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surface

Ivent viscost B.P. tc
solven 0 ty @
water 71.98 mN/m 0.8%05 mPa.s 100.'C
with athyl
callulose in 30 mN/m 8-15 mPa.s 213-218 °C @@@
cyclohexancne {30 °C) (Terpinscl) inkiel printabie
and terpinecl isigma - aldrich)
:mﬂi:ﬂfn 30-35 mN/m 0.75-3 Pa.s 213-218°C @ C
. ] (25 'C) (Terpinecl) gravure printable
RIpinge (sigma — aldrich)
irm?:;mm not 5-50 Pa.s 213-218  °C @

: indicated (25 'C) (Terpinecl) screen printable
lrpines (sigma - aldrich)
N-methylpyrrolide 40.8 mN/m  1.65 mPas 205.C @ @
ne (MMF) (25 ") (25 "C)

N.N-dimethylform  36.42 mN/m  0.802 mPa.s s @@@@
amlide (DMF) (25 Q) (25 ‘C)
tatrahydrofuran 26.68 mMN/m 0.48 mPa.s 66 'C M
(THF) (25 °Q) (25 °C)
tetramethylurea 1.4 mPa.s . @@
0. : 175.2 °C
(TMU) Val/o | o o) *
formamide 59.1 mM/m  3.302 mPas 210.5 °C @
dimethyl sulfoxide 43.54 mN/m 1.9% mPa.s 189 ¢ @
(DMSO) (20 "Q) (25 "C)
gamma-butyrolact 1.7 mPa.s :
35.4 . 204 C
one(GBL) k] PR O
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A 24 zFE 49

oAM= Z7] Sum, T4 Inm ©]3}+9] graphene oxide flakeE
D.I. waterol]l ¢l Highly Concentrated Graphene Oxide(UniNanoTech,
Sg/mbh< A&ttt 2 Ao Hd AR Aol A graphene oxide
solution(GO solution)& ¥ 3ato] A #sk MEH & A = piezoresistivedt
AAS B o Fo] 7|k A gauge factor(G.F) ¢ 60, PDMS 7]4to]
A ek 20071000 7FEe] =2 GFE REIT6]. 2% 7|vr "y E AlA

9] piezoresistivedt A2 ¢F2 flake’7} Z®W WAl A substrate 99l

Aol Zolxu WP Eo] WA uw flakeIre] HEF WHo] XA
Wbl sl= Ao w FAFEY, [ 3]+ graphene oxideE Fo] ¢o ZH
st & SEMo =2 ##3k Abxlolal [19 4] graphene flakeo] = W
sl o]

|

el s 23 =2 o) graphenee] Z®E Wol tensile strain
HE WHAo] FopAWA  AFo] Frhstal

compressive strain®©] 7}l AW flake7te] FHE= W o] Yol xHA A3
o] 7+AsteE dElolt}. Fo| substrate?] A% FAIF ¢F7] wEol {3
B

S 743w strainel Ao @ wizsle] A& Si 7]uke] WY
_]

AET 25 %2 GFE HolX7 =4 W= 180°% wl§- At+=
A AUl m3E Fo] jHto g AR Al AANE HES S o
ol &= 7] AlAM o] HE] =L 8 7leAS AlAFETE PDMS substrate

=
Z3& 78S w strainel] "¢ 717EFe]

40760°2 =74 329} FAE =dsH
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Al 2 & Graphene coating

A 1 A Stencil method

2"l W (Stencil method) 7 &9 A4 Fol& =iy o]y HZA
(75Graphic Arts, 3M)Z H2Z A7l & ol Fo|E substrateZ, ¢

