor and could be employed in 
intelligent systems, including soft robotics and grippers [84,85]. 
Recently, Jin et al. designed a soft actuator using PET film, carbon black 
ink, and PDMS known as PCPA. It was processed via screen printing, and 
the stress direction was controlled, as shown in Fig. 2(a) [86]. This 
particular design can withstand any environmental challenges and 
provide excellent feedback. The actuator could exhibit large deforma-
tion and fast response to light due to the thermal expansion coefficient 
variation between the three layers, as shown in Fig. 2(b). When the light 
was applied to the actuator, the ink layer absorbed it and generated heat. 

This heat caused the PDMS layer to expand, resulting in a bending 
motion. Fig. 2(c) shows photographs of the PCPA-150 in different states 
during a light-induced cycle. The soft actuators could bend at a large 
deformation angle of upto 840◦ and had a fast response speed of 278◦/s, 
owing to the significant difference in the thermal expansion coefficients 
between the materials used, as shown in the digital picture of the 
actuator Fig. 2(d). 

Additionally, the programming of the shape memory property of the 
actuator was achieved without the need for molds to shape the mate-
rials. The PET and PDMS materials protect the actuator, allowing it to 
maintain its shape even when exposed to severe environmental condi-
tions such as high temperature (200 ◦C), high humidity, and various 
organic solvents. Further, the soft actuator design emulates the unique 
mechanism of a frog’s tongue and mimics a mechanical gripper, thus 
achieving exceptional feedback capabilities. The triboelectric mecha-
nism is utilized for designing this self-powered contact sensor. This 
innovative design has paved the way for intelligent soft robots and 
sensors with a wide range of applications, such as controllers, detectors, 
and biomimetic systems. 

Ionic-polymer-metal composites (IPMCs) can be used in robotics 
systems due to their ability to actuate in response to electrical stimula-
tion [87,88]. IPMCs consist of a thin layer of metal (such as platinum) 
sandwiched between two layers of an ion-exchange polymer (such as 
Nafion), which enables them to undergo bending or twisting motions 
when exposed to an electrical potential. However, the need for an 
external power supply has limited their wide applications. To address 
this issue, Yang et al. developed a TENG to drive and control the 
deformation performance of IPMC film, thereby creating a self-powered 

Fig. 3. : (a) Basic structure scheme of the bionic-antennae-array (BAA) sensor, Charge distribution on the BAA sensor, Schematic diagram of a cockroach, and charge 
distribution; (b) Application of the BAA sensor in robot for avoiding human hand. The output voltage and corresponding digital signals of 1# arm and 2# arm and 
their action images. (c) Schematic illustration of the soft robotic manipulator system under the remote control of human–machine interface (HMI) and (d) design and 
characterization of the self-powered HMI for remote operations 
(a) Reprinted from [92] with permission from Wiley, Copyright © 2020, Wiley; (b) Reprinted from [94] with permission from Wiley, Copyright © 2021, Wiley. 
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actuation system, as shown in Fig. 2(e) [89]. The size of the contact area 
of the TENG determined the IPMC film’s maximum bending angle. When 
using a TENG with a tribo area of 100 cm2, the IPMC actuator achieved a 
maximum bending angle of 42º with a transferred charge of 148 µC. On 
the other hand, over 500 mC of transferred charge was required to attain 
the same bending angle when using a DC power source. The TENG had 
an initial bending motion with a transferred charge of 9.087 µC, while 
the DC source required 68 mC. Moreover, the transferred charge from a 
single motion cycle of the TENG could be precisely controlled, indicating 
the IPMC actuator’s fine control. The maximum output of the 
IPMC-TENG was sufficient to manipulate a bionic fish’s tail with a force 
of up to 29.6 mN. This self-powered actuation system has potential ap-
plications in intelligent electrochemical systems such as self-powered 
grippers. Fig. 2(f) shows that the TENG can clamp the object while 
powered on and release the object while powered off. The digital image 
of actuation and angle of detection measured by TENG driving IPMC at 
the fishtail is shown in Fig. 2(g). 

Smart robotic actuation is important for precise control, feedback 
provision, the implementation of safety features, behavioral custom-
ization, and user-friendly interaction [90,91]. It enables tailored control 
of the robot’s actuators, sensors, and components for specific tasks, 
environments, and user requirements. Thus, Wang et al. developed a 
novel noncontact sensor technology mimicking cockroach antennae 
called the bionic-antennae-array (BAA) sensor [92]. This sensor 

operates based on single-electrode mode TENG and can identify 
noncontact motions. Conductive fibers were sewn into a triboelectric 
dielectric film to create the antennae array. The researchers used an 
electrostatic balance between the fibers and a dielectric film to detect 
noncontact motion. They improved the sensitivity and stability of the 
BAA sensor by coating the polyamide fibers with silver nanoparticles in 
a one-step synthesis method. 

