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Abstract

Abstract

Triboelectric nanogenerator is the new energy harvesting and self-powered
sensing technologies. The working principle of triboelectric nanogenerator is based on
the coupling of triboelectrification and electrostatic induction. Triboelectric

‘nanogenerator has many advantages, such as wide choice of materials, simple
preparation, high output, wide application, etc., and can be effectively used to collect
abundant low-ﬂequency mechanical energy in the environment. This paper focuses on
the output performance and sensing performance of the triboelectric nanogenerator.
Specifically, the influence of gas on the triboelectrification between liquid metal and
polymers, flow energy collection and flow sensing, bending sensing of the pneumatic
soft actuator. The main work is as follows:

1. The triboelectrification between liquid metal and polymers are studied. The
polymers are negatively charged after contacting with a liquid metal in air
environment. The polymers are positively charged after contacting with a liquid metal
in inert gases environments. The possible reason is the adsorption and oxidation of
liquid metal.

2. A bladeless turbine based triboelectric nanogenerator (BT-TENG) with high
rotating speed and high output is designed. Under the pressure of 48 kPa, the
bladeless turbine rotates at a speed of 8000 rpm, and the rotation is very stable as long
as the input pressure is stable. After optimization, the short-circuit current,
open-circuit voltage and power of the BT-6TENGs reach 180 A, 155V and 15 mW
respectively. After step-down and rectified, the BTI-6TENGs can charge a 4.7 mF to
3.5 V within 3 minutes, and then continuously power a wireless motion sensor to
collect data and send signals to the phone via Bluetooth. Finally, a miniaturized
BT-TENG is prepared by 3D printing technology, which can be used as self-driven
flow sensor in pneumatic soft actuator.

3. A triboelectric nanogenerator based on conductive sponge-porous silicone
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rubber is designed and prepared (CSPS-TENG). When subjected to pressure, the
pores in the silicone rubber are squeezed and contact the sponge electrode. The
open-circuit voltage of CSPS-TENG are linearly related to pressures. In addition,
CSPS-TENG can actively respond to bending deformation and external contacts, and -
output different voltage signals. Finally, the CSPS-TENG is integrated into the
pneumatic soft actuator to perceive the touch of different objects.

4. Triboelectric nanogenerator is used for bending sensing of pneumatic soft
actuator. The triboelectric nanogenerator is integrated into the air cavity of the
pneumatic soft actuator as bending sensor for the whole body or every part of the
body. The add up voltage of all the triboelectric nanogenerators is linearly related to
the bending angle of the pneumatic soft actuator. As the soft actuator bending from 0°
to 3049, the voltage increases from 0 V to 23 V. The voltage output of each
triboelectric nanogenerator reflects the local deformation of the air cavity and can
identify the complex deformation configuration of the soft actuator. Finally, the soft
actuator is applied to the wearable device and the flexible gripper, and the
triboelectric nanogenerator can perceive different actions of the gripper.

Keywords: triboelectric nanogenerator, self-powered sensor, pneumatic soft actuator
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Figure 1.1 The working principle of piezoelectric nanogenerator®,
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Triboelectric Nanogenerator (TENG)

A Vertical contact-separation mode B Lateral sliding mode

D Single-electrode mode
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Figure 1.2 Four kinds of triboelectric nanogenerator. (a) Contact-separation mode.(b)

Lateral-sliding mode. (c) Freestanding triboelectric-layer mode. (d) single-electrode mode!?®),
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Figure 1.3 The working mechanism of contact-separation mode triboelectric nanogenerator(?),
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Figure 1.4 the working mechanism of Lateral-sliding mode triboelectric nanogenerator>®,
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Figure 1.5 the working mechanism of Freestanding mode triboelectric nanogenerator>!l,
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Figure 1.6 The working mechanism of single-electrode mode triboelectric nanogenerator'*.
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Figure 1.7 The mechanism of electron cloud-potential well model*”.
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Table 1Ttriboelectric series of common materials*?).
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Figure 1.8 Improving the output performance of the TENG by finer structures!’.
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Figure 1.9 improving the contact-separation frequency by springs!*l.
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Figure 1.10 improving the rotation speed by gear system?].
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Figure 1.11 Whirligig-inspired ultra-high rotation speed TENGl,
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Figure 1.12 Increasing the surface charge by micro-structured. (a) pyramid structure on PDMS
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Figure 1.13 Through 3D stack to increase the triboelectrification areal.
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Figure 1.16 Increasing the charge density by charge pumping®*.
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Figure 1.18 The application of nanogenerator>.
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Figure 1.19 TENG based artificial leaves for wind energy harvesting®l.
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Figure 1.20 Undulating thin-film TENG for wind energy harvesting?*®l.
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Figure 1.21 Helix-belt structured TENG for biomechanical energy harvesting!*’l.
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Figure 1.22 Implantable TENG powering a pacemaker by harvesting breath energy®l.
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Figure 1.23 The implantable TENG to harvest heartbeat energy and monitor heartbeat ratel!).
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Figure 1.24 3D electrode self-assemble TENG for wave energy harvesting[®*.
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Figure 1.25 Solid-liquid TENG for wave energy harvesting!®.

Xi AT —FEET BERGOR R ALY B K3 e AR A T T A«
FiREHA S REEMARR AN, KRS T A Befh- 23 B T i L Ae.
B R T B S R B R BRI AR, RN 2.5V IR B
Wil RERS—BAFEHLER. FRE. BTESRNE IS RS, 8%
USSR L I . RS S E RS H, FRIEN TR B AR
FE KR PSRBT AR R TT DA ZE MG OR TR0  WLIE AL F ST
anE 1.261°,

