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PREEEE LA HLRE, CL4 RO BT Y S C BEIRRT 1 AL P A2 JEAE 5 1) TS A%
W 2 — o LT AR YL REAR 1 BESR AN R L % R AT 44
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V, FEE IR [sc N 0272 pA, 5% AR RS & Qsc N 12.84 nC;

(2) IR IATA, LN EARLF Y 5E BRI K R ALY
ESEAL. BRI, JLOEN PU, SHENEREL, NHEEN
|\ E 2 (PA), M PA@Ag@PU ME &K, BEAMNAN 1 mm; H
T PU G ZEmMSI R L ESNEL T, MIimSANEESHRE T
PU B JE RN AWKE N, F-TENG 5 K R i =ik 2] 70%, FFAE 500
UG PR -FEUS YRR 20 93.88%, LIV b4k, F-
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TENG 752 Sy RBLAREAR I, S L RREAAE, G T B ks
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PREPARATION AND APPLICATION OF FIBER BASED
TRIBOELECTRIC NANOGENERATORS

ABSTRACT

Triboelectric nanogenerator have emerged as one of the potential
candidates for new green energy and self-powered sensing devices by
converting mechanical energy into electrical energy. Moreover, the
triboelectric nanogenerator based on fiber structure and shape with high
flexibility and textile processability are capable of converting
biomechanical energy into electrical energy, which can be used as a mobile
sustainable energy for wearable electronic devices or as a standalone self-
powered sensor. This project is developed at the fiber-based viewpoint to
investigate the feasibility of increasing the output performance of fiber-
based TENGs at the structural level, as well as to scale up and continuously
prepare fiber-based TENGs on this basis. Eventually, based on the fiber-
based TENG that conforms to textile processing, we will prepare TENG
fabrics with full textile structure, build a flexible smart wearable system,
and realize the application in real scenarios. The specific research contents
are as follows:

(1) The fiber-based coaxial structure of TENG prepared by braiding
technology, whose outer layer is PDMS@Ag@PET and inner layer is
PA@Cu. It has a structure that endows the TENG device with three friction
power generation operating modes: single-electrode mode, contact-

separation mode, and full-mode, where full-mode is the superposition of

v
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single-electrode and contact-separation modes realized in a complete
dynamic course. This section focuses on the influence of fiber-based
TENG operating modes on output performance, and realizes the
decoupling analysis of the full mode by controlling the linear motor
trajectory and the construction of the TENG electrical output platform. It
confirms that this operating mode can realize the superposition of the
single mode of TENG, and thus improves the output performance of the
device at the structural design level. Additionally, the coaxial device
prepared by the fiber-based TENG device has excellent electrical output
performance, and the open-circuit voltage is increased at the mechanical
motion frequency of 3 Hz. The open-circuit voltage Voc is 26.6 V, the
short-circuit current Isc is 0.272 pA, and the short-circuit charge transfer
Qsc 1s 12.84 nC at the mechanical motion frequency.

(2) Continuous and large-scale production of small-diameter fiber-
based triboelectric nanogenerators (F-TENGs) using double-layer braiding
technology, with a core layer of PU, a conductive layer of silver-plated
nylon, and a dielectric layer of PA, resulting in a composite structure of
PA@Ag@PU with a diameter of only 1 mm. As the PU core layer is
actively fed in the weaving process, the woven composite yarn retains the
high strain recovery of the PU core layer, the elastic elongation of F-TENG
reaches up to 70%, and the elasticity retention rate is 93.88% after 500
cycles of stretch-release without plastic deformation. In addition, the
conductive network of F-TENG is formed by a woven structure, in which
the yarns intertwine with each other to form a meshed structure. It is
analyzed to show the parallel connection of multiple conductive yarns,
which makes the conductivity of F-TENG remain almost unchanged when
subjected to pressure and tensile deformation, which is adapted to the
conversion of energy under complex motion states. At the mechanical

motion frequency of 5 Hz, the F-TENG electrical output is tested, and
v
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results show an 18 V open-circuit voltage, 6 nC short-circuit charge transfer,
and 0.27 pA short-circuit current. In addition, the F-TENG can be used
directly as a sensor device without external power supply, and its sensing
sensitivity is 0.554 V-kPa™! in the highly sensitive region below 30 kPa and
0.0356 V-kPa'! in the low-sensitive region above 30 kPa, confirming that
the the promising application of continuous preparation of fiber-based
TENG devices.

(3) The constructed coaxial TENG device and small-diameter F-
TENG are employed as wearable component units to take advantage of
their structure and performance in order to build a wearable system and
apply it in actual settings. Among them, the coaxial structure TENG device
has excellent elasticity in the vertical fiber direction, and by placing it on
the sole of a shoe. It can also collect data at a human walking frequency of
less than 3 Hz by placing it on the sole of a shoe, and the response time of
it are less than 339 ms, satisfying the step recording index during human
walking. In addition, based on the comparative analysis of the output
voltage signals of two coaxial structure TENG devices, the function of step
monitoring can be realized. The high-performance smart sock with knitted
weft flat knitting is built using small diameter F-TENG fibers, which are
prepared on a large scale and have variable characteristics depending on
the movement states of the human body. The fibers produce waveform
signals. Based on this, the system can recognize five different types of
motion states—stationary, slow walking, fast walking, running, and
jumping—with the help of machine learning techniques. The recognition
accuracy rate of the approach can be as high as 98.67%.

XU Shuai(Textile Science and Engineering)
Supervised by NI QingQing
KEY WORDS: Triboelectric nanogenerator; Braid; Electrical output

performance; Wearable; Motion recognition
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PEAH AR A R R LB R G AR EED10T, EERZOK R AL (TENG, Triboelectric
nanogenerator) J& — MU BEYE S FE AN PR £ Al ok PR A Re B IR ROR, 1]
e JE B 25 AL BR BB 7 0 D AR U1, T £ 4 R 9 SR (R 4R OK BE R R B (-
TENGs) B Re0 A5 A VIV e S L FLBE, TR N 5 B T 4 1 A Bl T 7 4
PR BT 1 B A AR RS, TERRE T U E A 2 MR RL eAh, 5
i R R R L. B G R FLAE TENG AHEL, £F4E/45 430k TENG 7] e
A5 4 (0 A A 7T 2 LR R R A 28 20220, b, DAARCB 24 o 66 I ) 4%
TENG [ 7% W ) F R A R 5 S v 2R 5 R HE 1 i) R, 7 SIE B 2 P v 52 3 BR
o T DAEE A 2T 4E/ 20 208 I R, A% IRBERz /N T~ 4k 45 H, ] DARE S Fipt
FH5 AR RL 2 8] (4545 BRAS, A 30R m TENG #HF o itk R nl 5 8
TENG A R eIy 5212230,
1.2 BEEMPKLENT/ERERTEEREN
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— b L BE PR AICK R LS M I 1-1 R, BRSO EARL,
WIEENGHRE, A5 BEER, TR S —A e B iz sh A 1,
B4y 85 -Fefion- 73 25
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T EARAORE BT AP EDRES, WA BT, NS ERTY, W
PIER Zp S RS O A N AN EIEER ik s ARGe Rt I AL NSV E Y
A, R BT A FE M RHE R T RE DR TR, A3 T RE TSR M R T AR T
Z AT, KT ERE T RRAIARAR X IE L. BT A AN S TE A A R R T 2 R
THEG BT DA IE 5 PR O 3 5 2 AR R U, P AR S R R R LA, T
A PR E AR T A L 2 o LA DRI E 0 L B 52 PN 2 T 3 22 0K
BT F=A, S FE AN B P T BRI o T 24 R B AN K FEATL I FEANG P I e fd ok
PR, WA ZE R TR HAE R IR B, R AN R T BT R AR BN, TR

5503 BS I AH S HELA
I Origin II Pressed

Bl 1-1 —Fh g i BEBR AR K L AR I R Y
Fig.1-1 A classic process of TENGs working3!!
1.2.2 BEEAAR L BH TIERR
— AN, PR [E R R S, 7R AN R T Y S 2 2 AR AL
B, BROVKGRT . AR R S B S — Rk, LS E AR AL S R
R EA AT LR, WA LLRE T/ 0T
oy RIS, — SRR B JE ) T OR B AR  FL T, T g — e D T 4
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# E A B W 1-2 a 9, PRSI f i (2 OB G
FAAE) AHEXIN, EHERLN B R TORAT il P r 2 8] (14
B A T AR AR T . — BRI SN IR R AR B R, e
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R, A A 5 W2 T AR R A FL RO LR, RS AL b, AR 1 At
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HETE SN RS S TR E > B R, P AT R AT X B
WETERANRE B~ R B (B 1-2b). B TEHBNILS, 7ERAFH
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mode

5 | Freestanding triboelectric-layer
1 mode

Bl 1-2 DUAHEE ERIOK A AL AR TAERERBY; () |E Al S (b) “FHiEs)
B (o) BHRRES: (D BHEEEENX
Fig 1-2 Four fundamental working modes of TENGs[*?); (a) The vertical contact-separation
mode; (b) The plane sliding mode; (c) The single-electrode mode; (d) The free-standing mode

