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Wearable Textile Strain Sensors

Jung-Sim Roh’
Dept. of Clothing & Textiles, Sangmyung Univerity, Seoul, Korea

Abstract : This paper provides a review of wearable textile strain sensors that can measure the deformation of the body
surface according to the movements of the wearer. In previous studies, the requirements of textile strain sensors, mate-
rials and fabrication methods, as well as the principle of the strain sensing according to sensor structures were under-
stood; furthermore, the factors that affect the sensing performance were critically reviewed and application studies were
examined. Textile strain sensors should be able to show piezoresistive effects with consistent resistance-extension in
response to the extensional deformations that are repeated when they are worn. Textile strain sensors with piezore-
sistivity are typically made using conductive yarn knit structures or carbon-based fillers or conducting polymer filler com-
posite materials. For the accuracy and reliability of textile strain sensors, fabrication technologies that would minimize
deformation hysteresis should be developed and processes to complement and analyze sensing results based on accurate
understanding of the sensors’ resistance-strain behavior are necessary. Since light-weighted, flexible, and highly elastic
textile strain sensors can be worn by users without any inconvenience so that to enable the users to continuously collect
data related to body movements, textile strain sensors are expected to become the core of human interface technologies

with a wide range of applications in diverse areas.

Key words : textile strain sensors (8]2~E}ld ~Ed|] AlA]), wearable sensors (f]o]2] & AlA]), textile interfaces (8]
E}Y QlE|H| o)), smart textiles (ZUFE B 2ELY), e-textile (Y EZY € 2ElY)
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7] W] AL, A2 o], 2xze}
WE Holo] ke B85} AAHo] BUH AT} o] Fo)

o]
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7P s AlEAdel
Q1 AlA (textile strain sensorsy= AREAMNAl EHEFo] glo]
2 =E Fg o] TFo B T3 HH3 HolHE A&
How £ £ A=F ] el FH Al : Vs
(human-interface technology)?] 3j47]1&°] =3 Uch(Bae et
al,, 2013). glZ=Eldo] 7= 2154 (stretchability)o] 2 Q141 <]
BRska BT FAE AA2HA AL A £
dell =& & A= 5 (conformability)elth. 7IFEa Wl
o 9% EzE 2EAQ) ANE EF A RS iE
dle] Polisls Zgslel AA2YA TFFE 29T F 9
TH(Campbell et al, 2007; Paradiso et al., 2005; Zhang et
al,, 2006). 53] BXE 7Nke] gojdE T2 A 7ee
71Ee] Bl ARE S2 A Arlexe A4 Fr g
Mz LSS 7FeshAl gt} JEYS Edold Ald &
T gt AE AT F AL, WA AgLES Hg

zZ2 o] -5 o|(Giorgino et al., 2009) 7R g o] ¢
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HE 4] Hsixe 2r8Ate] AiEwe Ut
YA Sl w2 AEHe] do|ES ST F 2
gt} gl2Eld] B0l AME (1) B 4S F doH,
() 71&2] 2EHR] AolXutt E4 o 2 el of

o] 7Fs8t™, (3) Mol et 33 el QAA A3t
of WS Wgs7E fElskH, (4) vhdst 223 FHEE A
Zls71el] goletthe ol Utk whH|, Af A 7R AL
Ae ZEAR] AR, & o] AASIUS W YJH=E 3
EXE o] &8k 7] wiitel] A7 3]E Ale]d] 8]
HZ|A| 2 (hysteresis)’} EAISIL HHE- 214 A

A7) ofElzel St o2t FARES FE3I] S8
gk Ao} P29 FAHEAL Foplr] $Ig

=52 k.

2 AT gZ2Ed 2EH]Q] AM7E BS tdsiA e
328 F UEF A HEREAA 718 RS AlFet,
g2Eld 2ER] AL TS SE AE - JYoRA &
vlES o] AREAL IEjH o] AR 0] B8 VFeAS BAE] fE,

A A% el dol MEL el A3l A)E AAY
T 9E S 71 Sl e ANl st gkl tie g
4 A7g Fapslinh Bare 2E) AXe] A8 ATE
2 o) Ao AHEE 219 A, T3 A TR
o W 1A )5l A2 olshat, A4 Aol Fe v
A 2ol o) Amsl, A4 Ag Q7 Aol s} 2

2. 2Egol MM JHY

2.1, Ojo|=XE Z2tet Holxlg

ZEH ) (strainy> o EA7F 1 e 45 TS o

ot} 2EZQ AlA(strain sensory= ©]#3F o] Mol s
A71A o] Wssle Ag o]&dhs AlXoltt. ol Fo|ZA
g XA (piezoresistive sensor) =& Z~E |l A o] R (strain
gauge)Et = ETh A 2EG)Q] Aol E QA o]
7¥d W dAgsks ZAIFS Mg WsE ArNsE AE
st AME, ZER] ACIAE 7IAY F2ES] FH H&
B 2 oM Arle pAlEE X4 HelE S5k A
o] 7Fesla, 1 Wste] A2 Y 7AA FRE E3E B
YEHE 4= tkBarlow et al, 1970). ko= FEA 2]
ZE#R] AMe &5-9] ol wt Az Aol(Lyt Aol
(L+AL) @12 (A)e] E0lE0iA Ade] F7lekAl =, Wiz
Aol7t Zo]EH AFe] HAFTHFig. 1, 74 (1). 1S I
o| 243} &I (piezoresistive effect)Ztal ghet. o]2g Y&
gl 2etdol] Ag3sle] 3R] Hel2HE 28 o] W W

stress A
4—

Fig. 1. Stress-strain deformation of metallic strain gauge causing
piezoresistive effect.

Yol e SAY  J=FE TE Ao] HERd 2EFHQ
AlA (textile strain sensors)©]t}. THRE, Bl AER] AEHQ] AlA
o] Agells 2 Tzl wEtA 9] Fo wt sojud A
o] S7FslaL 2ol A|AE o] oj¢hd o A3e] Fadhe 7
$% 3 (positive piezoresistive effect), RFNZ AdE o] 7}5|
A sold W A3e] 7HAsal FolE W Ade] Frlsk=
9% UATh(negative piezoresistive effect) (Atalay et al., 2013;
Catrysse et al., 2004).

ZEH]Q] AMelA AXe] 5E Wrlskes XEE AR
E(gauge factor, GF)S AME-SITh Alojx|&2 Alx9] WIZh=
(sensitivity)oll #3F ARE d=d] vf$ 523 Felgel)
Fig. 13 o] Afe] A1 W3z ool 7RlxA Hx 4
o Lol Afr7F ALY W wjo] Ho|vEs ALLyS
g(strain value)o|2} 312, 4=2] (1)¢] Yol w2l A7|A=E p
¢l 759 ARyS THH(A)F Aol o AFHER,
AolsALl Wt Hx RpelA™ #4137 AR #gt}
3, A& 42 ()¢} 2ol AlLtEth(Atalay et al.,
HE A3 ZEHA AlolA e o]
UAAEE 35 &Al9] AoAEe
oltt. Wi, WEEo] A %ol gak= vy & ¥
S 23ske g2Ed 7 dloj3E 2EdQl AlA(wearable
large strain gauge)®] 73--¢ll= Alo|A]&o] oA F3lo o2
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2.2. HIAEI AEgfol MM FAKE

2hg Aol TSk HkEEe 2 AlAdgS A Sig
doje g gzetd 2EHQ] AX7F w2 W7 (sensitivity)o}
A& (repeatabilityyS 71417 $Jaix e dukdow thea) 7+
2 8FAFEe] I Eofof gt

(1) AxA Edo] vkEzel & Wy Ad & e oo
Ho|zAg g5 ke F2=, Y2Ede] I A
S WA TR &3 B oof S

(2) A Agdye IAE FA57] HsiMe 2~Ed



Qo] Aol Y3 BEEHES
ok W] s & 7hssfiok
Shyr et al., 2014; Strazdiené et al., 2015; Zhang et al., 2006).
G) AT e BEAL B 8] BB
A AME 2 2EFXE F4A HIT 5= glojof )
(Cochrane et al., 2007).
(4) AHEehe A Bdo] 25,

