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Fig. 1. Working mechanism and four working modes of tri-

boelectronic nanogenerator?: (a) Contact-separation mode;

(b) lateral sliding mode; (c) single-electrode mode; (d) fre-

estanding mode.
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Fig. 2. The working principle of piezoelectric nanogeratorl*:
(a) Schematic of ZnO atom model; (b) schematic of work-
ing mechanism of piezoelectric nano-generator under com-

pression and tension.

PRI AR, B RS R0 BH B T Y L e O 2 0
T 7 A F A 22 29, 25 3 T b ) s P A A P vy
&6, (2), BB A T ROAH LA R 0 (1),
Op (2) N L MPRLELBE 2 540 S 80 g 224k
(Y PRI T4 1) S M R DR, FE/N TS 5L

RO B e F, D7 AR AT ZH R Sy (100
P; = e;j1Sjk, (6)

T =cgs—e'E,
(7)

D =es+ EkE,
o s AU AR T 1 e 435 R 7 77 5K 2 Fl 5

sk kALK E . A AR T P AR R H
Ay 10l
Jp = aaft) 61]/{:(2?) (8)

(8) A RN N AR A AR AL R 5 R FL AR 2 FL AL
{4 HH RO E B

A7 % L R TE AN K A R AIL P 3 T 7 A ) LT
A TEININR RGN T, B RA ik
WIHEE D, = P. = o, (2), (iR R 10

o a;zz _ aag t(z). ©)

(9) A FR7RF IR A L far A5 T0 25 2 XL 2] 1) He FL 24
KA HUAILAA Bt FEL IR

XF AT 5, R FLAROK A LML) T B P
FVoc = z0p (2) Je. HTFAINRHE R AEFE,
YK Sz FBILIR) HL S i R Ay (19)

100705-3


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 2 3R Acta Phys. Sin. Vol. 70, No. 10 (2021) 100705

RA(;—? =zop (2) — o (t)] /e, (10)

Horp, A gt R miAL

3 gk R LA S R

TEFET AR K LI il se A2 AR B, = R
UL DR o 7 S 5 709 3 A S A 0 i
UEH DI RE RAFAOEE SN R SRR Al LA | 2B
P AR A L A R A S B PR A
BT EEMVE. AR AR | ARSI B
T BT AT T A 41 UL Y 1 KBS Ak ot 1
A BT S TEREIL AT 5.

3.1 #RLEES AW
LEGAEZRME ] R A P SEBRNL ], SR
FERREEELET R 2 FAERE RO SER |, 3B 0 AT
AR GBI A A PR A A SR A
HRTBESE ) 12 e e SRR R 202 & m Aok
2k (NW)., 48 99 K kL (NP). BRA4K 4 (CNT)
Ffr S50 A5 S L L FER BOR B IR A BRI R &
WA T i A 1) FL L O 1951 33 5 L
TRTT LIAE R il 4 TENG [ 3R 0 fil 5 1 128 1) Fla A
AT RE AR — LA YA A BT TENG,
il N 22 3 26 1 45 P97, JEF PENG fil 56 A% 1% 1)
DREM B DL ZnO | BHERIREY (PZT) . BWA L
# (PVDF, PVDF-TrFE) %5 H A JE o (AR B A
SRPER SRS P A Y L SRR 2,
AR s F B R B i o AE S PR R SRS |, dn: R

H LRSS (PDMS) . B3R —HRZ —H (PET).

KW L4 (PTFE) 553tk (R 541, /E 8 PENG
A AR B,

3.2 EEREHMERNTESMRM

N A FEL LR R -5 42 fih 382 TR ) R, £ 25 132
PO, R Ay R A AR A K A A LR RE A
BESRL, B LASE IR A 7 A — B e DR
T EE M - BRI BT e 2 PR
o —FRFPRLR B, 75 —RERPRHAY
HREAL. FHRLA T F A vl e 20 2R JEe (A 5] 141 8
e 2 0L B G SR AL 12 R v 4 oK A R A
it 10 2 T BRI B, 1T A AU AT LASE i i ef4
fi T R Ok 498 5 JEE 42 FL 1 R O, T LT LR

e SRR AR ARG 0 SR ARG 0 A R RS 0 3 L
Kl 3(a) 7R, Fan 45 9 R JE/R 1 TENG 1%
JER R o 7E BRI Y A IR A A Y
PDMS &, A Lb AR S5 4 R e $E T+ T 5—6 £%.
2017 4 Chen % 7 }3EF P(VDF-TrFE) /BaTiO;
YR A MR K & LR TR 5 A 1k
i ok B PR REAR X TR 45 P(VDE-TrFE) Jutkd
JEEFE T 7.3 4%, WA 3(b) Fizs.