1.3 FUHUEEEPNRLEHNHEHERN

LEYEHE TENG % SN2 S EERE RSN E MR itz e 4k, T
PEREA 2 R B R v, REE AN I (R IR T4 5 HE M &=, 1
PRS2 A LT AR R IR AE 5 U R PR AR N A, 4B 2 BT A 3 LA JE B
B SRR 0% J2 1005 368 2 22 308 5 s PR A 4 4 S BE R K R LI B A o B, Aol
REW)EM (i PDMS, PVDF, PTFE %5) 8% ¥R 1E 5 AP EiE 8 2 FAE N BE
P o SR 353T) U BT 2 A S5 M 1) PE R OK R FEL R R S AT B i s s B N
AHUBREE Sy /N B8 L, (HADAF AR — SEoC B I R, PR 1 L OAE i
FEBRRIA o B, SRR IR W] BE AR el AR v B A A FH 5 AT 4 ik
B BB a2k e BIREMEEIRZMENE TR, LEER: 4
YEHE TENG AR BT, JFEEi U0 TR ZEPIE SR A G a5053841]
K TENG B AF IR G, [RII SG R B @ e R, 525 BT g
FESRINA R AL, e & B AR 5407 . HAT, &I
(RILT 4 B BE RO R P L2 R A FR 4 gmgl PSSR & 458 TENG
PUF
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1.3.1 BET ZH&THEEEEMNR LB
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R L 2T 2 B TR 1 dn S FE A Gm ALK, S5 A BT T e MR SE A I
BB, T S IR ST 2 2 gR SN T I T Y B AR AR R LSS A

W,

-~

13



SRR R A7 183

1.3.3 MBS A B
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A DA B i 0 R4S 5, % TENG 002 T e R4, Sil £~ LED
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gLk, W T AEYINUREE RS . SR, BB B 4 v s S5 1 1R 41 4k BE B R gl oK
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Kl 1-3 (a) WEDERREEE; (b)) RwAGHREED R~ E B R HH 4 TENG TN
W1 (o) WAEEBIEABMM T RERELDH, (D BRIENHEMRR 2R R
Fig. 1-3 (a) Structure diagram of wrapped yarn?); (b) Schematic diagram of braided structural
energy yarn and the working mechanism of prepared TENG™3; (¢) Hollow energy yarn with
liquid metal as electrodel¥); (d) Gel as a hollow energy yarn for the electrodel’!

1.3.4 EEEHMEBNKEL B
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A EYIEF) R B HANEE S, R HEZ8 380V, AIARHA A5 200 A
KA LED 4T . tb4h, it TENG 20 5 4[4 A A FE g 248 (ASC,
All-solid-state supercapacitor) 4% B 5 2R AT KL, TR 2 & S5 RS,
REWE RE SR R A iz BlRe s (Nl 1-4 b BT

PR AR K R FAIL IR U 52 SR T S AR I AR T AR, T Bk 23 4R 4R
TENG 1 SC HAUKIHH B —T)Re, ThRRE MM EEEG, T2 Han*58 N ik
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T T — R geR A RE A, HA S NLFYEIR SC, AhFe ) B B U £F
4t TENG, FTHEEREE, SMEEZANZEM R E ft s (K 14 o).
W RS T S Re RO A ERE, MR 4 4E SC MK A%
04 13.42 mF/em, BA R4 BT A R I FPEIA R E 1E(96.6% K TR B 2.
ZF4E TENG HIBCRINZRIEE] 2.5 W, RN FRANR E LRt . %%
JIAE S B 1.003 V/kPa ¥ RIF R B, (ET52m IFIREs), HENM
IR (W 1-4 d-e). % TENG-SC 45 & 8- EHUAS AR F R R H e
(KA ZE AN T 2R RS, (AR RN BRGE BRENLEE N R 22 Al I 56 55
JiTH R A EEE L

DR e

10N

(ile@= ]Elcc«iﬁcr ) Jgw) 3N
TENG M

<l el
R

.003V Kpa-' A NPV I A

0.464V Kpa-",

0 5 10 15 20 25 30 !
Pressure (Kpa)

Kl 1-4 (a-b) £F4EIR TENG 540K ASC i B (o) [RIfhZ5H TENG-SC 7~ &
Kl: (d-e) £F4EIR TENG 1E 2y B K50 5 A% A AL 5 7!

Fig. 1-4 (a-b) Fiber-shaped TENG and fiber-shaped ASC bridge interconnection!*l; (c) Schematic
diagram of coaxial structure TENG-SC; (d-e) The fiber-shaped TENG applied as a self-power
pressure sensor and human-machine interfacel*’]

BRI B FE N RAELF4RIR TENG (¥t Sl mosetb b A 118
Z TAE, (BATSA — L8] gl 75 iRk
(1) TR, M ELER, 4K TENG #/2 DL R Bl U5k
Waeh, H—m) TAEBIUPR G 1 2 4R EEBE AN K R FAL I ™ RE SR
(2) 274k TENG A @ DO ZRF 6 EESE AN K R Fe TAENLBE, 75 2R AL e 7y
BRI AR T RS B FAR AT RSB B B . (B ESEMAR RN . RAREER,
RS H R A AL S5 G 2 IR 2T 4E B BER R R AL R PG JE 1, 3
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FRA T8 11D E i AR R R T BRI T 25

(3) DIREALRILT4EIR TENG QW1 TENG/SC G5k N 2%, F MR 5 1l
AR G0 BTy 7 PR AT Yl L R R AN K R AL IR 7 R R 2T 4 B ik R 2 2 TR DT
Fi,  H B % R AR
1.4 EBIKBHEERARANE

5 TR T VA TE DA IO s 1) RN PV 0 H i R, AR A% G VR IR ) — B
R TE KMk . 0 T Ao — Bk, T AR, R T SRR
B SRR A BOR AN A A, B — R AT R DR Rk AR
R FIMAIRIERS B, YLK RN (TENG) BIHAMBRE I 251
B AR B AN 5 TS S5 B 51 R AT DGE AT 2 R ISR T A RO D R
K S BERE K R LS R GE ST R T MG &, P2 T 3 T AP 4RIR I BEHE YN
KRB, ARG AR HE T HURBEICEE R £ Thae AL T 2 i i v &, Jf
ISR % RE . etk WG, R, TERIRE RN ANEIEEI R, 45
(LR AR BRI R LAY R T AR iE 2, i BAER i, 2, $HELer, Him
H P RE T BE 2 2 BITCVE S R IR . (R, SR TR SAAR AT SRR EE B R 1 R
¥ 3 TS e N A i Bl e 5 HLEL A I8 KA 25 i (0 BE PR M oK R FELALES 2
RAT I — B o I BAR LT AR R BEER K R LR 3, T R FUASAL 1) 2%
BEEZD T2, RAGISUN THARE KAL) L EEBR K R BN AT 7010 25 — 2
5o DG SV HE BE R OK i FBLAA s 78 P (L R 2R 0 AT DX S 1k T 2 B
TR, SEIURFE SRR, A =2

BT UL EEHFR, AHIE T AT 4 (R S5 R R Rt A, il H & T A\ Ak
5 I LT YR BE SR AR R ML, B 2T AR BE R 0 KR LR B S35k R 5 40K
RN, WERFRAY, BAEFRNENT:

(1) ZAEILAF LR YT AR GOR K LI £ SR G S UL 5% [ il 2T o
PEFEGIR I B, Bevt A2 EL A 5 R 5 FEL I R PR 4T A Rk g 21 5 L AT T B
WL AMZ IS 2 BE R T AR MR R ORI, AR R AR R F LA
PR o Rt B il P o 5, SO B e oy AU N e A, AN 2SS
Fo DL BE H B A Rk S AR, I AR Seba i b S B A S OE R TR, @it
COMSOL Multiphysics X 1% [B] Fh 2T 4R EE B NK R ML T A BR T /0 #r s B
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B 5] AR RE R TR AR LA 23T, 455 22 S 3975 J R A v 0 B 40 A i 1)
ol R PRGN R AL LB R S L BE I AR AL o 30— 25 dl it 28 112 3l AL A
LM Z AL P 4E 3L TENG OB RE, TR 70 2 LA 0 4 o R %
AR IR AT H (1 5

(2) B £ 21 Y B BER AR R Bl 7E (1) [AIFhEF4RtR BEER YK R
FUEAL b, AR A I e B R AL & T2, SERRRU, fIRA . NE
15 A5 2 ST Y20 B2 UL TC IR 21 4R BE SR AR OK R FB B i 46 o g —20, B PP 1%
INEAE . IR 4EIR TENG (F-TENG) FIZME SIUA R REAT ST, Sih
i, Sy, HEER RS, BAERASHEITRT S HEMERRE . HELT
YR BE RGN OK e PN SE B LT e AR, 3 i A L BELRE 5 R B BELAEL, 43
TENG 1E At RE S0 bRl s W10 L F-TENG A B0 1) 4 2 230] 28 3
A, eI P e PR RE AR R I, SR M R IR R S AL

(3) LRYEBE RGN K BN ] FR ARG 7o RAE (D M () #
Iy LT 4ERE TENG %5, R A BEIR G 291 20N TR 77 X, # L
JS2FHAE V] 2 SAE, A B B e LB 27 o 5008 DL CHAR L7 oo i, #5Em] 57 3
RY0, IS AR IS B e W 5 Tl R
1.5 BlFT =

(1) ZBUERA 4R TENGs 14 2 197 HURR 1 X AR ELAE R AL

Rt 7 — I 2R SR P4 TENGs st LR IR RV T RGHT
FEor M AN RIS 2 18] TENGs % H R PEAIAE BLAE RS2 mapLE], B A i (]
TENGs ;& F ) R/ AR 2

(2) HUBALH] & 2T 4R TENGs M IhREAL SUYI4E ik

B2t — o BE il 2 AR SIS A i) 48 41 IR BE S AR oK R FB LR 2 dad
Gm 2R SEILRE 2P 2R — AR AU B, [ DABE B 2D RN LA P RE B T T g
(xzkyp
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£ 2T FEMEHITH R ERNR & BHLH & R RE