SEO [e]
FIEL W A,

sledol ko WEo] 7153k
SH}(Catrysse et al., 2004;

AE

L Iy
H-, ©

#739] Wl olat AUSE Teisio]

I
lo
rigt
o,

> o

PfofefE Hef) 2EFQ HA] 2l T35
311 AEAA YE 2EHIQ] Al 29 A4
Ax=AA UE 2EH Q0 AlA (conductive yarn knit strain

sensory= AE/GALS] T2 A Fxol| wiEt 7 7R ] gt

g z2Ag g3yt ) doz2AY a5 vheEe] ¥ A

EAAPE 2 (course) WHORE 3 2 Hgo] ® JHFE

A RZ HETZ Fig. 2)2 A=A 27 M2 FA

HEHI 725 o|F= FUEEY FZ UEHIFZ, Fig

3)E FREM, AAs A A] A o] FTLEIAL o]¢ Al Ag)

o] Zashke AT aHE UehliH (Fig. 2(b)), RHde] &

Az AR Aol AL o]k A AFo] Frlehe ez

A G35 JePAth(Fig. 3). Table 1> AXAA UE 2E

g2l A st E 7EA] A AMEIE] &2, B A

T2, ArE, 2EHQE, 283 AR tigh Rejgar

Act.

12)

Linear

region

A B gojof SrhLi et al, 2005; Liu et al, 2009;
Scilingo et al., 2003).
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Fig. 2. Schematic diagram of sensor design showing the geometry a single course structure of conductive yarn within the interlock knit structure (a)
and its piezoresistive effect during loading and unloading (b) (Atalay et al., 2013).

5 10 15 20

0
40000 TubuarCatbon)

|

35000
30000
25000

20000

Resistance(ohm)

15000

Maxmun Stran:20%
Crosshead Speed Smmmn
3

10000 -
0 5 10 15

Strain(%)

(@
0 2 4 6 8 10
16000 ) Shgle \'IB"LVC{IIOOfﬂ

14000

12000

100004

80001

Resistance(ohm)

Maximum Stran:10%
Crosshead Speed:Smmimin

6000

4000

0 2 4 6 8 10
Strain(%)

(©

40000

435000
| 430000
| 25000
420000
15000

+ 10000
20

416000
{14000
F| 412000
410000

48000

4000

0 1 5 10 15 20
60 T T
TuoularSteal)
S0F 50
€
S
5 40 40
o
c
5]
2 30| 430
w
]
o«
20 20
Maximum Strain 20%
Crosshead Speed.1mmimin
10 - - ~ 10
0 5 10 15 20
Strain(%)
(®)
0 2 4 6 8 10
3
=
o
@
Q
c
]
7}
]
]
1o
Maximum Strain:10%
12 F Crosshead Speed:Smmimin 412
0 2 4 8 10

6
Strain(%)

(d)

Fig. 3. Resistance-strain relationships of the tubular knit sensors of carbon fiber (a) and stainless steel yarn (b). Resistance-strain relationships of single
warp knit sensors of carbon fiber (c) and stainless steel yarn (d) (Zhang et al., 2006).
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Table 1. Conductive yarn knit strain sensors

Materials Fabrication / structures Resistance revel Strain rate Sensitivity
Silver-coated yarn ¥nterlockv knit, a conducti\fe y;}m ) 5-40% 075
(Atalay et al., 2013) inserted into the course direction

Carbon fiber Tubular knit 13~35kQ ~20% 6~7
(Zhang et al., 2006) Single warp knit 5~15kQ ~10% 4-25
Stainless steel yarn Tubular knit 10~60Q2 ~20% 10~25
(Zhang et al., 2006) Single warp knit 12.5~19Q ~10% 2575
Stainless steel yarn and Lycra . o

(Catrysse et al, 2004) Weft knit 10.7~14.2Q 40~90% 24
Stainless steel yarn (Strazdiené et al., 2015)  Crocheted chain on stretchable tape - 25~60% 3

oL

Atalay et al.(2013)2 2SI ®Al(silver coated yarn)E =
oz & = AUl AEIS(interlock) HA 5k %
HETEE] 2B AME AAIithFig. 2). Al
o] Eour] Kol o] 3t Mg T Afole] HEE-2
e 2 "ot kel o= Fo) 7RiAIA FHH
wako 2ol Qo] AxA R HES =5 8l

J‘
(<] o
Aol w2t HE94Eo] AashA HER, o] AEF]] AK€
I
o

=
=
=4

=
3
=}

[ D

0 [k

N
e

-

A7|1A gL 238 et S7keAl |t degt 38 (plain)
TFRET BE7) 22 QHE o|FUETEE Ao ZA A
TAAF R o] ZEUE S wox 2B AN B8
He 40%7HA Y 7 AR, AHAHORE 5~40% AV 77
ANA Aol whE AgRiskgo] MPHoR Frlehe A2
UFERNQIEHR=0.997, GF=0.75).

AEA FZ YELZ 729 YE 2EZ)Q] AMe oz
A G5 Eo] ¥ MEAALe] F27F U”oE oA U
EQATRE o|FE FHo|th(Fig. 3). ME=AAL 27t A2
(course)2} 1Y (wale) RE ko g A= Y= Hejolr
W(Fig. 3(a), 3(b), AHUENA gdygFea HAF o] o
7 = ITHFig. 3(c), 3(d). ©] FRoME ] 718lA|
A AEAGAL 2 7] HESQFE ] ASIAAl Hol F2F FE
Aglo] 7HAslHA AAHF ] Ftel| wEl A o] 7HAsHA
He gozAg a34E vepdt F e 4 gARE A
24 HEAFG] AFAE Wkl daado P A

AN FZ HETZ(Fig 2)oh= g2 AxArle] £
o
A

bt

fr |k XL oR
[ —; o

L

L

-

o2 YEAE FAskaL 7] widel, AW A F
Ao] FXolF(yarn segment transfer)o] TAYsle] & ¢
sk A Wsle] #AAVE FAFH7E FTH(Wang et al,
2014). ¥t olg} H<] Fel(yarn morphology)e} 9% +x
(fabric structure)’} UE ZEHQ1 AlA 2] 41785 (elongation-
recovery)2] W8 7% JIL vxe ez BRI Qv
(Zhang et al., 20006).

N

12, A=A UE 2EHQ] AlM ool 935 A=

gl 2Eld 2EHQ] AAe Fert Biske A A=A
A-57+2] HEA S (contact resistance)0] AlA2] A ghHSlo]
& XA €} Holm®] F4Z:0]&(contact theory)ol] ©|3}%
p2] AZHAES zh=s AFe] HEAFH(R,: contact resistance)>
A% F(n: number of contact points)2} HEAH HELH
(P: contact pressure)®] Ao WHH S AR HE(H:
hardness)®] Aol vld$tH(Atalay et al, 2013). UETZ
o] 2EHQl AMol= BAadf(carbon fibers), ZEIQIH S 2=
e Ak (stainless steel yarn), =SB AK(silver coated polymer
yarn)e} 7o) M=/dAle] o] g (homogeneous) H%=7d
£ 7THA ' AEHARE ARSste] Hl2Ed 2EFQI Al
9] Agte] e AP ATt FFE WS 7 UEF 3t

AT},

f

nH

=5 S 3)

3.122. Ae] FEolF

Wang et al.(2014)y2 FA=/dAF HH YE(plain knit)®] 217
Ao F2o) Y oz o] AR olE(yamn segment
transfer)®] F3FS Vsl £ A YEYIS B4l A
Akste] 2E# Q1w #Agte] Aol dis] Bk of
Ato] wEH AFFolE (yarn segment transfer)e] UE | H
g A9 M= (sensitivity)oll A 71 F23 2o, HE
7l mek Age] HPHoz ZrleH Thes Fa%h 8
Zrott, B F WF9 JYoME HEATH TR B9 7=
Fao] Za Fxo] Zort Rtz IS v|X= FadH
A1 8 4ot

o

o

O

3.1.23. 30

g2l 2EQ) AlolA] Aule] AAA 93} Age] &
A3IA 2 E-(strain field distribution)=] =5 3}aL S§80] 5Lo
Z HFEE @ (necking effects)s E°17] SsM= 2EHQ
Ale)x 8] =717} 23l F31H] (aspect ratio)’}  Zo] S2lsich.
Zhang et al(2006)%] WEW, Be Fo] FZ7} I} Y
g WEgow Huos 4" UE dHY FRETE JHEL



