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Fig. 1. Structure diagram of the multifunctional intelligent sensor system based on TENG and its main function display.
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Fig. 3. Four working modes of TENG and applications: (a) Vertical contact-separation (CS) mode; (b) lateral-sliding (LS) mode;

(c) single-electrode (SE) mode; (d) freestanding triboelectric-layer(FT) model.
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Fig. 4. Basic workflow of machine learning.
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Fig. 5. Process of collecting data from TENG-based sensors and pushing it to the machine learning model for computational analys-

is. Data is stored and managed in the data center. Users can interact with the data center from the control center. In the prepro-

cessing stage, the data is divided into multivariate time series and multivariate spatial data, and then input into the machine. The

machine learns the model and analyzes and makes predictions, and finally verifies and evaluates the results.
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Kl 6

Fig. 6. Roadmap for the future development of the nano-generator industry in China.
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Fig. 7. Illustrations of experimental platform and TENGs: (a) Experimental platform; (b) two TENGs placed on steering wheel with

a size of 25 cm X 2 cm X 0.1 cm. (¢) Schematic diagram of reaction time; (d) confusion matrices of the classification result given by
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Fig. 8. Intelligent detection and recognition system based on big data and machine learning technology!*6l.
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Fig. 9. Diagram of the experimental setup and working mechanism for real-time sediment monitoring: (a) Schematic diagram of the
testing setup. (b) Typical output short-circuit current generated by DI water droplets and particle-laden droplets (particle diameter:
117.33 pm) with a mass fraction of 1.00%. The inset figures show the dynamic motions of the droplets captured using a high-speed
camera. (¢) Mechanism of the major current peaks induced by the contact electrification between water and PTFE. (d) Mechanism

of the minor current peaks induced by the electrostatic induction between the precharged sand particles and the Cu electrode!”.
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Fig. 10. Operating principle of the intelligent keyboard: (a)
When a keystroke is initiated, the approach of positively
charged human finger results in free electrons flowing from
bottom ITO electron to top electrode; (b) when the finger is
up and a separation occurs, it produces another current in
the external circuit flowing from the top electrode to bot-

tom electrodel,
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Fig. 11. Application of TENG in handwriting recognition: (a) Process of TENG recording handwritten signatures; (b) combining

TENG and machine learning methods for handwriting signature recognition; (c) classification accuracy of English, Chinese and Ar-

abic numerals written by three persons/®!l.
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Fig. 12. Working schematic of CR-TENG: (a) The scanning process based on the CR-TENG. i) Contact and separation between the
CR-TENG and paper; ii) Comparison of the output voltage (vmax ) and vr in each cell; iii) Converted digital image of the pattern

on paper. In cells with a vmax values larger than vr, the paper in contact was determined to be ink-printed paper, while in cells

with & vmaz values smaller than v, the paper in contact was determined to be bare paper. (b) Legibility of the scanned image ac-

cording to 52,
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Fig. 13. Construction drawing of the low-cost TENG for soft gripper and its digital twin applications: (a) As-fabricated TENG
sensors and their basic structures. (i) Length TENG (L-TENG) sensor. (i) Tactile TENG (T-TENG) sensor. (b) Soft gripper integ-
rated with TENG sensors. (c) Intelligent sensory data processing strategies. E1—E4, and Ep represent the electrodes in the T-

TENG sensor. (d) Digital twin applications based on AloT sensory system![%.
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Fig. 14. Schematics of the DT-HMI for diversified applications. The major functional units: (a) TENGs of the DT-HMI based on
gear rotation and its output signals; (b) TENGs arranged on both sides of the gear (TENG sensing gears) output different signals

during forward rotation and reverse rotation; (¢) Two triboelectric sensors arranged on the middle cylindrical of the mobile plat-

form are the mode switch sensor and trigger discriminating sensor/®.
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Fig. 15. Application of the W-TENG in intelligent sports: (a) Structure of intelligent ping-pong table based on W-TENG;
(b) operation procedure of statistical system of self-powered drop point distribution based on W-TENG; (c) self-powered drop point

distribution statistical system; (d) sensor output voltage at different ball velocity; (e) principle of W-TENG sensor array to analyze

the trajectories and drop points of table tennis®!.
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Fig. 16. Demonstration of baseball game scenario with machine learning: (a) Flow chart for gesture recognition and control; (b)

structure of CNN model; (c) signal patterns of 3 gestures; (d) confusion matrix for 3 common gestures of pitching ball; (e) photo-

graphs of 3 gestures (left), and corresponding screenshot of using gestures to achieve VR control in Unity (right)’7.
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Fig. 17. Human activities recognition of deep learning-enabled socks: (a) Process flow from sensory information collection to the

real-time prediction in VR fitness game; (b) 3D plots of the deep learning sock outputs responding to different motions (leap, run,

slide, jump, and walk); (c) confusion map for deep learning outcome; (d) motion of the virtual character corresponding to real mo-

tion in a proposed digital human system!5l.