21518

P I AR 1 FL 152 2% 28 SN P 0 H R3S K, SR A% Gt BV (R BR il — B2
— Rk T IR PR, B, R T g AR R R S e
A AE A B T 2 SRR R I T BRI T S AR AP ] F RRR IR W AR R
o, BEEEAK K AL (TENG, Triboelectric Nanogenerator) [KlJLA4HIY Jr . 45k
{75 FSCAIC B HL 55 T s S A 34 M 5 AT TR B K S 3 1 R 40 Kk
WSS T EMGE A, P8 T T AYRIRI BB K AL, N RESi 4
PR TR IR RN 2 ThRE EL AR r, RIS OR AR T RIS . PR E R 2 i
JEF-6 . SR, B —IIZF4EIR TENG #84R F I 2 Be Al CAERR S, 72 e 1
FARRGE PRI, FCei A R RS2 B BRI

BT, T R AT EE R AR A FB LI R R DL A e L AR
A B R ASAR 14 7 kv —Fh B G R 25 (R AR 4R TENG . 12087 #0145 14 1
TENG B IR SEI T BEBEG K K HB LI B e AR A B i 7 B A AR (R — AN 12 3))
AR R, U R R P B . R 2T 4R TENG SV H 1 e
R — 3R 1% PR REREAT AR AT, TIF S (R b 465 K VT BB AT S e B R K
RAHL RS ERE, R RELT 4L TENG JFREHT 1 B2 .
2.2 SLEERSY
221 EKEMBENEE

(1) SEEb R}

2z (HAZ 0.1 mm); 3 H RS (Polydimethylsiloxane, f&#% PDMS,
Dow Corning ‘A 7], 45 Sylgard 184 ); FEXJ 4% — IR £ £ (Polyethylene glycol
terephthalate, f&if% PET, ¥i£z, B2 0.2mm); SHMEHK (P/O Jy3000H, il
W HZERTERARD: WEE-T - O3 EY) (Acrylonitrile Butadiene
Styrene, fFK ABS); W (r#rdl, LFEMAENBEARAT); Rl
(Polyamides, fi#% PA, E %, 70D/24F); T HETE (Nitrile, Bl#IEFF4ED

(2) SERAX

T R RN ZAHL CIRNTE RS, A5 KBL-90-12-1);  HLHvE I ok KUHL 4R
(DHG-9070A); i /it kds (EIgHERGH A AGEHIEA R 2 7 MYP19-2);
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b R (ProsKitPD301); ZetEHIHL (LinMot P01-23); ##HLTl (Keithley
6514); HL-FJiREH R (WDW-20); HZHEF (HD-E804-30AB); HL TR
S (HEERHA AT, HZK-FA2105); 3D fTEIHL (PEEK); AIASHiBHAE (L
AR TRIA R AR, ZX21, HEEEFERE 1Q-1000 MQ)

2.2.2 ML YR ERANK & B AR &

N T i [ il 5 ) 2T B R R NOK R FELNL, 23 il e 2 FH AR 2 CA PR ELA7:0.1
mm) FREIRK N PET H L2y P AR S Bt . %6 FH PDMS 1R A i = S
NARECE A e 7 59, SEBU AR R0 F e .

H—25, KIWSLH PET 265 B MWL 12 i T L, BEEE sl
¥ PET S22 T4 5 om KB LARUELF 4Rl b BORSE . SR, KB F8E NG 2R
B MR AL, TR B m SN AF5E F 110 PET 202k 5 % g il 75 358 45 JA
TR D RE 55 00, 58 U U N EDIR PET TN MEFE IN#4 2 200 °C,
WFIE] 2 he AP PRN PET S22 fivE 2, (AR TENG SO 20H R I ke
VS srE, BE=00, M SRR E RIREAE PET LALLM, 1E 60 CCHYE LR
T4 Ag@PET Hifl. 85, PDMS U5 Ag@PET & 3AE NHA BAIRY
HARTT54: K PDMS 1) A. B 415044 10:1 FFTR LIRS, 16 B2 B R
23 10 min, SR/5% Ag@PET A 3D FTEJ ABS BRHEIEM A S, ABS fiA
NEFETE, HAAE RIS FE T RIBEESE — 80 b5 PDMS . #ES5M5R
LSS AW RIGBNEFE, 7F 80 °C N {RIE 2 /N, PDMS 5e4[Elfh. ffa,
HIARAE IR, ZBRNER ABS SC# 2, 1984 414K 1 [F) 4 45 #) TENG.
IR, PR ABS MRHE af DU e S, w7 IR
N BRI+ 5 e W 22 (PA) LR GEEai ez |, HE 2 4R
N FRERVELE, AR TSR RIFOEE S Cu e b, R T aM T E R
I “FEze” MR,

FOCH A AR AR B B 2-1 s, P IR a N FIHZF4E5E TENG #h B SC
P2, YR b N AR SE IR .
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Braiding machine
Yarn

b

PA/Copper wire

K 2-1 [RIEZE A T YR AR K R LI ) 26 (a) AhAMR: (b)) IFELRK
Fig. 2-1 Preparation of coaxial fiber-based triboelectric nanogenerator; (a) The outer electrode; (b)
Inner electrode

223 S[HRIESMIK

NTHAE TENG 28(F M3t vERE, SR T RERIE LG A e AT
THETE . BT BELARHS TR RN & . JIN7E TENG #H4F L robliiz 2 i B kis
ANV, FOE S E =M ek g, BRIl TENG S RHInE Ay 0, LA
TRAN TSN VR o F % HE PR RE ELHE T 2% HLE (Voo - i FRLIAE (Tse)
A BT R B (Qsc) BT (Keithley 6514) Y&, JF i€ #l¥) LabVIEW
FEFFIE3% . K COMSOL Multiphysics H - 4 & FEIZ R HL 31T BR T 0T - i 7K
el 1 Je7E R N S BRI R R RE D ik 7, SR 5 K 21 4 5 R b 25 4
TENG JBN, BEEACK R AL TG 2, NN B SRK . B B b2 5l B B 320
B/ orEh, ERPESE 20 min, HUHE 60 CCHETIIRH AP RE.
2.2.4 [EIMEEMLTH B EEEGK & B TIEE AR RIE

N1 AR AR UT [FAhZ5 M 4T 4E 5L TENG W%t VEREEAT s, AT
PRI LA BT 3L R4 4R TENG Hufi H (R 5200, ARSI R A R 1 2-2 11
MR, 7ELRME M & B THEFE (Nitile) F- TR R 5 1 T8¢
KMR¥Efk TENG #2348, JK TENG ZHFGERIMR b, Bl -5 R ) 2 5 ok
7E TENG @ fHH) TAERE . Hory, Sim D46 RE B 444 5 mm, EPNG& TENG #34F
G B g oy B AR 2 g WA BE B A 23 mm, 26 1EBE B P44 5 mm B Nitrile
WSl TENG #4F (Z s s il TAERE R o B B R4AR 23 mm B 56 42 4%
RS AR U A A A, BB A AR =X S e 20 B AR BN . A &
2-2 fiR . TELRME NI E A1 B HIg s th 2 R % sk dl, sRiRis s
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R BT TR 2351 9 500, 250 AT 125 ms, 43 HXT AT IRAZER 1, 2 fil 3 Hz.

Nitrile

1mm
(a)Contact separation mode

2 mm N

Acrylic

Nitrile

1mm Ty
}& P (b) Single-electrode mode

Acrylic

Nitrile

1mm "
}w (¢) All mode
23mm

Acrylic

Kl 2-2 AR TAE T TENG 2R RE B () B3zt (o) Bl (o 4
B
Fig. 2-2 Schematic diagram of TENG device testing under different working conditions; (a)
Contact separation mode; (b) Single-electrode mode; (c) All mode
23 BRE5WIE
2.3.1 [El5MEEMLTHE B EREAK & B S S MM E
K 2-3 g 2N % [F)%h TENG 48078 v, (a-b) O PET H.22 [ 423

BE MU, 7EHE M5 I B 2 W N MR E P S B A, % AN
SRR G HE Ag A, B 2-3 (c-d) NREE R PRI %, PA 22 1E
NHIEMRGRAM R AESHE Cu £ (PA@QCW, 58 i H it
PDMS fEE RN EHEfb 70 55, SCBUBE R L, TR TARNLEAE 232 T éd. —
AR [R) B TENG 41240 B 2-4 Fros , s e bs -~ R A1 4% 09 5 mm,
PDMS ZNAE7E PET 242 F, HEFEN 1 mm.
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TRCTRER AR 22 A 18 5

Bl 2-3 2 2L 3% [l TENG # APRHERE; (a-b) ZZd PET FPEE5EH1%; (c-d) WJZ
PA@Cu HLHl
Fig. 2-3 Preparation process of coaxial TENG part materials by braiding machine; (a-b)

Preparation of braided PET hollow skeleton; (c-d) The inner PA@Cu electrode

& 2-4 [Fl%l TENG 412 PET@Ag@PDMS [ HL 114

Fig. 2-4 Electronic picture of the outer layer of a coaxial TENG PET@Ag@PDMS

A T2 R PET PO RS 1 m I S e IR T 1% A4 454 TENG
MR EINPERES), 206 %P, 78 TENG AGS RS, AEE PET 5242 LK
PDMS ZE g s stk I S ae 7). Bl 2-5 W T ANFEEE PDMS 21
JI-BrRE k. SRURSE R, KH PDMS 2 —2% 4 PET ‘B 285 A5 5 52
SRR, RISZ S RA MG R, (H2HMERE k ERN (1.38, Kl 2-5
b-¢). M 24 PDMS 58 B8 1 mm i, FA44 8 -0 4 it 47T LA & A F =7.92Ah,
RIS ) e 8 e it (18 2-5d). {HBE4 PDMS 25 B4k St8n, 1EHAEE T
FERANER AN BEN R, HIEFT 2 PDMS AR wRE, R
KFBCRTE R b Iy 1) HoAth 77 17 23 B