B 59k eFgAEQd A dAE mAs] Y8 Aol 2
e AEH A7le siEee] Aol tigsle] wajeiof 5t
2 3t & 4E F2 32 9 fElsthFig 3).
3.124. 4 84
A9 &’ (yarn morphology)y> FZ A1FO =R o]F3t 49
o] ool AAHL @t F dFom JEHE AF

(recovery)dll GS mzIt) AEAALe] B Fe|7) v e
= 217-3] % (elongation-recovery)A|oll Ad-+AFFe] wlE(friction)
o] Fojx AXEolF(yam segment transfer)®] £-o|5t] UE
ZEYIQ] AA L] TZIE (sensitivity)2} AE4J (repeatability)©]
thFig. 3). ZHIQIHE 28 HfAks TH 7He T80l
7] W&ol 57k npE o] AX ATt YAE Eokes
T2 Weligt v eAdRAlE wiES BHE TR
oA ZE|QlHE 29 AfALETE
(accuracy)’t B =SUTHZhang et al., 2006). &
Abe H38¥/dE(bending modulus)©] WolA] WHEA
2ol & veRE ©e] At
AR st 2RgAto]
siA| wde] izl wiell
S530 Tk

o] 7k

v,

T

==
=3

29 H 371

o kAo gol Adso] A}

sl

3.1.25. 912l 2 WY wE v
Fig. 29} Fig. 394 EI== ule}
2EFIQl AN A, AFEolE, 9
Agolgte] oJg Pl2Etd FEAY 59 olFE A
go] A} APAHo|A] ¢l (non-linear electrical response),
3 BlEAS] AFAE AbolE 7kl S|ZH|HA 27t EA
s Hasls] 9
WO 2 ARt
ARAe=r 28t

> o fr

(

3}, Catrysse et al.(2004) o]9} 72-& <
HEo] JEAL o 7tee A

40~90% 214G oA 2ol wet A o]

)

7( 100.000
5 10.000
123
2
2 1.000
o
8 0.100
©
g
g
.J« —— % 0.010
—
e & - e 0.001
— 5(
(a)

sloje} ErEI 2R WA S 73T

A& (repeatability)°] = TFANE UE 2EG)QI AlA
7Nasldth. Strazdiené et al.(2015) 3]2EHEA S Zo)
W A3l &l whE A 3Hste] AAEE 2 ke A

o] =gl 2EFIQ] AA 25 2] 3] A5 UES

MEA HOIZ $lo] z}zh 2Rl AEALe] AJAXEA]

(stainless steely yarn crocheted chain)@ FX& 3Adse] Al

A 35 Hlag A, A58 ol 9] AT AN}

ZHFA 28} AAAG SHAA el o F3th

2R M R

>

J

32. MEY e St slAElY
32.1. A=A B

GRS RS

o] Fxo} Al A
E-31)| B (conductive
a1, Aol o+

|

2o
elastomeric compositesy= -5~ FA31az, 71
ZHolm, QA frafstA] ¥,
=4317] 28k fA38 2~EQ AlA (flexible strain sensors)Z
M=o ol dHYEZ Y 2~ (wearable electronics)e} 217F-

71Al QI8 717](human-machine interaction devices)oll ‘&
g &84 F UL A= 7= ATK(Yi et al, 2012). A

T4 F8E o] g3 "Xt 2EFQl Al (piezoresistive
textile sensors with conductive fillers)ol] 2 AM&-E+=
A = (conductive fillers)Z= Al = 2 (carbonaceous
fillers), &< &l (metallic fillers), A=A LFAK(intrinsically
conductive polymers) 5°] Ut &7 depvt 55 dele
- (rubbers), B7H4aA AeFAEH (thermoplastic elastomers),
AgE delEr(ilicon elastomers) 52 MIEZH X~ A7}
EgEo] A FHE AlFe] HAY A Adolt A 99
FYEo] ZEH]Q] AR ARSHT IEAE =2 A
FEHo A5 A 9o ZH o] ARE-ETHBae et al,
2013; Bashir et al., 2013; Bashir et al, 2014; Mattmann et
al., 2008; Paradiso et al., 2005; Perc et al., 2009; Robert et
al, 2012).

A=A gy E3aAe] A7 AR EA) vEE 2] &

ile= A=A dye] A54 YIES A (continuous network)2]

=

o

Z =X

a0

0.08

T T
unifrom dist. of fiber orientation with a=p=30"
normal dist. of fiber length with STD=0.1
=0.05, L/Dave=55 (L=421.2um, D=7.8um)

--£3-- threshold volume fraction
—=— conductivity with d /D=0.05
O  experiment

4 0.07
} predictions

o5

-1 0.06

.0
IR, i

0.05

threshold volume fraction of fiber

S 0,~4.89x10°S/cm
r P o, =1.0x10"°s/cm 7 0.04
138 t=2.0
L L 0.03
0 0.1 0.2 0.3
strain
(b)

Fig. 4. The expected microstructure change of a conductor-insulator composite under straining: (a) percolating before straining and non-percolating after
straining and (b) the electrical conductivity of a composite and threshold volume fraction of conductive fiber as a function of the applied strain (Taya

et al.,, 1998).
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FAdoll 711k}, AR A ] (threshold volume fraction)oll =
g w7kA] AxA o] A&H](volume fraction)’} Z7F&4=
g A7 EErt Sket olgst A dE EFEAA
(conductor-insulator composite)2] Threshold &2 A o)A
o] E(percolation theory)>Z AE 4 Ath EEE A
(tunneling distance)?] T ®l 7] ool e FHE 7hle
R &0l Aol vkl 7145 (Balberg & Binenbaum,
1987), 2E#Qlel o8l dw4d 2| 7o By UEA
(tunneling networks)’t S &7 =W dxAo] 7hastA €t
(Fig. 4(a)). Ueda and Taya(1986)y= 238 o =z Bo&xow
Hix|E A=A DAdH B3R S (two-dimensionally misoriented
short fiber composite)®] A7HAEEE o= 4= AR
HZAYo]A Y (fiber percolation modely2 A=, Zei2]
A 48], F3I¥] (aspect ratio), W& (orientation)o] HA1F Q4
ojt}, olwf MxA Helo] FIMT F45, 183 US Bt
oA BEEFE, AxA deo] ARt s de
< 7 F A HE SAAANE o ZelRIt(Taya et al,
1998). webA] 2EHRI we} SHAIRA &) SR, &
EIRIe] F7tel upt M7IHEEst WolA|Al Etk(Fig. 4(b)).

ol
AT

AxA Edo] dute] FHd oA ZHo] He Fx2o &
EF MM A, 2] E-/23 (opening/closure of

micro-cracks under mechanical deformation) WHUZFOZ 3]
o248 a3 F Jep7 1= gt Lee et al.(2014)2 2 U=
AxFe] wf$- kS FE(Ag nanoparticle thin film)y& 71231

£=0%
Load (P)

Strain=0

Strain=110

(a)

(b)

), Ve Alolze] vl e WES WA Aol gel &
Egole] ol BEARd Lo wAsE JAH s
(opening/closure of micro-cracks under mechanical deformation)
o oJall A=A FHZ(conductive contact)o] H3PAXA T o] 24
3 &3= wdsA PckFig 5(a). AAske HoF nlojaw
A (micro-cracks)e] FelA =Ed], %] AFFE o X
O 2l mle]lag Ao] WAste] Agto] FrtehA Hrt. v
o fjge] A|AHo] ojgheh= Hgolre EH nlolaw A
go] Aolx|aL Ze|A A7lo] s drk Ho 25%°
ZEH]] Aol 7FsstAAL, 10% SEHRIZEA] A ge] A
Ao g Wale AIE eI Fig. 5(by= A
EIE(PPy)e] FH ZRH F|9-E ARk 2EH
of W = I A4S Y SEM AR SEFRle] w
E APH3E BT Utk(Xue et al., 2007).