21



FEBEGUK R HEHL I B IR B 1% A SRR AT S P N T

Bl 1.26 FETFEEEARR RUHLAY B 3EED & AR IR AT A T BUR REilER S ORI,

Figure 1.26 TENG based buoy for wave energy harvesting and self-powered sensing!®>l.
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Figure 1.29 Application of ultra-high voltage TENG in electroadhesion!®.
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Figure 1.30 Flexible and transparent TENG as touch sensor'®.
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Figure 1.32 TENG based self-powered sensor and the application in soft robot”'l.
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Figure 2.7 The influence of oxygen concentration on the transferred charge and the open-circuit

voltage of the LM-TENG.
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Figure 2.9 SKFM mapping the electrostatic distribution of the PTFE after contacting with mercury
in the nitrogen (a) and in air (b) condition.
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Figure 2.10 EDX analysis of the PTFE after contacting in the nitrogen and in air.
Fah, X ERPZE PTFE RMEEHT T X SE&e TR 48T (XPS). Hp
JTEC. O. FUEN XPS EEAES, XAET Hg mERMAEE. A 2.11
(a) NEARE T 5REREE PTFE REM XPS 3, B 2.11 (b) AEZAH
PEHLJE PTFE RN XPS (H. WIEHRFF & Hg M ERESR. &5 H214%
SRBRMETS H (88 FRERENE TS Hg? (4L, EFAFN
T, H " HESRMMETRSEHET, 4R 02eV. XRAREREAZESFKMF
T He?" & LB e E e E £,

{a)

— in glovebox
e i3 @I

Intensity

0 200 400 600 500
Energy {(eV)

(b} inglovebox | e} inair

1\ 104y 5&1 40421 oV
: o
7h
5 ;

28

00 102 104 106 98 100 102 104 106
Energy {eV) Energy (eV)
B 2.11 PTFE 7E TR EESE R K XPS Hi&.
Figure 2.11 High resolution XPS data spectra of the PTFE surface that was contacted with

mercury in the nitrogen and air condition

35



FEBEAK R LR B W& BAERVEPAT R RIS A

2.3 TRER

B 1, BEMSHENSBNEREERRRI: TERE THRENESDS
WAL BERERETR. SE&GT, AN SREEEHEE. 5
S EDS F XPS A ¥ 83], WA BEBRIEHEER, HESRNEH
XAl HFH, ROMEHTHORRE. EEARET, REVS5RESLEZME
BTSSRIV, TR R A bR R E S LR
BERANRLNER. SERHNERTFHEREWSE— EIERY, 0 2-122
b FiR. MEAREET, BAVSHALBEMELRSE, RESRN—BRE
SRNEET. ARENSNESTRER, BARERES 2 ECHRANYD
A BT R—ERakNEBENNE SRR, FETAREYSE—2
WA EE . mTHE 2-12¢d Firs.

{a} {6}

{d}

{c}

B 212 wEeREnREREE,

Figure 2.12 Illustration of the proposed mechanism

2.4 KB

AENATREVERSEBERAR THREEFERSLLE, KEERMA
LU

(D FAFUE: BREMETEXM THRESERER, RAURTOET
FiEd; REWERAKMG TRRESRE, RePREXT LR,

Ny = §%
PN

EI>}
n‘ﬁ



FoE KNS EREEEENEN

(2) BIFMRIOERIE: EHT 6 MEEYW, 2 REEREM 2 MEZE
B, 3MAERE, T 72 4. WiE T XMRREEREN.

(3) WUBRIMERINBS S BEHERE T HBRT.

(4) R TREMMER: ¢RETRMEMERISBMBTIER. WE
R R A g2

37



FEEBR AV LA B IS R B AT S RN

38



F=8 SHRVEBPKRBIS BRI EER

B=8 SIHRVERHKLZENS SERBITR

3135

SARRHIEEE R, BEEENEE. AARESREENTERERR
HEE LR L, SER I AR A B AR A R R B . (E IR L
WA EEASR KN MRS, T TR B ER AR, X TR R
A BEE R .

SRR RTE R IR E R (B, B0, WEE. TR S EE
K NI & B —AMBIF RO AR T R . TE IR R 2 IR 8 Rl AT
MBTIR, B MR S TR R, FARMN O, Re s
IR, B O . TR DI EE, MiE SRR B ARSI E R
b, EEMHERAL. FARE. AN EERS TR R 55,
SXFTEH RS B SR . SR RIR . B, AR R, WL
BRI AR S B A A B R EH T80, BRI R FHL (TENG) T DA F
DL RS . TENG BERSME, WG HREE, 25, NEE, &M
%, JEEEA T G R RS A A S IR i e 0021,

TR A IREN B EE K % FERL (BT-TENG) T LMBEFHI A TRk se Bk
%5 E RSB EAR. TR A OV EERE, REED
TENG #Hidi figs. BAOSJEAN 48 kPa N, BT-TENG fIF#HEF] 8000 rppm. 15
HFEdE s, BT-TENG R B EBERIER 63 uA, THEN 3.6 mW. — LM R
AT LI#E £/ TENGs. JBit# 6 A~ TENGs [FaigS, BE3HE Mm%
| 180 pA, HINZIME] 15 mW, XA THRE LIIRENH RELEREE. X
RifIR, BT-6TENGs ol LIS IR EAEHERE, I BMIRESNEN
SR I F SeA RN L . TR MR R O AR R LR R
MM, FTPL BT-TENG (s it AL B #E R M\ DR BRI AR &, 7T
DLFE 34 RS A . @it 3D $TENHG/ME! BT-TENG, HEHAKSHES
DURIFIIG . XK. R WEYE, RENE, SHRUENBASHHEEE

39



BRI R AL B RS TR R ST 85 TR RIS A

N .

3.2 HEMMIKTSE

3.2.1 FREREAEIE

B RO TIBINLE 0.3 mm ERIHTA DIZIRRRERE A, B2 72 mm.
B L — AR S mm BT SR A, 08 F 5 4 A/ INEITL P (o
(T BIAE R S 5 AN 1 mm HNAL, RIS s R R A
BN REER 03 mm, FE 1 mm, AME 1S mm. B4 SR B SIS
IR T . BT, BATR, B%F N AR, AR
B A L% R RN R, FIER S SR, Tk
5 AR 2 8 S R 2 5 A s, S B I L,
TR R T TIAOAER % 1B SO R LETEIT . 6T
B AR A L, AR L S S 0

FIT U BN TR M55 4B 3D FTENB S, Famis TR0B Y
0.7mm, H%# 20mm. UL 0.3 mm MEEELS 10 MMEHHE, SEE 10 mm.