2-5 e 4 10000 X 46-BETAEIA Ja 57 4, [Rl%h TENG 598 & B
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FEMIATEIE . O 1Rt BRI H UM RERIARE M, 7E 0.5 ~ 20 mm/min Vi
Pt TENG Jt IAS ] RIS 728, an 8] 2-5 £ s, RIVEEAE PRI IS /R R
A%l TENG 53 I A2 E A e s s v ot CPERCREED K {E09 7.83). IAIIE, 1%
SR BLTHIR T [F % TENG DR RONUIRIERE, & B i R A 0 F g AN 28 10 5
QS AN PR e lE

C
—— PET with Imm PDMS | 20 PET with Imm PDMS
PET with 1.2mm PDMS / Fiting curvel
——PET with 1.5Smm PDMS 154 PET skeleton
PET skeleton /4 A Fiting curve2
Z 10l
R F=7.92495Ah
5
04 F=1.38471Ah
0.0 0.5 1.0 15 2.0 00 05 1.0 15 20 25 3.0
Ah(mm) Ah(mm)
d (ST - S f
20y THT press v Release 7.81 PE: Wlt7 sllmm PsDM7 78 783 154 0’? lfnm/mm
Fiting curve g 81 A s 7T p — Fitting curve
15 e 121
A "é 6 .
€ 10 z Z
= . g 4 6
5 & Slope k=7.80535
F=1.51183Ah =2 34 Coefficient of determination
0 R2=0.99902
0 01
00 05 10 15 20 25 3.0 0.5 1 2 5 10 20 0:0 0:5 1:0 1:5 2:0
Ah(mm) Pressure rate (mm/min) Ah (mm)

Kl 2-5 (a) SUAYSATERIE M TENG ZHZELL: (b-c) AN[F PDMS SRS /) F MIAL# Ah
Mkt () 28 10000 KAGHEAE-BEiUE TENG B SE BB PERR IO IE; (e AR
FORH SRR, (O EJ7E 0N 0.5 mm/min [ F-Ah RS 2k
Fig. 2-5. (a) The analogy between typical springs and F-TENG; (b-c) Comparison of force F and
displacement Ah curves of different PDMS thicknesses; (d) Reversibility characterization of the F-
TENG during the 10000th press-release cycle; (e) The elasticity modulus under different pressure
rates; (f) The fitting curve at the pressure rate of 0.5 mm/min

2.3.2 [EIHEEHIAYE B RN & BB TAEHIE

il 25 Al Ah 25 1) TENG A5 A RE S AR, BV BR e SR G i T 3 ik
A, T R AN RN, B AR U AR ML N ] 2-6 a PR,
HATHETE (Nitrile) I THAUTEAKY) S TENG asfF i/ 7> SidiE . Bk
K, 3 Nitrile M14hZ PDMS AH ELEEAbE,  ZEREAd PR b A4 10 H far 5 #8 O F
LB PR . BRIk, FEHLIAN Ag HIARZ [RIANAFAE R . AR R 7 1| 3%
A A1, Nitrile 758 5% 3545 1E 77, 1 PDMS g4 it ik, 4 &0
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I, PR RHE H R0 A4 T S E M i, IR BT Nitrile A1 PDMS [H 47
I 2R, (R H Al 23 B AR v 7 2R 1) S P Ay BB A% 152 B BRI 18] o 7E Nitrile A1
PDMS HIE /B IIFER, BT E NS, Ag RS IE AT, Wi, Ag 2
FIT 7= A (0 T FLART ZE M0 P B o P A b TR 2 IR A FE B 22, TP AR . — B
Nitrile FHAFEIT PDMS 2, BEE B/ NRHE Nitrile 3R15 H0 Ag RO = 1 FELFS
MRS 43 B A 7= A S ] LA 5

e B A 2 B U TR IR FEAN ] 2-6 b Fio. FEZIEUL R, Nitrile 1545
SbJE PDMS {RFFHEEAL, DB e, Ag =5l 2 0] [FRESCA LA 22,
ifi [A] % TENG P2/ PDMS 5 PA@Cu HIFRA #efih 7y B id f2 . 5 5 B 20k
tl, 24 PDMS JZ5 PA FPRHZMES, #5H — Dk, MR, PA ENZRG—
ANIEHAT. Ag RS PA BB MRAZ 7 B J5, R HUB R A A SR LA o H
TR RAAT AR A AR R AR 2R 2 7). [z, HRAL 2NN, EIREA
i Hh A 8 B Ak e R R IR

+++++

Nitrile s PDMS Ag PA I cu

Bl 2-6 (a) PR BER A ALEE; (b)) T B Hfh 7 Bt U BE 450K L T /R B
Fig.2-6 (a) The working mechanism of F-TENG in single-electrode mode. (b) The working
mechanism of F-TENG in vertical contact-separation mode

IbAh, T COMSOL Multiphysics 7 FR JG /3 HT (BRI HE 8S t mT DA RE LA |
P T AR AR A2 R Y ] 2-7 a-b o, SRR B B i RE 0 2
FET B RTEEAN 0, NGRS, R e B Rt . BT s
F PR [E RO AT EARRE T B AR RO i 2-8 PR, PP B
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FI7E 3 B, BT T =0 AR 73 BIRES o HL T 3 Bk S S SR A A R 22 1
PUE L, PIEEf] s bk, HmAE RS LILn, ENNETrsEE,
L7 DO R H M 21 55— R

v x10"
a Compressed(contact) i

o8

04

@ ]
o

oz

B2-7 (o) i s IRITH; (o) Hefih i B A R i
Fig.2-7 (a) The finite element simulation of single-electrode model; (b) The finite element

simulation of contact separation mode

Separated

Kl 2-8 LT AP
Fig.2-8 An electron-cloud-potential-well model for explaining electron transference
2.3.3 [ElMELT 4 EEROK L BA BRI A
2-9 Jy[E%l TENG # {4 7E 5o A AR ORI e fid 43 B A5 1) i s 1k g, 0
FEIFERHIE (Voo). FEEHIR (Isc) FIELEEATHE (Qsc), BHLRIZZ) BT
B FARR M AAAIZ S, SRIEEAN 1-3 Hzo EHRHEMBA T, Voo Ml Qsc JL
FOREHEE , 43508 9.2V H15.99 nC. 453 M 1 Hz 341 3 Hz I, Isc A 0.037
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uA HEINE] 0.105 pA. TEEAm S BN, Isc M 0.0879 pA HENE] 0.185 pA, Voc
A Qsc 7 BIRFFAE 12.8 V F1 3.64nC. S TENG %ir Hi 5 5005 40 5 A8 fb ] LA
FH 50 40 BRSVRI 22 w7 A0 7 Lt 2R AR AR 30 2 v DA R V-Q-x K
ES

Horbr O ERE LT, x AR BEERE . d. Sv e 70N BEEE A B R
FE. AR EARAAXS S U . eo AR HEL, o MR EE. B
7E X RRE IR BA NN X THE R L, T KA AT G

_ Sox(1) (2-2)
g-i—x(t)
&
d d
o _ Sa; i SO‘;V(I)

(2-3)

a (‘S’H(z)f @ (jﬂ(t)jz

Horbr v N EEBEGUR RN LS B E A WURGZ B, AT PR B4 H UGS
IR [ € B ve) A2, TENG %t R FRIR K /IMESE T i Ais s,
O A S PRI N o b AR I o ) ) ) Al g A PR AR S AF A, HL
P BEBR AR LI — SRV RL R,

a
0.11 1Hz 3Hz b 1Hz 3Hz C 1Hz
124 6
< 2 8 € 4
= 00 g =z
~ ~ 4 Q2
0.1 0 0
Time(s) Time (s) Time(s)
d e f
0.2{ 1Hz Hz 1Hz 3Hz 41
» |
N 8/ ~ W
e §4 % 2
) 1 Al
=02
0 01 “
0 ] ‘ ' ' : : : 9
Time (s) Time(s) Time (s)

Kl 2-9 [l TENG 7EAN A TAEBL AT MBI T dBHt; (a-c) Iscn Voc Fil Qsc fEHH



SRR R A7 183

ARy st s (d-) Tsev Vo M1 Qsc 7E #5732 AR 2 A i A L

Fig. 2-9 Electrical output of the coaxial TENG in different working modes and loading

frequencies; (a-c) Electrical output of Isc, Voc and Qsc in single-electrode mode; (d-f) Electrical
output of Isc, Voc, and Qsc in contact-separation mode
2.3.4 [EIMEEMLTH B EEGK L B TIEEX BRI

ARSI K R P 2T 45 TENG A5 UE SEAAAE ML I TARRE, T
PR A 7 — R R e A X (B A R X+ B 70 B AR 2D . Dy T B Bt
X TR TENG as et G 2k, s 120 <. anf&l 2-10 a-c o,
Voc M Qsc 73714975 26.6 V F1 12.84 nC, HNUIMZRTE 3 Hz B 40 8% FIRIA B 5K
0.272 pA. Kl 2-10d DIEARETE A LA 1 s — A R A =U7E [ — A% 1 (1
Hz) (% B . FAURT R, 45 B I A A =y H 1 e D o v A A AN 4 i
Gy BRI T o Dy T ik — 2B A g A ) A L R BE TR B LA AN B B A
RIRH T B, S0 36 T 42 ] wsh P8 R A FEUL 1 32 3 it 2 DU G B — AR A S H it
WOk R . HSRIRRCE VN, 2.2.4 77, B 233 0-18 mm, 4
BN 0-23 mm - (& 2-10 ).