MR D RE AL AT i B TR 4 L SR TR AL
B HMAL  OCTE S K E A YIIE RS T i
e Se R 48520 %k TENG B930S0, Ak s
LN B R R N[V p R R s e & i)
TFHYRE ST AR, 3 RT LA AT fi i 67 1 1 96
W ICEAE R BEERRE B AN 3(c) FiaR, 294k
L& W (FEP) Jebt 288 T B 72 [oh ik 73k
AL, B NS B FEP 35 1 A 54 7 K K1
T bl Xt F PENG B # 1T 5 4 kF BE£5, 2019 47
Khalifa #1 Anandhan*® ] 28 28 28 i /47 55 05 0 &
Bk (PANT/g-C3Ny) K A ML, SR 54 H oy
W7E PVDF Hrifil g5 Al hi s B PENG. #Fimi #1 H
T g-CyNy 19 B SR IE K 451~ PVDF 4K £ 4
N PANT P25 T 2 5 7 HL 5%, Horp gC3N, 119
¥ PVDF MWSUR T2 AR SR B TR 8 A,
mE 3(d) s, 24t PVDF B B M & & (4
97%). SR A PVDF 9K LT 4 LL, H i 4
J7 T s R B G (29 1300%).

3.3 EBHRMMELIET

A ST B R T EL e B L T
b |l R R R S M AR TR SRR
Fb, HEREA S 00 B bl o] AR A g (R 4544 | $2 7145
PEEREIE D R N AU BRI RN N KR i &
R MO R REZ B TR BT 2%
T, T ELBEERA R A e A T L gkt 6 PR 4 T I
RS R B . Hoh, 7 SR R AR R Y
WFFEIA R, XA BT T IR AL T IR K BRI F
BH, $2THERE. 2019 4F Chen 45 561 18 3o 45 nl For i
BB (CG) RIEEHIEIERA i TENG,
WME A(a) Fi, HaBrEdr, DR e 158 £ &
1) 20 £, ANE 4(b) iR, 2017 4 Yang 45 7 4l
BT PR T A RS E A AR SR A W
LA, 38 3R - H 2R A1) PHIL00O (4 JBEX A7 B
Fe I HEAT M. L BH R B R0 1 725 Q /) F]

100705-4


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 2 3R Acta Phys. Sin. Vol. 70, No. 10 (2021) 100705

(a) (b)
PVDF/BaTiO; micropillar array

(c) (d) Fluorine
Tonized air injection
Hydrogen

Air ionization oo
gun . Z
5z
TR
Fluorine
~ . S ‘\ _l’
i ({ Hydrogen O
1l Il
1 C B ¥
/(\\DMF/ / “~NMe, /(, N
L&l NM
€2 H H NMe,

3 EEREHMZEMBIHSERIMA  (a) B TEOR G4 00 5E 53 -5 MR 5 19 TENG 19 SEM B8 19 (b) i B A
AL Z5H 1 PENG 458975 38 1 17); (c) 76 FEP #4732 [ AR AL 7R 2181 (d) gC3Ny, PANI 4K #E, DMF #1 PVDF $ 22 8] 41 1.
BT 7R 2 e 1

Fig. 3. Design and performance optimization of the main structure layer: (a) SEM images of micropyramid and microcolumnar
TENG prepared by micro-nano processing techniques!'”; (b) schematic diagram of PENG structure with microcolumn structure on
the surfacel’”; (c) schematic diagram of negative ion implantation on the FEP surfacel; (d) schematic diagram of the interaction
mechanism between gCsN,, PANI nanorods, DMF and PVDF chains!*.
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Fig. 4. Design and optimization of electrode: (a) The photo of stretch image and double layer CG transparency on VHB tapel®;
(b) the photo of fabrication of the graphene/polymer hybrid transparent electrodel”; (c) the photo of stretchable conductor with a

self-healing function!6.
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Fig. 5. The pressure sensor based on TENG: (a) Schematic diagram of TESI; (b), (c) press TES wireless alarm system with finger

and actual output voltagel®”; (d) schematic diagram of TATSAIS); (e) pulse output signals of different age groups!®); (f) respiratory

signals and PTT of healthy participants(©s.
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Fig. 6. The pressure sensor based on PENG®): (a) Physical picture of TVH/COC piezoelectric nanogenerator; (b), (d) the diagram

comparing the pressure detected by tapping the index finger, pressing the thumb, and thumping the table with the pressure corres-

ponding to a commercial dynamometer.
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Fig. 7. Strain sensor based on TENG: (a) Photos and schematic diagram of the combination of TENG and manipulator(™; (b) re-
verse current signal during a contact and separation process™; (c) the transfer charge curves of two different random motions in the
middle finger(™); (d) a photo of a working cycle of the bionic stretchable nanogenerator (BSNG) (filled with red ink)™; (e) schemat-

ic diagram of the working mechanism of BSNG[™; (f) schematic diagram of underwater wireless multi-site human motion monitor-

ing system based on bionic flexible nanogenerator (BSNG)[™.
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Fig. 8. Strain sensor based on PENG[™: (a) the structure diagram of TFPS; (b) the schematic diagram TFPS operating; (c) the

voltage output diagram corresponding to the multi-position motion.
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Fig. 9. Pressure distribution sensor based on TENG: (a) The schematic diagram of device structure of 16 x 16 arrysi®!; (b) the pro-

cess diagram of pressure distribution detection®!; (c) schematic diagram of device structureof 36 x 20 matrix crossed electrodel®!);