3.2.2 ESARLBYAGI®E

BEEYIK R AR H PCB #f. 7E 1.6 mm EIIBEIA4ER LT 2N
BB o MR, ZE AP R— R, SRS —H, 5%
AB WARML, HPOLE—A 8 mm FFLAFESHi. BRE e e R
MAME L. BHEISNENFRPNERER 0.3 mm ERIEAHER, EdEottz)
PLVIERETE, HRITIE—4 5 mm 094L, A TEEER MMM . £
R — 2 80 pm JF I PTFE . @id 21 71Xk 5 lARM KBS TE, B8 AR )53
TE—4H PTFE KM R A B . 0/ 3.1 Bras, BT-TENG i 3D # 8 & 50
HIREHE T ER TENG MseE.

40



BB SHRBEEIK R EILS B REREAR

(@) 7, _leslaturbine  TENGs'

Disk = B Electrode MPTFE

o _— . e

3.1 (a) BI-TENG KR E. (b) TrHREFETFEWE. (o) BEIKKEAIEME
Figure 3.1 (a) Illustration of the BI-TENG. (b) photograph of the rotator. (c) Photograph of the

TENG.
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Figure 3.2 COMSOL simulation of the fluid inside the plate
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Figure 3.3 The principle of the TENG. (a) The 3D model of the electrodes and dielectric. (b)
COMSOL simulation of the potential distribution. (c) The illustration of the working principle of

the TENG.
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Figure 3.6 (a) The open circuit voltage and transferred charge of the BT-TENGs when the
electrode was divided into different segments. (b) The short-circuit current and the working
frequency of BT-TENGs when the electrode was divided into different segments. (c) The
COMSOL simulation of the potential distribution.

IRE IR T BT BE RO R AL SR B K B R B T 0 B
RRFAFEEWMHER. A T ARE R B R . 23 H7E
THERBEHCA 5. 10, 15, 20 R ETF. 44 LEERIAE 8 BB EEGK
REHl. BIAGEBERWE 3.7 fir. 3% A 5 EREAR, BT-TENG Rk
2. HEHTEHERD, #EDHHFLE, FEEHERE, A 5250 pm, Hik
R R 42 pA. BETH 10 ERAAE, R 2%s))), W5 TENG M
8000 rpm PLENERE, MEEEEHITN 60 pA. SREEINELAIEESD] 15 F1 20 4,
BT-TENG K%t K. XEERFARFEHARL FHETEARE, HI%Z
R, FET B T R,

46



F=F SFRBEEIKRR AN B R EL R

5 10 15 20.
Number of Discs

B 3.7 BT Hoxd B e A R
" Figure 3.7 Output current under different number of discs
HXRHTFRIR/DHEHBE RN SHET=MRIHNE T, 2850
B/ 12 mm, 24 mm, 36 mm. TENG FXfRHEF—HKD. & 3.8 i,
12 mm f) BT-TENG & HLFN 6 pA, %A 2400 Hz. 1M 24 mm #] BT-TENG
JEER EHIRIRE E 20 pA, BRTERRBET, HEEREKRT 4 FHH. 36mm

] BI-TENG HJiA 60 pA. /MNR~FH BT-TENG X EENBUR, EEE/DR
ENMREEWRESER.

AR anannannaand <= MANEEEAA
;:;z I; il i %m-gin% Ff HWHP*% :';20: g}gli\;imwl&“@
PPN o VORI " G IV
02 éﬁme(é]s) 8 10 R Ti:nii(ms){s 20 015 20

Time (ms)

& 3.8 AR~ BLTENG FIHFE#AH. (a) (b) (¢) #HIXRAEN 12, 24, 36 mm 1]
BT-TENG.
Figure 3.8 Current output of different sizes BI-TENG. (a) (b) and (c) correspond to BT-TENG
with radii of 12, 24 and 36 mm respectively.

I ART BT-TENG 7EmiE Tt aemiaett. A\OSEREN 48
kPa. %4EI1FF/5/5, BT-TENG LLAFE R KIIEELE 12 s ARINERIHRPUR, &
| 8000 rpm, THAZEE MM 0 pA E EFFE] 60 pA. ZJ5, RBEAOSER
FefasE, BT-TENG WHESIMEHMEARRFRE. £1LET 4 285, RASE

47



FEE KR L B 3Rl TR S ST 88 F RS

i®17. BT-TENG fEAR A EEER L FE R T 218 mE, HE 60 s FA w2 E
ik, i 3.9, ARHE A INE B E AR U 2 A sET PR T BT vk

azﬂ ' 3
At
azM 4

I
TEVRIERY By, BT-TENG {NAEBE# Jir~A R Me BT, FN 60s MK

TR 8000 rpm /NBIZE, % BT-TENG KB ESIREN lo. A SJHsER L

RARNA:
M, = o, = A® I, = 800027
. At 60

TN BL, BT-TENG 72350 /7= £ KA Mo F1EER R H18E Mr B3

EVERAT, AR 12 B MEE N 0 hiE$)] 8000 rpm, MEEFRERA N 1o . B4

Ao 800027
M, -M.=col, = I, = I 6
d f 0 At 0 12 0

A LARBIIKEh I Ma X9 BB M9 6 1. XU RILERIE
HimfeH 2RIz, WLEsIED 6 4 TENG ¥3).

I, 5

[61)
(=]
T

Current (MA)
o

dn
=

B13.9 RasE eI
Figure 3.9 The durability test of the BT-TENG.
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Figure 3.10 Output performance when multiple TENGs integrated into a bladeless turbine. (a)
Mlustration of BT-TENGs. (b) The short-circuit current of multiple TENGs. (¢) Voltage of
BT-6TENGs and (d) voltage after step-down. (e) short-circuit current of the BI-6TENGs after

step-down and rectified. (f) Voltage of capacitor charged by BT-6TENGs.

