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ABSTRACT

In this paper, we try to analyze the abnormal conductivity phenomenon of the M pattern of the bulk type
CNT/PDMS prezoresistance sensor. In order to analyze this pattern, the flow of conductivity inside the
piezoresistive sensor is investigated through the 3D percolation network. The abnormal variation of conductivity is
explained by two phenomenon. When pressure is applied to the sensor, (1) CNT deformation occurs due to the
distance of the CNT-CNT approaching. (2) As the distance between CNT-CNT due to bulging becomes distant,
the tunneling breaks. We also propose a method to vertically aligning CNTs to prevent M-shaped pattern.

.M E L AL ofell wEt AlA 7]Ee] F5] Rbdskar gle

o, 2 Fe% w3 Sk odrk AAY 2vhE Al

421 Akslell EolAwiA AlxjztelAle]dolzhe 2 A ExAlA, vlo] oA, $12] AlA, §HAA 5
ol & AR BE Folellx] Alxe] ARgo] F7tst FgF okl AAA] ARG AL ol b AlAe] A

¥ B o= 20184 A IR SR REAIT ] Ao g A B EAIZEXZAEMTP)2] A4S o} $38% ¢34, (2017-0-00052,
“Frd A AR 2 AR 3 238 2vkE ERjAlA A V)g/slelBelE B Lﬂil ZZEAA QA7]E)
First Author : (ORCID:000-0002-4887-2356)Hyper-connected Basic Technology Research Division, hyunwoo@etri.re kr, 31

°  Corresponding Author : (ORCID:0000-0002-8337-6091)Hyper-connected Basic Technology Research Division, bsw30850 @etri.re.kr,
5|8l

* (ORCID:0000-0002-0430-957X)Hyper-connected Basic Technology Research Division, kjy30849@etri.re.kr, S}A83]<]
= E 1 201806-C-042-SE, Received May 25, 2018; Revised September 19, 2018; Accepted September 26, 2018

1711

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences ’18-10 Vol.43 No.10

gk 7] AL old S 8 oF AlA, 33t
=AM, s ALK, 4218k AlA] 5 o] 71#] 9] 7]
T AME el aFeAE §HS s o A
vt WHaks SAE AMe WS Hofella] o]83)
A= )

HA1E} A7 o] tolellA] ARl w2} 1 7]
T 7lge] xR Wl glvk 53] 'kl
H(CNT: Carbon Nano Tube)2] 27 o] CNTS] &
oyt TS o83t W2 AXMES A8k 3L, 7
e FAE T3l ¥l A8 adAE A AR
2 AFg8}o] ONT-28AF B3 skAg Alxe] A
A R A = s P R T D e
2 Ax%r} Z7}8R= Thin Type AAPIeR= ti=7
Bulky Type Al4|¢] 7-¢- Awwr} i3S 7ikes
S7He AA siEeke R gepbi Zhastar of
Al §HES I S7EIcE 4 o olstkE vt
sl hadhe MAk Axw drle] W

A1E} Al el QlolA] Hrtss Fo3 s 3
a2 9laL &S] Qd7-¥] 51 Qi Thin Type 413 Al
Aleh= vh2 A Bulky Type®] $A3 Alx= Ae] <A
T7F ElaL QA o, i Folol| slelA AlxE
83512y Thin Type A4 ¥4t olu|=} Bulk Type
AlAof| Bigt 71AIE B A7 1A B4 BAe] Hasl

wEb4] B =Fol 4= Bulky Type CNT-ILE-A} 2
FA HA} Alx e MAF A A)lE Holw HE
E7F A b ool mlEEA] s ol E Bl

g

1'1

II. Al 3 Modeling

71& sbA3F Aol #3F 917-= Thin Type 4]
&} Al o] ol HFE|e] Q)™ g el w2 -
Wals 7l QA ko i uE Adxwr)
ulelshe AEue AAsaL ook ¥ el o
= Bulky Type $t#3} A7} ®ol=
Mz} sfEle] oA A teel] g Zl oz, o) 4k sied
o ek olro} e maAlg Aske] ey,