FEA RS 5 N TENG #3+4F, FTEUR IR Isc AR 8 — TARRAE — A
183 JE S N AEAE AN T TR A S FR , A UAE — AN e BBl R N B DUAS RS
To WK 2-10 e fian, LABUR RIS HIRAE S A R B Jyffl, FLAEI s 1A B
9100 ms. R4 2-10 g 2t HLIZ SIS, A IR H IR PA HitlkS
PDMS W53 85 S8, BB 7y BT 46 TAE - B S Isc )y, 75 100 ms J&
HIL B U, ‘& %7 PDMS Ml Nitrile (1973 B0 Z1, I8 B AR A8 O 46 TAE .
Ry, HIRIEE A A B Z (AR B A N N LIZ B b, BIAR RN RS A
(114, 21.5) FI B (214, 18), TESEFr FMAEMEEE AN 3.5 mm, Sl &)
5% TENG ) PMDS WJZ5 PA HIMREEE —8L, HPLF4EdE[EHh45H TENG K4
PRI 7= AR T 5 20 R R S T, HE IR S A S T A A
— PEERAK R ML AR

NARI— B Z LR P AR ISR A OL 5, TN G M e vt-fd e 41 4
TENG % tEPERE I PIAT 1, 38 2-1 LU T ARG L AR, wTRURIN, 1R BE
AR, B 2BRIF A TENG Rfm e 54, Renl 2t i
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BRI AL B Fa AT Fe A% B, BE— D UESE T AESE A = T BT 4 i AT R R R R K

N N
RN EEE L.
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a 034 1Hz Hz 3Hz b30. 1Hz Z‘II‘/ ‘ 3Hz 154 1Hz 2Hz 3Hz
02) | ‘ [1] 254 ’ﬂ\ ” p 121
~ 01] 204 i \ S ol
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0.12 g ~' .0.06
s . 100 ms
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Time(s)
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1mm 30:
| \Smm % A(114,21.5)
20 (214,18)
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23mm
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199 = 23c0s (L) N
5:

Kl 2-10 (a-c) [Alfl TENG fEAFINURIZIAE (1-3 Hz) TRMHH GRS, O (@
Iscv (b) Voc 1 (¢) Qsc; (d) 1 Hz BANFE CAER M E R RELL RS (o) R Isc I
JREBON 4 s (F) i R IR (o) LRMIEHNLIESIPT R E, Bikhr

NI TE], AR YA E
Fig. 2-10 (a-c) Electrical output performance of the coaxial TENG at different mechanical motion
frequencies (1-3 Hz), including (a) Isc, (b) Voc, and (¢) Qsc; (d) Comparison of output
performance of different operating modes at 1Hz; (e) The partial magnification curve of Isc of all-
process mode; (f) Test conditions for full-mode output performance; (g) The position-time curve

of the linear motor, and the horizontal coordinate is time and the vertical coordinate is position
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*® 2-1 MR TARHR

Table 2-1 The comparison of relative works

TENG  SCHRMT! G R RS AT AE
Steel Core: Core:
el Ag; Ag@PA,; rubber: PU/CNTs/DS PA@Cu
PDMS PVDF LaTeX, Sheath: Sheath:
rGO/PDMS  Ag@PET/PDMS
TAE LSRN X . L B/ B
B o FEM B B E R
B s AR
FALE I X
(5H2) HLEE(3Hz)
Tsc:2.9pA:; Isc:0.1pA;
Voéi66§_ Voc:9.2V; Qsc:
Qsc: 7.3nC 5.99nC
3Hz 1Hz e
2 (3H
i Hh Isc:120nA;  Lsci25nA; ?zw_ %@gi@ﬂ
) : ) . Asct U ; sc:U. ;
PERE %M%%“%iﬁﬁjvméﬁ§ Voc:l0V  Voc:12.8V: Qsc:
(5Hz s 85nC Qsci6n 3.64nC
Isc:0.4pA;
Voc:1.6V; .
Qsc:3.2nC £ H(3H)
o Isc: 0.27pA; Voc:
26.6V; Qsc:
12.8nC

B0 [ b 2 R 2T A R SR K O FB L AR R S AR RS SR IE , ) DA 3 e

A TENG #4410 TAENLEE, Wil 2-11 Fros.

A BRE A, R

TENG WRIREE P27y B AN S e A by fh AR el dth, 78 B — 0 B B RS 5
F, BT HE R Ag RN, MAEZEIEE, BN Cu &ishsE AgZ. 1
P o T A ) R e RS S AR (1 T R AR RIS i A 1K, LI A0 P it o T
A2, Bk, iR TARPLE AT LAERS TENG #8AF I 7[Rl &0, A eE
Y (AN a7 S R R G
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Nitrile s PDMS

Kl 2-11 4xA G [)%h TENG TAEHLEE
Fig. 2-11 The working mechanism of coaxial TENG in All-process mode

2.3.5 [EIMEELT o4 B ERE K A BRI SE A M &8

[R5l TENG 1A/ Re i, HAE bR R i ¥t 806e 77120 Gk . AR sk
FF) B B T A R PELAR U 5 L A rL R BELE, XA RIBEAE RS TENG i i ) o A H
WIS, AR 1 Q F 1000 MQ, 1k 2-12 FiR. HRIE TR E
2, TENG % H o it il 5 18 47 28k i BELISG 0 i 1 B, T 8 A4 10 i b 0 2 0
S . Rk, MoMER 7 E R 300 MQ B, R H 20 (W =Tpea R)
BB KA 4.47 pWIT,

a 0.22 o b 5
—9-0—0—o__
0.21 —o—o_ 4]
~ \§~§ -~
< ]
2020 N\ %,
§ 0.19 g
£ 0.181 £ 2
1}
0.17- ‘ 1
0.16 §
0
1 10 100 1000 1 10 100 1000
Resistence (MQ) Resistence (MQ)

Kl 2-12 [A)%h TENG Az BB S R BRI SR (b) SEbrfth DhZ HAME M B R
Fig. 2-12 Relationship between the external load resistance of coaxial TENG and voltage and
current; (b) Relationship between actual output power and external load

TENG #4422 WIS 71 B SE 30 s e dar i, DR bk R P 128 e s R B s fd
TESTHITERE. Bl 2-13 a JEoR TAEANAE Hi1E 40~ A%l TENG HH<mi, W]
DAEH, 7EL I 90°F1 180°F, TENG [ Voc Isc F1 Qsc 54 b A —,
FIFE, ELMEiEsh syl kT 2R 10000 KHULBIERNIR)S, [Ffl TENG 1
HL U R RE AT R (18] 2-130) 0 M, &P Z A G, TENG Hofath FR
GG, HIFEK TRy PDMS FEROU R B RPHBERE R (&1 2-13 b A4
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B PR YER BN K LA A AR 72 A 3 2 A g T A

VENET YRR [ BER AR R AR, TR R RE R AR 5 225 18 . B I BRI
FEIAEL, MREL 20 JOKVE R R ERE, Wil 2-13 ¢ s, RRRBLBEE
JE B RS R IR St SR P — BN ) AP R R (I 2-13 ¢ A RO e e B v
TEIFAT 6 s B8] X 8] AT HL T AR FRLALAS 5D, A RR W [l TENG
FEVRES AT JE S L s AR AANAR, LR D R] AL SR P AR AR A4 3T PDMS
JZRENEFE 70 PRI TENG a3 HE 3 HLIE RS, SR ALRE S KRR

0 9 180 0 80 10080 10160
Bending angle (°) Time(s)

e 009 0 ¢ o 000000 4 o o

12345678 910111213 14151617 18 19 20
Washing times
2-13  (a) TENG ZEAFZ i A R At (b) 10000 X AMERNA: (¢) TENG
FERBADIAEE T i 7K Bl ik
Fig. 2-13 (a) Electrical output of the TENG at different bending angles; (b) The real-time current
output of 10000 cycles durability tests; (c) Washable test of TENG under simulated environment
TERN—FRe EUESEE, Ffl TENG 7= 1 B R TR B g A R IS (F 45
UM TR . SEREN K] 2-14 a BRI TENG ARk E S0 NE
PiH, WK RS, KB 2-14 b N[FE%H TENG 25 7l f 25 233t e sk
foil, @I WLk 7 7E FHTE TENG #84F br=A: Hafe, 40 Bt ha i A 208 10 uF A1 22
uF BT A HERZR 1.5V, FRHNTE 8 71 f 117 s. B 2-14 b &N
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[E)%l TENG S HFFRIEH, IS T 4F4E3E TENG 15N B L B 5E TR 2844 1) 5K
e, NS EN] FRA G I E K.
a b 1.5

~ 1.2
>

—22)F

1 3 0.9
— I 8
S 0.6-

0.3

/e 0.0-

0 20 40 60 80 100 120
Time(s)

Kl 2-14 (a) A% TENG F# R (b) JEid TENG N AR, Ryl
TFE
Fig. 2-14 (a) Rectifier circuit of coaxial TENG; (b) Charging a commercial capacitor via the
TENG, illustrated as lighting up an electronic watch
24 KRB

AR B T SR AR B T 46 ) 5 W) P 47 2 BE AR AR oK R L, AN E
PDMS@Ag@PET, WJZHN PA@Cu, FIfR45iUWITF:

(D WA TZWT TR TENG Lr AL tEge, @it iiiEn Bz
PDMS (15 FE R LA AU R AT G i S 5838 e A, K32 — 5 IR 44 [ i e A 4
FEVIURTERE ;

(2) [Fl%h TENG H & =M EEB GO AL TAER, A4 ik,
Py BRI, o, A0y —A> e RS iR vh ST R R R e o 7
&