3.3.3 REMES HRBNF R

IR M BT-6TENGs B HThE B 5, S5/ MBTRANIIFEHE Y. £
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St A . BT-6TENGs HU%i H#Z BB AL H B, 21— 20:1 IR EREE;
AH— 2R ERS L TER. RAFER—A 47 mF (IR, FTHEH
BHERE. REERBILRIBHERE. BMNRRNSWE I 3.110 Brax, AL
& BT-6TENGs. L. BN A, BX 58 GUFHLRIET R
app N, HTHEWEHEE. —IFHE, EBRELTXRILRES. FESE,
BT-6TENGs FF45 TAE, 7E 180 A 4.7 mF K ZATSHF] 3.5V, LHABREE
B ITAERIECE, FFRMERE. JRBRE, FRASEhIFRaE, BAHEE
TEEZ 05 V. HREBFEH TERESEIER, XHEBEESESRRE. AT
BT-GTENGs fITha i T-f£ BB I HEUTI R, A BRI, 4506 10
B, W R — IG5 B S 2 T AL app Bl . KAHE SEEEEK
BEieE, FEHEFHEERETREL 0.1V, EEETKIR, BT-6TENGs #iH AT
HAE, AAREMBEEETT. BATRNE 311 iR, MEEERT BAHE
EL 10 MOoA SRR, XIERBET RIFMEAR. BaHEEBLZEE 1KY 300
PR IR, XEBRE AT SEAVIR AR E . EshdEEd
FHl app WA 277 . B 3.11d 9F ML app MEE, HERERECLES)
T 292 ke WHESAET AT AFF, ZLKHER T BT-6TENGs fFEik
[E46 SR e B R IR B 15 R A 1 AT RE1E

Bribz bt AEERTHERENZRSS, MAMLEFRIE, 7L T
WX RN S e, WA 312 PR, —ANHOKE AR E LU B — A
BT-TENG. HiGegHEFZER 30 pA (A1 3.12b), FFEEHEEN 130 V. KRS
K BT-TENG R i — DT HME, ERNEZAE (Gl 3.1200,
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Figure 3.11 Application of BT-6TENGs. (a)(b) The circuit diagram and

photograph of the self-powered wireless Bluetooth pedometer. (The voltage of the

capacitor. (d) The screenshot of the app in mobile phone.
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Figure 3.12 Applications of the BT-TENG. (a) The photograph of the BI-TENG that was drove
by water boiler and (b) and the short-circuit current was up to 30 uA. (c) it could light up a torch
HX, BTRERSBEUREERBHSERS), Bt T — mini
BT-TENG, 3 H35e4 @it 3D fTENHI& 4. i 3.13a iR, A48 PCB LR
Ff¥) TENG B HEE, 20 mm HEKEES RN 8 MAH. 41425 3D TEHHE
HRES ., AAKRET, HEEN20mm, FE 10mm, FMAE 0.7mm, [ 0.3
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Figure 3.13 The mini scale BI-TENG that fabricated by 3D printing. (a) photograph and 3D

model of the mini BT-TENG. (b) Output current. And (c)(d) The output current versus flow.

3. AFJGE
AVERK TENG STHREMASEE, fl&T7T —ITEEEEREKN

52



FEE SHRBEEHKE RIS BRI

BT-TENG . H#£587A 241 8000 rpm.iBiT 6 > TENGs & i, K HiAF] 15 mW,
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Ml ZFLEHE S EEST UREMNER SR ERE, BHERE IR
AR, BREERESEAE. 85 EMIEIERARERE R, e RRE
LT R BEEES. A5, BEERSERTESER, BHETUESZ
WE/ALER S &M BBk K Bl (CSPS-TENG). E/AMMILA S HIES
SRR R— A K L. CSPS-TENG 3t & /7 #1425 fh A 1R F R S

5 S B SRR M B S ST 28 CSPS-TENG At & . BEI—Mid
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(a) Structural compliane

'y

Precision
wopaal} Jo saalba(

Force exertion
B 4.1 NIMEIF . EEPITHEMAFRIEE.
Figure 4.1 The comparison of the properties between soft robots, rigid robots and

human fingers.

4.2 RIEREHRITER

SEAG BT F BOTE R 938 B T° Smooth-On Ecoflex 00-30 A& {BIbEER . BefinE
RETTR R E M 3D TEIRE], MEAEAR (PLA). ETEFRALRS
TE T IR o, DU S A EE IO B2 « (LS R A 4 B O R B Vs 1
A, LA E (RS . 3 mm /& 40 ppi (pore per inch ) HIHE4R B ANEERR
PR E & R T IRGIERE .

4.2.1 RIRBASEH

BRI ENE SHEL (sponge-silicone composite, SSC) i %& 7 2K
4.2a iR, @i 3D FTENEE] 2 mm IR TE T . WA MRE T SRR
BINFREFHE T . B —5 3mm EES, HEIFET—FRRED, REE
MR RBAETTRATHESE, FRRASEHEENTLE. R5
IR E AL, 15 20 FRE B S E SR S A FR . X U ks
FER0TT R T R AL A R AR R TOvE S H AR RAPRIRE S OERL BT
BROBEERTRERENEE, BT SSC M—HEABENES, B—HEER
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(A& 4.2b FiR ). BEREHE DL SAERE R RIS, (BR AT LU AR S g4 — U
Misk . BRI RS BB ERRINS &, AREAE SSC REES
fa— s FEEARRK, SRR LI bRl LT, BT UK SRR 5 H A
FbtEESE, SHNIREANEN. B 42¢ BRT A —FEHNRRBEEH
(755, HrihiggRRE. BhAEARKE— RIS 2 mm B
BERES, RIEE BT . FRARR A BB, REENETH.
(EAESTRAM LA, RERRASREEST. MAELE, RRURE
(5 — AR g e — . Wl 43 fiR, BETEMEErERRERZ R
BHREAE .

(b)

skelelon

B 4.2 @SR E ARSI NI R IE & PR T R

Figure 4.2 two schemes for soft-rigid hybrid structure through sponge/silicon composite.
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K 4.3 SEM Bl B g B R SHRMAERERE.

Figure 4.3 SEM figure shows that the sponge skeleton is nested with silicone.