T3 gkt ol

21 MZ xxt

= ﬁ‘ﬂ]/ﬂ AH-E] CNT+ Thermal Chemical
Vapor Deposition (TCVD) # o2 3% o5y
i FHMRY9, 7)) 2 o= 95% 0|40l
A 7L 50~300nm, Aol 10~30um o]t} 714 =
52 AMSHE T8 I2EA= Polydimeth ylsiloxane
(PDMS, Sylgard184 ,Dow-com ing Co.)o|t}. A&

172

( CNT/PDMS J
PCM MIXER(2H)
[ Hardener ]
PCM MIXER(10Min)
[ Molding ]
[ Defoaming 1 ]
l PCM MIXER(10Min)
[ Defoaming 2 ]

Decompression(1H)

[ Heating ]

I3 1. S AxE
Fig. 1. Method of manufacturing sample

Az WS 19 1ol vehd glck

w#] CNTL} PDMSE CNT 7|5 0.3, 04, 0.5,
0.6wt%ell w3l FRlgich o] & Alzhe] B3 3
7 £444%-2]7] PCM(Planetary Centrifugal Mixer)©l]
gol 2417k Fb ke ARl § PDMSZEH
(Sylgard 184 B, Dow-coming Co.)E g L t]A|
Al2l7] PCMelA 104 5k F7F b A A,

3= H3HE= 2.5%3em 453 EX5(mold)oll ¥
I 4E)7] PCMellA 712 AAE 1A o2 A1A
+ 5 diAAlelEelA ThA] 1417 B]E 712 AAE
AATTE L F 70T 2d Axr]elM 1A417F 53t
AsAAT 2 2= BE A ofd)] ARk
Bulky Type &3HA9] 2ol

SdE B3l gk PDMSoﬂ 724 CNT7}
° 3 3)°m PDMS
| o] 1—“.'—9Jr 7‘%% EAE AL gle] o2 =3
= o SEEE S AAT oA ] By
o7 %ol%v‘r. CNT o] 2545 dabsld 22
o 2 o 0.6wt%2] E3hAle] W Eo] 71
ok

T2 2. CNT/PDMS 34
Fig. 2. CNT/PDMS Composit

2.2 Percolation Network Modeling
Bulk Type Al47} Holi= Mz} F&le] o]a} A=

www.dbpia.co.kr



£ /CNT/PDMS A& X9 MA o] Aol g} o

o] 1915 7] 9]sl4= CNT/PDMS H-3HA Wi+
oA ojEA AEE7} F2=x]ol sl dolof gk
18] 3(a)= CNT/PDMS 534 o] CNTE] wid
S 1 919} wkeF 2] 3 o)z} Uniform #¥2 u}
29 FRR8R HMEI% A vehd Aok

71 QA7) AS- L, < L, < L, 3] CNT+= 72t
9] e} AAISE 7} } ZJEC% Arsl7] $13)
A= a8 3(b)9]— Z¥o] m. NT= ¢ ] Hl—zfl: Zo]

el T2 BEE ‘q' = HFHelAd vEN =
(Percolation network) S 75 23 el 2 vehflo}
¥ 28] 3(b)9] CNTS A CNTEh 315S
ul, CNT+= Ze] I, ¢} ZZ3e] Zt= 0, 9} X532
7% ¢, & s vEpie AR (X, Y, 4) 2
L1, <28 244 A1 4 S0 A
el X9 A = L, X Random T} 7ro] % &=
" Random->- 0°1W 1A}o]8] olet V), Z A Z
2 o w FIEE

6,2F ¢, AA 22t cosTH(2X Random —1) <}

(a)

Ly
Ly
Ly
Z
(b)
(X2.Y2,Z;)
:: - Y
¢

X

12l 3. CNT wid
Fig. 3. CNT Alignment

27X Random 2.2 & 7}sslc) [ = ofol& #

(Weibull Distribution)& &3l veplis 4 ()=}
2}

l;= F~!(Random) (1)