(3) JE T2 LIS S RIS [F) TAERE QMRS T #E 2,  SeBiont At
(RIS AT, IE 1% TARRE AL SC L TENG B — B0, ML it 2
PRARE e A T e

(4) Jiril o ) o) A BAT B e ) P U PR AR, 7E 3Hz WU B, JF
PEHLE Vo N 26.6 V, HIEEHLIA Isc N 0.272 pA, FEEATHEE Qsc N 12.84
nC. [FRF, P& M4l TENG #4F b foe, EARDHMAE. Kk
FOMUOE AR JE T R R FRse i VRN REVR LR 3L B, JLREME el 738 - an sl
AR H T TRt
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B3 F EEWNERTHEEEENR L BHIE A ERE

315|185

] 5 1) BE R oK R FLIE R LA 97 4t R AR, Hl 1 B PR 2 B0 4R
RGBT 3 2 0 DAE PR TEAR R A HUE 3l DR k44 4450
f¥] TENG 56 MRl 44, Si8Um MR T, Bidgis. 4415 T
77 LI KTHIAR PRI G AR o RIS, Tk 4% S T 20 R R M K L
W FCH A T G5 G300 LR IR 41 2 i BE AR AR oK R PO OB o TE 3 — 3 LR IE S
Rl 251 TENG A A T3 mar i i S e, (H ) & 07 sCPR ) s i
A, BAERGI SN TR ATRMS, F4EmEAd R, RN TR,

BT, AR R IELERLIER, LI/ EAR LT YRR BEE AR R ALY
B A% . 20, WUE T HIl & 4P 4E 5 TENG PRI RE . 5 s Rk
R MR H S B, I DA S A 245 ) TENG 2845, 4l s fak 7,
SR ER DY AT 2R SRS P B4 E B
3.2 KIRERSY
3.2.1 EBMRENER

(1) SEEp Rl

PEARARL (T0D/24F); & WE (Polyurethane, fEiFK PU. E4% 0.1mm); %

eI

Pk (Polyamides, f#% PA, 5 22, 70D/24F ) ; BXF 7K — HlR 2. W (Polyethylene
glycol terephthalate, fii#% PET, W#EIED

(2) SERAX AR

BUZGANL FRMIERE, KBL-24-20-140); i/ HERS CEHEAFSURI X
RHBERBRAF MYP19-2); #F#hr K (Pros Kit PD301); i HLAL (LinMot
P01-23); #iHLil (Keithley 6514); HL-F/ReH 1RGN (WDW-20); 2D {H
% (&, WDW-005); mIAZHBHAE ( Bl AREH TR AR AR, ZX21, HFH
WATYERE 1. Q-1000 MQ)
322 NERFHEEEEPR L BNESILHIE

N T RS &N BRI PR R L (JEFIFR F-TENG), i&w

Rl (PU) ERNFXZRmENAESE, AR s 2 B R
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P, FT F-TENG . S HMEHEF 70D/24F PERERE Y, NsbfkhE A e
. ok, GHI PUSKREBSRER T L, @k ERAE I EHRE
R WSEAEImGNLEE T L, FEE RSN b TAERE, AP 8o i
EERISI £ ERE . TERA TR, B 2 [0 12 30 R TR D g SerE
OB RS — EO5REH (Ag@PU). FEE, PA 27E Ag@PU Ji BIAZ 4 1k
B, mAK PA@Ag@PU ) F-TENG, #]&idfen & B K 3-1 i,

ST oo v 00 S s

|\ Ag@PU fiber

e

_N
PU fiber

Wrist support

v Wearable
v/ Stretchable
v Self power
v Recognition

o, SOCKS

PA@Ag@PU fiber

Customizable Textiles

Kl 3-1 /NERLYES: TENG il &7 s K
Fig. 3-1 Schematic diagram of preparation of small diameter fiber-based TENG

3.2.3 S|RHERIESNR

F-TENG [#)-5 fPE th s FH VRO, il 2o 5 IR & F-TENG Bk ek
JHTC % J B A5 28 I 2D 2 R A AR s 27 4 BER IR R FL AR R AE 5 I
2237, AFESRAER. BRI BKSENA AR o, # s BT
i I B — R BN 4 - AT AL, TR BRI eR L AR T SRR BE A AR
(Generalized gradient approximation, GGA )" i Perdew-Burke-Ernzerhof (PBE)
BEIIAH. MR T 107 eV B, YN TFREE A, NN/ T 0.05
eV/A I, LA AL 2 W
3.3 GR5R
3.3.1 NERFHEEENK L BN BIR SR

Kl 3-2 AgLWLEI& F-TENG #HFHHBTE A, TUERLF4EEAICN 1
mm, H#EHERT PA@QAg@PU MR & 451 . BILgmPWLHRmEUI e, K g
BYUK R BN S HZE Ag FIHZE PA RIREEAEFMER PU £ 1, %71k
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WT%@%ﬁ%ﬁ@ﬁﬂ#kﬁmm&@ﬁﬂﬁiﬁ

P 3-2 F-TENG (1 H 7 & A
Fig. 3-2 Electronic picture of the F-TENG
K 3-3 a S N —B F-TENG asfFS i, 4745 eGSR a B, 1
G5 SRR SR Wy 20 I S 210 7 B DD &N ELAR . MR R 2T 460 TENG, R
N LG 23 BRI H2 o EAR G 23 DR LR 20 A PA S3MEAR VDN, (B E AE S ) 20 (PUD
(R BT A T R 3B )2, b ZRpl R R, PU IR S AR T I8 52 3™ M BR )
Ktk F-TENG fEZ&AJET7 M R 4% 1 — @ st = ae /. W& 3-3 b fros, F-
TENG M 10 cm H7ff1 % 17 cm, SAPEMAEZAIER] 70%. #t—F, F-TENG Eid4f
2L 77 Al 46 Bk AR, GiB 3-3 ¢ FivR. G, BEIRAUK R LA 4
Giggitty, FHHE R —FE R, BT

3-3 (a) F-TENG JEAEH T 75 (b) F-TENG :if#iiJa; (¢) F-TENG 53 54 il # ik
TR0 o
Fig. 3-3 (a) Electronic image of F-TENG deformation; (b) Before and after F-TENG stretching;
(c) F-TENG was prepared into sock and wristband, respectively
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LR TENG NI BE 2 LR 1 G bs, 18] 3-4a #3181 F-TENG 1)
SEPEREME, TERCKBMERIR (70%) THRFRHAAN SIKE R 45REKH, NJJ
7E 30% ~ 60%Z [AII, it [a] i 25 5 i ith 2R CRFFECAF IR 1R 25, $ERH1% F-TENG A
A REFISATERIE RE 77, BEMB VLRGN R REETR AR IE o #E— P AE 50% M1 R AR
N HLARFIRE 500 YH TR ZT 4 5L F-TENG iR 55 MR, il 3-4 b i
N, FIEEARASAIES 500 AR AR H 3% 0] 52 2870351 9 97.96% A1 93.88%, 5
PESR AR, GESE AR T AU e

a 30 % b 200 t th
400 =5
gg 2 100th  — 200th
300 60 % 150+ 300th — 400th
—~ 4 —~ 500th
3 g
g 200 § 100+ Z?;:;recovew rate:
g &
100+ 50 93.88 %
0 10 20 30 40 50 60 0 10 20 30 40 50
Strain (%) Strain (%)

B34 () AFERAT F-TENG BN /J-NA2 26 S #-# 82k (b) F-TENG f£ 50%
[ 5 BEAZ T K 500 IAEIARE A7 -8 45 Hh 28
Fig. 3-4 (a) Stress-strain curve and load-unloading curve of F-TENG under different strains; (b)

500-cycle stress-loading and unloading curve of F-TENG under 50% fixed strain

3.3.2 NERFHEEEBPNKL B SEIRBR

Fed 5 [ HL 3 R S ) B R A oK R L2 AP I P 1 LR e MR AT P o AR EE 2R
TELTAEADRE 01 2 % [ F P el 3 2 R BBk 1 (1 . F-TENG 15 H1 2 R R R 28
BELLER AL, Horh Ag I I URE 1R 1 B ARAH BLE SR Y il — A AR ELZEHE (1
2% o ARSI VPSR . B FIHL I S5 F-TENG (1 B BE R VEAl g 2R LD 2 1 5
FE A E M. B 3-5a WA F-TENG MWIEEIRA E R0 HEAE 70%H ) #L BH
LA, F-TENG FIHIGEH N 0.28 Q/em, BE#E F-TENG £F4EK & 5 a3,
HA AR LA, BIZERAFIE AR IR LA N AL F-TENG Wi
M. [FFE, F-TENG &K J10f, HBHARLZREEA N 0, Wl 3-5b Fiow, i
£ F-TENG [1JJE 1M 0 ] 1000 go MZEEEMIH (B 3-5¢), B8 B 3G,
24 5: F-TENG [IFRAE fis/h . FRF T RE R AE eI R rh, SR
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Lk LAY, HI A B R, 45 F-TENG i fHFEIK.

a 100 b 100 C —
3 0 AA
%0 80 -20 =a
s 8 . 60 o -40 -
o H [+4 N
> S Pressin
S 40 2 40 9 2 -60 &
Stretchin -80 _—
- / 9 20 ' 1 Twisting
R,=0.28 Q/cm -100 ? AAA
0 0{ @0 © @ ° 120
0 20 40 60 80 0 300 600 900 1200 0 5 10 15 20
Strain (%) Weight (g) Turns (cycles)

K 3-5 (a) F-TENG $ufiiif EHAEILE; (b) F-TENG %2k /70t AR b3 (o) F-
TENG Ji& i i p AL 2
Fig. 3-5 (a) Resistance change rate of F-TENG during stretching; (b) Resistance change rate of F-
TENG under pressure; (c) Resistance change rate of F-TENG during twisting