= A)

T-1-"0o

322.1. AxA Iy

doleiee BHow & 2 Wy YT F Ut Ay
Uy B P2 2 ANE s 98t A

gFEo] AREE AL k. AwA

Z#EE e A|(carbonaceous

fillers)} A=A 782} Z#(intrinsically conductive polymers)
7b F2 AMED Jlow, A dejo] TR A8l u

2} AR F S (threshold volume fraction), 2~E#]<1E(strain
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Fig. 5. Opening/closure of micro-cracks under mechanical deformation. (a) Molecular dynamics based numerical simulation for the Ag nanoparticle
thin film under elongation/relaxation processes and relative change of electrical resistance of the Ag nanoparticle thin film under the stretching/releasing
process calculated by numerical simulation (Lee et al., 2014). (b) SEM microphotographs of PPy-coated PU fibers at different strain level (Xue et al.,

2007).



rate), A= 5] ZE#HR] A4 A5 2ozt STt Table
2= A=A Iy EAA] g2Ed AlAe ook AlElES
HAF Qi)

ekiA] Z 2 (carbonaceous fillersy= -3 3}8H4 QA
(chemical stability), =< ¥ SF47d(environmental stability),
w2 Wi (low density) 59 FHE 7 ok B@AbeR
H(carbon nanotube, CNT)E =2 Z3JH]|(100<L/D<1000)Z
Zv7] wol B4R} (carbon nanoparticles) =t} wll-¢- &t
SFeF(concentration) 0 2= EE]|H vjEZZoflA EAl=o] A
A Y E$ 3 (conductive network)E A 4= Ut} CNT=
HHo R 19% mRke] W HE ol SAAAHIE A=
Hof|, ul-%- ZE3taL fA4te] o] wiie)] JHEEY IS
ARE-3hR= 739l HIaiA A 3152 (recoverability)©] E4]
7t SobA] TR 1% olet ZE#R] Al whgol] AREE|AL 9L
THAlexopoulos et al., 2010; Robert et al., 2012; Zhang et
al., 2013).

1 H rlo

2

de e 22 283817 ). Bilotti et al.(2010)& MWNT
23wt%)E EFelvHe mES 2o A83te] A 3mme] 4
Feo] 2E I AAE /NESATHFig. 6(a). ©] A5 A2
7ol wat Ao Ak o] YRl 5-50% A7
Agfe] A|pgho] MFH o2 Frlsld o™ (Fig. 6(b)), 1581714
HHEE = Alg-olghe] Al A & UTHFig. 6(c)).
Zhang et al(2012)2 22t~ HE]HAE AHFAK940 diex)
o ArkaA Z$dEEs MWNT0.015wt.%)e] B2
FEE] 10%711] 23] Aol 71ed ASHAE A
ik e 315 A] Alg S|z A 2=e) JrHE o] A
WASh= 7A3Fo] AT} Zhang et al(2013) 2FE X njE
Yol MWNTRwt2%)E A=A ez #ele ASAd g
AA 7 250pm, 5xSmmH)E HEEAET, 30% SE#H 1)
Al 103] WHEAI7EA] Al o] 7ReEHS BRlEkTT

Yamada et al(201)E ZE#ALS =Usst7] sl
PDMS ol 8k SWCNT &S 2E# =] tis)] 47
A BAAA L, o] FYES Imm AE AARA o] Y&t
3] & 55¢ 72E /st olEe 25 B3 280%

sloje}z ErEpe 2= W4 2 739

Sl

Attt M=, vit]sE, A7) Tl 8= 2 Mg |
FoAMFE Z ¥ |27 7] vt BAS AT 4 3
S S

221 (graphene)?}t 7HEUEFE(CNT)= Aoz 714
o] HIRA|RE ARg-EFo] 7] wiio] FHI AA7L 7kssitt
(Bae et al., 2013; Li et al, 2012). Bae et al.(2013)= 22
T2 o8-8l 75-80%20] FHES 7L 7.1% SEH A
Aol 7Fest 2AE(rosette) A E /NI, o5 £
Atoll FAele] &7kt BAS AT Aol &2 A%
o ulg} 240014 142 Fat Z7FIATE Kim et al(2011)0]
olshA i vy 2EFIQI AMZE CNT Y] 2E
g0 AXBET} Alo|R&o] B AA AA WA o fEst
ATt 3wt.% graphene/epoxy Z~E#Q] AlA9] Alolx] &L 11.4
2, 59 249 MWCNT/epoxy 2E# 2 AA AoJA& 2.9
o] oF 4ujof a3t

@}kl E(graphite) IH-EIL €22 f-(carbon fiber)E B
gl Aelxe] AxA H2 AMES7IE gk Perc et al.
2009y ZE}OIE Ho|AES ZgldiE Yutd] Z 83}
o] 3mmx3mm 2719 2EH A AAME AR, 92
FH 30%7H4] Aol 7R skAIRE, 1.5% SEH] FAolr A
o] APH o= WAL AFFE 14~19kQ FTllA] A7
L= 5%t} Wang and Chung(1995) 5.5vol.% &4 wHdf
Al(short carbon fibers)E A=A = XFSH o|FA] 2Ed|
2 AXE s, ZEBIIE 0.6%, AlolAlE 3001t
o|x™ 12}3to| E(graphite) TH-TILF BEAYdf-(carbon fiber)S
Axd deYE AMS 739 agtgelES mnny mpd 54
(sliding wear behavior)Z} ©FA4-72] #/d (brittleness) Wiiz-oll
Alr el A& (repeatability)o] £A] o} 2 WIS 3P|
gk 2EFR AlX A7e A9 o]HX|A] &AL Ut

7H2-E3 (carbon blacky> %~ AH 7FAo] 71 & A
o2, Zgn ujEg2e|| BAkEo] ekl ZREAY, A FH)
2 A" ALY, AElY o R A ZE o] Yot 1ol 23 -

-—240°C

+-220°C
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Fig. 6. Strain sensing TPU/CNT nanocomposite fibers: (a) SEM micrographs of TPU + 2% CNT fiber, (b) resistivity-strain dependence of TPU + 3%
CNT fibers extruded at different temperatures, and (c) The strain sensing behavior of TPU + 3% CNT fibers extruded at different temperatures, subjected

to 15 loading cycles (Bilotti et al., 2010).



740 SR EIR] AI8H A6Z, 2016

ZE = 5 et JEHE = Jok(Calvert et al., 2008; NASIATE FREEY shgo] ARSE 2EF RIS AX= vt
Cochrane et al, 2007; Mattmann et al., 2007; Paradiso et al, Holl AlAe] Wizteel 27|ekAl&a 73go] wolxth e
2005; Yi et al, 2012). 7HEES D= CNTY 22jael] H] g 3 owt.% AL, 15~50%7F4 HEl| thall #dlo] A&
AT 10~50wt%7HA] 3Ee] B e ARS-stefol AT, oz wglglon ol AoA&L 3, A 10-10kQ F

15~50% F=of &

ol e 2ER
R A o) Al ¢

IRATY B TR e gAES BE

A&7} 4170k Alo] S ol ATk
=t} Yi et al(2012)S wjEZ X
sto] AAHES

"