41 (el F( )— W s 0 s
Jo] »}Ewm als EEAA bl PSS pm»n

(X Y, 7)o 2NE A=t |
7%5% 0, , o4 11 Hol7] w54 (2)¢}
Zro] el 4= gl

X, =X, +1;5in6,cong,
Y, =Y, +l;sinf;sing, )
Zy = 2 +1,cos0;

oA FA9] & widEl CNT/PDMS 34 el
Al AR o]F-2 thaa o] 271x]e] s W
=1l (1) CNT W] A3 (2) CNT Ale]e] €]
Fafolr}. spx|uk o] HhH-2- Bulky Type %13 A4
Arr s o v oR AjshA] odrt 1 olfis
% 4+ 0.3wt% CNT/PDMS E3HA] Alde] u4-
SEM ©]v|A| S el o2 AA] CNTE 2Alo] of
W chekgl el EAEk] witel 7152 dtellA]
wjgd=Ee] 9l CNTollAM= AAYE 7Hslez
CNT2| W3o] ot 7o Alite] =7| ufji-el A
Ab el B3hA] o] Ak Al H3hA WEoh
A Axt 2 Aotk

=3}t Bulk Type 413 Al
o7 ¥FE= a7 59 32
Thin Type 33 AlA B} A

A= s 7sh o
H2|(Bulging) &Ato]
1517] witel sHEel o}

AccV  Spot Magn Det WD ———— 2um
10.0kV 8.0 10000x SE 6.2

2! 4. CNT 0.3wt% A4 SEM ©]w]%]
Fig. 4. SEM image CNT 0.3wt% sensor

1713

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences ’18-10 Vol.43 No.10

$ ! |
=
2 &

a8 5. #HA |4
Fig. 5. Bulging phenomenon

£ CNTZF] 7] gk melg)e] Jvpxer F a3}
ohowEbd B o=e 7R mdEs EeiA
CNT/PDMS E3H| W0 A= wg Abwin wA} i),

Arrs T 7 Jadu Wsly] el
R=R,,+R,,,.2F & % 3lc}. Bulky Type- &F
B 7hal T s 69 Rke] WalE S gl v
e el ool At o ) el

] ol—7 o3z Z7].IJ]— -61- /\ 01

2R
;
r{o
ﬂ\l
_H

Aol are: q%oasq % Aolw I A} A
ES ‘/PE}L 7AOlE‘r. = 7{2el| wet A 2hEo]
el
h 1
Rtu'rmel = ?W (3)

4 @ IF A tq& 5% vehd Ao
x/q .‘5 1 2}-2] ;dal: ,-‘C— wio)| 21k }]ﬁ
Qg = BRI 7P50 M o] 2 Vehfic), =
L W Wy s W,, = 27k CNT2] gk,
A1) U, AR CNTS] TS el Sfolel,
celm W, G 2l 8 5 ek £
G)ellAl r2 d3e] WHgH wlgolcl WIS

Mo 1

DI EnIL

% 6. CNT-CNT 3
Fig. 6. CNT-CNT deformation

A6)F Zek 524 (6)el D2 #3%E CNT2 A
E, d= CNTZFe] #e],d-& W8 2] CNTO| #g]
edich

T

W, =W, +re 5)
D .1 ,
=1_ = = —(d— 6
e=1 ) D 2(d d+D) ©)

$F3-& 71ell 59 CNT-CNT Alo]e] 7HA-L- Zoi5
25 dae] A A7) el AR 4
| S ONT7F o] e 5 gl= oA o
ol4= ONT Wgel] o3 Wi &2 S7tet
ol ofaf A Aagict 71e drey
A Wie] ONT= e d=del] 2]3h A&xnr} W
b Ajge] & g wer

