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Progress of the Research on Wearable

Triboelectric Nanogenerator

GUO Yinben', ZHANG Qinghong®, LI Yaogang’, WANG Hongzhi'

(1. State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College
of Materials Science and Engineering, Donghua University, Shanghai 201620, China)
(2. Engineering Research Center of Advanced Glasses Manufacturing Technology, Ministry of Education,
College of Materials Science and Engineering, Donghua University, Shanghai 201620, China)

Abstract: Recent years, with the emergence and application of a series of conceptions and products of wearable electron-
ics, it has become an urgent issue to power electronics in a safe, convenient and sustainable way. Since firstly reported in
2012, triboelectric nanogenerator (TENG) has been widely explored because of its light weight, high out-put perform-
ance, clean, sustainability, etc. The function of harvesting and transforming mechanical energy to electricity makes TENG
a promising energy resource to power wearable electronic devices by turning walking, typing, even breathing and blinking
to electricity. However, the disadvantages of TENG are obvious: quite low conversion, low out-put performance and im-
pulsive out-put voltage. All these shortcomings lead to a great challenge for the application of TENG. Therefore, to improve
the out-put power density of TENG has become the key factor for its application in supporting wearable electronic devices.
This paper focuses on the developments of the out-put performance and stability of TENG in recent years from three as-
pects: (Ddifferent kinds of materials; @structure and morphology of materials; hybrid nanogenenators. The influence of
different factors has been analyzed in details in this paper.

Key words: flexible wearable electronics; triboelectric nanogenerator; out-put performance; hybrid nanogenerators;
mechanical energy.
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Table 1 Triboelectric serie§ for some common nw.a}terials foIIowin.g TEA BL 5 10 A K 90 K 2/ 90 K 2 [ 51 B 8 A R i 42
:;Z?r:ir;czr::ge;illg)lgi? electrons ( positive) and to gain A'%;M*i % 0 lﬂﬁ?ﬁ}i‘?ﬁﬁjﬁﬁ $1’%Jé“3 R fi%
Polyformaldehyde 1. 3-1.4 ( Continued) e, RERLERAL SR SO AT R, AT
Etylcellulose Polyester( Dacron) TN K 2R/ 1 R 471 A g R O o7 A% 95 JBE 4 68 o A1 BL 1A 4T
il 66 T k. IR EHTENG BT T PR S A A
Melya_nime/formol Polietﬁyler;e Terepthaliat: / GAATR P9 5 8 557 1 ©
Wool, knitted Polyvinyl butyral 3.1.1  RALp R &/ )
Silk, woven Polychlorobutadiene T 5 SR TR 30 o 2 g 2B K SRR W N oK S/ i B B 1Y
Positive Aluminum Do) bber i CUBC R, TR RSE O 2 RN I 45 o 0L 4% 1
l Cotton. woven Aemlonilening chlorde SEEITAE 9 K 2o/ R HT S00 19 Lin %60 66k 5 2
Steel Polybisphenol carbonate WK TR K 67.2 nm, JEEH 4.2 um KA
Wood P”lyc?‘“?e‘_h” _ TRERI KL 5 (1 2a) o FIHIEAL R LS 3R 19 3k 4%
Hard rubber oy i chloride( Se l PERI A T AR DR IS B | T A1KZ RSB 9 1
I Nickel, copper Polystyrene 2 THI FRUSE 4 P i 1 P R S B W 3 40 TR R T 395%
i igphply] Netive 1 1909%, FL{&IBEAO PEFEME B IR KR TF, Yeong %5
Acetate, Rayon Polyimide( Kapton) T ITO/PET 1A K T 3 1 T 32 5 11 S8 16 59 40 K ek 1 9]

Polymenthyl methacrylate
(Lucite)

Polyvinyl alcothol

( Continued )

Polyvinyl Chloride( PVC)
Polydimethyisiloxane
(PDMS)

Polytetrafluoroethylene
(Teflon)

Positive

I

Aniline-formol resin
Polyformaldehyde 1.3-1. 4
Etylcellulose

Polyamide 11

Polyamide 6-6

Melanime formol

Wool, knitted

Silk, woven

Polyethylene glycol succi-
nate

Cellulose
Cellulose acetate
Polyethylene glycol adipate

Polydiallyl phthalate
Cellulose
(regenerated ) sponge

Cotton, woven

Polyurethane elastomer

Styrene-acrylonitrile copolymer Polystyrene

Styrene-butadiene copolymer
Wood

Hard rubber

Acetate, Rayon
Polymethyl
(Lucite)