Shyr et al.(2014)2 72Edow FH3
iacﬁ]/\a/\}g} SOTMO.Z 3rlsle] o zAg a72 71X

O

UAEZAE At

slo] 2EHRIES wf A dojeE 2EHQ] AXME £ AEXAAHAE 420um, 329kV10em)E ANLal, ¥ 7
Table 2. Conductive filler composite textile strain sensors
Conductive filler type Fabrication / Structures Resistance value Strain range Sensitivity
MWNT
Itifil ith TPU/MWNT (0.8wt.? - 109
(Zhang et al, 2012) Spandex multifilament yarn wit U/MWNT (0.8wt.%) 0% 6
~30%
MWNT TPUMWNT (0.35wt.%) elastomeric nanocomposite ) recoveroalgﬁ?t(})/dat 7
(Zhang et al., 2013) films (10mmx30mmx250um) 5% strain)
SWCNT SWCNT (3~4wt.%)/PDMS film strain sensor with the
H 1 - 0,
(Yamada et al., 2011) ahg.nmen't of the SWCNTs arranged perpendicular to the 50~80kQ2 280% 0.3
strain axis
2.4 (below 1.8%
Graphene Graphene strain sensor mounted on stretchable rubber/ (sir;)ivr\ll) ’
P PDMS thin film (30.05mmx50um), 500~900k2 7.1%
(Bae et al., 2013) 4~14 (over 1.8%
Good transparency (75~80%) .
strain)
Graphite Graphite paste printed polyester fabric 14~22kQ 1.5% 4~5
(Perc et al., 2009) phite paste p poYy =70
Thermoplastic elastomer (Evoprene)/carbon black
Carbon black nanoparticle nanoparticle (27.6vol.%) composite
1~30log(2 ~50% 80
(Cochrane et al., 2007) (2mm>10mmx16pm) on a nylon fabric with acrylic latex og(€2m) 0
protective film
Carbon black . . 10~50% (course) 0.33 (course)
(Paradiso et al., 2005) Lycra fabric coated with carbon-loaded rubber 130~140kQ2 10~18% (wale) 3 (wale)
Higl.l porou.s carbon black nano-carbon .black nano-particle filled silicone elastomer 101050 15-50% 3
particle (Yi et al., 2012) composites
Carbon black Thermoplastic elastomer thread filled with 50wt.% carbon
black (0.3mm diameter, 2cm length) attached to knit 700Q/cm 100% 2kQ/mm
(Mattman et al., 2008) . . .-
fabric with silicon film
PPy (Xue et al., 2007) PPy-coated PU yarn 200~300kQ2 50% Over 400
. . . 80 (beginning) >
. PPy-coated el knit f:
PPy (Scilingo et al. 2003) ¢ gcfsjzei;f)‘snc cotton warp knit fabric 23k 10% 30 (after three
' ' weeks)
PPy (Li et al., 2005) PPy-coated Tactel/Lycra (83/17) plain knitted fabric 10kQ 50% 80
(Scmx1lcm)
0.32~0.38
o 63~90kQ (bef .
PEDOT PEDOT-coated viscose yarn 1x1 rib-knit . (before (before washing)
. washing) 1000~7000 5~50%
(Bashir et al., 2014) (12cmx2.5cm) KQ (after 2 ashin ) 10~20
& (after 2™ washing)
6.9~10.9kQ 0.072~0.57
PEDOT PEDOT-coated polyester yarn 1x1 rib-knit (before washing) 5-50% (before washing)
(Bashir et al., 2013) (12cmx*2.5¢cm) 65~114kQ ’ 0.66~0.71
(after 2™ washing) (after 2™ washing)
PEDOT-PSS PEDOT-PSS (1.3wt.%) printed cotton woven fabric
~4.2kQ 109 -
(Calvert et al., 2008) (2.54cmx1mm) 3 0% >




o] ZPo|ZEAE AR AWFS BAIRL I A A sl
A& u F2o| 2EHQ AME ARSIt 2~E# el 23]
AR} QA MmAdAle] HEHo] SrlslERE A o] Thas)
= UAHE FolzAF a3E et AEFxe 2E
g2l Ax7E YE Xl vls) Q-3 Ale]Fe] 3|ZH A
7% A9 gl B SHolA o EUth Calvert et
al 2008y 7HEE 10% D] AElY AAME /Lt en,
HEZF Yool F3sle] AlAg-o|¢k Afo]F HZES AAIS
A3t 10% =EHRI(GF: 27K AP A= A 358
ERl2ITh. Mattmann et al. 2007y 50wt.% 7HEE2 ah$to)
GrkaA daEHE e A e 2EHQ] AMRE
0.3mm, Z°] 2cm)E Az|E FL ol 83l Yot F3s
ok 2kQ/mm AEL] ¥ AA RIS} 80%0d Hile ~E
203 e 3| 2EH A 2=E e AT

Cochrane et al. 2007y ¢Fx 7PH& YA At 9 7}
EE2Y gzt G458 FEela ofad #Elx gEo® B
3 Al "2eld 2B AXME LS 15~50%7F
2] AAZ WG sl Ago] AP0z Frlsle Fod2A
g a3= Yeglen o] wf Alolx&d 80 A== A7
T} ulg- =Sk

ArA 8= ddAg ol AFES Hdol 7KL
= TE2E F A 58 F de IEAE, 3504 Rie
Ao A7H, A71A a-|al FEE AL SAC 7ERAL ¢
7] Wl FHLIe A RopollA] AMSE L Sk AR X
2] 7P & A 7PHA sl il ok sk
Ake] 7Fssithes Aot dell H#7] AA} Azt 2 %
F7F 8 grond, HolE 53] kA @7, 80l
Halel] gisl] 17180 4o Y¢S W s 5 o8t
AA A7t 28] A8 E 3 Q) (Bartlett & Lingchung,
1989; Ramanavi¢ius et al., 2006), ©]|&1gt Ao w2} & 2E}k
A 7IHke] glojelE ZEFHQ AlMol A=A RS &85t
32} sk A A s8] o|FR|AL Yth(Bashir et al., 2013;

F

=

(o3

sJojei erErel 2Rl A4 2 T4l

Calvert et al., 2008; Campbell et al., 2007; Daoud et al.,
2005; Li et al, 2005; Munro et al, 2008; Scilingo et al.,
2003; Xue et al, 2004; Xue et al, 2007). A=A FLEXZ}
8 d2gd AMES AHORE 10-60% 2E#H S Fd)
Al AEAHd A7E S YRk o=, Xue et
al.(2007)°] CVD A< ol&3te] AlzE PPy ZWE Fa|%-
HRALE 50% SEHRIZEA] AloIAlE 19] IEE 7HAAL A
ol whEt Aeo] dPH o2 FIINA, °1F 60~100% =E
g2l JelXE 2EdRIe] F7lel wel AlojAl&o] F43
Aested Ao 4009] NHEEE YERNATE Campbell et
al. (20072 10~60% ZE1 FYolA 0.02kQe] 4gke] 3
ZHEAIAZE AR A28 wke-g Jepll= PPy ZHE U
AE/Ao] Z2H(80/20) BIZELA AIME 7Este] Hejxlo] 34
el FAste] 35S FAst=dl AdFsHATE Calvert et
al.(2008YS PEDOT-PSS(1.3wt.%) printed W2 Eo] ZHEz}]
g2 eld 2EFQ] AAE A=, ¢ 4% PEDOTO]

3222 H2ERY 3 Wyl e vdYg A vke

HAEA Hey EFaAE ASA UE ddol] A88 44
Aol mE HEY S ol Z7t
k= Yol|2A8 G 3H(positive piezoresistivity)S LERATE 2
A gy 59 g2Ed 2B M9 79, Fig. 7oA
UERH= vle} o] Al7-o)¢h Alo]ZelA] S| 2HFA| 27} &
Attt CNT 9] 7497t 7R2Ed 8 E AN 39Ent
3|2H|Z Al 27} w9 ZTkBilotti et al, 2010; Zhang et al.,
2012). 7HEE AL He] 2E#Q] A 75, 50% o)/
& WYl dialiA] CNT "] 2E#R] AMKET ¥ $2 Al

°
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Fig. 7. Relationship between the resistance and the strain in the stretch-recovery curves of conductive textile strain sensors: (a) 2wt.% CNT/TPU films
(Zhang et al., 2013). (b) Thermoplastic elastomer yarn filled with 50wt.% carbon black powder (0.3 mm diameter, 2cm sensor length) (Mattmann et

al., 2008).
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Fig. 8. Trapezoidal wave input of strain versus time (upper) and
corresponding electrical response of the carbon black particle and
thermoplastic elastomer composite yarn sensor (Mattmann et al., 2008).