Glucose was used as a reducing agent, and stannous chloride was 
used as a stabilizing agent, with a high electric field applied to accelerate 
the synthesis, as shown in Fig. 3 (a). The BAA sensor was tested on a 
mobile vehicle, with sensors attached to the front and back for obstacle 
avoidance. A data processing module was designed to send electrostatic 
signals to a microcontroller unit (MCU). When an object approached the 
front or back of the vehicle, the vehicle would move backward or for-
wards, respectively. Further, an alarm would sound when an intruder 
came close to the BAA sensor, as shown in Fig. 3(b). The sensor was 
found to have a maximum detection distance range of 180 mm with a 
displacement resolution of 1 mm and a maximum sensitivity of about 
5.6 V mm− 1 at an approaching angle of 90◦. The approaching motion of 
a human hand was identified by the BAA sensor attached to a robotic 
arm displaying the sensor’s sensitivity and stability. Depending on the 
different working conditions and sensitivity requirements, the MCU of 
the robot was programmed, and the threshold voltage was adjusted. The 
BAA sensor has great potential for use in various applications, such as 

Fig. 4. : Fig. 4: (a) Structural design and fabrication of the Triboelectric sensor-based soft robotic gripper (TS-SRG): schematic structure of the TS-SRG, schematic 
structure of the TES, photographs of the TS-SRG prototype, and photographs of the TES prototype; (b) Digital image of the non-destructive system. (c) The as- 
fabricated TENG sensors and their basic structures: The length TENG (L-TENG) sensor and the tactile TENG (T-TENG) sensor, The soft gripper integrated with 
the TENG sensors, The intelligent sensory data processing strategies. E1 to E4 and EL represent the electrodes in the T-TENG sensor, and (d) The channel arrangement 
of integrated sensors for collecting data, 16 objects to be gripped and recognized, and 3D plots of the robotic sensor outputs corresponding to different objects. 
Reprinted from [104], Copyright © 2022 American Chemical Society. Reprinted from [110] 4.0 International (CC BY 4.0). 
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the barrier avoidance mechanism for autonomous vehicles and motion- 
based intrusion detection systems. 

Chen et al. developed a smart, cable-driven, finger-like, soft actuator 
that could respond quickly, control actuation, and enable self-powered 
pressure and bending sensing [93]. They achieved this by combining a 
cable-driven mechanism with compliant TENG sensors, which are highly 
flexible, stretchable, and thus suitable for wearable electronics. Chen 
et al. have recently developed an innovative soft cable-driven manipu-
lation system that can be operated remotely [94]. The smart manipu-
lation system comprised three key components: a soft omnidirectional 
arm, a dexterous multi-material gripper, and a self-powered HMI for 
teleoperation. The soft arm was made of soft elastomers with low 
melting point alloy (LMPA) tubes, enabling stiffness adjustment through 
Joule heating. The robotic finger actuator featured bidirectional 
bending facilitated by semi-ellipse-shaped hinges on both sides. The 
multi-material gripper, designed with bioinspiration and flexible hinge 
structures, allows for opening and grasping operations. Foam-like filler 
blocks prevented cable entanglement without hindering gripper per-
formance as shown in Fig. 3(c). 

The self-powered HMI patches were based on TENG utilizing copper 
and polytetrafluoroethylene sliding tribo-layers. When applied to the 
fingers, these patches generate voltage signals upon finger bending, and 
these signals are wirelessly transmitted to the soft-robotic manipulator 
system through multiple channels. Voltage peaks above the threshold 
were interpreted as- "buttons" to execute specific motion commands. For 
instance, bending the index finger to the left side and flexing the thumb 
triggered commands for the soft arm to bend counterclockwise. Com-
mands could be reversed for full operation. In a vertically hanging 
manipulator, thumb-triggered signals control the gripper’s grasping 
operation after the soft arm approaches the object by bending the right 

index finger. Multiple thumb flexions ensured secure grasping, and the 
arm returned to the initial position by bending the left index finger, as 
shown in Fig. 3(d). TENG-based HMI enables convenient and robust 
control of the soft robotic manipulator with high accuracy and precision. 

Robotic grippers are vital in object control, manipulation, and smart 
manufacturing [95,96]. They are crucial components that can effec-
tively pick and place objects of varying shapes, textures, and weights 
[97,98]. However, conventional rigid grippers that rely on servomech-
anisms have limited adaptability, which hinders their usage. Re-
searchers have developed soft robotic grippers (SRGs) to overcome this 
challenge, demonstrating high compliance and muscle-like actuation 
[99,100]. In a recent study, Goh et al. designed a self-powered soft ro-
botic gripper that utilizes pneumatics for actuation [101]. This gripper 
could recognize the object it had grabbed. To further enhance the 
functionality of the gripper, the researchers integrated pressure 
(P-TENG) and bend (B-TENG) triboelectric sensors (TESs). These sensors 
could transduce the features of the objects that the gripper picks and 
places. 