BR T2 00, SRR R 250 6045 4 B
2 AN ERRZE A 5 NS 5 EH bR
R E )R EER g%, 5 134025
FISIER 3R 93.54%, XF 5 RS [E] 9 215 3
RGN AER R A 96.67%. 16 BRI, 8 i T
W A B B 0 s ], DA S — A
iz B Wids | By AR . BTN IR R BB R N

MR AE RS

Xt TR BE A UM GBS, BB A B4,
LUL R R BN S b R a0 20 N e B AR 8 - AN
T INIERSE |l HE i I R G A 2 R AR HT P 1Y
A AT LIRS BT P RS O T ik
FIXASH A, AT A5 RAE P R
Pern Bk, B N SR LI B A, I

078702-20


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 71, No. 7 (2022) 078702

BB FARAT R M R GEEA T M. SRRSO 7Tkt
o 2 ZR 58 P BB, e A e k. AR A
R A B0 22— v] Lhas i A sUrE as ok
PERCE & REAE R, T % A A5 1
Bly. Shi &5 04 JF- & T HEFEEE A AL 1 TR B 2 2] Y
BRI (DLES #ih), RIScis fe R i
FERT Y A HAR W1 R 40, DLES i#A 2 o 22 )
EVR IS 8, AR PRZE BETT T AN 55 R A Il Ry
FLR B 48, B0 PRk 2 oy 5 2R e P AR 1031 AL
1 LA B 7 RITBGE 2 R, X T4 DLES B¢
5, AT LASE LR AT X 43 R e R ) d /NS AR
Fr i, SERRE R ARG sh . ek, S 4E AR
() 3L TR B 2 ) 8R4 B, T LU CNIN 27
N A5 S T RIS A7 2 AR A B 1 By
58, 4—A A%t DLES FEFIRT, m IR 3
TENG 38 1o J&] 04 11 422 k- 43 5 42 2 = AR L AR
XUfE S Ak Rt 2 AN AR, AN EE
A 1600 A s B P CORAE T 100 HAEAR,
80% HIREARBE F T4, 5 4h 20% HOREA K
TR, 208 50 I 2RI RS CNN A5 AU )1 25
AR, AT LIk B R R AR B, JF H ONN AT G2
AT SRz AL, E R BLA, PRI RN
96.00%, Ay 5E T TR 8 27 > T00I (1% /35 A 3 4 il 44 4t
TARK B 3. 38 2k X6 ) — FH P e R [ 3 2o R 2
(EHFE . PE . B2 ) T a9iR 5, B GEHb
M W R G e R )16 0 R AYSE A . Shi 55 99 7
2021 4 NI & T —FhoHr 0 i nl S 10 % 6 M 1o
MRS, B T — 1 4 x 4% TENG f&J&
i [ 5 Sfe e £ P A S R R IR IR A X
TENG #A 4 Nar ik, mHE— DS ik . W
At E AR, Horp—A Rk ORI AR S
gy 3 N T B WS SR IE gt e i sk A 5
far tH A B P s ST AL E A TERGE S SEF R
KIEH N—A AT R AT R 53 R 6 A2 A,
X 6 A AR RN MR Z AR 25, BTl Shi
SEE TR R B8 2 = T ) — i o AR o 2 X 24 o) A 285 i
FHMEA At mia 2 P i B 5 8. S1E5mfE
TS (UG AL A | H BH AL Bt A 25 XA JRR
#) MLk, TENG & as AR | IRTIFE . =]
Sk BRI T R IERIR R SR 22 5 — RS
B IF B IR EE 2 S BOR AT LIS 845 B i 4
TRFAE HEAT A3 AR, XORAL G5 5 Hr T ik

(UnMEJEE | FFLEmF ]| JEIR R | AAOZAE) eIk sk
BLAY. Shi S PTT AR REsAR P R G RA
FR oz o A% TR 3 S P A B R RE D, TE A Bh
o BT ORAEE | 22 42 R ) B BE 2 3R/ 2 RE ) W R
WL R 7R B R RV ).