AL 7MX L AU H(Lorussi et al, 2004; Mattmann et al.,
2008). Mattmann et al.(2008)> 7FEEHARHS0wt.%)S &
2 AREE Grkad sAR 2EFR] AXME JREsT
80% 217 03 38 A] F|2HFAIZ 2X7F F 7% TSI
3 12% BEe] "2Elde] gAYl s o] AAR
12~80% =ER1 Follx] 7% oo 9xbH <] tellA &8
o] 7Fsslth(Fig. 7(b)).
Fig. 8& 9743 A7]9] 2EHIE I8kl ¢ é Al %
A &8s 111745‘ HH Ueh ks gl2Etd 2EFQI Al
X_’
3

TS HojFErh "2Ed 2EH Al
E’J_X“f} WEe A7 AT o, ¥
B Z700 Ago] F7FIAT7E AlZke] 73zl wEt A dgte]
i% | Z.}ﬁ’:’é}gﬂ g2l ZHa steady-state value)> 2 &

< YepAt) 2go] AAE o] Fo= Aol wE
Eilil o o] Wyl o3l AHae] Al FEoE A
o

3 UE AEFR] AME A 8k Y gadelxe] A
A A%Eo] thEL}. Paradiso et al.(2005) FHEUAE &
o=z} sHE e FAe} g wiEko 2 }\]z}_;qa

Ass AES A, AT 2= 10~50%7H] AFASES
L}E}L o] Y Weko 2= 20% v]Tke] P oA ﬁﬁéﬂ
S YERITE wepA BAERd 2EFQD A7 AAE B
HE%%‘OH 2857 Seixe olHe HIXdF d (non-linearity)=

AlA A A (sensor delay)el] gt BAJo] QFET)

3223, $HRE, F5%, =3} A

] wEg 2] Fo o5k B v dejo A=A
HEHIE Hspy] wiel =7} A5sid Ade dssle
PTC = FH(positive temperature coefficient effect)’} HAY3F
(Li et al, 2009; Xiang et al., 2009). Z&L}, o]&& TjHE
v EY 2 EARe] B8 (melting temperature) G4 &
AHoR e 9lorng gojelE A8 Feplxs A

o
rr

o

FHFHA] ol FTh(Xiong, 2005).

ditd o8 Ay IEAE %7t 4SS 4 e g9
Ax7r Zjme] W=7 (band gap barrien)S S5T 5 A
Hoj HEAE U Z2H HEZ Xiﬂo] 7+48R= NTC (negative
temperature coefficient)2] &= YERNA Eth(Daoud et al.,
2005; Li et al., 2005; Scﬂmgo et al., 2003). Li et al.(2005)
< PPyE Zd|9l 27 9] LE(Tactel/Lycra) Yol FH s}
g 2Etd 2E#Q] AXE AT, o] AMe 2EA7)
A|4=(temperature coefficient of resistance, TCR)= -0.006°C™"
Atk ol UuHEQl Au|2Ele] TRC7} 0.03~0.05°CT A=Y
< ZRME 0 o]= A FEat AMgEtE dojHE AlA
Agox 259 F3e A IHEA dote He A
E T

Liu et al(2009)°] °|&Fd, MWCNT #He] & A7t
FEH T BET AAIE B s AR o] F35t
MWCNTs®] E(holes)®] WEE th¥ ZaA7|A Hol Aol
F7FelA Evt. WA AFiEEst #7}3}01] w2 o B =
A7 FEe] Ago] Frlste @] vERdt. Fig 9=
MWCNT HEgo| AFF=e] et Ao o} & AP+
ACFRAT 0.9893)8 BeAFT Stk ol & EA8L ONTE)

JIEIGA ek the d7E2 AAds dX|ste Aotk
(Kaiser et al., 2001; Pati et al., 2002; Yu et al., 2000).

A& LEAE ARske A% ol¢t AR FEA &
AE Uekith. PEDOT-PSSO| 73 o7} 71 PSS A&
e & PEDOT AH&EE¥ AA7|How Fozgsta
(electrostatically interact) PEDOT AR&7+e] Arle 7M. 9]
#Het 271 PEDOT AREE7H] Z3e]s (hopping of charges)
< 5ol diEErt 2k =W 25§55 =] PSS
TEAZF WH3ke] PEDOT AREE 748 ARzt dojA|A =
3 QIE o] ZhastA Ho] AHH o= Ade] AXA Hrt
T &2 g E 52 RHE(dipole moment)E 7} 3L
271 WiEel PEDOT:PSS7F =& F¢ ) A7|i=es 3

o
]
3,

m  Experamental Data
Linear Fit of Experamental Data

Resistance(ohm)

T T T T T T T
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Relative Humidity(%)

Fig. 9. Resistance and relative humidity of MWCNT network obtained
at room temperature (Liu et al., 2009).



a7l &%EE 285ttt o]9) e HEA AR FE
FEAMZ 857 SHth(Borsenberger &
Bissler, 1991; Klnkeldel et al, 2011; Kus & Okur, 2009;
Taccola et al., 2013).

Barshir et al.(2013)& PEDOT %% Z] o =EALS} =
FAALE o]gsle Ix1Y UE ZEF]Q] AlA(12ecmx2.5cmyE
TWEatal 1~23] Al M Al el WsE &t
PEDOT ZH® Z]oll2E M= Al Folle 2 A4S
< 1Sl W], HlAFA YEAME HAF20 Fof B3t
= A4 wwel AE $ % PEDOT IHS A3 vl§ 2
A F7EE veRidTh 7 7 AA BZE AlgE Selw
5~50% ~EF FolA i A7FE (sensitivity)7t Z7F8FITh.
40% ZEgQlel sl HlAsA A= AlE d U= 03290
A 28] Al & 1082 —37}0}%‘1, ZEoAE AMe AlE
A WPE 0079014 23] ME F 0.662.2 Z7F5FATH

A TR 37) —goﬂ w2ET A7ke) 7Dl gt d
S| St} Scilingo et al.(2003)=
PPy Z¥¥ W 7ZH B AA(5.8cmx2.5cm)E N3t ¥
7] Tl =EE dEiolA 60 Rt Ade 4% A A%
AolA &2 Hx 804 3
F Folle 3002 "ozl AL -2’* SFch,

48 =

B AT Qo] $293 B Ans Z4a) 98 3
8 AR YA Bl wWE AEH] LoHF L
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AT A ANEAF EAE 2 92u 2Ed
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& AGAE] A e 5 glolof Sk, oln) 2Ed
o] A AR AP LEs|olok sl W] 715 @
we) sk SHElolol sul, A BEHS B 9l

3 22 REFRIE A HEFE 5 glojof gt

gl2eld 2Bl AN FozAd a5 ddste A
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>,

E89l MR TRE S otk AEgAL UE ZEFQ] A
= A0l wet E AEAAL Fazbe] [HEIEe] B
A SNEAG EHE eIt olu ALY B, A
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Z *il*ﬁsz} A B AN Joll Felsith. HE &
EgQl Mol AF-35E AFe] sliHH e AF-HE A
ol2 7+e| BB 2 et}
AxA de) B gl gl 2EF)Q AXE FE A I

eu A aEApe] SeadlE ARt g s Al

sJojei erErel 2Rl A4 2 143

9 A v Eg e} Bitsle] AlEd A $lof IEEHA
v A FEE ARste] ARSEAY, A BHolU A5 A
ol M=A IRAE F”sl ARGt A=A e 534
V1A 22A) EY ) BEsh= A Hed
GRS %‘*éoﬂ 71 o}Uﬂ HZgolAd o] we}
TS UEILh AxA Edo] gk

R N R ﬂ%ﬂfﬂ /28 wAYFORE Fellx
A a3t Jeh = gtk A=A I8 SR 18 W
2, 283l 370l AXe] s dFg vtk FREEY 2
He gukd oz 50% AE7R 2 AFo] 7Fssla AAAe)
E3 A58 A9 Hﬂfﬂiﬂﬂg o]*ﬂlal*l*ﬂ At} 7H7 o]
A4 = CNT

A

1o

N

5

(e

Q‘L
X
R
O
I
&E
O
o]g
>~
1?
=
2 0
<0
T
A
2l
o

oF aepae e 4—8— Wh_L Al Nol 71~o}z1‘4 oi-§-
AHBlaL wate] off7] wiEe] A § FjEAgo] A %%OW
2 HYE Adsted Bttt Ay aRAE mgE ga
Ef 2EH AME AR 10~50% =EFQ FGolx A
&0l 7hsdht, ek, Fi, =5}, Ag 5o ¥4 JTS ¥
o] Wth

of st el Blsele) 2o 1
S Tre Eoz AE AT nes e 350
P £ 2 %E, A 5 S 8739 ket e

23 gekl 2Ed AN o
o BANFE 2ol st /b

E}Wb olefet Aol 1&—8}

WA sk ASAgde] & PR wHEojRl dojde &
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g F 215 317] wiol] F% QIEFo]2 7)o #4lo]
Hoj o]58 EEgt Frls AA AE et s A
o=z 7|jdr}.

o] =2 2016d% AN (AR Ao =
ATATEe] A PE vlo} FE 7|2 ATAIE Y (No. 2016914254).