(d) pressure distribution sensor based on TENG appllied for a commercial smart phonel®!l; (e) schematic diagram of the array struc-

ture of SETY®?); (f), (g) schematic diagram of pressure distribution signal and 3D output signal in single point contact the devicel*?);

(h) signal output curve of ainsect contact the sensorl*.
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Fig. 10. The pressure distribution based on PENGP: (a) Physical schematic diagram of SPENG; (b) schematic diagram of 3D out-
put signal under pressure distribution signal at single point contact.
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Fig. 11. The sliding sensor based on TENG: (a) A schematic diagram and photograph of a fingerprint-structure-inspired TENG and
how it works, including four spiral electrodes®); (b) the signal of the voltage when the external object is in contact in different dir-
ections®™/; (c) the schematic diagram and photo of the TENG sensor structure and of real product®®); (d) detection of dynamic out-

put of the tangential force in the 45° direction/®.
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SPECIAL TOPIC—Flexible electronics

Research and application of flexible wearable electronics
based on nanogenerator in touch sensor”

Wang Chuang?  Bao Rong-Rong??f Pan Cao-Feng 21

1) (College of Physical Science and Engineering Technology, Guangzi University, Nanning 530004, China)
2) (Beijing Institute of Nanotechnology and Energy System, Chinese Academy of Sciences, Beijing 101400, China)

( Received 18 December 2020; revised manuscript received 21 January 2021 )

Abstract

With the advance of the fourth industrial revolution, a wave of emerging industries and interdisciplinary
research is breaking out, such as the Internet of Things, megadata, humanoid robots and artificial
intelligence.The rapid development of these functional electronic devices is changing the way people
communicate with each other and their surroundings, thus integrating our world into an intelligent information
network. The applications of flexible wearable electronic devices in intelligent robots, health and medical
monitoring and other fields have attracted great attention. Following the human skin, the device can respond to
external stimuli and should also have stretchability and self-healing properties. In practical applications, a large
network of sensors is needed to connect with humans or robots, so the supply of energy is crucial. Several forms
of green and renewable energy have been searched for, such as magnetic energy, solar energy, thermal energy,
mechanical energy and microbial chemical energy. However, high cost, limitations in the choice of materials,
and other disadvantages have become serious bottlenecks.

The advent of nanogenerator brings a novel and effective solution to the above problems. Here in this work,
the triboelectronic nanogenerator (TENG) and the piezoelectric generator (PENG) are taken as two
representative objectives, which are, respectively, based on the triboelectronic effect and piezoelectronic effect to
realize the collection of mechanical energy, and each of them can be used as a self-power sensor, which can
generate electrical signals, respond to environmental stimuli, and need no power supply any more.

The optimization and design of nanogenerator is always a key factor to improve its performance and wide
application. At present, the methods commonly adopted in optimization schemes mainly include material
selection, design and optimization of structural layer and electrode. The selection of materials should be based
on low cost, stretchability, transparency, stability and biocompatibility. Firstly, for the optimization of
structural layer, there are mainly two ways of designing the materials, one is the microstructure of the material
surface, and the other is the functionalization of materials.The performance of the nanogenerator is proportional
to the charge density of the contact surface. The square of the charge density is the main parameter to quantify
the performance of the nanogenerator. Therefore, increasing the charge generation has been the main strategy to
improve the output power. The microstructure of materials can be realized by means of colloidal arrays, soft
lithography, block copolymer components and surface nanomaterial manufacturing. The same materials can be
functionalized by ion doping, plasma treatment, electrical polarization, laser induction, and the formation of

nanocomposites. In practical application, more attention is paid to the electrode with excellent performance
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which can simplify device structure, improve device performance and expand application field. The design of the
electrode more focuses on the features such as flexibility, stretchability, high transparency and excellent
electrical conductivity. The touch sensors based on TENG and PENG such as pressure sensors, strain sensors,
pressure distribution sensors and slip sensors have shown excellent performances in application. Self-powered
pressure sensors are used most widely because they are highly sensitive to and can detect the subtle pressure
changes such as respiratory or arterial pulse-related changes. Strain sensors can detect signals produced by the
body during mechanical movements, such as walking and joint movements. Pressure distribution sensor and slip
distribution sensor play a key role in touch screen and smart prosthesis and so on.

In this article, first, we introduce the mechanism of TENG and PENG, and summarize the way of
performing the optimization design of the nanogenerators. Then, we discuss the self-powered sensors based on
the nanogenerators such as stress, strain and distribution and slip sensors by combining the marerials and the
design of device. Finally, the problems and challenges of the tactile sensor based on the nanogenerators are

discussed, and the future development is prospected.

Keywords: nanogenerator, flexiblewearable electronic device, touch sensor, flexible device
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