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ABSTRACT

In recent years, searching and developing for sustainable, renewable and green
energy has been one of the most important tasks for scientist and researchers
to address the rapidly increasing global warming and energy crises in the world.
nanogenerator(NG) has been developed for converting low frequency mechanical
energy into electricity though piezoelectric and tribo-electrification processes and

they have been demonstrated to power small electronic devices.

Generally, the triboelectric nanogenerator operate based on contact electrification
and electrostatic induction. Due to its simple operation, low cost, availability of
materials, higher performance, and high adaptability takes into a wide range
applications such as wireless systems, portable/wearable electronics, and
self-powered systems. Although a variety of materials are used in TENG have
been reported, but still have their limitations. To achieve higher output
performance, choosing the materials, surface morphology and inner distance are
key parameters. Therefore, great efforts have been devoted to design and
fabrication of triboelectric nanogenerator with high-performance to the

sustainable driving of electronic systems.

In this thesis, we have fabricated the triboelectric nanogenerator with different
condition and studied the effects on their nanogenerator performance when they
were used in tribo—electrification process. Finally, the fabricated triboelectric
nanogenerator can directly drive commercial LEDs connected in series, when the
force is applied to the device. These results demonstrating that the potential
application of triboelectric nanogenerator for self-powered systems, such as
wireless sensor networks, implanted medical devices, nanorobotics, security

applications and portable/wearable personal electronics.
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Figure 1. Schematic of energy sources in surrounding environment[4]
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potential future applications[7]

re
(i
Sl
-3
~
rr
N
i
o,
2
)
o,
T
B
r>~l
oX,
of
o
o,
oo
rot
T
tr
2
2
N



I. A7+ &

1. w24 7] &3 (Triboelectric effect)

A= 54 =

Z B9 A7t & SAR ol FshaA

electrification)®] 3+ Folth. Bloe g MHgE BlAY BI2 FdE EA4F W,
bz o] fre HeE s B o vk dRE] ¢dNg

71 mpEA v e, dske] 543 A

S wet g2A Gt wpEdr] E3= BC600Wd gl ~vh sEks &
3 o EARS v Ao A oen gy as A7 (electricity) g Tl S
Sufolgt  f=ol g 2o]  electronl A TAAIA  WHEY. whEA )
(Tribo-electric)= L] it Aol 'mb&(rub)' = ovdt= FAF tribo-F
7178 & A g ol A

b 7= m R (rub) oA sk Al A xR S mE Aol ol A nlgkste
g5t Aol st Ay s dyE A¥aad, dAE (HAsE
W 8y (H)AsE W ARy Bxsn T Adsge FPAEE FAsH @
thool7le] mpzel] o3 & Thstd MAke HA vE EAR olFsiAl =,
dete] BHPE ol FA Hol A7E W EAUE Ak olw Mzt olgrd
A (D2 A=A &

L,
71 EAe] S22 A A

)
M

= u
—

1

I 5 ddE 24 Aol Aud vAl dxE WEWAY EogAA 7]
A7F AL WA o

X
o}
fr
ol
ol
o
fu)
t
rlr
ofy
oX,
[-'O
o
=
il
)
rm
_E
=
L)
>
m{m

sase] A7k 23 Foll Hum 44 BE o4 FHHUS W e Aol
& 2shazt g

ot o] A2 AAGeA Bol HAS 5 dew 1847 FHEE AFE 2% 5

o,
2
2
il
)
rlr
i
é
fo
iy
AW
ol
nd
k]
ol
X
i,
g
o
2
o
!
ro,



of olal A A7} o|FojA Wyle) S8 WA W] uke] HYr)

[8-9].

Positive
Air
Human Hands, Skin
Rabbit Fur
Glass
— Human Hair
! Nylon
Wool
Lead
Silk
Aluminum
Paper
Cotton
Steel
Wood
Hard Rubber
Copper
Silver
Gold, Platinum
Acetate, Rayon
Polyester
Celluloid
Polystyrene
Polyethylene
Negative Silicon

Figure 3. Triboelectric series

o
N
b
rlr
do
N
i
i
S
>,
o
2
o
R}
e
2
)
fr
Lo
_—‘.)L_‘,
2
do
2
N
N
0%
oX.
)
rlr
Sl
o
M
o g
1

g o v TENGOl 7Hd w834 &&st= A=t 771 =dol7]

71 =2 A 2 2} (organic nanogenerator)2til%® 3FH ) 7] A Z Q] oy A=



T aAEA AFoR 7] AARE AR BHI]ol7| = stk

20121 149 TENGeo] Hz2 Hig oF &ug A& Fsto] Ao &9

A ghel o W <bell Rk vl FAEHAT WAY F¥ dEE 313W/m?, AH
60 % F=7HA =gk Az oy

A 71%& AHES TENGS Hold A% oleol® Al ztu]go] At kel

AxZA, S5 4 2 AN, DB 8k § we o HES A

-

.

iy

o

o
i

w

o

o
L

100 - s
= ; ' ‘f’ “98 W/m?