Similarly, the evolution of warehousing was restricted by conven-
tional manual sorting and sorting technologies based on inflexible ma-
nipulators, which also affect products in smarter logistics [102] [103]. A 
non-destructive sorting approach based on bionic soft fingers was 
recently proposed by Zhang et al. [104]. The method was implemented 
using a signal processing module, an SRG, and a TES, which was utilized 
to sort the objects by size. The sensor comprised three SRGs, a TES, a gas 
source, a PLA gripper, and a flexible belt, all working together to achieve 
its function, as shown in Fig. 4(a). The silicone rubber used in the pro-
duction of the SRG had a Young’s modulus of 600.91 kPa, similar to that 
of skin tissue. This was achieved through careful management of the 
material synthesis process. The maximum input pressure applied to the 

Fig. 5. : (a) The structure of the soft gripper integrated with a TENG-based tactile sensor; (b) the size analysis of the object by soft fingers grasping device; (c) 
Construction of the TENG sensor step-by-step; (d) digital image of the TENG based robotic gripper and (e) voltage output of the TENG while grabbing and release of 
ball of different shapes. 
Reprinted from [114] © 2019, IEEE. Reprinted from [115] Copyright © 2021 Royal Chemical Society. 
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SRG was 71.4 kPa. The TES with a grating-like electrode generated a 
pulse signal sequence based on the sliding motion of the adjacent slider, 
allowing measurement of the bending deformation of the SRG. The pulse 
signal cycles had a linear relationship that enabled the measurement of 
the SRG’s bending state and facilitated object sorting by size, as shown 
in Fig. 4(b). To demonstrate the system’s effectiveness in real-world 
scenarios, different types of spherical fruits, such as apples and or-
anges, with varying diameters were sorted using the TES-SRG. The 
system’s sorting range was 70–120 mm, with a sorting accuracy of up to 
95%. This work illustrates the potential of SRGs and TESs for sorting 
applications across various fields. 

Designing soft robot-based sensors suitable for effective human 
interaction is still challenging. Flexible and stretchable HMI devices 
have received much attention in the current era of computer technology 
because of the emergence of adaptable, affordable, and structurally 
compatible technologies [105,106]. TENGs have shown promising po-
tential for self-powered HMI systems [58,107]. Soft materials commonly 
used in triboelectric sensors have Young’s modulus similar to that of 
silicone rubber and thermoplastic polyurethane (TPU), which makes 
TENG-based sensors particularly suitable for soft robotics. [108]. Hence, 
Professor Wang’s research group has repeatedly suggested developing 
tactile-sensing skin coupled with flexible or rigid actuators for TENGs 
[109,110]. Yang et al. developed a transparent TENG sensor based on 
PVA/PA hydrogel for promoting HMI in healthcare sectors [111]. 

Herein, Jin et al. developed TENG sensors comprising gear- 

structured length sensors (L-TENG) and tactile sensors (T-TENG) with 
patterned electrodes to enhance the intelligence of the soft gripper as a 
response as shown in Fig. 4(c) [110]. L-TENG and T-TENG sensors are 
used for tactile sensing and are employed in the single-electrode mode. 
The L-TENG sensor uses a gear coated with nickel fabric as the positive 
component, while the T-TENG sensor uses a polytetrafluoroethylene 
(PTFE) film with a copper electrode as the negative component. These 
sensors have unique distributed electrodes that allow them to identify 
the point of touch. A glove-based HMI incorporating these sensors was 
designed to control a robotic hand in real-time and evaluate the data 
processing system. Using machine learning, a 3D-printed soft gripper 
with embedded TENG sensors provided feedback on the gripping status 
and object identification. The model with 15 channels demonstrated a 
higher prediction accuracy of 98% compared with 94% of the 6-channel 
model, as shown in Fig. 4(d). This indicates that having more sensor 
channels or useful data features can significantly improve system per-
formance. A digital twin was used to generate virtual reality (VR) sim-
ulations of the robotic hand’s movements, showcasing its capabilities. 

Large deformations can be caused by a soft robot that can perform 
complex movements, which makes it difficult to use conventional sen-
sors and leads to a lack of input [112,113]. Li et al. developed a sensitive 
robotic finger that could grasp and transfer heavy objects, and 3D 
printing technology was used to produce many intricacies [114]. This 
study demonstrated the TENG using tactile sensors embedded in a soft 
finger with adjustable stiffness. First, 3D printing technology was used to 

Fig. 6. : (a) Structural design of the flexible TENG keyboard, SEM image of the micro-patterned silicone, and as-fabricated keyboard; (b) Maximum principal strain 
distribution computed by FEM simulation for the Keyboard mesh after applying the displacement; (c) A schematic circuit diagram of the self-powered wireless 
sensing system enabled by the keyboard typing; 
(d) Working mechanism single-electrode based pressure sensor and (e) applications towards HMI and smart robotics. 
Reprinted from [118] with permission from , Copyright © 2017, Elsevier. Reprinted from [121], 2021 Springer. 
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construct a sealed pneumatic soft finger with adjustable stiffness and 
good durability by exploiting the combination of excellent features of 
TPU, as shown in Fig. 5(a). The TENG-based tactile sensor enhanced the 
perception of shape for passive robots. The sensor was composed of two 
materials, Al and PDMS, with varied electrical properties. Integrating 
the sensor with the robotics finger, gathering information about the 
bending deformation and the contacting position of the object. On 
coming into contact with an object, the sensor generates a voltage signal 
proportional to the force applied to it. The sensor signal was obtained 
using a calculation method based on the equal curvature hypothesis to 
obtain the object’s scale. This method involves calculating the curvature 
of the object at different points and then using these values to determine 
its size. 