AT WAL FRTT RAREE IR, KRR EHZIR LR R SRS E
Sk, AREHAT 90°FK B . XLMH B EAETENESRER. SMTR)
MR o S I EET FEL B B T B ELR B B A ), T B £ AR AT SR Bk W Ve e
B 4.4a RFENEREE. BERMERENERE L. FARAKRR
A e M 37t (Handpi HP-10) &, Tl Jyit e L L% (Linmot E1100)
FIHFEZIES) . B LM DIAFRAEES 0.2 mms. HRENRZ S B S
IREREEE SRS, SMME 4.4b fs. BELHEDIRES), BEERKEE, 0l
ST EFb. BRAKT 035 N/mm K, FFERERY, FE LGSR
REVF . BELIMEDIARENEE), REHEBIRARELAN 0.45 N/imm. &5k
BRENGBS EHEHE. B 440 7NRR, BRTH-ERJBENATE. 7T
LEH, HBEREMBES SRR, B, BENEREY. WA 44c B
TR SR (Kapton) ZEIRE /L. RN, W6 BRIE %
B3, XEIAIA S RAERY, FERERMBAMEEESENME. S35
J3EF] 02 N/mm J&, Mg iiiugsl, SEAMERHRARRE. e hmEK
EEF] 034 N/mm. R FEME A RRER 44c ¥, ATLEHES B RELY
FIERBAZRE .. HAAMRHneE., Wiw/. FEA4 FR4 IRE SRR
B 4.4d B, WUEHEARNRRHEAHEE T 0.3 N/mm. B
SSC KRR SA MBS 07 %, BA TR, B RE MRS XN FTRF,
WBAEXREE. ERERI 3D BFRETALN, FEBERTUBERLS, B
JE T AR LR B ROALIORG 45 « T4 FL A 25 B2 R s M 3 B8 ) B FE AT SR S =g ==
BEHER. Bt FHARERRESRG & SSC B, HH SR EREM g
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Figure 4.4 Peel strength test. () schematic diagram. (b) () (d) peeling force between different
materials and silicone. (e) peeling force of sponges with different pore densities. (f) failure
photographs.

4.2.2 RIRBERITH

SAFRARBAT BH %7 RIA 4.52 Fin. BB AL BRI AB B4
WA FARE. REENETRE. BEITBNES TR LS g <,
SRS TN 80°C R ST ML, BJEBRREARISHRIERITER LR
BRI 140 SSC EREMKATY, FAMHIITRMRARRSS . MAKREWL
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HIVRSTEIR 2K, R AT SR IR U HR 43 F1 SSC MR IR, 331K
EhZRMEPATES (PSAD. Hr SSC WERHIHEARE AR TR B R, 72 R4 <A IR
N, AES TR A BRI il B RER B 2R I M 4R KRG T
SSC #Maligas—M, [BEIZNZFIREWMAITES (pneumatic soft-rigid hybrid-
actuator, PSRAD. H - SSC Hsc#pEIanE 4.5b ik iR, AL EIIE H#
B& HoRAVEER AN _ELEEER . BT R A S 55171 PSRA B EEX B E. 1
[E48AERMIE T, FHREHSEKSESH, waFEsH, mE 4.5 Fr

K 4.5 NIZEAEEE. (@) (b) #&RER. (o fzinEE,

Figure 4.5 soft-rigid hybrid actuator. (a) (b) fabrication process. (c) illustration of the PSRA

BT PSRA & BRERJLEE BEET W /MM IS L ABSE
WRET, PSRAEENTFTHATE. WE 4.6a FioR, EEFHAWKS T, PSRA
IS e T RSk B AL BRI AR LA s, BTUART LA S % R
o REMERERE UES— TS HIE, MABNBPIITENESHATLL
ISR SeIEAES, LB HE AT RRIA B RS,
TEJoxtEL, EAZ: PSA MIEZEME]. Wl 4.6b FiR, SEAERMRE PSA L
PRI L, RtBdRERANERESE. XBRASHZINAMIMES .
HEHFSEWBE, PSABANMBHER ‘O” £, HFENAHNMERCLHE.
XXT PSA BERMER. BEMZHHEERIK. 570, LWHET PSRA
5 PSA MHMELEE /). WM 4.6c Fi7n, PSRA 7 B4 AKRIEN T2 Hh—4> ‘U’
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4.6 RITEASETHEHITEIM L. () (b) BHTEHIIT. (o) JMEARIX H.
Figure 4.6 comparison between PSRA and PSA. (2) (b) comparison of the deformation process. (c)
comparison of grasping ability.

A, BABIBATES RAERI RS i, BERITERZEMEREITIRE. T
PSRA [543 RH SEMARIRAL T T RE. WE 4.7a 1 b iR, #HFA PSRA K]
BRYERME. YEFSEBSE, HAMRITERNEE, BR—1 “o” W
K. UHMESITRBEREEEHNRAFAN, FARITHE TR,
FB—A “S” FdR. XEERET DM AIT43E R E R UPITERIIRE.
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Figure 4.7 Illustration of assembling two PSRAs to perform complex deformation

4.3 iRt/ ERERAAK L B

4.3.1 H&RHZ

FHMETE 1P 2 AL EE R IK K R L (CSPS-TENGD. Uil 4.8 ff
N> B 56 Ecoflex 00-30 i) AB AR S. REMA L AB BREEZ 10 %
£ 15 %28, BRI KEEN 3D {TEIR 5 mm & 20mmx*20mm K/
AT F. & Smmx15Smmx15mm K-S EMEHRNBER/BERBESYT.
SRIETETE 60°C ME XM . ABIERER TR 4 FAEZ G iR
K IR, B, ERFEER— MMM, FERERNRERKAIRET,
WA —E R/ DNERE BRI FREMAFEK. — /I ErEREARRE L,
BRI/ ER B AE S OB BEATBEE 85°C BT N 2 /I,
H TR AR 4R 783 °C, RERSIEA IR R S .. e kbR
B, B TR XA R T L/ 2 LR BEEEYK K Bl (CSPS-TENG).
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Figure 4.8 The fabrication process of CSPS-TENG.
A 4.9 B, B ERTREENEZIER, W ERKEIIEAREAFN
S, SYEHERBRHMAER 0.5 mm B 1 mm 2 [/, 7£F FHEANES, BT
SHEGEENTEEREEMETED, RITEEREERRETEHMETH

Bl 49 ZAERAISHE.

Figure 4.9 Photos of porous silicone.
& 4.10 fray CSPS-TENG FTHZIMPHEANBTFEMEE. SHE
BT 3 AR A TR A AL AESE, ERSMRELENITL. T RH
AR YERIEZR R T 2109 50 pm, THESRATEIRIFFSLRIEARKREED 300 pm.
IR ALE S LR AR — A B L — AN E R KT 300um IERTE, AABREHEK
ZFRLBARAEHE FHEBHANESR. XRFM TENG K<
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B 4.10 BEERGNK K AT R IESR A0 SEM HE .
Figure 4.10 SEM picture of conductive sponges.