1 = |
- - ﬁ?\”!m’

0 - - = ===

F.G? mW/m? 23.4 mW/m? 5 W/m?

Area Power Density (W/m®)

2012/Jan Mar May July Sep Nov 2013/Jan

Figure 4. A summary on the progress made in the output power

density of triboelectric nanogenerators within 12 months[11].
3. Fxo wte whAAY] ALY FF

vpEA 7] Yl b= Al 7EA ) 7R AE o] sl

D 42 HE=-%7 R=(Vertical contact-separation mode)



N

A7) ezl MAUES F AEHe] AsHe gEi welz e
o] 47 vhEAY] Asst A9)e] Aolg WEM FHL WFIA FrHe
2 AR o Fahe Aoz HHT £ Atk adel AN Pol A AF
gel FRYAY wAAWA F we A% Eviel AAAARA A3
g gAdel ofs) gxe (N TE #HS (O GAHL dIAAE JE

A7) gaeh 2ok o F gukd 54E kel mhER) Adstel] o)

Lo
d
=

719k Abolol Al AAZE A= 9 o] FolEo] HEWo| EH7] Azs
Ao} of e AAT) BAsA A AdHom WV FYAHE o]
Faz o Faks Fa AAvE 5 AFolA ubdE A oR o] gl Hh

A7IA, A7l A7 B E o] mA] HATE o] Fske Al o e

oJ It} ofoj A F Zigko] ol Flef oaf vl HFashe L st ofrket= Wk
wako 2 A= goluxt Ax7F 24 Ak o] 3Ao] AL wiE g Al

AHo® Wi (AC) A77F AEH o= WA Ar12-13].



Releasing

m "

Bended/
Pressed

Triboelectric
effect 11

Bending/
Pressing

Released

Figure 5. Vertical contact-separation mode of triboelectric nanogenerator

& do]ld EE(Lateral sliding mode)

32 &

o7 &Aol= Lz A2E TENGO o

P

i =

S

<
=

FcH14]. Figure 6

)
-

& 12}

v

o

= 9ol

A =4

HEE e T

K

tl o] wjitoel S A

5

A

ot d7|7r

% AgolA ofd] WFow of

%

o7 ®© e AA)

SEE!

9 (+)
1A w4 s [4HA

3]

%

A3

&

5

71380l o]

2=
2

ZHAA Ev oA §

%2

(-d

af

A

WFAC)H7IE &

ol

[



N\
)
il
®
s
ol
b
[rt
oy
ot
%
o2t
2
=
b
<
o

Be] &ebold whA(15]3} ool

tot
o
Mo
offt
-3
ki
)
ofo
et
B
30
=
—
o

Sliding outward
e

%

towﬂemade ........ —-—
++++ % 444+ 4t b bbb bt .;l]
) * b3
—
SHding Inward

iiiiiiii\u“"“*“ %l B o e o o %

Figure 6. Lateral sliding mode of triboelectric nanogenerator

3.3 &9 A= R E=(Single—electrode mode)

9d A5 7k mpEA Y] Yyeddr)e Evtges 5 £ A YAl
WA F oo AgAHor Ad e AREHATHLIT-18] FF did = A
A= TENGY ZHs 985 2do2 Yl
CHFigure 7.). 7 A8 E B, 959 PDMS® 2WE s A= HH
sto] whoje] S4do] did®E Aelolth dldde 2w PDMSE I Frth o A
AHE Foldrle AAS 7HAAL ol AAe= v FEFYH PDMS® o] st ¢
A3 3PS ol dEHlolA PDMSeF 35 Alo]e] kAol WAIEH, whEA ] A
7 JE5e ZWS T ool BIIESA Hol HFLEHE AT F+ Sk
w2l PDMS ¥ el wloly s @37 ITO A=l o dsts fm=stal A
A2AE ITO AFo 2Ry HA A4S 53 =27 9 44 §= 4AH
A& y5e PDMS Atole] A2l7F PDMS o] A7iHch Ads a4 249
u gAst ITO A= Aol =8 Fxs7F PDMSe wlelys mpa d7] 4

stbE A (screen)H = A5 LRI o], A ofFo] glolA A Hol ojuwdl

o

Ing
E?L

o
fr
e
o
it}
ylg
e
e

ﬁl

=9 Asx #F & 5 vk 9F7F PDMSel oA sk, ITO d=ol A
g AdES wel A7 959 PDMS7E b8 Mz HE5S o) 744 o] 5
i ITO d=e] Fdst7t Aastis =3 Aok, dF Az7h wdie) 2=