By providing accurate and reliable information about the objects 
they interact with, these robots can perform their tasks more efficiently 
and effectively. To obtain a conceptual description of the ability of the 
soft finger to bend, the authors investigated the spatial relationships of 
the flexibility deformation of the soft finger bellows. The ability of the 

tactile sensor to evaluate output deviations caused by the shift in contact 
positions was also evaluated. Owing to the demonstrations, the robot 
may be able to grip sensitive and fragile materials and correctly identify 
their shapes under extreme conditions, as illustrated in Fig. 5(b). 

Similar to the previous study Hajra et al. designed a TENG based on 
ZIF-67 (metal-organic framework). They used the solvent-assisted 
method to derive ZIF-67 at room temperature [115]. In addition, a 
simpler S-shaped TENG device was manufactured using a 3D printer, 
and the mode of TENG operation followed vertical contact and separa-
tion. Teflon/PDMS served as the negative layer, whereas ZIF-67 func-
tioned as the positive layer, as shown in Fig. 5(c). Different walking 
patterns of various individuals were recorded, and the differences in 
gaits were determined using digital signal processing. 
ZIF-67/Teflon-based S-TENG generated 118 V, 1.7 µA. The TENG was 
attached to a robotic gripper to identify the different types of balls (golf, 
silicone, and foam ball). The robotic gripper could grip and release in-
dividual balls while recording the output signals in a period, as shown in 
Fig. 5(d-e). The percentage of deformation varies depending on the type 

Fig. 7. a) Schematic diagram of the TENG e-skin sensor structure, micromorphology of silver nanowires sprayed on PDMS pillar, SEM image of the PTFE tiny burrs 
on PDMS surface; (b) Tactile sensing of the triboelectric sensor through integration on a bionic hand, photographs of human–robot handshaking, the voltage contour 
profiles on the back and palm of the bionic hand during handshaking, real-time voltage signals in response to index finger gestures with different bending angles (c) 
Schematic illustration of the SI-TENG with “chain-link” fence-shaped structure and rhombic unit design, a basic repeated rhombic unit of the conductive yarn 
network is enlarged in its top left, an SEM image of the surface morphology of the three-ply-twisted silver-coated nylon yarn is presented on the right; (d) Appli-
cations of the SI-TENG-based pressure sensor in a self-powered pedometer/speedometer, and a flexible digital keyboard, software output interface of the self-powered 
pedometer and speedometer, photograph of a flexible digital keyboard with nine key buttons, digital display interface for the self-powered digital keyboard. 
(a) : Reprinted from [129] with permission from Wiley, Copyright © 2019, Wiley. (b) Reprinted from [132] with permission from Wiley, Copyright © 2018, Wiley. 
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of ball used for an equivalent weight. Since the current output increases 
with the hardness of the object, and as the balls are soft or in between 
hard and soft, they tend to produce less or non-uniform output as the ball 
gets deformed upon pressing. Therefore, even if a robotic gripper exerts 
a similar force to hold three distinct balls, a hard ball produces more 
charges on the TENG surface, thus increasing the performance. This 
study showed that TENG devices could be a base for tactile sensors for 
object classification in various robotic systems. 

TENG-enabled pressure sensors are used for various robotic appli-
cations [116,117]. For instance, these sensors can be employed in ro-
botic grippers to determine the force applied to an object or in robotic 
feet to detect the amount of pressure exerted on the ground. 
TENG-enabled pressure sensing is beneficial in robotics as it helps to 
detect minimal pressure variations, which is essential for precise control 
and sensing capabilities in numerous applications. This integration can 
increase the adaptability and versatility of robots in a broader range of 
tasks and environments. Ahmed et al. developed a self-powered 
keyboard for wireless transmission and soft robotics pressure sensor 
arrays using silicone rubbers, urethane elastomers, and conductive CNTs 
as electrodes, as shown in Fig. 6(a) [118]. The material selected allowed 
the keyboard to resist a maximum strain of over 150%. Fig. 6(b) shows 
the stretchability of the TENG keyboard. Cyclic loads were used to 
ensure the keyboard’s dependability under heavy use. 

Additionally, the keyboard was examined for energy-harvesting 
features meant for low-powered devices. The efficacy of this relatively 
new keyboard was not likely to be affected by surface conditions, such as 
damage and moisture, and no external power was required as the TENG 
could convert the mechanical power of typing into electricity. Properly 
modifying internal contact-separation surfaces determined each key’s 
fundamental stroke and coherent sensitivity to finger pressure. A 10 µF 
capacitor could be charged to 2.5 V with a maximum output of 0.3 W 
after 90 s of nonstop keystrokes. Further, to protect system privacy and 
security, the self-powered keyboard could discriminate between the 
typing patterns of various users, as shown in Fig. 6(c). In conclusion, this 
innovative, durable, elastic, and flexible keyboard has a wide range of 
applications in sensing and robotics. 