15 Al o8] 73 28 Al g ellA] 600N7}

=72 ol Fo](Arduino)
2 H(Labview) =
E}qqg}u} Bulky Type HMH Z7] A&zgkel w2t R,
e SR ~F M AR 248 dhok a3 8
o QHAE AMe] W& JREIRE gl ukE

re{oxp(— =9 0<d<D+d,,
h/ V 8me I/Vm,t '
—(d—D)
ox D+d,,, < d<D+2d,, 4
p( h/ 8me Wnt " ! ( )
( _(d_D_dedw) _2dvdw ) D+2d <d<d
ex rdw = cuto,
P B W= W) 1/ B ; ‘”

1714

www.dbpia.co.kr



£ /CNT/PDMS A& X9 MA o] Aol g} o

1
y |
*

a8 7. 945 A
Fig. 7. Compression experiment

ADC(mV) A3 #h& vhehdth. CNTS] oFo] Aeh=]
o7 W 0.6 wthellA M & AReE Boly
A o A2 03 wineld 7P de Ares
ek ZE AlZelA ADCe] S/ 94 9
ol Z7ksl Ahaslal o] Fvlshe MAL RS
Bo|i glel.

CNT/PDMS B3 gH4do] gl Alx
zo] ek ®hde] olvhs 2 sh5e] 2
HEo] 9)7] whitel 4143 5ol ﬂ% ks
7= ez ghEAl Rk w2 Hele]
olck whebd, Hejz= Aol wi%d AEE2] ADC 7t
27t whzA ol A| ¥ ZhxFe] wisshA viet
wrl o)== AR bk AlAo|A] olEe] ZyEE
ADCHlo] Z7ksh= hA1d AlMe) Aww selt
FabA] er=th 78 9% 03 Wt%i Azxl Fdgh

Hﬂ

)
=

o

A

feu

& g

= g
Il 37 !
N = 2

Cl

/kal o

—

rlr
u|

1

A AEL o8 3le] U AL A1 ) F 7
o) %% slaich A, 1 A8 s S

ADC kel W3}

< -
Al AEo] HA|(Bulge)= =% 3l A

ADC[mV)

AlZEs)

s CNT 0.3 W36 CNTO .4 wt?% CNT 0.5 wr¥

e CIT 0.6 W/, e 2 ES [

. =4 73
. 8. Result of measurement

Ty
Q@
0

tlo o wju

WAL =4 G A J ADC %k°] %‘?ﬂﬂ‘:‘r
ks

@A) 2ol 5190 ADC giel MAF e 12l
M7 o] GlES UEe] AEE 9T SHE

o=

s

A = 600NS] Fo] 7kl el = MAh sHelo]
A7) eberk o) 24 MAh RS 200Ne] 3] 3
o] bl w WA Wl sl vhehbs AEES

+ Slek

we o wl o T opfr o qfr

3.2 ZnHEA

Z7] °F 200N7HA] AE"r) {43] S71ske 4
£ CNT-CNTZF] A7} 7814 Z71gk). ek
o] Zof|x] R ZF} zro] CNT7Z| 7[7M91 A5 ¥
o] ot o] ZRBP] Wil AR
e o g A7l A2 gl o) A A
A7) AEshs el Fatgiel kxRt oA e
A gol 7R Sotslobst Ay} Fhashe ¥
2 7 7Rlelek AA, A7t 7k A BEE |
2yo] A defuiA|ul nid| 21k AR} 7174 A] 7]
A12FsP CNT= #3o] =32 ¥gel] wE CNT2] Ui
I Agge] F71gtel wet Axwrt Zhashs Zlolck
= o} 421 Bulky Typed] #13F Al 3+

< 75 WA (Bulge) @43l wet 18] 103} 32o]
CNT2| Azl7} A4 o "Helx|o} el dd] o Aelal
(,m,ff ool Al =M vl E =7} Bzl ¢
5 oA A W) ARwrt ke f‘fd”& 4
& /WA ol AEer) ZHshs Ao Hselrk
HE P CNTE©] thA] Ao He= El%*Wh
W] @A A FolE7] wlitell Bl d el o3 A=
=rF kAl oA Ech giHe] EolEH
CNT-CNT®] Ag)7} Z718}7] wiiol elds] &Ato]

