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Principle of triboelectric nanogenerator and
its application in bionic and soft robot
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Abstract; Rapid development of the global economy has brought about crazy consumption of resources.
Nowadays, more and more voices advocate green and sustainable development of resources, and tribo-
electric nanogenerators have been discovered and researched by more people. Through exploration and re-
search on the structure of the triboelectric nanogenerator, the surface microstructure of the friction layer
and the triboelectric materials, many high—performance triboelectric nanogenerator devices have been de-
signed and manufactured. These high—performance triboelectric nanogenerators have been widely used in
self—powered sensors, bionic applications, and soft robot drive and sensing. This work introduced the
power generation mode of triboelectric nanogenerators, listed some researches on materials used to im-

prove the performance of triboelectric nanogenerators, and summarized some researches on the application
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of triboelectric nanogenerators on bionics and soft robots. Finally, prospect of triboelectric nanogenerators

are proposed that hope to provide more ideas for the application of triboelectric nanogenerators in the fu-

ture.
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Fig. 1 Four working modes of TENG: (a) Vertical contact—
separation mode; (b) Contact—sliding mode; (¢) Single—elec-

trode mode and (d) Freestanding triboelectric—layer mode!®
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Fig. 3 Working principle diagram of vertical contact—separa-

tion mode!?!
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Fig. 4 Working principle diagram of horizontal sliding mode"**’
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Fig. 5 Working principle diagram of single electrode mode'™’
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Fig. 6 Practical application of TENG and self-powered sensors

based on single—electrode mode "
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Fig. 7 Working principle diagram of TENG in freestanding layer
mode”’(a) TENG overview of the independent layer; (b)
Working principle; (c¢) Non-contact mode; (d) Insulator—in-

sulator mode
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Fig. 10 Schematic diagram of self-healing polymeric materials
(PAAM—-Clay organic hydrogel and TU-PDMS) ®!; (a) The
chemical structure of the PAAM — Clay hydrogel by physically
connecting hydrogen bonds; (b) The PAAM-Clay organic hy-
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(¢) The imine bond and the tetrahydrogen bond are cross —
linked to prepare IU- Synthetic route of PDMS
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Fig. 12 TENG and robot connection system **)(a) The in-
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Fig. 13 The relationship between the sliding speed of TENG and

21 (a) The sliding speed of

the crawling speed of the robot |
TENG at different accelerations; (b) the relationship between
the crawling speed of the soft robot and the sliding speed of
TENG. When the sliding speed of TENG is lower than 0.8 m/

s, there is a monotonic relationship; (c¢) the effect of payload

on the crawling speed of the soft robot
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Fig. 14 TENG tactile sensor test **1 (a) Ideal output of four
TENG electrodes; (b) Pressure test from electrode 4 to elec-

trode 2; (c¢) TENG tactile sensor entity

PR RGRECS b, SEBEEL T AR T3 M 5 5 b
ZERIFEC , BIER BRI A — PR i AT 2 -5 2
FRGEZ Al A1) B e =X, 3k AR v il A CR

Voltage (a.u.)

Time

F1s AR S S

Fig. 15 Ten kinds of Braille signal output

16 HIRE SCHYE Sk

Fig. 16 Signal output of the same Braille '

35]

4 45e

BERAR Z AL B A A LIOK , JCI8 1A A
R FIE AR S A E 2 U T AR R IR &
J'& . MNEERGICTT | R T G ) o0 BE 4% H Bk f) B 4%
Fetil g BN B A B | EE SN OK K s AL BT
T AR R R AR ) T AR PR, & R A& AR
TE ol 235 4 LA 4R e R 442 f v AL, 3 AN A T 4% Ao
JEEA5E A R L 3 B 2 0 oK D r AL ) PR
T EAT R B0, OF E AR O fn 5 5 | e 52
AR AR HLANA B 2R T2 R BRI, AR A
BEREAL IS , 17 A AL T BBk, 9K A e s A LA S B
Blas NIz gl 110 Rk B 5 AP LS A4 &35



4 XUTEEHE | 25« FEAE AR e r LI 3 AR O A B AL AR A 1 347

B2, MR AF7EAR I, LLan: (1) PIRREESE i R 2
[ ) BE 35 1 22 S BB B9 B9 0 S R TR 005 , e
SR T W I B AR LR TR A, O EL
I AR 4 8 o BE AN R A A ML T A PR MRS RE A 1Y
FEART 5 (2) BEHE N A A WL R A T
PR wadR ¥ e B T EPHBOR SR TINS BEHEE AN A
HLAGERRE AOIF AR > | SR 2 — 2P PR R I T R 4
G R UL B EOR Y (3) BABER Z 19
BHE BT EE A K gL L (HR S S R
AR A B 52 2%, I ELARE b Ak, BT A e fiff i 26
WA TR A B ™ | 55 2OE 2 A SE R AT