Regardless of the several experimental progressions, the sensitivity 
of many of these pressure sensors drops rapidly at higher pressures, 
making it difficult to use for daily applications of robotic systems [119, 
120]. Parida et al. introduced an innovative self-polarized polyvinyldi-
fluoride-trifluoroethylene (P(VDF-TrFE)) single-electrode triboelectric 
pressure sensor by using a self-polarized P(VDF-TrFE) sponge’s piezo-
electric polarization and triboelectric surface charges [121]. This sensor 
could detect a wide pressure range with high sensitivity, and the 
working mechanism is shown in Fig. 6(d). The TENG-based pressure 
sensor could detect pressures ranging from 0.05 to 600 kPa with a 
sensitivity of 0.104 V.kPa-1 (range = 0.05–5 kPa) and 0.055 V.kPa-1 
(range = 60–600 kPa). This work sheds light upon the problem of 
saturation pressure (the pressure at which a TENG’s output voltage 
reaches saturation) and provides an understanding of how crucial sur-
face charges for a piezoelectric polymer are used in a TENG. A porous P 
(VDF-TrFE) sponge was processed by the breath-figure route to create 
higher beta phase content without any complicated experimental 
methods, and as it was a self-polarized sponge, the polarisation process 
was not carried out. The application of the pressure sensor-based TENG 
towards HMI and intelligent robotic applications is shown in Fig. 6(e). 

Electronic skin (e-skin) is a rapidly developing technology with 
various applications, such as robotics, healthcare, and HMIs [122–124]. 
Lai et al. have reported the first stretchable TENG-based self-powered 
robotic skin, which can produce electrical output by touch or stretching 
[125]. Lai et al. also proposed a soft robot with self-powered active 
triboelectric robotic skins that have exceptional stretchability and 
sensitivity, allowing them to actively perceive and respond to environ-
mental stimuli. This work elucidates that the robots can conduct inter-
active activities, recognize muscle gestures, detect moisture, and even 
read human physiological data, allowing for various uses and 

opportunities [126]. Lai et al. have also proposed that the TENG-based 
robotic skin is superior to any other sensing technology, such as resis-
tive, capacitive, and optical electronic skins [127]. Zu et al. developed a 
multiangle self-powered sensor array for monitoring head impact to 
prevent mild concussions [128]. In a recent study by Yao et al., bio-
inspired triboelectric nanogenerators (TENGs) were developed as 
self-powered e-skin sensors for robotic tactile sensing [129]. The sci-
entists adopted the unique cone-like array of microstructures found in 
the Calathea zebrine leaf as a template to create interlocking structures 
in the triboelectric layers. This innovative approach resulted in the 
formation of tiny burrs made of polytetrafluoroethylene (PTFE) on the 
surface of the tribo-layer, significantly enhancing the sensitivity of 
pressure measurement by a remarkable fourteen times. The schematic 
diagram and SEM result of the e-skin sensor is shown in Fig. 7(a). 

The experimental results demonstrated exceptional repeatability for 
all output signals. The maximum ΔVoc, peak Isc, and maximum σtr were 
found to be 3.14 V, 26.29 nA, and 23.98 μCm− 2, respectively. The e- 
skin-based TENG was flexible and easily attached to a bionic hand, 
demonstrating its potential application in robotics. The team charac-
terized the human-robot handshaking interaction by measuring the 
pressure distribution and bending angles of each finger of the bionic 
hand. The TENG e-skin sensor was used to estimate the bending angles 
of fingers during handshaking and has importance in robotics, pros-
thetics, and HMIs due to its easy fabrication process and high sensitivity 
shown in Fig. 7(b). The sensor’s improved sensitivity can be attributed 
to two main factors. First, the bioinspired soft microstructures, which 
interlock like puzzle pieces, increase the frictional areas and cause a 
larger change in potential difference when pressure is applied. Second, 
tiny burrs made of PTFE on the sensor further enhance its performance, 
as PTFE is highly effective at generating triboelectric charges. 

The advancement of wearable electronics has been enabled by 
transforming elastic, flexible physical sensors with energy-harvesting 
and self-powered sensing capabilities [130,131]. To appropriately har-
vest biomechanical energy and sense mechanical stimuli, Dong et al. 
designed a flexible, washable TENG for multifunctional pressure sensing 
and biomechanical energy harvesting [132]. The silicone rubber elas-
tomer comprised a constant, planar, interlaced conductive network 
shaped like a chain-link fence and had a zigzag pattern of silver-plated 
nylon thread coiled three times, as shown in Fig. 7(c). The TENG 
benefited from remarkable mechanical stability, good stretchability, 
adequate transparency, and sensitivity to high pressure. With an area of 
80 mm2 x 40 mm2, the TENG could generate 160 V and 230 mW m− 2, 
enough to run a digital watch and 160 LEDs. The TENG was able to 
analyze human physiological data (vocal vibrations and arterial pulse) 
in real-time, owing to its high-pressure sensitivity and fast response 
time. The adaptability of the technology was demonstrated in this study 
through successful trials involving a self-powered soft digital keyboard, 
a real-time pedometer, a speedometer, and an intelligent prosthetic 
hand for tactile finger recognition, as shown in Fig. 7(d). Additionally, 
the researchers demonstrated a stretchy tactile sensing panel with an 
8 × 8-pixel spatial resolution that could concurrently track and analyze 
pressure distribution caused by typical mechanical stress. As a multi-
purpose tool, the designed yarn-embedded TENG offered various uses in 
humanoid robots, health monitoring, and HMI. 