P

JEJ

i
rE

For-Press(N)-ADC
= f=2) o
s o 9
S 3 3

[N}
=}
<

o ‘ ‘ ‘ ‘ v
02:39:37 024000  0240:30  02:41:00 | 02:41:30 02:42:13
Max 647 N Max |1174 kpa  1me  SfR|3 R=10k ohm
J7 9. Wx|s}h WA glo] 4 A} Wl
Fig. 9. Comparison of with bulging and without bulging
measurement

1715

www.dbpia.co.kr



The Journal of Korean Institute of Communications and Information Sciences ’18-10 Vol.43 No.10

HE2 Jhs3
T AtiAzlCutoff)
a8 10, 8A @ e dg,,,,, P2l s

Fig. 10. dg,,,y; distance variation in bulging pheno
menon

~_ "

ezl

2 11, oAl B3l 2] ONT Wl
Fig

. 1 1 Ideal CNT Alignment of CNT composite
Aolx AEwr} ZHasAl "ok

WA s Adsles 13 109 RS ONT-
CNTZ} EldES w=sigt mdo|rl. Ax| CNT
/PDMS 53Hl= 28] 42] SEM ARlex A5 2=
YELZE 3dshe 73] W CNTER 745k

°]& CNTE Foll A=A =7] $J8-+= CNT7}
SHA3] Bof QA = B ™e] 7hest 52 A
2|k "oz glefof gkl 1] k5 Aol 9le]

PAile] sl AL B o] 7hsd kg el
| I CNT-CNT7} sige] 7}elizlel| vhe} =] &
o] WhAE 3 H2] &ldel] &3] CNT-CNTZF A7}
edgo] ErFsdt Azt == Al fle] Sl
Zoleh  wEha, od 109 2de oAl
CNT-CNT Ejdge] 7Fsgh mellofx] x| gAte] 2
3l CNT-CNTZ} 72]7} Heix] MA} sjjEle] vperi=

A& Ardsh= Aotk

B

@]
Z
=
|
=)
<
[95]
4z
t
i—"‘
To
s
o

1716

M7} HEl Hrre] 912 =l upE CNTS] W3
of 23k 3} wiste} E3hAe] WA dAks E3)
CNT-CNT Afo]2] AHe]7} doix M=z}t #A A
Exef] WP} Ar]= A gk

o5 s3] flal oge] = a2 113 2
o] B3l Ul-2] CNTE°| & Weko R wjd=]e] gt
=L Al 7= CNTL] W3] 438} b CNT
o] A= AHA o 7IAlE E3A A E NS
o} glt}. ol=l3l wld-S 95l 7]& CNT) 348 7
= BAF 7|Eolx] ONTE 3 wlako g AL 5
el 7S AEI AR WA 7)Ee] st
o} =gk 7|29 HEHold vlE$H A(percolation
network) E2& oA WA @Alel] u}E CNT-CNT 7t
9] A7) H3lE F7}8to34] Bulky Typed] A2e &
A& Aok gk

Reference

[1] R. J. Tak, “Characteristics analysis and
fabrication of integrated  piezoresistive
temperature & humidity sensors,” J. KIISR,
vol. 19, no. 2, pp. 31-36. 2014.

[21 Y.-H. Jeon and H. C. Kim, “Design and
fabrication of 2mmx2mm sized piezoresistive
accelerometers,” J. IEIE, vol. 52, no. 2, pp.
83-88, 2015.

[31 S. Oh and D. Park, “Vehicular sensor
applications of piezoelectric and piezoresistive
materials,” Auto J., vol. 38, no. 5, pp. 30-33,
2016.

[4] Z. Wang and X. Ye, “A numerical
investigation on piezoresistive behaviour of
carb on nanotube/polymer composites: Mech
anism and optimizing principle,” Nano
Technol., vol. 24, no. 26, art. no. 265704.
2013.