ARIAA T EEBEYOK K B ALRI AT FEBRIT R 4
PR T EESE AR & B LAY DU B AR, O H 2R3k
T BRI A T BE RN A LRI EE S840
KA L HLAEDT LR FFARLAS A LRI . ARk, A
TR B 2 TR BRI W I 58 AT 2, LI B (5 A 4K
SARARALAS N A W 2 Ji& | FEAE A0 K K A LGS
] 5 T B BSOS AR M o bR 22 S SRR A Y
R R R B R R R SE B R R A

SE Ak

[1]Fan F R, Tian Z Q, Wang Z L. Flexible triboelectric gener-
ator [ J]. Nano energy, 2012, 1(2); 328-334.

[2]Wang Z L. Triboelectric nanogenerators as new energy tech-
nology and self — powered sensors — Principles, problems
and perspectives [ J]. Faraday discussions, 2015, 176
447-458.

[3]Liu Y H, Mo J L, Fu Q, et al. Nie, Enhancement of tribo-
electric charge density by chemical functionalization [ J].
Advanced Functional Materials, 2020, 30 (50) ; 2004714.

[4]Zhang X S, Han M, Kim B, et al. All-in-one self—pow-
ered flexible microsystems based on triboelectric nanogener-
ators [ J]. Nano Energy, 2018, 47 410-426.

[5]Yar A. High performance of multi—layered triboelectric na-
nogenerators for mechanical energy harvesting [ J]. Energy,
2021, 222, 119949.

[6]Tani H, Sugimoto M, Fushihara K, et al. Energy Harves-
ting from Triboelectric Nanogenerator Attached Inside Roll-
ing Tire [ C]. 2019 19th International Conference on Micro
and Nanotechnology for Power Generation and Energy Con-
version Applications (PowerMEMS). IEEE, 2019, 1-2.

[7]Liu S, Li X, Wang Y, et al. Magnetic switch structured tri-
boelectric nanogenerator for continuous and regular harves-

ting of wind energy [ J]. Nano Energy, 2021, 83, 105851.

[8]Jurado U T, Pu S H, White N M. A contact —separation
mode triboelectric nanogenerator for ocean wave impact ener-
gy harvesting [ J]. 2017 IEEE SENSORS, 2017, 1-3.

[9]Wu X, Li G, Lee D W. A novel energy conversion method
based on hydrogel material for self — powered sensor system
applications [ J]. Applied Energy, 2016, 173, 103-110.

[10]Ma P, Zhu H, Lu H, et al. Design of biodegradable wheat
—straw based triboelectric nanogenerator as self — powered
sensor for wind detection [ J]. Nano Energy, 2021, 86:
106032.

[11]Feng Y, Huang X, Liu S, et al. A self—powered smart
safety belt enabled by triboelectric nanogenerators for driving
status monitoring [ J]. Nano Energy, 2019, 62 197-204.

[12]He M, Du W, Feng Y, et al. Flexible and stretchable tri-
boelectric nanogenerator fabric for biomechanical energy har-
vesting and self—powered dual-mode human motion monito-
ring [ J]. Nano Energy, 2021, 86. 106058.

[13]Liang X, Liu Z, Feng Y, et al. Spherical triboelectric na-
nogenerator based on spring—assisted swing structure for ef-
fective water wave energy harvesting [ J]. Nano Energy,
2021, 83 105836.

[14]Wang K, LiJ, Li J, et al. Hexadecane-containing Sand-
wich Structure Based Triboelectric Nanogenerator with Re-
markable Performance Enhancement [ J]. Nano Energy,
2021 106198.

[15]Roy S, Ko H U, Maji P K, et al. Large amplification of
triboelectric property by allicin to develop high performance
cellulosic triboelectric nanogenerator [ J]. Chemical Engi-
neering Journal, 2020, 385. 123723.

[16]Ahmed A, El-Kady M F, Hassan I, et al. Fire—retard-
ant, self — extinguishing triboelectric nanogenerators [ J .
Nano Energy, 2019, 59. 336-345.

[17]Zhang L., Zhang B, Chen J, et al. Lawn structured tribo-
electric nanogenerators for scavenging sweeping wind energy
on rooftops [ J]. Advanced Materials, 2016, 28 (8) : 1650
-1656.