5 Ml 5k

Zi TR, TENG &G Hlis# e afEiE 2
AU Sk A, O AT H 8 A A TR Y
R Z . AHJ2 5 T B = — N 44, 7R Aok
1) & S it R TY SR A AE A — L6 AR5 A A 9 ) 8, o
& 18 .

5.1 HIFFIIHEIFI{E TENG 25481

bEE B2 A5 Al BT 4 &, AT TENG
PIDIRERAMEA 1 B m 2K, anas i n) R | &
AUE B KA RS E M. TS TENGOE
TG NIRRT [R] 1 1 25 ek, T LA 1) 2
SAURAE LA AT, BT EAREA
FIIU B ARG B, SR 2AT JE 48 1 ZE B LAAE
REIE N B2 R AIEAS . SR HIA MUATRE, ARHE
FHR A rh 2P A2 284k, AN T B ) g HE RS 1Y)
BT TEAR ORI 2 W AR BT o | (B
PE T APESEA 2 BRI BB 5 A&
$Em TENG HUTERE, Qi A 4R S BoR m Ty
Kapton & 7] LI KEEF+ TENG R 2 1 H foy 28
J& 169 A& Ge bR 4 5 12k R R k2 B Bl Ak T
BLFIAT R 22 10 SO, AR 2T 0 i A T
RERY AT RLIEAT i H B A S50, AN Zou 55 71 i
R R O 1 5 26 30 A ICHLAE 4 @ ATk
JEE 52 H fir 9 B S BRARRPE EA T A . B AR
Rz, FLARaE 2T LIHSR A T 00 G FAR X
BARATHE A, TEVERETON . B b4 L A A
b 27 R A U A BB By I 22 .
Oliynyk 45 68 fgf FHAIL 5% 2% > J5 ¥k R WF 5808 76 1Y
Heusler fb-& 9 ML . Ward &5 69 $2 4 7 —4~ il
DU TCHUAT R BT FH AL AR 2% ST HESR. i8R ] ]
T AR TR SRR 2 FRR I, AN B AE AN
LIS URE T . 33k 46 52 451 ¢ B A F AL & 25 ~J il o
TENG XJ BBk Y 0] 35 ] G — PR 4 1 77 1%,
XKtk TENG % S REHE 40 58 HW HTFE .

078702-21


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 71, No. 7 (2022) 078702

>,
o .
| s |
A x
gl s\
X s
| B | - ar
3|
2 |85 -
| i 'E"‘“_:g:‘-—- B ABC

Ti V CrMn Fe Co Ni

Bl 18 Z5A LA I BRI TENG 1% J8 &5 78 R S T I i1 Bk %

(b)

(d)

(a) HLAR2= T B /E TENG £ 4K (b) 4k TENG 1% /%

AE S AL AR () ik TENG 28 A58 & i B %E; (d) MEHLES 2 ST BOR M TENG 12 148 IR BE Rl 5
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equipment; (d) combine deeply machine learning technology and TENG sensors.
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Abstract

In the era of The Internet of Things, how to develop a smart sensor system with sustainable power supply,
easy deployment and flexible use has become an urgent problem to be solved. Triboelectric nanogenerator
(TENG) driven by Maxwell’s Displacement Current can convert mechanical motion into electrical signals, thus
it can be used as a self-powered sensor. Sensors based on TENGs have the advantages of simple structure and
high instantaneous power density, which provide an important means to build intelligent sensor systems.
Meanwhile, machine learning, as a technique with low cost, short development cycle, and strong data processing
capabilities and predictive capabilities, is effective in processing the large amount of electrical signals generated
by TENG. This article combines the latest research progress of TENG-based sensor systems for signal
processing and intelligent recognition by employing machine learning techniques, and outlines the technical
features and research status of this research direction from the perspectives of traffic safety, environmental
monitor, information security, human-computer interaction and health motion detection. Finally, this article
also in-depth discusses the current challenges and future development trends in this field, and analyzes how to
improve in the future to open up a broader application space. It is suggested that the integration of machine
learning technology and TENG-based sensors will promote the rapid development of intelligent sensor networks

in the future.
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