[51 J. Park, Y. Lee, J. Hong, M. Ha, Y.-D. Jung,
H. Lim, S. Y. Kim, and H. Ko, “Giant
tunneling  piezoresistance of  composite
elastomers with inter locked microdome arrays
for ultrasensitive and multimodal electronic
skins,” ACS Nano, vol. 8, no. 5, pp. 4689-
4697, 2014.

[6] H.-M. So, J. W. Sim, J. Kwon, J. Yun, S.
Baik, and W. S. Chang, “Carbon nanotube

www.dbpia.co.kr



£ /CNT/PDMS A& X9 MA o] Aol g} o

[7]

[8]

9]

[10]

[11]

[12]

based pressure sensor for flexible electronics,”
Materials Res. Bulletin, vol. 48, no. 12, pp.
5036-5039, Dec. 2013.

H. Liu, W. Huang, J. Gao, K. Dai, G. Zheng,
C. Liu, C. Shen, X. Yan, J. Guo, and Z. Guo,
“Piezoresistive behavior of porous carbon
nanotube -thermo plastic polyurethane con-
with  ultrahigh
compressibility,” Applied Phys. Lett., vol. 108,
no. 1, art. no. 011904, 2016.

N. H. Alamusi, H. Fukunaga, S. Atobe, Y.

Liu, and J. Li, “Piezoresistive strain sensors

ductive  nanocomposites

made from carbon nanotubes based polymer
nanocomposites,” Sensors, vol. 11, no. 11, pp.
10691-10723. 2016.

W. S. Bao, S. A. Meguid, Z. H. Zhu, Y. Pan,
and G. J. Weng, “Effect of carbon nanotube
geometry upon tunneling assisted electrical
network in nanocomposites,” J. Applied Phys.,
vol. 113, no. 23, art. no. 234313, 2013.

N. Hu, Y. Karube, C. Yan, Z. Masuda, and H.
Fukunaga, “Tunneling effect in a polymer/
carbon nanotube nanocompo site strain
sensor,” Acta Materialia, vol. 56, no. 13, pp.
2929-2936, Aug. 2008.

W. S. Bao, S. A. Meguid, Z. H. Zhu, and M.
J. Meguid, “Modeling electrical conductivities
with
nanotubes,” Nanotechnology, vol. 22, no. 48,
art. no. 485704, 2011.

S. Gong, Z. H. Zhu, and E. 1. Haddad,
“Modeling
nanocomposites by

of nanocomposites aligned carbon

electrical ~ conductivity  of

considering  carbon
nanotube deformation at nanotube junctions,”
J. Applied Phys., vol. 114, no. 7, art. no. 074

303, 2013.

2 & 2 (Hyun-Woo Oh)
1999 2% oltist AR
FAlEEH At
2001 24 : oFHslal AR
Akl Arelgslsd AAk
2012 24 FddEga A5
ﬂ‘. B8t} uhat
2001 19~ : F=AAE
A9l ZdA QA AR A)ed4], Project
Leader
<FRol AT EAA, dojz]E AmlEC|plo]x,
Al FHE, AFvITe]  Aw)x~

Giga Korea A¥]~ Z3E, SU|EH = A|~H]

Za)z
= AH,

8§ & 2| (Seung-Won Baek)

20134 3Y~&A) A HoEha
AAFE A

<FAldel> FRESE BAE
st G54l e

H F A9 (Joo-Yeok Kwon)

2018+ 8Y: gkt 24
733t st

20181 9U~&A : ghefuish

=¥ 2187333} Haka

<A Fol AAFE, FAF

. s
3, A=

k|

1717

www.dbpia.co.kr



	CNT/PDMS 압저항 센서의 M자 이상전도도에 관한 연구
	요약
	ABSTRACT
	Ⅰ. 서론
	Ⅱ. 실험방법 및 Modeling
	Ⅲ. 결과 및 고찰
	Ⅳ. 결론 및 향후 연구 내용
	Reference


