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Recent Advances on TENG-based Soft Robot Applications

Zhengbing Ding*, Dukhyun Choi*'

ABSTRACT: As an emerging power generation technology, triboelectric nanogenerators (TENGs) have received
increasing attention due to their boundless promise in energy harvesting and self-powered sensing applications. The
recent rise of soft robotics has sparked widespread enthusiasm for developing flexible and soft sensors and actuators.
TENGs have been regarded as promising power sources for driving actuators and self-powered sensors, providing a
unique approach for the development of soft robots with soft sensors and actuators. In this review, TENG-based soft
robots with different morphologies and different functions are introduced. Among them, the design of biomimetic soft
robots that imitate the structure, surface morphology, material properties, and sensing/generating mechanisms of
nature has greatly benefited in improving the performance of TENGs. In addition, various bionic soft robots have
been well improved compared to previous driving methods due to the simple structure, self-powering characteristics,
and tunable output of TENGs. Furthermore, we provide a comprehensive review of various studies within specific
areas of TENG-enabled soft robotics applications. We first explore various recently developed TENG-based soft robots
and a comparative analysis of various device structures, surface morphologies, and nature-inspired materials, and the
resulting improvements in TENG performance. Various ubiquitous sensing principles and generation mechanisms
used in nature and their analogous artificial TENG designs are demonstrated. Finally, biomimetic applications of
TENG enabled in tactile displays as well as in wearable devices, artificial electronic skin and other devices are
discussed. System designs, challenges and prospects of TENGs-based sensing and actuation devices in the practical
application of soft robotics are analyzed.
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2. Soft Actuators
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The latest progress of soft robots based on four working
modes of triboelectric effect-based electronics. Working
mechanism of the device in vertical contact-separation
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freestanding friction layer mode. Reproduced with
permission from Ref. [23]. Copyright 2021, Wiley-VCH.
Bioinspired designs and soft robotics applications of tri-
boelectric nanogenerators. Reproduced with permission
from Ref. [24]. Copyright 2018, Elsevier. “Honeycomb".
Reproduced with permission from Ref. [25]. Copyright
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permission from Ref. [32]. Copyright 2016, Wiley-VCH.
“Jellyfish”. Reproduced with permission from Ref. [33].
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permission from Ref. [34]. Copyright 2016, Wiley-VCH.
“Cockroach”. Reproduced with permission from Ref. [35].
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duced with permission from Ref. [36]. Copyright 2018,
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permission from Ref. [37]. Copyright 2018, Wiley-VCH.
“Ultra stretchable”. Reproduced with permission from Ref.
[38]. Copyright 2017, American Association for the
Advancement of Science. “Basilar membrane”. Repro-
duced with permission from Ref. [39]. Copyright 2016,
Wiley-VCH. “Artificial synapse” Reproduced with permis-
sion from Ref. [40]. Copyright 2019, Elsevier. “Neuromor-
phic tactile sensor”. Reproduced with permission from
Ref. [41]. Copyright 2020, American Chemical Society
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3. Soft Robot Applications of TENGs

3.1 Bionic crawling soft robot
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Fig. 2. Soft-actuator robots with different actuation methods inspired by the actuation systems of animals and plants in nature. a)
Snap-through of the Venus flytrap leaves from concave (a1) to convex (a2) occurs through the onset of an elastic instability.
Reproduced with permission from Ref. [45]. Copyright 2017, Springer Nature. b) Fast release in fully soft and hybrid pneumatic
actuators enabled by stored elastic energy. Reproduced with permission from Ref. [46]. Copyright 2020, Science. c) Soft- actua-
tors inspired by muscle-tissue movement. Reproduced with permission from Ref. [47]. Copyright 2016, ASME International. d)
Shape Memory Alloy-Based Soft Gripper with Variable Stiffness for Compliant and Effective Grasping. Reproduced with permis-
sion from Ref. [42]. Copyright 2020, Wiley-VCH. e) High Force Soft Pneumatic Actuators for Robotic Applications. (i) Components
of a tentacle-type soft gripper. (i) Components of a claw-type soft gripper. Reproduced with permission from Ref. [43]. Copy-
right 2020, Elsevier. (f) The soft robot consists of a paper-based backbone with iron sheets (paramagnetic) attached. Different
configurations of the iron sheets were assembled and their influences in loco motions were tested by actuating with a perma-
nent magnet (ferromagnetic). (i) Steps involved in the folding of the origami robot. (ii) Schematic showing the actuation mecha-
nism of turning motion of the soft robot actuated by a permanent magnet. Schematic inside showing the displacement in the
body of the robot during turning motion. (i) Performance of the turning motion. Reproduced with permission from Ref. [44].
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Fig. 3. Bionic crawling soft robots based on triboelectric power generation. a) Slug-inspired TENG-Robot. (ii) Schematic illustration of