WE 4.11 fis, %% 1FHI CSPS-TENG [fE#H SEM El. M 4.11a #
HEATUE R ES/EREAMENESAEFZEL. REATERLEA
REALE, HRESNT—HRIERE . FIRMAT—RRERGE. BTEHERE
HMER, BABARESEARESESHE SREENELE. WE 4110 frl
Hr— AR . ATERENE I ERASESHEEN SRS TR. H
B, KTEBURGHBTLGET T ORAE RN AESHESRE. WE 4.11c M d
Bz, FRETUEIEREEAT 500um, SHEATHOSHEEAEE. FHE
2 RN PO B M BB AT R RN AR, T AUV SR A S S R =S [ R )

4.11 CSPS-TENG RUEEEiH SEM A,

Figure 4.11 SEM picture of the cross section of CSPS-TENG.
TENG ZRPFA R AR K A2 BE R . DT DR IRV 3 e 42 T A
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B, WREHHIKNEAESEEM X SERE (EDS) 4. HERmE
412 FiR. B5TE SEM ME FTERAENSEAERNSE, REERF—
ST Y%, FIfE EDS A HEL . BREZEEHFETEANC, Si, 0,
H, TiSHEAEEEEES Ni tE. H Si nR AR Ni TR ATHE
WA, BATAT LR BIREROR S Y 4R . ] 4.12a 7R, EDS 4TI LUE H,
EHAHEEA EERLAN Si TGS . BANAR, WAL N TENE
BNE, AR SiTENES. XUEE, EABSRBRNETRBENY
B, WHHRHRAE. B 4120 IBI— AN EDS 44T, W USRI
LB NS ARSI AR, REMEHKARSRE. KR T 4
AP A FEFRES R, EARRAERMEIR, DEEAMBER. &
HASHHROENER, TRERAESHER, ERREE, IRERESF
& MR SEE TS LK.
= =Sk - .

K i mSiK =NiK

E 4.12 KHEHHT EDS 2 #T.

Figure 4.12 EDS analysis of pores

4.3.2 TIEREE

HT D EA 4R, AL CSPS-TENG Ik B, & 4.13a R
— A& 17 CSPS-TENG Mt E. HEIBGA#HS AFRES, XXM
15%15mm?, BN 5 mm, JUEETEEKSHE, B 4.13b HiE T CSPS-TENG
BRI R, BAPRT FRARIE B T P AR T 45 & CSPS-TENG A&t
MEIAIABEME . EZHEAN, BNERERMETERE, HPARKeE
AFLE S ESH. WE 4.13¢ B, 404 BREMAER CSPS-TENG K T{E
. BTFRRSEALETRANARE, ERESINEERIBFE. A
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ZIPRET, SRR, BRESE AR f R ET . i ik ERY
RFHAFERENEE D . BRBENN, BNEBRERMEREE. AEK
F—AUARINEEA A R EEL, SRR EBE(C. CSPS-TENG fidi—4TF
RSO ER e . AHRE T, BARE MR T8 dish AL LA AR L,
B AR . AN IR, SRR B & R TR E Y . R
BES AR ET Y, SECRRM BRI, FEEERE EFEES . EERER
NIER. ZEEHAXEPR, BRFMPBEHE. £5—1M0E, BE—
WA TENG, Frfy-UEFFERES AR Z U CSPS-TENG. HT AT REIAZk
WAEFED, kA2 I B R .

(a):

() " conductive sponge silicone
4.13 CSPS-TENG F TAEJFEH . (a) CSPS-TENG SEMIRITRA . (b) EABEAT LM
THF. (o) KRR,
Figure 4.13 working principle of CSPS-TENG. (a) top view of the CSPS-TENG. (b) test scheme

under pressure mode. (¢) working principle.

4.3.3 #yHiEEE

#% CSPS-TENG HJPHE R E 3M W3R, FER7EN /71t (Handpi HP 10)
Eo BT EEELTESE L, BB EME CSPS-TENG. R EIF
LMELIRSH, EHENT R IRIFE CSPS-TENG. W 4.14a Fix, J9ill
TR R 2R B R )RR IR SR M R ATEEN, HIEEKNAN 2.8 N,
$RER L8 0.27 Hz. W0F 4.14b Fi7R, 29 CSPS-TENG [FF B R H B4R, S
2 027 Hz, W{EHEN 3.8V. CSPS-TENG HIEH HEHEN 1.4nC.
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Figure 4.14 (a) Applied pressure. (b) output voltage of the CSPS-TENG
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Figure 4.15 open-circuit voltage versus pressures.
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Figure 4.16 linear fitting of the open circuit voltage and pressure.
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Figure 4.17 Open-circuit voltage and transferred charges of the CSPS-TENG when bending
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Figure 4.18 Resistance of the sponge during bending

B 4.19 SHEHRHER

Figure 4.19 The crack of the sponge

4.3.4 SRR
CSPS-TENG 7 8 B i il 43 BB T o] UM A v A2 Bk . RERC VR Uit ia b
w5 EEEE, TSRS SEER. TIESBASTESIES, B

69



BEERAAR R L B S e R BT 8 P R

BRI M K. A 4.20a B b BR, MR T A ERME A0 E HEEE

5 CSPS-TENG E:fili-4r 557 AE R 5 H . b PTFE SRERCHIIR B PERE & 25,

HIFBRBEN A2 V, BEREFGEART] 1 nC. PU MBS H R, FFEEFRE
26V, HHHEAENS.1C.

(a) PU (b)
25f st

520' PET 86 _

o £

o 15} i )

S 1 Cu o4

o 101 o]

> = ol
S PTFE O “lI'prEE
o |- i o M |

Bl 4.20 AFEIFELXT CSPS-TENG RURIHiTERE. (a) JFERHIE. (b) HBHME.
Figure 4.20 (2) voltage and (b) transferred charges of CSPS-TENG when different materials
contact with it

MRS PU MBI R RN, HERE 421 FiR, BRI 045
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B 421 (a) PUL5 CSPS-TENG Hfl/r B ML, (b) H— A HARBEKHEE.,
Figure 4.21 (a) current output of CSPS-TENG when contact-separate with PU, and (b) voltage of

the capacitor
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Figure 4.22 stability test of CSPS-TENG

4.4 {FERFHEA

Pl 5236 R T CSPS-TENG £82E 3hma B2k 77 FVR R A s, o] IR o fg ek
SREERF] PSRA . IEIBRISC SSC R4 R, # CSPS-TENG MG ERE T
FM. JHEEFERFRMR CSPS-TENG i, HHHEEIE 20 V. HHlEE
fmERT, JFESEIEAN 5 V (B 4.23). WAEEEFIIR, WUUNRERZRLS P
B FERR AL, X B WXl B SR LR EE AN B .