FTolE yAE AYZE 7 H(Silhouette CaMEO2)E ©]-& ‘3H 9 ¥ 3}
UPiﬂi AR& st WHHolth 7 Fe FolE HAAI F YAE 2
TE AHZ SlHe] Fo|uks AE F A AESY. Y= Y-S o
ARQlstal HAY AgZE AHE s A & ZFd B3-S AAS
of Fo] ntaAaE fAdTH. mtaA 9o GO solutiones = ¥ 5k
Aol A ebds Ax:AZl & utaAE AASte GO HEH YT o
g AHZE AHE o] & HARIS FAS= Aol &olstth FEY
g2kl AutoCAD 20155 AFE35+ Tl SubstrateE PDMS(Polydime-
thylsiloxane) & AF&3te] 722 HHHE AFEE = ok € F flash
reduction 1= chemical reduction WS AFE-3to] GOE rGO(reduced
Graphene Oxide)Z rsle] HAEAS z2HA 3t 3+
silver paste?} 2] EH|o|XZE o]&35to] rGO AlA A= K-
AASALE. [29 5]F stencil methodES =210 & e
AMEo] EFolth. AlzE AEY Adgs SAHHE A I3
30.2kOhm, ¥ +¥x=} 2.7kOhmo. 2 ¢F 9%9] 2 A&S HAY. AA9 o
2 S Y] e AFAHS FHF7] ¢4 sample to sample
repeatability S 2.x}8& 5% o|WE Exsta ¥4 HZH3 A4S AP
AT},



=l

Stepl: Stick two A4 paper together Step2: Cut only top paper with Step 3: Drop GO solution on paper
desire patter by craf cutter

l(
‘P‘ P‘
Paper substrate

Step 5: Separate top A4 paper Step 4: Dry GO solution

and reduced by camera flash in room atmosphere
PDMS substrate

19 5 Stencil method &3 =213 AzE AMZo] % reproduced from

Biswajit Saha(2017)[5].




WA Aol WA FAS 98 substrateE ZololA PDMS®E W7
SEATE 71 AFtol A Fo] 7]Wk graphene WHEE AlA = oF 7009 9
e F 2o Al A dgho] oF 10% S7lshe A3E BEYth Fo] 7]dke]

AA = Azl golstth= Axlo]l AR @Ay 2ol 7hsAdol slaL

PN

Gl Feralel UlTdel @ojd. @ PDMSE Si Zlwel §7] %
gl AL FAd, TR FIAA 54, e w4, AN FAA7)
3ooAE FHAAA g SASE Qe ejshd 3ok Hob AFelA

o

),
°
(0]
I

Dol AlgE = Zevjolt), T3 Fole} gy FAS
E] o]

welbA PDMS9 WS Zgkxvt AEsle] #HES OH-Z A3l &+
S M3k AFE3F AH] = FemtoscienceAl2] Plasma chamber©] il

o
T 2712 60W 3], 2% Oy gas 20sccme AFE35FS T



vé?Ha. Hi?l'i: o %HTS H;
i \0 » |\ :Piasma oxidation : of kof’

HYDROPHOBIC I (+10min)

a9 8 Eepzu Hel 4, Fo PDMS 9 A
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PDMS+= sWo] CHz-2 oA glojA &aad Ads Adh GO
solutione /4 &dolm® PDMS Wl vz s®s7|7F =t
U’}E]r/ﬂ PDMS®| W& Edt=vt Agldte] WS OH-2 A&t &

4S5 M 3sth AF83 1] = FemtoscienceAl2] Plasma chambero] il
T 212 60W 39, 2%, O, gas 20sccm= AF83FA T}

¢ PDMS= Abe 722 ol FojA = €43 =2 o|FExE &
ol Al Fx7F olEetwA EHoh=nt A olF EXstd #H
OH-7|7} #Zasta Axk Je4dS o7 webr PDMSe W44
dde FAs7 Sste] E@k=wt Ae] o]% (3-Aminopropyl)
triethoxysilane(APTES)(Sigma-Aldrich, 99%)& F714 % s1® 33t
APTES: ¥alznl A2l®l PDMS zwel OH7|9h 24ATso]
APTES monolayers o] %W ofRl7]2 GRITH8]. OH-7]e #]s]
dA o= 21 APTESY #A7%+= PDMS W Also] Algko] A
et FAolMA ATdE 4 e WAE 5 Ak APTESS] ofvl7|