Multimodal sensing refers to the capacity of a system to detect and 
respond to several types of physical inputs, such as pressure, tempera-
ture, sound, motion, and light. Multimodal sensing systems are designed 
to simultaneously collect various forms of data and make smart de-
cisions from the collected information [133,134]. These systems have 
potential applications in robotics, HMI, healthcare, and security. In 
recent years, intuitive HMI has become increasingly important in both 
professional and personal sectors. Pu et al. designed a breakthrough 
technology to mimic natural and precise HMIs [135]. The joint motion 
triboelectric quantization sensor (jmTQS) utilizes a highly sensitive 
TENG to measure the degree and speed of flexion-extension in a joint. 

The sensor is constructed using various components made of acrylic, 
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including an acrylic-based substrate, two spacers, and a roof. The acrylic 
roof is coated with a metal shielding layer to improve signal quality. The 
acrylic substrate has a patterned copper layer on its surface, which 
serves as the electrodes. The electrodes consist of fine gratings on one 
side and blocks on the other. When the slider of the sensor moves for-
ward or backward, caused by the flexion or extension of the finger, the 
slider and the two interdigitated electrodes (one dark yellow and the 
other pale yellow) undergo relative displacement, as shown in Fig. 8(a). 
This results in periodic separation from one electrode and corresponding 
contact with the other. By coupling contact electrification and in-plane 
displacement-induced charge transfer, an alternating electric signal is 
generated between the two interdigital electrodes, which can be detec-
ted. By counting the pulses induced by the jmTQS and determining the 
polarity of the signal, the angular position of the joint can be determined 
with absolute accuracy. This direct quantization and intuitive mapping 
simplify the algorithms, providing a real-time precise human-robot 
interface, as shown in Fig. 8(b). With a minimum resolution angle of 
3.8◦ and the potential for further improvement, the proposed jmTQS is a 
game-changer in human-robot interaction. 

Recent technological advances have made it possible to operate ro-
botic hands via gestures, greatly improving the convenience and intui-
tion of HMI [136–138]. Using gestures, users can easily and intuitively 
manipulate the robotic hands to perform a wide range of tasks. Thus, Qin 
et al. proposed a new approach to demonstrate real-time HMI using a 
magnetic array-assisted sliding triboelectric sensor (Ma-s-TS), as shown 
in Fig. 8(c) [139]. This sensor could detect a finger’s traction movement, 
whether flexion or extension; when the finger moves, positive or nega-
tive pulse signals are induced in the sensor. The sensor was designed to 
be highly sensitive to even subtle movements of the finger, allowing it to 

capture and transmit signals in real-time accurately. This makes it an 
ideal tool for applications requiring precise and responsive finger 
movement sensing. 

The positive and negative pulse signals generated by the sensor were 
processed and analyzed to provide valuable information about the user’s 
movements and gestures, as shown in Fig. 8(d). This sensor can also 
detect the degree, speed, and direction of finger movement by totaling 
positive and negative pulses corresponding to finger extension and 
bending. The magnetic array assists the sliding process, thereby 
improving the stability, robustness, and low-speed signal amplitude of 
the system. The resulting technology is a real-time gesture interaction 
system for understanding various motions of joints, which leads to more 
natural, precise, and synchronized HMIs. 

Yin et al. designed a self-powered, multifunctional, anti-interference, 
and simple structured triboelectric vector sensor (TVS) based on a 
direct-current TENG [140]. The TVS measures motion parameters such 
as displacement, velocity, acceleration, and angular velocity and follows 
the self-powered operation. Fig. 9(a) shows the self-powered motion 
vector sensor design. It has four charge-collecting electrodes (CCE) 
labeled E1, E2, E3, and E4 and a common frictional electrode (FE). The 
CCE layer is near the triboelectric plane, causing air breakdown, while 
the FE layer comes in contact with the triboelectric plane made of an FEP 
layer. A 3.6 nF capacitor is integrated for motion sensing. Rotatory-TVS 
(R-TVS) detects rotary direction continuously, allowing for different 
sizes and placements on robot joints shown in Fig. 9(b). The proposed 
theoretical model establishes a linear relationship between the voltage 
slope and angular velocity/angle in clockwise and anticlockwise motion 
(R2 values of 0.9952 and 0.9855, respectively). Directional T-TVS de-
tects NE, WS, WN, and SE directions in the plane. Two indicator lights in 

Fig. 8. : (a) Multilayer structure of the jmTQS; an SEM image of FEP nanowires. (b) Human-robot joint motion mapping via jmTQS and its application; the control 
signals from jmTQSs worn on the index finger and the middle finger; counting the pulse number in unit time and signing the positive/negative peak can accurately 
detect the flexion-extension degree/speed of each finger; (ii) an example of performing the victory v-sign with two fingers. (iii) and (iv) demonstrate grasping one 
object via a single-finger control signal with certain programming. 
(c) Schematic diagram and multilayer structure of the Ma-s-TS; the Ma-s-TS worn on the fingers; (d) Real-time gesture interaction of robotic hand and human hand 
based on the signal, comparison with jmTQS on cross-talk between channels (d jmTQS, e Ma-s-TS). 
(a-b) [135] with permission from Reprinted from Elsevier, Copyright © 2018, Elsevier [139], Copyright © 2021 Springer 
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the corresponding coordinate projection direction turn on, as shown in 
Fig. 9(b) (i-ii). This system allowed for the detection of the voltage 
produced by the triboelectric effect as the object moved across the 
surface of the FEP layer. This work presents a new approach to designing 
motion vectors and self-powered IOT sensors. 