B 4.23 (a) CSPS-TENG £/ F| PSRA St FIEMEMHERE, (b) BT ARLRTHEE.
Figure 4.23 (a) Voltage output of CSPS-TENG when touch by a finger, and (b) by a pen
FEEBFA PSRA HFER—ANRF, W 424 Pror. JeFr] DURIER R
ITHE S k. TR SBOTHIERE, CSPS-TENG HRBMER A <% A
RiFBRERES, 484V, B, 24 PSRA JUEUHURRE KR = BERDRR, 7
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424 () FFIMEUTHN CSPS-TENG HIE R HA (b) BRI B EE .
Figure 4.24 (a)' voltage output of CSPS-TENG when gripping the bulb and (b) voltage output
when grasping the plastic bottle.

AT RERBIRHERNE, ATLMEAZA CSPS-TENGs HEFIBRZ M=
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€ 425 (a) Pi1 CSPS-TENGs HEFIE, (b) (¢ INHUKT ¥R H R Fefin
Figure 4.25 (a) two CSPS-TENGs arrangement side by side, (b) (c) the voltage output of the two

CSPS-TENG when grasp a bulb.
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5.2 HI&HR
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B ZEEA PSA R RIEIT (] AU g N A E R 2 6] SER RS A 3l X
Il N TR PATSR SR E R E .

(a

Bl 5.1 (a) PSA M 3D #HEE, (b) ZREREIIER,

Figure 5.1 (a) illustration of the 3D structure of PSA  (b) demonstration of the dynamic

deformation process.
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BN, FEFE 80°C FIMBVEREIR B . K REI R 15 2 SE IR SR AT
4o ¥ 2 mm BB EESEABOCIENIIRS PSA KE—FERNMIKTIHR (18
mmx14 mm). AR5 HSEEFKTERALS S EEAEREF. LREMELR PSA
REEEE, 55 EER N B R B TENG. ¥ 2 mm ER—REATIERK
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RIFEFEFE AR &3T PSA MEAR 5B A R
(7 J—

B 52 (a) 7E PSA SN TENG B R. (b) BH/RERE TR 55N SEM E.
Figure 5.2 (a) fabrication of PSA and the TENG. (b) illustration of sponge/silicone composite and

the SEM picture of the sponge.
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5.3 TENG M T/ER

Figure 5.3 working principal of the TENG
WA 5.4 EA-S EHRFEAIRER COMSOL BR T ELER . RBESE
HEERIREIC S BN -2 nC. TEEADRE, SBA AR EH S MInE 5.4a B
N, BIRHEBIEE41 V, BERIFRHERAE, HEBINERELE, QA
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Figure 5.4 potential distribution of PSA by COMSOL simulation (a) contacted state and (b)
separated state.
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B 5.5 2 TENG HIEHIE. (2) FFEEHE. (b) HEHAE.

Figure 5.5 electrical output of a TENG. (a) open circuit voltage. (b) transferred charge
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Figure 5.6 TENG output and bending angle of PSA at different gas volumes. (a) voltage of TENG
at different gas volumes. (b) linear fitting of voltage and gas volume. (c) the relation between PSA

bending Angle and gas volume.
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[ 5.7 TENG [#%8 & M.
Figure 5.7 stability test of TENG
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Figure 5.8 (a) TENG voltage outputs in dry, water and wet conditions, and (b) transferred charge.
(c) Output of TENG when contact-separate with water.
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Figure 5.9 (a) potential distribution at contacted state and (b) at separated state.
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Figure 5.10 (a) picture of the PSA. (b) the total voltage as number of TENGs increasing. (c¢)
TENG voltage at different gas volumes. (d) linear fitting of voltage and bending Angle. (e)
pictures of PSA at different bend angle.
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Figure 5.11 (a) (b) deformation of PSA and output of TENG under flat state. (c) (d) PSA bending

and corresponding voltage when floating in water.
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Figure 5.12 (a) Pictures of three-parts PSA, and (b) voltage output of each part. (¢) voltage output
of TENG at the joint under different volumes, and (d) relation between TENG voltage and PSA
angle.
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Figure 5.12 (a) Picture of two-joints PSA, and (b) voltage output of each part. (c) voltage output of
TENG at joints under different volumes, and (d) relation between TENG voltage and gas volume,
| () voltage versus PSA angle.

PSR T RN T TENG 1ENMIEMAER, 7T LUK PSA fiFHRRTIE
. XEET PSA WA FBHFAFFEENA, thnEBEMY BIEE A&
RIS, BRATRE A SR . i 5.14a FToR, ¥ PSA B EEFE/PME—MFEY
FBANRFHURFAF B E R T e EREWRET, BRig FE
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BRE BEBRYKREIESEBREZERITETHINA

i FATFe e MITBUE, T TENG [HLRE AT DUSTi R ES M IR R, 15
F575 Hi Ak 90°FF, TENG HIEEEHH L4 12V, WK 5.14b.

T, LSRG PSA B ATFE, TR NIk T IR 8 M0R ASR
B30 77, SCEATIAAS AL, T TENG ATLURMEREMERR. A%t
FFAH PSA 4 BIXt RLAE SR re b, PSA #aFA TS i
I (F 5.140), Tiss s EORAE T LU TENG UM B R R, 10 5.14d,
PSA URE) B NBRES HET ERH N 15 V.

sy (D)
12

B 5.14 (a) PSAEREARFER, (b HAESMEKEERE. (o) PSA MRBATE
K (O W EERL .
Figure 5.14 (a) PSA as the sixth finger, (b) its voltage output when bending. (c) PSA made into
auxiliary gloves and (d) voltage output during the driving process.