N T HEAFP) TENG S HEH & INEIFRRmA T ZHI A, T
SMAFRE MBI EA (gEse, FRgT2MmLD, WK 3-6 Prs. RE (D
AURZS (D 7350 MATIRIRS MRS . B 3-6 a 9 WLHIZESE 3 HLH
1o ALTYEG IR, SHRADP AR, D2 BT BN 2 R R
HI/N P R FEAJIRIRES TS, SRRSO T di G be T, 5 30 PEAR T fip
R oAt i) 2T B BB HE AN E] 3-6 b Frosi g2 T2, % LEAE
LFYEEEMT R h AR IS R AR S R T B, BRI T 38 7 1) B R T ) B 32 2R
WIS A R B BE BT SE IR, AR H P E AT (R=pL/S, p N RE, L
NEBAKE, S B TFRFE KD . EhiiiEER, L EBUERR R, TxT4
RECEAS LR S, S S, Bt ReFE KT Rue MEZT, AL
(1T PR RS2 e J18AE 5| J1BISZ A /N o X T AR5 I S H N 4%, AR BH AT A
BIERWE 3-6 ¢ s — RV ILEREK /NG, TERE HIFERE Y . RER
AN BTG H BB Z AR TR AR (RS2 AN [E], {H g 23 0 25 v () B T S B OR R ANAR . HLS
IEPHAEEEARAAR, XM T F-TENG fEh A& J/EH T BA BN RHAR L
. K, F-TENG K9S 1) S M 28 T DUY B 2RIa s I 5t T S Ah A€ 1
R far AR5, DRIE T AT 28 SO I AR 2 S NS B s 45 S5 8 FH T 5 R ) R B A
i Y ANE R AR
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e | A .
= Y .-
! I ! 1 ! i
1 R ' \ 1 Ly \
N e L
R,=2R+R/2 R,=4R Ri=pLi/S;  Ry=pL,/S, R, =N*Unityl R, =N+*Unity2
Ri<Ry Ry <Ry R, =~ R,

Kl 3-6 —Fhifil & S HUEESER, (a) %58 (b) FAfhiZZ; (o) i
Fig. 3-6 Three kinds of conductive path model; (a) Winding; (b) Coaxial spinning; (c) Braiding
333 NERAHEEEZEMNK A B TIEN IR 60 H 15

FIH F-TENG Wt g & ANC AL RS T2 2 T BEBE s g oK R FB LI AL, 1
HUHIAE & T Bz ol fURI S U (52 . F-TENG [ TAEJEE I 3-7 Bk, &
TR, &S] F-TENG BmAXEBNGT A, 5 HARRYANAR 1)l
SERZ, RIS L 6 8 F WG B PET 38011 sy 1 S 40 S A 5¢ 1471,

Hi T PA ZF4E B TESRIMIRAF T I0RE /), RIL PA RINAE S IEH, sk
[ PET W25 Zyits Sr . i 55— JE U5 PET A PA 40 T IO ER LB T LA
BAFX — W A0, a1 3-7a fivn, PET 40 T EABAKM T2 EHyy (Bt
R, AT ROV EEE AR R PA 200 W — M B R AR
PR e B ORI v 5 AN 2L 6 1 JA B X ke |l T P SRR USR], 7E i
I FEH LT PA #5855 PET, #E PA Al PET b3 577 A5 5 B 1) 1 FL A Rl A7 LA
B0V, W% PET #EA PA 2, SRR A MM T REEATHE, (4 H a1 M
[HHEN Ag Bifl. 4 PET Sgiln BE B AR PA I, SRB) S ml dLi (&l 3-7 b
UEAh, FETA IR IT AT BRI A S HE FIR PR AR A BRI A8 i, G ]
3-7c¢ fin, TEEA B )5, PA R PET R4 T S, HBEE > SE AR
R, BB ZESGIN AR Z T b, FELF 2 B B Y [E) R mT DR e T R R i 7,

ZM2.3.2 95,
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PA6 (CsH1:NO)n

Kl 3-7 (a) PET #1 PA HIEFREFSEL: (b) TAER 7R B (o) TARRA R
M
Figure 3-7 (a) Electrostatic potential diagram of PET and PA; (b) Schematic diagram of electron
transfer at work; (c) Finite element simulation of working mode
2P 4EHL F-TENG H%a t re itk gel il an & 3-8 pows, G& P HE (Voe). A

B HR (TIsc) A AR 58 (Qsc)o 18I #28 1| 2- M AL 13z 2 il 26 SE AN [7] 7Y
EAb A, IR T F-TENG 4t RORE . fE3R 1~5 Hz I, F-TENG 4
HH P R R R AN, R RN 18V, LT EGRE RN 6 nCo RHEK FRII
BEE AR AN N, 7E 1 Hz BN 0.07 pA, 5 Hz i EFHA 027 pA. Eik F-
TENG [HASHIHMEREFREAT & — K TENG S8R, 7T LU b e BRI 22
TR AR AR, HESE RS 223 354K (2-D), (2-2) M (2-3),
a 20 1Hz ——2Hz 3Hz 4Hz 5Hz b 1Hz ——2Hz ‘ 3Hz

15 0.2

10 0.0

% -0.2

o |

0 1 2 3 4 5 0 5 0 1 2 3 4 5
Time (s) Tlme (5) Time (s)

P —— 1Hz|——2Hz 3Hz ——4Hz 5Hz
C s p
4

24
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Qs (nC)

04

6] 3-8 £F4e 5k F-TENG AR FHMEEHHE (1-5Hz) FHIARMHIER, A5 (2 Vo
(b) Tsc il (¢) Qsc
Fig. 3-8 Electrical output performance of the F-TENG at different mechanical motion frequencies
(1-5 Hz), including (a) Voc, (b) Isc, and (c) Qsc
BN, Bl 3-9 a ffiik 15 & AMB A BRI R R fa e, DL 4E 3 F-TENG
(R AT AT PR S P o 22 B L R b B, i F R e A 1 Ko 2. ti 3 2 P= U%RL
A, AEAMHEY 10 MQ I, B D) 3% B A F) 0.15 mW/m, H4 UL Ry L 705
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NERE . . ZF4ER F-TENG 0K E . SRR, F-TENG HIASE PEA
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K3-9 (a) Wi hAE oM s B B R e AL (b)) 10000 YR AR H) F-TENG HL R4
i (c) F-TENG HIRIYERtE T, $lHEOVBIIIEE A (D B (&) F-TENG
DANTR] R R 2 s 7 HL i 2
Fig. 3-9 (a) Instantaneous power as a function of external load resistance; (b) F-TENG voltage
output for 10000 endurance tests; (c) Washable analysis of F-TENG, the illustration is a simulated
washing environment; (d) Rectifier circuit; (d) F-TENG charging curves for different commercial

capacitors
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334 NERTHEEENK L BRI E R

TENG @i ¥ WUz 3 1 e B HE A i Re, MUOZ3h 5 B S it =4 7 %
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N 3-10 a fron, SKAEREAR BT AT F-TENG fth 0. IS EE,
13 B 775 i IR RO R, AT E HoAR I e . Hrbot F-TENG it in i &
Ty N BB A R ARSI, 1 ) R € SCA MR 5 i B 12 L
BT 23 AN SR (R R X 88K, B 30 kPa LA R 9 U X CRBUE N 0.554 V-kPar
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SEMANR], AR — AT XSGR W e i e AR X, g S BUE 5=
IR R R 2 A4, el EaAlih . R ik B R, TENG BE#RJZ 2 1H]
R E) B LT AR A, e T vy R B0 R RS 45 2= 2 1) A s Ak T A
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K3-10 (a) fESMERE T F-TENG HUSHRfIH: (b) S5HKFNE TENG 83141 Voc 22
PR MANETEEIRTEEEL: (¢) F-TENG LAEN L EAS 5 HIMI RN ] (d-e) # F-TENG il
i () Thiiashin i s = 5
Fig. 3-10 (a) Voltage and current output of the F-TENG under external pressure; (b) Comparison
of Voc change rates and linear ranges with relevant flexible TENG devices; (¢) Response time of
voltage signal during operation of F-TENG; (d-e) F-TENG was prepared into wristband; (f)

Voltage output signal during wrist movement
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3.4 KRB
ARSI T R AEIAR, SIS EAR AT 45 PE BRI IE SR 4K

PR 4 o GBI S0HF F-TENG FIAUMERE . 5 EUE B AR e TR A<t P R
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TR S S MBARTEAR RS, BSRJLPAL, BILREIE R 2 NMEIZ sl h 4E 48
SERT R . i S BB S iss. [FRhYT LT T, ESEgn gl T H R 4%
frrpfe e

(3) F-TENG H)LAENLELREAE S AR, Fh—> 58 B AR ) 390 ) rit A 2
F 0] LA BROTAHOA B 7 2 S B R ke . LA U 7R AR 1~5 Hz 1Y, %3
M 18V, HMEEN 6 nC. Ji K FLIR NI BE S hnimsg n, 76 1 Hz
i 0.07 pA, 5 Hz B ETHA 0.27 pA;

(4) F-TENG [RI#E ] DME AR AR, To i Shal s o S8t A A
1% JJE AN F-TENG % th i . BEIE, 193150 5 Bt %, 2 AmA
FRIKIX I, 30kPa DT Iy BUS X RN 0.554 V-kPa™!, 30kPa DA b [ {IEU
X RE N 0.0356 V-kPa'l.
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P27 I HAT IS AR I 4-1 § Bs, WSSk A [F) %0 TENG 328 5 i EE A
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W A B IA ) OLED Bf %5 o, AT 5 2 2k 1 [Rl fl 45 K TENG B P F BUR S
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. Bluetooth
OLED