Liu et al. developed an inchworm-inspired triboelectric soft robot 
system that was locomoted by mechanical energy [141]. Untethered 
bioinspired soft millirobots are highly versatile and have numerous 
advantages over their rigid counterparts, such as their environmental 
compliance, control features, and higher efficiency of locomotion [142, 
143]. These robots can potentially revolutionize surgical procedures, 
drug delivery, and clinical diagnosis. Thus, Peng et al. proposed a 
"Slug-inspired TENG-Robot" made of several components, including a 
flexible printed circuit board (PCB), two magnetic sheets, an FEP film, 
and a PU film, as shown in Fig. 9(c) [144]. A sandwich layout was uti-
lized to assemble the robot, with the upper part consisting of an upper 
magnetic sheet attached to a serpentine PCB bonded with an FEP film. 
The bottom part consists of a bottom magnetic sheet adhered to a PU 
film. 

The use of flexible materials such as FEP and PU films allowed the 
robot to mimic the soft, pliable nature of a slug. The serpentine form of 
the PCB provided greater flexibility and movement, enabling the robot 
to move more naturally. The TENG-Robot had a small size (50 ×20 mm) 
and a thickness of 0.93 mm. The crawl speed of 5 body lengths per 
second, steer at 120◦/s, and climb up to a 60◦ slope were achieved. The 

TENG can harvest 120 V and 10 μA. The TENG-Robot is also designed to 
charge external devices, power LEDs, and detect high temperatures. It 
showcases various bio-inspired features such as lighting itself like fire-
flies, charging external devices inspired by electric eels, and responding 
to high temperatures as animals do, as shown in Fig. 9(d) (i-ii). They 
suggested that the bio-inspired design approach can advance robotics 
applications and a better understanding of the principles of animal 
behavior. 

4. Key challenges of self-powered robots 

TENGs have emerged as a promising technology for powering ro-
botics systems by harvesting energy from ambient mechanical vibra-
tions [145,146]. Besides energy harvesting, TENGs have established a 
niche in robotics applications due to their capability of conversion of 
energy and unrivaled benefits such as cost, easy manufacture, and 
scalability. However, to completely realize their potential, significant 
changes can be made. Overcoming these constraints will surely improve 
the new age of cutting-edge robots based on TENG, as well as altering a 
variety of sectors. 

The output current of the TENG may not be sufficient for larger ro-
botic systems or those with high power demands [147,148]. As a result, 
current research aims at improving the efficiency of TENGs. One solu-
tion to enhance the power output could be building a hybrid energy 
harvesting system by combining TENG with solar, piezoelectric, or 

Fig. 9. : (a) Schematic to describe the displacement of the self-powered motion vector sensor in a plane; (b) proposed concept of rotary TVS as a rotary joint for 
monitoring the rotary motion of the robot, as a rotary joint for monitoring the rotary motion of the robot. (i) image of T-TVS moving in NE and WS direction, (ii) 
image of T-TVS moving in WN and SE direction. c) Schematic illustration of the Slug-inspired TENG-Robot. (d-i) Bio-inspired demos of TENG-Robot inspired by 
firefly, a self-glowing TENG-Robot was designed to light its eyes; circuit diagram of self-glowing TENG-Robot; the triboelectric voltage waveform of TENG-Robot after 
bridge rectifier during the crawling and self-glowing. (d-ii) Inspired by an electric eel, a self-powered TENG-Robot was designed to charge external electric devices; 
circuit diagram of self-powered TENG-Robot for charging the external loads; the triboelectric voltage waveform of TENG-Robot after bridge rectifier during the 
locomotion for charging and discharging. 
(a) Reprinted from [140] with permission from Wiley, Copyright © 2020, Wiley. (b) Reprinted from [144] with permission from Elsevier, Copyright © 2022, Elsevier. 
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electromagnetic generators. By combining the strengths of each tech-
nology, the hybrid system can generate power from multiple sources, 
increasing overall energy efficiency and ensuring a consistent energy 
supply even in varying environmental conditions. Moreover, researchers 
are exploring advanced materials and fabrication techniques to enhance 
TENG performance and generate higher power output [149,150]. 
Similarly, TENGs are susceptible to wear and tear due to repeated me-
chanical stress, which can affect their performance over time [151,152]. 
The triboelectric layers used in TENG material can be dependable on 
application scenarios. In wearables, the focus lies on flexible and 
stretchable materials. In the case of body implants, utmost priority is 
given to biocompatibility. Marine energy collection necessitates 
well-designed structures to amplify water waves while in the case of 
environmental-friendly TENGs, the quest for eco-friendly materials to 
generate electricity sustainably is more essential. Additionally, new 
fabrication techniques can improve the durability of TENGs and increase 
their resistance to wear and tear. By improving durability, the use of 
TENG in robotics applications can be maximized. 