PSA i 3E % I B R BRI, T B2 47E; RS Plas NG
HEENA, EHESERNARESTE. W 5.15 fin, AEmisy
MERMESRT RSP TOEHE, TLULIRFEREIHNI AT RESH, &
AFH A TENG ¥ R R B S5 25 K/ B 5.15b HBOmAEoR T R
HERH, 2810V, W 5.15¢ AEEFEMLA TENG K, BEEL0
OV, b, KA PSA FEERE L. ERAERIGERNT, /IS
M EE R, REMREEIREE, WA TENG MHBEERE N V. TE/MAR
T, Wi RS —MRARARE, SSRATEERHERE 5V, @i TENG 523K
LR, ATCUEA PSA MZABRTIERE, Jo¥esk R pismliRpt r &ak, A%
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K 5.15. (@PSA BWFFLFRIR . ()XW EE; (FEZKWTLMEE. (d)e) X
kb TN [F 25 i N A LR
Figure 5.15. (a) Photograph of the artificial hand with PSA. (b) the voltage of the first joint and (c)
the voltage of the second joint. (d)(e) The voltage of the joint when bend at different angles.
BEst, HPA PSA HMFAEE, ATLATERARR—FERT, . XERF
EREERE, KR BE. WAL SHEES R SWHNY S H EE TN
B, G 5.16a s, VIEREZUEMF BRI . UEFSERSIE, P
AR, RiAIELE . REGR/DNE, FESHMAZEBRK. BT TENG
R R % AT DU B PSA IZ Bl A B, AL RT DU TENG f R Sk 30 W7 S e
YRR RN . IniE 5.16b Fizn, FRFRIB—DEEN 30 mm I/NBEEAR. 23
NSARBVEFRTY 70/3 ml B, SEPESTT 4 G RIS Al B e fa N RLAR . R 7
A~ PSA WHTH TENGs MHEEHH N 15 V. MREFFFLE— 85 mm KHIFF
T, RRESHMBUMIAE. EANSEED 50/3 ml B ELAT DUA IF-flhl 3 Fafs
FAEMT, B TENG FEERBR 12 V, WE 5.16d Fix. ZERFRE
BB /NAE, AU —ANOEN 135mm RIEBREE, STRTTEE B E
RE 5V, l 5.16c . 55, REAREEND GG HOBERARAR. 1
& 5.16e, BRI HEH 36g Mk, BATER 203ml FISEER PSA BAT L,
fRERIBE O, (HR IR IR . RAE LSS EENME 20 ml i’ A fefate e
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B 5.16 (2) AP PSA LR AIIMFRIIE Ao (b)JRBU/NEAHARIT Y e R A s (c) SR B ARAT B 1

MRS (INE— N EARBa A oS () UE— 3 S ER A SR A f) P T A
Figure 5.16 (a) Photograph of the soft gripper that is consisted of two soft actuators. (b) Voltage

output when gripping a small cup and (c) a middle size cup. (d) Voltage output when gripping a

large cup and (e) the large cup containing a heavy copper block.

5.6 FE/ME

g AR, BAIVGH T —FhR N\ PSA SIS EEH TENG, FLURED PSA 1Y
BRALRE. B S g B e S rh A 2 AR, SREROM BRI BE
MR A B R Bk TENG. TENG FIEAF A S MR LRE,
(5 R H B RA S M AKAZRE - TENG TP B B 5 RN BRI SRR R BAR 4T
HIZ ISR, B4t TENG K H B B8R 1T A B PSA 11925 il /1 £ . BT ) TENG
FEBEIE, TTUIIE PSA MEBHATR . SN TENG ] LLRME R
BRAFESENEKSRESH. 7TURENBEMARZAELT PSA K5
HIEM. $4b, ¥ PSA Hl& BT FRIEESEMNETF, TENG K RFFR
DUR RIS M RS SIRAS, EARRE AT T AFEENA.
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&S BB K R LS B T BB R LI B R E e R
PATEIF N S5, 7 JUATAE:
1L R TARSRA THAS B R SR AMNAEERRE. EREEMET
AL BEE, BEMERTEH LIER; EF8&F THRESE, ReWRE
&% EfiE., T EDS. XPS H{ERMLER, KIMHEROSHERSEE.
RHTTEERRR, A EEETRMEMBRITFEM BT IEL. TIESTH
R i

2. Wit T —FhEE R R IR AR R Bl (BT-TENG) FH
FHIRFIME AR BI-TENG KIFEEIARZ 8000 rpm, RAKHIRE T A AHLA
i, RIGEEF 15 mW, BEMBUEER NI REE IR G — N Bk IE s R
82, EWLIERERARE, FAR—AFHEMA. BT 3D TEEHHAE
BT-TENG, WLMERBIRAEE S, AEERIRELR, WPMAEFREH
REEMERIMEE.

3. Wit T/ LR EREYCR R B, AT RS RERIT ST EE B2
FE 4 A B A B . BTN, LT RS E WAPRR &, #E T RIERE
AHATE. ¥ TENG ERFIESRFH, HEARSEIEEMMEER, 7]
PASEIR X 43 R R4 FARRERDFE AT Bk pyd A .

4. ¥ TENG R TERERTETS, LT BRITHAERE. TENG HIHEA
HALEWSERHTHLTE, EEAERNSENEKEESSHAR.
TENG KIIT 8 B K 5 RNSB R A ARER BRIF R IER R, SHINERRIRIT IR
i PSA HIEARR R RIS A, HInSFHAFZ BT PSA KIARS HE
M. ¥ PSA HIEMTFRFESTMENETF, TENG KR AR K
MizsRE, ERRERIMTFTFEAFEZENA.

FEAHFHSET:

1. BIRTAFMNREVSHEESERERFFHRERNEZH. KHEHE
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BRI R LR B B3 (5 B AE P AT 8 P o B2 A

7, T L EUR G YR B AT H1 41 B IE B A
2. Wk T mAE R A EEGOR R L. TTUUH TRk R B, IFIR
ENTRLARIRES . BT LMEN B B E R,
3. BB EIRAZIERAIT RS, BB T X R ERAT R
BREMERE. ST T EW FRB AT T H R B 5% H .
UK TAEREE TRE SR EEFR R LM RN 8 B S FLBRE R
BSARMEPAT RS, FRFIMIAIEE IR . H % RS 5 0 iR B 2
R EHAN B BSRBERSE, AT RSREPUTRTRAREER, B3
R R B PP EE T R4 A B AK R FLER AE SR M AT 28 P 241 B IR Bl K
&, KW HFREMEANLL LR E . LR ERDFE TIEFRISEIR
PEpLES .
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