B
Lo

ml

+= 3% graphene oxide® OH-7]¢} COOH7|¢t A714 d&HS F3)
graphene oxideE PDMS ¢ graphene oxideE FHI= AS 5=
APTES+= DJIol 1:9% 343 & 70° QEoA 2417t wkS-3slo] ZHE3]
THAEA 7 3 DIZ 3akdE Aol Wik
APTES
NH.
; NH. NH. NH
Al N
i . : X ;
Q Si 5i S
gl L SO
\:-H OH OH ' \[}: 0 0
|
Oxidized PDMS surface Silanized PDM5 surface

19 9 Zg=vl A7 & APTES ZH¥[8].
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A 2 A Layer by Layer coating method

Layer by Layer(LBL) Y- negative charge® 7}% graphene
oxide layer®} positive chargeE 717 &3 - EFo|A = Polyethy-
lenimine(PED & Al-8-3F9 Y - layergs W Zol Iy st= Wolg. 7]
A ol 93 GO S PEITol dwts] ZAEsta 7] wo 89

ol Aol =7}ttt AHA

k

o,

| Atk ©@<=3] graphene oxideRt F W e
TR WgFor Jlo] AL uwf WA o] v Holx
2 —)F ATt ZHES 131 cycle) P
Zol W= At A& GO solution
9] graphene flake Lﬂ‘ﬂ]‘c ——F um, T4l Z2YH 3TH5E 2 ¢F 10nmo|
o} [29 10]¢] SEM AFZS B graphene flakeE©o] HAo] &2 X

v}

9

R

w2 Qs £ glom 'S AE ALH S grapheneo] IHEH WO 49
o2 yUegts] AEHo] A&5E AT 4 vt graphene AFoJAbolof E
g7t Aol JAN flash reduction A WafHA Fes AT
=45 F3 Itk [19 10]9 (@9 (b= 27t reduction ¥4
A, -9 AbdolH reduction ¥4 F- A& Mol 3 HA AN 3]
o8 Wgk AS AFAY ¢ dvt IW TREFS o ¢ Erh

1. PDMS o] Zeh=nk A7

2. 1% PEI &9 53 ©@7ke 9 DILE 30x7F A=t
3. 5g/I. GO solution®l] 5%7F @71+ jr D.I A
4. 27334 o] 13](1 cycle) A EolH o= 103] W&t}

¢ o=z ARE AEFe Hir Ak 53.46kOhm,
. Stencil method®} W] s}
=2 repeatability S H. o] =t}

o
%
O
=
8
o
fru
to
24[_(/
t
o))
X
n

wr =

_12_



719 10 LBL #%. (a) PDMS #Wel| LBL WAog2 3"sg AZ AR

(b) reduction ¥4 & AR (c) SEM A}A.
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Al 3 A Inkjet printing method

Inkjet printing method= Inkjet printere] GO solutionS YA = A&
sto A3 st WA olv wE dEY #Fo] devt flvk= AR
e Heoj o] FEol HE @ A7 JdEH o LBL WA 3
Egste] st AAME A A= B vk JAoH9][10). & Aol
= 48 ZHY HP psc 7502 A&ty HEAFEA T4 Super
Inkjet Printerg& A}M-&3te] A& 35t

Inkjet printing®l Al 7F& 23 824 GO flaked] =L7]o|t}. A3 o
ALg3 HP psc 7503 Super Inkjet Printer®] =2 Alo]Z+E= 2F30umo]

L
} flake Z}OH aggregationO] HEAISE AL =& EoA] Fdbo] HHAIE

22 e @gel WAL YWHow wF %Y Ay

o
i o
15
ol
ok

A&7 YA E w=E A7) 2079 1 o]dtE flaked] A7E =9

stopar &4 A9t [ 11]2 Dynamic Light Scattering(DLS) W

E3 GO solution®l &EAsk= flakee] AFo]=E sonication A& %

e} A 3e Aztolt}, Sonication A Holl= H A7 27umEB =

Aol 30umet Bl FS vl =& 9E S 48 WA 6] o

Ae & 7 e, 53] aggregationo] TAYsto] Hit Alo]=HTh
b

59um flakeE°] DLS 4S5 E3] ¢A %A Sonications ¢F 30+

§) 7
)3l A} aggregation AN AT & AU, Hif flake Z7]= oF

14um= == AFo]= 30um9 20%9 1 ¢]3t9 ). Sonicatione 30% 9]
T IAIZE, 2413 F7F A E sl HAt flake 2715 1.4um HH 9ol A]
A "oy ko= 2 inkjet printingell AF8E GO solution ink A

Zbol| = 30 9] sonication * &%k s} T}

_14_
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Differential Intereity (%)
Currwpdat e Friers by
DifferenSad Intensity (%)

(c)

2% 12 Sonication A]Ztell W&  graphene flake®] SEM ©]n]XA].