References

Alexopoulos, N. D., Bartholome, C., Poulin, P., & Marioli-Riga, Z.
(2010). Structural health monitoring of glass fiber reinforced
composites using embedded carbon nanotube (CNT) fibers.
Composites Science and Technology, 70(2), 260-271. doi:10.1016/
j-compscitech.2009.10.017

Atalay, O., Kennon, W. R., & Husain, M. D. (2013). Textile-based weft
knitted strain sensors: Effect of fabric parameters on sensor



744 SR SIR] AI8H A6Z, 2016

properties. Sensors, 13(8), 11114-11127. doi:10.3390/s130811114

Bae, S. H., Lee, Y., Sharma, B. K., Lee, H. J., Kim, J. H., & Ahn, J.
H. (2013). Graphene-based transparent strain sensor. Carbon, 51,
236-242. doi:10.1016/j.carbon.2012.08.048

Balberg, 1., & Binenbaum, N. (1987). Invariant properties of the
percolation thresholds in the soft-core—hard-core transition. Physical
Review A, 35(12), 5174. doi:org/10.1103/PhysRevA.35.5174

Barlow, D. H., Becker, R., Leitenberg, H., & Agras, W. S. (1970). A
mechanical strain gauge for recording penile circumference
change. Journal of Applied Behavior Analysis, 3(1), 73-76. doi:
10.1901/jaba.1970.3-73

Bashir, T., Ali, M., Cho, S. W., Persson, N. K., & Skrifvars, M. (2013).
OCVD polymerization of PEDOT: Effect of pre-treatment steps
on PEDOT-coated conductive fibers and a morphological study of
PEDOT distribution on textile yarns. Polymers for Advanced
Technologies, 24(2), 210-219. doi:10.1002/pat.3073

Bashir, T., Ali, M., Persson, N. K., Ramamoorthy, S. K., & Skrifvars,
M. (2014). Stretch sensing properties of conductive knitted structures
of PEDOT-coated viscose and polyester yarns. Textile Research
Journal, 84(3), 323-334. doi:10.1177/0040517513494253

Bartlett, P. N., & Lingchung, S. K. (1989). Conducting polymer gas
sensors part II: response of polypyrrole to methanol vapour. Sensors
and Actuators, 19, 141-150. doi:10.1016/0250-6874(89)80127-1

Bilotti, E., Zhang, R., Deng, H., Baxendale, M., & Peijs, T. (2010).
Fabrication and property prediction of conductive and strain
sensing TPU/CNT nanocomposite fibres. Journal of Materials
Chemistry, 20(42), 9449-9455. doi:10.1039/COJMO1827A

Borsenberger, P. M., & Bissler, H. (1991). Concerning the role of
dipolar disorder on charge transport in molecularly doped
polymers. The Journal of Chemical Physics, 95(7), 5327-5331.
doi:10.1063/1.461646

Calvert, P, Duggal, D., Patra, P., Agrawal, A. P, & Sawhney, A.
(2008). Conducting polymer and conducting composite strain
sensors on textiles. Molecular Crystals and Liquid Crystals,
484(1), 291-657. doi:10.1080/15421400801904690

Campbell, T. E., Munro, B. J., Wallace, G. G,, & Steele, J. R. (2007).
Can fabric sensors monitor breast motion?. Journal of Biomechanics,
40(13), 3056-3059. doi:10.1016/j.jbiomech.2007.01.020

Catrysse, M., Puers, R., Hertleer, C., Van Langenhove, L., Van
Egmond, H., & Matthys, D. (2004). Towards the integration of
textile sensors in a wireless monitoring suit. Sensors and Actuators
A: Physical, 114(2), 302-311. doi:10.1016/j.sna.2003.10.071

Cochrane, C., Koncar, V., Lewandowski, M., & Dufour, C. (2007).
Design and development of a flexible strain sensor for textile
structures based on a conductive polymer composite. Sensors,
7(4), 473-492. doi:10.3390/57040473

Daoud, W. A., Xin, J. H., & Szeto, Y. S. (2005). Polyethylenedioxy-
thiophene coatings for humidity, temperature and strain sensing
polyamide fibers. Sensors and Actuators B: Chemical, 109(2),
329-333. doi:10.1016/j.snb.2004.12.067

Giorgino, T., Tormene, P., Lorussi, F., De Rossi, D., & Quaglini, S.
(2009). Sensor evaluation for wearable strain gauges in neuro-
logical rehabilitation. /EEE Transactions on Neural Systems and
Rehabilitation Engineering, 17(4), 409-415. doi:10.1109/TNSRE.
2009.2019584

Kaiser, A. B., Flanagan, G. U., Stewart, D. M., & Beaglehole, D.
(2001). Heterogeneous model for conduction in conducting

polymers and carbon nanotubes. Synthetic Metals, 117(1), 67-73.
doi:10.1016/S0379-6779(00)00540-3

Kim, Y. J., Cha, J. Y., Ham, H., Huh, H., So, D. S., & Kang, I. (2011).
Preparation of piezoresistive nano smart hybrid material based on
graphene. Current Applied Physics, 11(1), S350-S352. doi:10.1016/
j-cap.2010.11.022

Kinkeldei, T., Zysset, C., Cherenack, K. H., & Troster, G. (2011). A
textile integrated sensor system for monitoring humidity and
temperature. In Solid-State Sensors, Actuators and Microsystems
Conference (TRANSDUCERS), 2011 16th International (pp. 1156-
1159). Beijing, China, IEEE. doi:10.1109/TRANSDUCERS.2011.
5969238

Kus, M., & Okur, S. (2009). Electrical characterization of PEDOT:
PSS beyond humidity saturation. Sensors and Actuators B:
Chemical, 143(1), 177-181. doi:10.1016/j.snb.2009.08.055

Lee, J. H., Kim, S. H., Lee, J. J., Yang, D. J., Park, B. C., Ryu, S. H.,
& Park, 1. K. (2014). A stretchable strain sensor based on a metal
nanoparticle thin film for human motion detection. Nanoscale,
6(20), 11932-11939. doi:10.1039/C4NR03295K

Li, X., Zhang, R., Yu, W., Wang, K., Wei, J., Wu, D., Cao, A., Li, Z.,
Cheng, Y., Zheng, Q., & Ruoff, R. S. (2012). Stretchable and
highly sensitive graphene-on-polymer strain sensors. Scientific
Reports, 2, 870. doi:10.1038/srep00870

Li, Q., Kim, N. H., Yoo, G H., & Lee, J. H. (2009). Positive
temperature coefficient characteristic and structure of graphite
nanofibers reinforced high density polyethylene/carbon black
nanocomposites. Composites Part B: Engineering, 40(3), 218-
224. doi:10.1016/j.compositesb.2008.11.002

Li, Y., Cheng, X. Y., Leung, M. Y., Tsang, J., Tao, X. M., & Yuen, M.
C. W. (2005). A flexible strain sensor from polypyrrole-coated
fabrics. Synthetic Metals, 155(1), 89-94. doi:10.1016/j.synthmet.
2005.06.008

Liu, L., Ye, X., Wu, K., Han, R., Zhou, Z., & Cui, T. (2009). Humidity
sensitivity of multi-walled carbon nanotube networks deposited by
dielectrophoresis. Sensors, 9(3), 1714-1721. doi:10.3390/s90301714