[18]Zhou Q, Lee K, Kim K N, et al. High humidity—and con-
tamination—resistant triboelectric nanogenerator with super-
hydrophobic interface [ J]. Nano Energy, 2019, 57 903 -
910.

[19]Yu B, Yu H, Huang T, et al. A biomimetic nanofiber—
based triboelectric nanogenerator with an ultrahigh transfer
charge density [ J]. Nano Energy, 2018, 48 464-470.

[20]Shi Q, Lee C. Self - powered bio - inspired spider -
net - coding interface using single - electrode triboelectric

nanogenerator [ J]. Advanced Science, 2019, 6 (15):



348 RERPRL S A8 F 224 2148

1900617.

[21]Bui VT, Zhou Q, Kim J N, et al. Treefrog toe pad - in-
spired micropatterning for high—power triboelectric nanogen-
erator [ J]. Advanced Functional Materials, 2019, 29
(28) . 1901638.

[22]Bui VT, Oh J H, Kim J N, et al. Nest—inspired nano-
sponge—Cu woven mesh hybrid for ultrastable and high—pow-
er triboelectric nanogenerator [ J]. Nano Energy, 2020,
71.104561.

[23]Zhu G, Pan C, Guo W, et al. Triboelectric —generator —
driven pulse electrodeposition for micropatterning [ J]. Nano
letters, 2012, 12(9) ; 4960-4965.

[24]Wang S, Lin L, Xie Y, et al. Sliding—triboelectric nano-
generators based on in—plane charge—separation mechanism
[J]. Nano letters, 2013, 13(5) : 2226-2233.

[25] Shankaregowda S A, Ahmed R F S M, Nanjegowda C B,
et al. Single—electrode triboelectric nanogenerator based on
economical graphite coated paper for harvesting waste envi-
ronmental energy [ J]. Nano Energy, 2019, 66 104141.

[26]Zhu G, Yang W Q, Zhang T, et al. Self—powered, ultra-
sensitive, flexible tactile sensors based on contact electrifi-
cation [ J]. Nano letters, 2014, 14(6) : 3208-3213.

[27] Wang S, Xie Y, Niu S, et al. Freestanding triboelectric
- layer - based nanogenerators for harvesting energy from
a moving object or human motion in contact and non - con-
tact modes [ J]. Advanced materials, 2014, 26(18) ; 2818
-2824.

[28]Li G Z, Wang G G, Cai Y W, et al. A high—performance

transparent and flexible triboelectric nanogenerator based on

hydrophobic composite films [ J]. Nano Energy, 2020, 75
104918.

[29 ]Huang L. B, Dai X, Sun Z, et al. Environment—resisted
flexible high performance triboelectric nanogenerators based
on ultrafast self - healing non — drying conductive organo-
hydrogel [J]. Nano Energy, 2021, 82. 105724.

[30]Park J, Kim Y T. On-skin Based Soft Triboelectric Nano-
generator for Electronics Skin [ C]. 2020 IEEE 15th Inter-
national Conference on Nano/Micro Engineered and Molecu-
lar System (NEMS). IEEE, 2020, 273-276.

[31]He J, Xie Z, Yao K, et al. Trampoline inspired stretch-
able triboelectric nanogenerators as tactile sensors for epider-
mal electronics [ J]. Nano Energy, 2021, 81. 105590.

[32]Cai Y W, Zhang X N, Wang G G, et al. A flexible ultra—
sensitive triboelectric tactile sensor of wrinkled PDMS/MX-
ene composite films for E-skin [J]. Nano Energy, 2021,
81 105663.

[33]Sun W, Li B, Zhang F, et al. TENG-Bot: Triboelectric
nanogenerator powered soft robot made of uni—directional di-
electric elastomer [ J]. Nano Energy, 2021, 85. 106012.

[34]Li L, Wang T, Jin T, et al. Research on Shape Perception
of the Soft Gripper Based on Triboelectric Nanogenerator
[C]. 2019 IEEE International Conference on Robotics and
Biomimetics (ROBIO). TEEE, 2019; 211-216.

[35]Lin Z, Zhang B, Zou H, et al. Rationally designed rota-
tion triboelectric nanogenerators with much extended lifetime
and durability [ J]. Nano Energy, 2020, 68 104378.

[36 58T FEAEAAK K R LR 45 F BT S HAE A 3K 3 &
GUHRYR [D]. HR . EPORAE, 2017,