the Slug-inspired TENG-Robot. Schematic circuit diagram of TENG-Robot was demonstrated. The locomotion performance and
triboelectric generation ability of TENG-Robot were demonstrated. 83 LEDs were lighted up by TENG-Robot. The locomotion
behaviors of TENG-Robot actuated by rotating magnetic field was demonstrated. (i) The open circuit voltage (V,,) of crawling
TENG-Robot driven by rotating magnetic field at frequency of 2Hz and intensity of 70 mT. Voc of TENG-Robot drlven by rotat-
ing magnetic field in one cycle was shown at partial enlargement. (i) The output voltages of TENG-Robot on different terrains
(gap, tunnel, curve, and slope). Reproduced with permission from Ref. [61]. Copyright 2022, ELSEVIER. b) Bioinspired Triboelec-
tric Soft Robot. (i) Schematic diagram of TESR system that consists of the TESR, control module and rotary freestanding tri-
boelectric nanogenerator (RF-TENG). (ii) Exploded view and special components of soft-deformable body. (iii) The schematic
diagram of displacement and force generated by the soft-deformable body and the schematic circuit diagram of soft-deform-
able body. (iv) Schematic of crawling process of TESR based on the locomotion principle of inchworm and the working princi-
ple of RF-TENG in one cycle. Reproduced with permission from Ref. [19]. Copyright 2021, Wiley-VCH. c) TENG and soft robot
conjunction system. (i) A freestanding TENG is directly connected to the soft robot. The soft robot is composed of a dielectric
elastomer actuator (DEA), a compliant arc-shaped body and three one-way bearing wheels. When sliding the TENG, a voltage is
generated to actuate the DEA. The DEA elongates and retracts, producing a displacement of the robot. In one sliding cycle, the
soft robot completes a locomotion step. (ii) The soft robot passes a tunnel under an increased bias voltage level to lower its
body. The left view of the robot moves through a narrow gap that is half the height of the robot. The process is composed of
five states: standing by, |, II, Ill, and finishing. Reproduced with permission from Ref. [62]. Copyright 2021, ELSEVIER
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oA AeF AF= A4 AAE di AFolle &
At FAs7F 2= Slrk. A AH oA PSAE A=
710 o8l R XIh SAsHE | AE A HHe
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& 4 9t FURE Bolzch
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W PR AXE oA AHE Hdo|aE AWY 4 9]
L A5 Aol TF, YAY W ATE AFofole] & B
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3.3 Tactile communicators
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Fig. 4. Soft grippers based on triboelectric generation. a) Soft gripper based on TENG sensor. (i) The length TENG (L-TENG) sensor and
(i) the tactile TENG (T-TENG) sensor. (iii)The soft gripper integrated with TENG sensors. (iv)The intelligent sensory data process-
ing strategies. E1 to E4, and EL represent the electrodes in the T-TENG sensor. Reproduced with permission from Ref. [64]. Copy-
right 2020, Springer Nature. b) The sensorized pneumatic soft robot (PSA). i) Photographs of the fabricated sensorized PSA. (ii)
Soft grippers used in assisting glove. (iii) The working principle of the TENG. The inner wall of the chamber and the sponge elec-
trode together form a single-electrode TENG. According to the triboelectric series, the silicone chamber is more electro-negative
than the sponge electrode (Nickle). In the contacted state, the silicone rubber will get electrons from the electrode while the
electrode contains equal positive charge. At the inflation state, the PSA is driven to bend by pressured air. The negatively
charged silicone chamber expands and generally separates from the electrode. The positive charge flows out of the electrode to
balance the potential rising. At the deflation state, the chamber slowly contracts back to its original shape. And the charged sili-
cone contacts with the electrode again. The positive charge flow into the electrode due to the electrostatic induction. (iv) Photo-
graph of the gripper catched a small cup. Reproduced with permission from Ref. [65]. Copyright 2020, ELSEVIER. ¢) Smart soft
gripper. Schematic design of an assembled gripper, in which three finger-like actuators are separated uniformly (120°) and
installed on a 3D printed gripper stand. (i) Demonstration of the smart gripper can grasp the spherical shell. When the soft fin-
gers bend and approach the spherical ball, TS-2 will first contact with the ball and followed by TS-1, and finally TS-3. The relative
position and size of the object with the gripper may affect this contact sequence. (i) Demonstration of grasping the same object
with increased weight. Reproduced with permission from Ref. [66]. Copyright 2020, Wiley-VCH. d) Dual-stimulus flexible gripper
based on TENG and vapor induction. The working principle and three working processes of the flexible gripper: (i) ethanol vapor
drives the gripper to open, (i) TENG drives the gripper to hold the object, (iii) TENG reopens the gripper and unloads the object.
Reproduced with permission from Ref. [67]. Copyright 2019, ACS
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Fig. 5. Tactile communication display system based on triboelectric generation. a) Refreshable Braille Display System Based on Tri-