’



Flliriin Sain

IO __i_ﬂ J __!_

Fh b4
~—d
____
+ + + + e + 4+ 4+ + + + +

a2 7] 33 G A7) = (Electrostatic induction) @74S 7o 2 dqUA &
T8t TENGS ZA F &7F= &8 F Utk A= adFsd 71 Ay A
A AZNAUAE FEets Floy, g2 8o dro] o A glo] nlo]law
T vyeda FFoly Fold dAA7)7], 7H8E A7IAES] AT Algel

Hgat golth, olefel= TENGS thEAel F81ete] tisls H3sd

AF AR 48 (Harvesting vibration energy)
e AN A A7), B4, A s, AsAk, 712, F37], vt 2
o] B2 oA 71 A A F v dF F ot A A EeE F
s}

a9k Akl EAE7] el s olvA g2 2 ZA7F A TENGS o



GG HFT

=1 F
Fetr] 98 AAEAT. ek TENGS $74/d=Zet RUEY, Fo8& Az

rO

AL Fd YR F3(Harvesting energy from human body motion)
AgA S Fal A FelA AHE FHEHS ZIAA YA ZE Eol 3

=

7l el Fojg A 717 2 AE g% 4 TRIWS FAsuA sha
=]
T

Figure 8. Harvesting energy from human body motion[20]

2utE g ojHE A2 € (Smart Wearable Systems)
SlAZEE HAEE &% dUAE THLAES T A7) dyAE Wty
ol trds ~wtE dojejE A~ dAd" AAEYUHY Ay e F

Hg Az 71718 Feske dH 282 5 dn v V= A, b, A

11



oy

of Agso] FEAUA} Wol WAFE Ho ¥

Y
gk

Hol &84 & 21l
oja

o | .HJEADSET

l\n—] © compuer [El : Ii| l]

HEALTH
BRACELET

1
[n cup-on | B |
SENSOR ——

Figure 9. Smart Wearable Systems[22]

A 7pEA Al A (Self-powered sensors)
b U BH7IE ZIAIAY o] teliAH AsHder &9 Ay 2 oA

_1‘%'_
AR ET ol TENGS 712 el 28aie] A4 A9 e Az A8



Figure 10. Self-powered nanorobot using triboelectric nanogenerator[25]
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Figure 11. Schematic illustration of triboelectric nanogenerator (TENG)
fabrication process. Inset shows the digital photograph of fabricated TENG.
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Figure 12. FE-SEM images of the PDMS layer prepared using various
sandpapers (a) 120, (b) 220 and (c¢) 320 C grade. FE-SEM images showed the

various surface roughness morphologies. (d) TEM image of silver nanoparticles.
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Figure 13. The electricity generation process of TENG. (a) Original position without
external force. (b) External force makes ITO and PDMS layer to contact. (c)
Reduced force brings separation. (d) Original state has triboelectric charges. (e) The

force causes contact and electrons movement.
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Figure 14. Electrical measurement of TENG. (a) Open-circuit voltage and (b)
short—circuit current of TENG with different PDMS layers. (c) Average open-circuit
voltage and (d) short-circuit current of different inner distance (1, 3, 5, 7, and 9
mm). (e) Dependence of the voltage and current output on the external resistance. (f)

The external load resistance dependence of electrical power.
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Figure 15. (a) Schematic of the energy harvesting circuit and LED display. (b)
The photograph of the TENG-driven flashing LED display.
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Figure 16. (a) Schematic illustration of the STEG. (b) FE-SEM image of the
PDMS layer. (c) Photographs of fabric with different component.
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Figure 17. The electricity harvesting mechanism of the STEG. (a) Original
position without external force. (b) External force makes Fabric and PDMS layer to
contact. (c) Reduced force brings separation. (d) Original state has triboelectric

charges. (e) The force causes contact and electrons movement.
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Figure 21. Schematic of bracelet-STEG (a) The structure design of the STEG.

(b) Electric circuit diagram of total connect circuit.
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Figure 22. Output performance of fabric-STEG in jacket (a) Photograph of the
device in hit condition: (b) Open-circuit voltage and (c) short-circuit current. (d)
Photograph of the device in flutter condition: (e) Open-circuit voltage and (f)

short—circuit current.
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Figure 23. Output performance of bracelet-STEG. (a) Photograph of the
device in shake condition: (b) Open-circuit voltage and (c) short-circuit
current. (d) Photograph of the device in shake condition (e) Open-circuit

voltage and (f) short-circuit current.
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