Polyvinyl alcohol
( Continued )

methacrylate

Polyvinyl alcohol
Polyester( Dacron) (PET)
Polyisobutylene
Polyuretane flexible sponge
Polyethylene terephthalate
Polyvinyl butyral
Formo-phenolique, hardened
Polychlorobutadiene

Butadiene-acrylonitrile  co-
polymer

Nature rubber
Polyacrilonitrile
Acrylonitrile-vinyl chloride
Polybisphenol carbonate
Polychloroether
Polyvinylidine chloride ( Sa-
ran)

Poly (2. 6-dimethyl
polyphenyleneoxide )

l

Negative
Polyethylene
Polypropylene

Polydiphenyl ropane car-
bonate

Polyimide ( Kapton)
Polyethylene terephtalate
Polyvinyl Chloride(PVC)

Polytrifluorochloroethylene

Polytetrafluoroethylene
(Teflon)
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Height of ZnO Nanorod / nm

B2 Tifh AR R 5 B9 SEM BB A (a) 190, JEF PDMS Y TENG, H—¥#HH% ITO/PET I B 51
ZnO Yk HEFEF AR E R (b) PO Cu I LA KSR SEM IR A (¢) B 40K EIRE PDMS B4
I FE-SEM J8 -, /NEh Zn0 SREAL 90k FELRE PDMS 55 IR 1 (d) 1520 FEP 26 11 94 K e I 51 25 4 14
SEM M (e) 1357, PTFE i ZI0h A9 49K 2 SEM JE (1) 15

Fig. 2 SEM images of the Ti foil covered with TNW array(a) [*); schematic diagram of the PDMS-based triboelectric na-

nogenerator with vertically-aligned ZnO NRAs on ITO/PET as a top electrode(b) 1 ; electron microscopy SEM

image of Cu film coated ZnO nanowire arrays( c) 511, FE-SEM images of the bottom textile with nanopatterned

PDMS, inset is a high-resolution image clearly showing the ZnO NR-templated PDMS nanopatterns(d) [32); SEM

image of nanorod structure on the FEP surface (e) [55] . SEM image of surface-etched PTFE nanowires (f) [56]
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Fig. 3 Photos and SEM images of surface—micro/nanostructured PDMS membranes and their replica molds
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Fig. 4 Schematic diagram of the structure of the TENG-based insole!®* (a) ; digital photographs (b) of the as-spun PVDF nanofi-

bers on the conducting fabric front side (1) and back side (2), (3) and (4) are photographs of the fabricated TENG-based
insole demonstrating its flexibility!®*] ; SEM images and 3D AFM images of PVDF nanofibers with smooth surfaces and sec-
ondary-nanostructure 2/ (¢) ; structure and working principle of the TENG based on electrospun nanowires ( ENTENG )

(d); SEM images of the electrospun PVDF (e) and nylon nanofibers () [63]
-
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BRI LED JE A1 (o) 5 MR 4B MBS TAEMLEI R IR L4 (1)

Fig. 5 Schematic illustration of the sponge-structured triboelectric nanogenerator ( STNG) %]

(‘a) structure and fabrication process of

the STNG; (b) FE-SEM images of the sponge-structured film'®'; (¢) change of output voltage with the relative humidity
change for flat film and sponge-structured films with pore sizes of 0.5, 1, 3 and 10 pm; (d) current density of the flat tribo-
electric nanogenerator and STNG (0.5 pm) 641, () snapshots of 75 commercial LEDs connected in series with relative hu-

midity 75%RH; (f) schematic images of work mechanism of sponge-structure film!®]
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Fig. 9  Schematic diagram of the fabricated hybrid energy cell (a) '®; schematic diagram and digital photograph of hybrid device com-

posed of six DSCs and one TNG used for harvesting light and wind energy (b~c¢) %! ; schematic diagram of the electromagnetic-

triboelectric hybrid nanogenerator(d) ; photo and of the SEM image of the spiral-shaped copper electrode (e~ f) 7]
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