Sonication . (b) Sonication 30% *]&]. (c) Sonication 150% = &].
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(a) (b)
(c) (d)

19 13 HP psc 7502 % graphene oxideZE inkjet printingd AF%l. (a) 13].
(b) 33]. (¢) 53]. (d)103].

_16_



19 14 Super Inkjet Printer=
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[28] 13]2 48 ZHEHP psc750)S AHE3 GOZ inkjet printing

3k AlRlolth, w=Eo A 13] EAFA] oF 30ple] droplets WESte=dH [
g 11 (a)] 235 v 13 digvtezs F43 FAES dygdd
fae & 7 Ak oF 33 o]l A F reduction HAHES FE A=
qe 7S gelstg o 57103 <1 ME2] 4§ flash reductions
AXAA GO layer7b 2 == &Aool YEMST. GOAA rGOZ 3¢ &
= oA -7t Frkek=d FAZE U T Fu) el o s
W7t dojuhs Foew FAHAY A8 ZHHE AMEste A9 A4
L8 AoA SHAA = A 7HAAN =29 e S A S
A ZHI M= tUa FFH3 Ho] k. GO solutionS sonicationd}o]
ALE3t ste et oF AT o]t AMES SHA] 2o aggregation E
kol o3 =Fo] o= Aol A S A EEE

colE dfAstr] fs ==Y #YU A M=
HFE A 35 A 149 Super Inkjet Printer® graphenes <14 3] X 9k
Y39 surface tensions ZA3}7] 98] GO solution¥} Ethylene
glycols 1:1 W& = 4o ALttt A1 9 line width= ‘large nozzle’
o A 20umeo] il Fo| substrate® A3 A} Fol7} JYAE FZFEE=
Ao w2 Q3 line width= ¢FF =7Fgk 100um®= YEFS T Reduction
T Agggtes A4S 9 120.7kOhm, ET=HA 7.0kOhm= A3 HA
&t =9 2349 vugds # ¢ 138 =2

AT
AEHE Hole A ﬁodf}EEHlZ]

oo

_18_



Al 3 & Reduction process

A 1 A Flash reduction

Flash reduction Thermal reduction®] ¥dF oz W& #7140z H
At Jhet & F3 GOE  reductionAl 7l WAlo|t}. Flash
reduction WHS Z YA FvetE AFESe] o w2 FFESHA S
g 4 9 reduction  WHo|th  ARE
RX1200(Elinchrom) ©]™ 15]/cm*¢] 39 = 7}z t}. graphene &9 F7
7F FASH =2 395 AFE T Al reduction ZFAONA wxHA Sl F
WS ol71A Fstar FHolA HryH = Aol MAgY whepA w2
ol 2ol Al#kste]l A sl 9k E &9 reductione HAHA o= X
= AREsEd B A5 o] &% delE AMESY] wil
3

.
AR MRS T/l AL AHFBEE FolAt As e &

- R 3 =271
EE & A Folor At e 9 27 ol AL Azl uwh)
g = B lF 252 Q38 reduction®] E&o] EabE Fo 3ol
Eige

GO

a9 15 GO rGO<9 Raman spectroscopy 2 2H6]

_19_
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Al 2 A Chemical reduction

Chemical reductione H9A1E GO HFSAIA rGOZ A 7]‘5— el
Aojth, 2 Aol AHEs FUARZ Lzl Ascorbic acidE
2 AF838F9 T Ascorbic acidi vitamin CE2% &3 7 EZojr 9l
3l 8ttt Ascorbic acid reduction< #1374 reduction W FolAl 7+
T2 885 Ad Ae=®E Hud uvb AvH13]. Ascorbic acid®] F =<
Hhg- %o we} reduction timeo] EEbzlth & A oA = Ascorbic