Lorussi, F., Rocchia, W., Scilingo, E. P., Tognetti, A., & De Rossi, D.
(2004). Wearable, redundant fabric-based sensor arrays for
reconstruction of body segment posture. /EEE Sensors Journal,
4(6), 807-818. doi:10.1109/JSEN.2004.837498

Mattmann, C., Amft, O., Harms, H., Troster, G., & Clemens, F. (2007).
Recognizing upper body postures using textile strain sensors. In
2007 11th IEEE International Symposium on Wearable Computers
(pp. 29-36). Boston, MA, USA, IEEE. doi:10.1109/ISWC.2007.
4373773

Mattmann, C., Clemens, F., & Troster, G. (2008). Sensor for measuring
strain in textile. Sensors, 8(6), 3719-3732. doi:10.3390/s8063719

Munro, B. J., Campbell, T. E., Wallace, G. G,, & Steele, J. R. (2008).
The intelligent knee sleeve: A wearable biofeedback device.
Sensors and Actuators B: Chemical, 131(2), 541-547. doi:10.1016/
j-snb.2007.12.041

Paradiso, R., Loriga, G., & Taccini, N. (2005). A wearable health care
system based on knitted integrated sensors. Information Technology
in Biomedicine, IEEE Transactions on, 9(3), 337-344. doi:10.1109/
TITB.2005.854512

Pati, R., Zhang, Y., Nayak, S. K., & Ajayan, P. M. (2002). Effect of
H,O adsorption on electron transport in a carbon nanotube.
Applied Physics Letters, 81, 2638. doi:10.1063/1.1510969



Perc, B., Kuscer, D., Holc, J., Belavi¢, D., Jerlah, M., Svetec, D. G, &
Kosec, M. (2009, September). Thick-film strain sensor on textile.
In Proceeding of 45th International Conference on Microelectronics,
Devices and Materials, pp. 9-11.

Ramanavicius, A., RamanaviCiené, A., & Malinauskas, A. (2006).
Electrochemical sensors based on conducting polymer-polypyrrole.
Electrochimica Acta, 51(27), 6025-6037. doi:10.1016/j.electacta.
2005.11.052

Roh, J. S., & Kim, S. R. (2016). All-fabric intelligent temperature
regulation system for smart clothing applications. Journal of
Intelligent Material Systems and Structures, 27(9), 1165-1175. doi:
10.1177/1045389X15585901.

Robert, C., Feller, J. F., & Castro, M. (2012). Sensing skin for strain
monitoring made of PC-CNT conductive polymer nanocomposite
sprayed layer by layer. ACS Applied Materials & Interfaces, 4(7),
3508-3516. doi:10.1021/am300594t

Scilingo, E. P, Lorussi, F., Mazzoldi, A., & De Rossi, D. (2003).
Strain-sensing fabrics for wearable kinaesthetic-like systems. /[EEE
Sensors Journal, 3(4), 460-467. doi:10.1109/JSEN.2003.815771

Shyr, T. W., Shie, J. W., Jiang, C. H., & Li, J. J. (2014). A textile-based
wearable sensing device designed for monitoring the flexion angle
of elbow and knee movements. Sensors, [4(3), 4050-4059.
doi:10.3390/s140304050

Strazdiené, E., Blazevic, P., Vegys, A., & Dapkiniene, K. (2015). New
tendencies of wearable electronics application in smart clothing.
Electronics and Electrical Engineering, 73(1), 21-24.

Taccola, S., Greco, F., Zucca, A., Innocenti, C., de Julian Fernandez,
C., Campo, G., Sangregorio, C., Mazzolai, B., & Mattoli, V.
(2013). Characterization of free-standing PEDOT: PSS/iron oxide
nanoparticle composite thin films and application as conformable
humidity sensors. ACS Applied Materials & Interfaces, 5(13),
6324-6332. doi:10.1021/am4013775

Taya, M., Kim, W. J., & Ono, K. (1998). Piezoresistivity of a short
fiber/elastomer matrix composite. Mechanics of Materials, 28(1),
53-59. doi:10.1016/S0167-6636(97)00064-1

Ueda, N., & Taya, M. (1986). Prediction of the electrical conductivity
of two?dimensionally misoriented short fiber composites by a
percolation model. Journal of Applied Physics, 60(1), 459-461.
doi:10.1063/1.337778.

Wang, J., Long, H., Soltanian, S., Servati, P., & Ko, F. (2014). Electro-
mechanical properties of knitted wearable sensors: Part 2-
Parametric study and experimental verification. Textile Research
Journal, 84(2), 200-213. doi:10.1177/0040517513490057.

Wang, X., & Chung, D. D. L. (1995). Short-carbon-fiber-reinforced
epoxy as a piezoresistive strain sensor. Smart Materials and
Structures, 4(4), 363. doi:10.1088/0964-1726/4/4/017

slelerd EEp 2ER2 G4 S 145

Xiang, Z. D., Chen, T., Li, Z. M., & Bian, X. C. (2009). Negative
temperature coefficient of resistivity in lightweight conductive
carbon nanotube/polymer composites. Macromolecular Materials
and Engineering, 294(2), 91-95. doi:10.1002/mame.200800273

Xiong, C., Zhou, Z., Xu, W., Hu, H., Zhang, Y., & Dong, L. (2005).
Polyurethane/carbon black composites with high positive temper-
ature coefficient and low critical transformation temperature.
Carbon, 43(8), 1788-1792. doi:10.1016/j.carbon.2005.02.001

Xue, P., Tao, X. M., Kwok, K. W., Leung, M. Y., & Yu, T. X. (2004).
Electromechanical behavior of fibers coated with an electrically
conductive polymer. Textile Research Journal, 74(10), 929-936.
doi:10.1177/004051750407401013

Xue, P., Tao, X. M., & Tsang, H. Y. (2007). In situ SEM studies on
strain sensing mechanisms of PPy-coated electrically conducting
fabrics. Applied Surface Science, 253(7), 3387-3392. doi:10.1016/
j-apsusc.2006.07.003

Yamada, T., Hayamizu, Y., Yamamoto, Y., Yomogida, Y., Izadi-
Najafabadi, A., Futaba, D. N., & Hata, K. (2011). A stretchable
carbon nanotube strain sensor for human-motion detection. Nature
Nanotechnology, 6(5), 296-301. doi:10.1038/nnano.2011.36

Yi, W., Wang, Y., Wang, G., & Tao, X. (2012). Investigation of carbon
black/silicone elastomer/dimethylsilicone oil composites for flexible
strain sensors. Polymer Testing, 31(5), 677-684. doi:10.1016/
j-polymertesting.2012.03.006

Yu, H., Cao, T., Zhou, L., Gu, E., Yu, D., & Jiang, D. (2006). Layer-
by-layer assembly and humidity sensitive behavior of poly
(ethyleneimine)/multiwall carbon nanotube composite films. Sensors
and Actuators B: Chemical, 119(2), 512-515. doi:10.1016/
j-snb.2005.12.048

Zhang, H., Tao, X., Yu, T., & Wang, S. (2006). Conductive knitted
fabric as large-strain gauge under high temperature. Sensors and
Actuators A: Physical, 126(1), 129-140. doi:10.1016/j.sna.2005.
10.026

Zhang, R., Deng, H., Valenca, R., Jin, J., Fu, Q., Bilotti, E., & Peijs,
T. (2013). Strain sensing behaviour of elastomeric composite films
containing carbon nanotubes under cyclic loading. Composites
Science and Technology, 74, 1-5. doi:10.1016/j.compscitech.2012.
09.016

Zhang, R., Deng, H., Valenca, R., Jin, J., Fu, Q., Bilotti, E., & Peijs,
T. (2012). Carbon nanotube polymer coatings for textile yarns
with good strain sensing capability. Sensors and Actuators A:
Physical, 179, 83-91. doi:10.1016/j.sna.2012.03.029

(Received 24 October 2016; 1st Revised 2 November 2016;
2nd Revised 11 November 2016; Accepted 15 November 2016)