Wl £

Lift foot: step +1 'Walk attention

f g 60 Nornmal Walking Fats Running Tnvalidation

40 Haa About 1Hz About 3Hz More than 5Hz

H f 45
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§ § 304
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S 3 154
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3 40 Time (s)

3‘5
i
16
T T,+1
4 False T;+1

True
16

ing!
. . R
Time(s)

5.0 5.5 6.0 6.5 7.0
Time(s)

i o

Voltage(V)

K41 (a-b) AIHFRCEREHRMERE, BlETRE. L&Em. FEER; (ce) [k

TENG H T 8RR M SploR: (O, (h) FhgsEiacm b RG9S, (o) R
TENG fEA ST MEEERE: (D A XA B XL HEESH T RNTESE: (D
SEL S TUE IE R SR
Fig. 4-1 (a-b) Concept of wearable smart insoles, including signal acquisition, wireless
transmission, and information display; (c-¢) Demonstration of coaxial TENG for smart insoles; (f),
(h) Intelligent insole real-time output voltage signal; (g) Data acquisition of coaxial TENG at
different frequencies; (i) Real-time voltage signals in zone A and Zone B are used to monitor

walking posture; (j) A logical algorithm to realize gait warning
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1) Pedometer = VO[TF _ | | | || ||

Vi ;>>_
B ‘oltage-follower
W Voltage-foll " MCU
S J' Vy—Vail>M
| [wo-vi m
T1

- Vo

T2
2) Stability monitor M + f Vs—Vi <M
T

Voltage-comparator

Kl 4-2 FIH A3 258 TENG #EAT N2 3 i 5 5 pLsct
Fig. 4-2 Design of single-chip computer for human movement monitoring using coaxial structure
TENG

422 HEBEFIHUY/NEREEMNKLZBH LIS

NEZRBITEBIR AT« PARE . BIILSE (VR I R8Es) & 2 Fi
FI R ATS SR S — > S ] RRLOT090, ORI, AR SRR R A3 O Bt AL S — AN 1) 5 571
55, ARMEAMREUE BIEbR. thAh, REZEBWICTIT LA AR AR MY s
JRHT B i U701 R, SRR — AR R R AR v ) AR T o A IR R
AHEEE . AL, WRTTF R — e Sl A ARIE 3 IH 0 R &Y 18 57 5 1 8 e Sk
PR — k. EATE, i F-TENG %t 08 feek 7 4-3 fiw, K
FAF U4 50, B i (R — 2R Y 2P 2678 — AN J7 1) RIS . %071
P RFET W& AR DG, SIS, PUhgR, TR, HARARRN
K, REREE AP R B R T . B, SR I o dRrE ) k47 &
R, FERNLEE S 2] 5 B A 15 5 4 UM L IR E B AR 25

a b

Kl 4-3 BREHR T & T () S FEAHRIER; (b)) A FEHRRIRIN; (o) 2k
TR E R
Fig. 4-3 Preparation method of smart socks; (a) Weft flat stitch face; (b) The opposite side of the

weft flat stitch; (c) Optical images of knitted socks
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B AR TR 5 X BB E A FEBIE, Wil 4-4 a Pros. 1 10,
I, IV, Vol ReE S Bk IEHWATE. . BhhAhH Msi{E. T TENG
B AR AL 2R M UE sh et oy i i, DRI n] A ORFF A5 5 R AT O T
AR MR B RN IZ 3, TS AN R s BRI 22 8K (Bl 4-4 b).
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Fig. 4-4 (a) Schematic diagram of F-TENG socks worn on the feet for various movement

recognition; (b) An output image of the collected typical human movement signals, including (c)
Slow walking, (d) Normal walking, (¢) Running, and (f) Jumping

N T SEI B B E IR, ARSI T —FH T TENG #4F3017E R
MRS, Wi 4-5 PR, EE AR . BIREEE . RHE SEAIBN1E R B Y
B4R AN F-TENG 4 BUFIBR T~ rh 3R A5 L He i L2 250ahs , RS 4% — S OIS [) )
BRIEATRI G . B, (R S A BRI FIBE IRHE, W 4-5 ¢ s, B
BORAE Be/ME S WRIEME . SPIME . FREZE. ImBE. USEE. SHUTIR. OB RIEL
MR R RO RE B I+ TANVRE, BT SER RR 441 S, s
NS5 SRR SR, N BRI R A
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R 4-1 PIRHEET T

Table 4-1 Methods of waveform characteristic values calculation

IS SRR PAPNE e HE T
7 :[:‘ - 1 N
FI5E Mean 5= FZH s,
1
s . 22
FRfE 22 StandardDeviation P, = []1[ >N (s;—5) J
- 1 <N (s5;—5)
i 5% Skewness N it o3
. . 1 <v (s, —9)
U e Kurtosis N Zi:l 0
PN Maximum -
e/ ME Minimum S
g Vg A Peak to Peak Smax — Smin
N 1 1
PR Root mean square RMSZ(WZL 52)?2
P R £ CrestFactor Sa | RMS
b e e 1 N
S GASE ShapeFactor RMS/ (N > |S"|j
" 1
s R 2 ImpulseFactor S / (N ZZI s, |j
RE& Energy S s?

FEBLFERE Al — 4E B AL 2% (1D-CNN) J5iit AMkiz sh s ik T4
o, Wi 4-5d fis. AT E S MRHEE RN SIREAR, I T2 IR
BRI LTS 2K o B 4-5 e G IR 3T 2R R SEBRisR, FIH F-TENG
AP JH AR BRI Keithley 6514 5 MATLAB 5385 P, S R 3 4%
JBAS S AT R RIS T RFE . BT Adam B6JE NFEHIE, 7E MATLAB HJF
K CNN B, 4\ MATLAB 73 HT BN R A 5000, SREESZ N R
1000 NECHE A, BAFEARDTHILL 67%F1 33%HI L 0 NI ZREEFTIRSE . 228
FRR NG PURREN )2, UEB T 1D-CNN BEp szttt (B 4-5 .
SRR, &k 200 NGRIG, BT FH 73 SEHESE BE 8 SRAT AT (1 70 SFHG BE A&
PEVE S AN, R t-SNE T RLALRE 5 R 25 000 268 4 Hh 1D vo 4 2500 4 0 o (R 4k 2 1
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LA 99%I EAE FE o 5 MBI, TERES DAFBIERIRE (B 4-5g), ARBME
FIRFIEX 70 B . 1B 4-5 h IRIEFEFE RIS R RN, SR b as 2 S AT I2 3R
I I HER A s 98.67%, REIFTicih 4L T F-TENG # RE4K 7 A A RIFiIAaE
PEo BLESHREZS TR F-TENG #efFME BEHEVA RGNS &0 F U el
AL TR TR O T AN R R T %

A — Mean
a \ b Data NMean c Energy StandardDeviation
A\ Partition l
ImpulseFactor / Skewness
Maximum N 2
Feature
: Dz"_t? . Extraction | . ShapeFactor Kurtosis
¢ Acquisition : 9
Deep
Learning CrestFactor /A Maximum
Minimum Vi |
A\ Root mean square Minimum
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Recognition ___ Energy | I moow v

d weffge. oo sliEn W0 Erray— _ e
I e pooling atchnorm pooling max | i — Data Acceptancé‘ E
| ———- N

£

[ S

k‘ III 1% 32 N !
Learning and Recognition)|

f 20 h Accuarcy:98.67%
e iri e e inei e = o=l 100 g
1644 L [ @ . 60
0SS 15
§ 12 I N Val _loss 80 g | 2 1
g —A—Accuracy 2 o Slow Walk 2
E 08 Val_accuracy 60 § % 0 al:rmal Wall s 3 2 56
2 g & Jump s
S04 40 < .15 99% CE E4
s . 0
0.01_ 20 30 2
0 50 100 150 200 -20 0 20 40 1 2 3 4 5
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K 4-5 (a-c) MLAs“2J M FRISIERIRIERER; (d) 1D-CNN FATEAIA; (o) g
H S 5 HERASERRE ST E s () 200 251 Z5F056 UE AR 45 K5 2K FE AR 2k B
#; (g) f#iH t-Distributed Stochastic Neighbor Embedding (t-SNE) P#4EX HL#% = > %t 2%
FEREATATRAL: (h) HLER2 SIS B RIRIEFERE, HERIFR Y 98.67%
Fig. 4-5 (a-c) Motion capture process supervised by machine learning; (d) Detailed architecture of
1D-CNN algorithm; (e) An electronic picture of an actual demonstration of movement recognition
by the volunteer; (f) Classification accuracy and loss functions for 200-step training and validation
datasets; (g) Visualization of machine learning output data using t-SNE dimensionality reduction;

(h) Confusion matrix obtained by machine learning with an accuracy of 98.67%
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4.3 KENG
AR FATRIE T FEh S5 TENG 8848 A1/NE A% F-TENG 75 52F837 5t M H
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BS5E I ERE

5.1 &5ig
JRE 52 90 2K 5 FEL AL R — Tl B 8 e R b G 7 48 7 S 1 TR o B ISR B
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o FELRIT:
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B, S AR ER AT, UE S TAERE AR SEI TENG s— 01 &
0, TAE S5 R Bt 2 UCH o 2 A PR R B 46 0 [ il L A S5 1 P < |
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R RBZAE 30 kPa LAN IS BUR X R BUE Y 0.554 V-kPa!, 30 kPa PA_EICEL
JE&IX REGE N 0.0356 V-kPa'l;

(3) Frifil# 1[5 TENG #sfFH/NE AT F-TENG 70l R AR S, gy
FRAS, WLy RN Hr, [FRZ5H TENG ZEERK, 7 LA
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51 RE

XA AR RER R, WA AL, RRRETEH:

(1) [Fl%h&5H TENG BIBTHAIE S —Fi G JER m 21 453 TENG H itk
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