2
2

I. waterol ImMol =2 &3]A1A FLAZR AFESA L A
Ao 48N F A Eo] &de] shdES . oA W
= Wkg AjZko]l w43 "Wol x| 7] witel AA A2 AZbE FHAAT] V]
B 7ol A<= graphene layer?| 3| o] wE Hy Aol
DA SR ek 70° QB A 2417 HES-A| AT
Chemical reduction< flash reduction¥} W3}l FEHF A HE 9
HES 258 dAA A & Q7] wEdd =2 repeatabilitys 7Fx
o wEbA] 2 AFo A= reduction WHOE ascorbic acidE o] &3

chemical reductiong &3} ).

?H
#,.-C.'H 2 O
HOH,C
HO OH
Ascorbic Acid

19 16 Ascorbic acid®] A%

_20_



Al 4 & Discussion
Al 1 A Fabrication protocol

ok 27%3} 3%l A 27} graphene coatingiﬂr reduction 749 o ¢
WHES AES 23E AYREYgT. & AFodlA & graphene coating

-

=]

= H=E=4H o2 stencil methodE 01%5} np~=a dEY ®WAs A

Stencil method+= LBL coating®} Inkjet printing®l H] 3}

PV
rlo
&
2
@)

to sample repeatabilityS Holil °F 200ume AHom &
resolutions 7F2th+= ©@x o] . AWk LBL coating2 Y A
o] F7tEojoF Bth= o]4:7} A}t EDF Inkjet printing> 3HH 2| I H
Jog FE ArAHS 7Fd 9 graphenes I W] =7 wlE
of whE-AHQl sjEjdo] Hasta wepA Aol AF AR dojA

@de 7FY. 4l Stencil method®] @S Hsl7] 913t PDMS
9] plasma #8] ¥ APTES monolayer Z¥ S &3 graphene oxide &
S wd3stA =ZYEATE T3 ascorbic  acidE  ©]8€3F  chemical
reduction®] E-=#° =2 stencil methodZ2% Z &3

repeatability & X & AJT. HE A JFAHLS o5 ZFa HAt
A gke 22.3kOhm, 2= 1.1kOhmo. 2 A& 49%E H At}

sample to sample

_21_



[Fabricion process]

1. PDMS base : curing agent 10:1 W] &% 433 vacuum chambere©l A

71 aE 30E1E A A g

2. PDMSE 70° 2. 204 20%7F bakingdle] £+#3] =3t}

3. PDMSe| W5 Zet=nt 223

4. APTES : D.I water 19 v &2 3]43slal 70° QLE|A 24
DIZ 33 A&k}

5. Graphene oxide solution<= 30%7}F sonication * & gt}

6. dAE AHZE AHYZ A X vf~AE substrateo] #<AT}

s

7. Graphene oxide solutionsS PDMS-APTES ¢ ¢fAl m¥E sl

ol 4 43 AZEATH

J=] BKe)

o,
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Abstract

Graphene based flexible strain

sensor for wearable device

Ohjun Gwon
Mechanical Engineering

The Graduate School

Seoul National University

Recently, strain sensors have been actively studied due to their high
utilization potential in robotics, wearable devices, and health care related
fields. Many researchers are working on a variety of materials including
nanowires, nanoparticles, carbon nanotubes(CNTs), and graphenes to
fabricate these flexible and sensitive strain sensors. Among them, graphene
1s attracting much attention due to its high conductivity, flexibility and
mechanical strength. In this study, we tried to maximize the advantages of
graphene - based strain sensor by studying human - friendly manufacturing
method and easy patterning process. Experiments were carried out to
recognize the distances to objects and to reconstruct the shapes of the
objects by analyzing the signals using the produced graphene - based strain

SEensors.
keywords : Graphene, Strain sensor, Fabrication, Flexible

sensor, Reconstruction
Student Number : 2015-20696
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