boelectric Nanogenerator. (i) Exploded view of the Braille display module and control module. (ii) Photos of one operation cycle
of RBDS. When sliding the Kapton slider on the Al foil, the morphology of the DED would be correspondingly changed. (iii) Sche-
matic diagram of operation mechanism of RBDS. The Al film is connected to an electrode of the DE membrane, the other elec-
trode of the DE film is grounded, the "black dot" is the top view of the DE membrane. Reproduced with permission from Ref.
[72]. Copyright 2020, Wiley-VCH. b) Self-powered electro-tactile system. b) Skin-integrated ET interface. (i) Shows the schematic
illustration of the ET system to transmit virtual spatial pattern, exploded view of the electrode array, ET sense of the ET system
(controlled distance, 0.4 mm), optical images of the electrode array (scale bar, 10 mm), and the image of the TENG array (21 units
sized in 20 X 20 mm; center-to-center distance, 40 mm; scale bar, 20 mm). (ii) An example of ET interface applied for enhancing
tactile VR experience of precepting virtual spatial patterns (random figures). Reproduced with permission from Ref. [73]. Copy-
right 2021, Science. c) Integrated tactile TENG (TENG-IT) device. (i) Use of TENG-IT for restoring tactile sensation. The TENG-IT is
implanted under the skin. Upon application of tactile pressure to the device, the TENG-IT generates an electrical signal, which is
delivered using isolated cables to a stimulating cuff electrode wrapped around the closest undamaged afferent nerve fiber,
which transduces a touch sensation signal to the CNS. (ii) Schematic of the TENG-IT layers (left) and a photo of the TENG-IT
(right) (scale bar: 2 mm). (iii) Mean peak-to-peak electrical output modulation of TENG-IT (5 mm X 5 mm), as a function of the
materials used for the friction layers. (iv) Output performance of TENG-IT (5 mm x 5 mm) for different levels of pressure applied.
(v) TENG-IT (5 mm x 5 mm) response to physiological pressure. We observe a linear correlation (R2 = 0.97) between the average