Current TENG-based systems are typically small and may not be 
easily scaled up for larger applications [153,154]. To address this lim-
itation, new fabrication methods whereby TENGs with larger surface 
areas would be a possible solution [155]. TENG-based sensors are 
typically limited to detecting simple mechanical or environmental 

stimuli and may not be able to exhibit more complex sensing capabilities 
[156,157]. Some more challenges can be encountered as robotics sys-
tems often operate in dynamic and unpredictable surroundings, 
requiring TENGs to adapt and maintain efficiency across varying con-
ditions can be challenging. Shrinking the size of TENGs to fit into smaller 
robotic platforms (micro-bots) without compromising their performance 
is a significant challenge as well. The biocompatibility of TENG material 
could be a challenge but it is vital to avoid potential health hazards in 
case TENG is integrated for medical robots. However, if these challenges 
are overcome, TENGs have enormous potential to be used in various 
robotics applications in the present as well as near future [158–160]. 

5. Future improvements and prospects 

Robots that use TENG to execute tasks operate on the signals ob-
tained in a structured programmed type [161,162]. However, the future 
of TENG in this robotic field would require robots to operate in an un-
restricted and dynamic environment that can be interfaced to work 
closely with humans [163]. In such instances, robots must perceive their 
surroundings and adapt to identify signals from the environment. As a 
result, signal processing and data capture are critical for sensing envi-
ronmental signals and acting appropriately [164]. Time divisional 
multiple access methods are essential for reducing wire complexity. For 

Fig. 10. : Challenges and future solutions for applications of triboelectric nanogenerators in robotics.  
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quick signal transmission, processing, and decision-making, a synaptic 
learning approach with an artificial nociceptor is necessary [165,166]. 
The use of artificial intelligence (AI) and machine learning (ML) in 
conjunction with the TENG would efficiently recover partial information 
from signal and data quality issues that arise in the self-powered sensor 
The use of artificial intelligence (AI) and machine learning (ML) in 
conjunction with the TENG [167,168]. ML contributes to model training 
by collecting data from physical and chemical sensors, while AI algo-
rithms evaluate the collected data, transforming the system into a smart 
sensing system. Some of the studies have boarder the usage of AI and ML 
as crucial tools for robotics based on TENG to enable intelligent 
decision-making, adaptive behavior, and advanced control systems 
[169,170]. The TENG sensory system device, which is combined with AI 
and ML approaches, provides the way for the creation of a bidirectional 
triboelectric sensor augmented with multiple degrees of freedom sen-
sory system shortly. 

6. Conclusions 

The field of robotics has experienced phenomenal growth in recent 
years, with robotic systems being employed across an extensive range of 
applications, from manufacturing to healthcare and production. How-
ever, as technology advances, there is a growing demand for more 
efficient, adaptable, and capable robots that can respond to their sur-
roundings. TENGs represent a promising field of research that seeks to 
improve robots by increasing their advanced actuation, gripping, and 
sensing capabilities. TENGs are lightweight, flexible, and can be seam-
lessly integrated into a broad spectrum of materials, making them an 
ideal choice in robotic systems and components. TENG-based actuation 
can be particularly useful in soft robotics, where materials are flexible 
and compliant. It enables controlling the movement of such soft robots 
without the need for rigid components. 

Similarly, TENG-based gripping can allow robots to handle delicate 
or irregularly shaped objects with increased precision, bypassing con-
ventional mechanical or electrical systems. Sensors serve a critical 
function in robotics, allowing robots to perceive and react to their sur-
roundings. In this regard, TENG-based sensing offers a promising 
pathway for robots to detect subtle environmental changes, such as 
pressure, temperature, directions, and humidity, which may be difficult 
to detect with traditional sensors. Expanding the field of robotics with 
TENG-based actuation, gripping, and sensing is poised to witness sig-
nificant growth in the coming years. By enabling the power and control 
of robots without relying on conventional mechanical or electrical sys-
tems, TENGs can lead to the design of more versatile and adaptable 
robots. Ultimately having a profound impact on many industries, 
including manufacturing, healthcare, and logistics, where robots are 
increasingly becoming indispensable. 

While they still have some limitations, they are being improved to 
maximize their potential. Improving TENG-based systems’ power 
output, durability, scalability, sensing capabilities, data collecting, and 
signal processing and combining AI and ML approaches can further in-
crease their demand for usage in robotics applications. Furthermore, 
simplifying complex wiring systems with necessary algorithms increases 
processing speed and ease of use for human-machine interactions (HMI). 
These advancements can realize more efficient, cost-effective, and sus-
tainable robotics systems capable of operating independently for 
extended periods. Fig. 10 depicts a schematic depiction of current ob-
stacles and future integration in robotic systems, such as data gathering, 
artificial intelligence, high-quality signal processing, and human-robot 
interaction. 
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