peak-to-peak output voltage and pressure applied to the device. Reproduced with permission from Ref. [74]. Copyright 2021,
ACS
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Fig. 6. Wearable devices based on triboelectric generation. a) Eye motion triggered self-powered mechnosensational communication
system. (i) Schematic structure of a pair of ordinary glasses mounted with msTENG. Bottom left: Structure of the fixing device
for convenient adjustment. Bottom right: Schematic diagram of the msTENG. Inset: An SEM image of FEP nanowires. Scale bar,
5um. (ii) Schematics of the operating principle of msTENG. Charge behavior when the eye is at different states during the blink-
ing process. (iii) The msTENG glasses are assembled with wireless transceiver module to make it easier to use. (iv) Synchronous
acquisition of wired (green) versus wireless (red) signal. Reproduced with permission from Ref. [78]. Copyright 2017, Science. b)
Self-powered glove. (i) Photographs with a front view and a side view demonstrating the configurations and the positions of the
four sensors. Inset shows the SEM image of the PEDOT:PSS coated textile. (i) The working mechanism of the arch-shaped TENG
under the stretching and releasing state. (iii) The working mechanism of the contact-separation TENG sensor. (iv) The real-time
output of sensor 2 when the index finger bends downs at 30 degrees, 60 degrees, and 90 degrees at a same speed. Reproduced
with permission from Ref. [79]. Copyright 2019, ELSEVIER. c) Wearable and transparent NM microphone. (i) Schematic of a wear-
able NM microphone device. (i) Sensing measurement system for the NM microphone. (iii) Variation in the output voltages as a
function of sound frequency for the NM microphone and the thin-film microphone. Reproduced with permission from Ref. [80].

Copyright 2018, Science
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3.4 Wearable devices

A 7A] Q17F-71A4) QA E o] A (Human Machine Interface,
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3.5 Attachable wearable devices
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Fig. 7. Stickable wearable devices based on triboelectric generation. a) Wireless wearable sweat biosensors. (i) Schematic illustrating

Bluetooth Low Energy (BLE) HE2 &% & A7} AlElS

the FWS3 that integrates human motion energy harvesting, signal processing, microfluidic-based sweat biosensing, and Blue-
tooth-based wireless data transmission to a mobile user interface for real-time health status tracking. (ii and iii) Optical images of
an FPCB-based FWS3, which can be worn on a human side torso. Scale bars, 4 cm. (iv) Schematic diagram of the FPCB-based
FTENG with a grating slider and an interdigital stator. (v) Schematic diagram of the FWS3 showing a microfluidic-based sweat
sensor patch interfacing with the flexible circuitry. (vi) System-level block diagram showing the power management, signal
transduction, processing, and wireless transmission of the FWS3 from the FTENG to the biosensors, then to the user interface.
Reproduced with permission from Ref. [81]. Copyright 2020, Science. b) Self-Powered Bio-Inspired Spider-Net-Coding Interface.
(i) Schematic diagram of the spider-net-inspired BISNC interface and its diversified applications. Inset shows the schematic dia-
gram and layer structure of the BISNC interface with L/S coding. (ii) The corresponding output peaks when finger sliding across
the electrode patterns. Insets show the different sliding directions. Reproduced with permission from Ref. [82]. Copyright 2019,
Wiley-VCH. c) A flexible wearable triboelectric patch. (i) Device configuration and working principle of the triboelectric interact-
ing patch. (ii) 3D schematic diagram showing the succinct structure of the device with three thin layers. (iii) Digital photograph
showing the flexible device can be attached conformally on arm. (iv) Digital photograph of the device on a flat surface. Repro-
duced with permission from Ref. [83]. Copyright 2019, ELSEVIER. d) Stretchable Skin-Like Cooling/Heating Device. (i) A simplified
illustration and an exploded view of the STH device. (ii) Schematic illustration of device bifunctionality, which can both cool/
heat the body surface with a single device by simply changing the current direction. The two mini-figures on the right show the
current flow through the electrode and pellet array in the series connection for both the cooling and heating modes. Repro-
duced with permission from Ref. [84]. Copyright 2020, Wiley-VCH
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