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Fabrication of Polypyrrole Deposited Poly (vinyl alcohol) Nanofiber Webs by Dip-coating
and In situ Polymerization and their Application to Textile Electrode Sensors

Hyukjoo Yang, Jachyun Kim, Seungsin Lee, and Gilsoo Cho'
Dept. of Clothing & Textiles, Yonsei University; Seoul, Korea

Abstract: This study compared dip-coating and in situ polymerization methods for the development of nanofiber-based
E-textile using polypyrrole. Nanofiber webs were fabricated by electrospinning an aqueous poly (vinyl alcohol) (PVA) solu-
tion. Subsequently, the PVA nanofiber web underwent thermal treatment to improve water resistance. Dip-coating and
in situ polymerization methods were used to deposit polypyrrole on the surfaces of the nanofiber web. An FE-SEM anal-
ysis was also conducted to examine specimen surface characteristics along with EDS and FT-IR that analyzed the chem-
ical bonding between polypyrrole and specimens. The line resistance and sheet resistance of the treated specimens were
measured. Finally, an electrocardiogram (ECG) was measured with textile sensors made of the polypyrrole-deposited PVA
nanofiber webs. The polypyrrole-deposited PVA nanofiber webs fabricated by dip-coating dissolved in the dip-coating solu-
tion and indicated damage to the nanofibers. However, in the case of in situ polymerization, polypyrrole nanoparticles
were deposited on the surface and inter-web structure of the PVA nanofiber web. The resistance measurements indicated
that polypyrrole-deposited PVA nanofiber webs fabricated by in situ polymerization with an average sheet resistance of
5.3 k(<2 /). Polypyrrole-deposited PVA nanofiber webs fabricated by dip-coating showed an average sheet resistance of
57.3 k(Q /). Polypyrrole-deposited PVA nanofibers fabricated by in situ polymerization showed a lower line and sheet
resistance; in addition, they detected the electrical activity of the heart during ECG measurements. The electrodes made
from polypyrrole-deposited PVA nanofiber webs by in situ polymerization showed the best performance for sensing ECG

signals among the evaluated specimens.
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gso] H3A 2 Aol 2T Lymberis & Olsson,
2003; Otto et al, 2006). 71&<] AALISE F5317]
AFo2E= AgAeCl 97 AFo] u}. e} o]
2] AFog AAXNZTE 317] Qsix e Had %
7t AFA oy, ol & 3

Aol "R 2 A ,
o] wjZo| FAIZF AT E FE3of dl= U-
systemell = 293812 2FTHON et al, 2013). 17]
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Zlo|th(Cho et al, 2008). o|H3t 7] HA=A ©2E}
Aat7] fsire AlA Fxol HEge AfaAe A7)
S FAT F e A Aseke] J3 4ol Fasit.
A7 e A gdol] AYS 7hste] vie-rlol AR
2AYe] AL 7R ARE Alxste RO, v i
2t AFEE ARgRt] A skE < dlo] A S8 He

o] ]3] fo|slth(Shabafrooz et al., 2014). X7 HALS E3)
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A= Tty P W FHAOR ] w¢ &
= A4S /I olH et B4 AANEE FAIRE B 8
ok sk ElAEMY 7IRE AIAEA] o] ARl Fxolth
(Shabafrooz et al., 2014; Song et al., 2017).

712 A7) Aed Aiadle 354 2 55 Z-89 2
< FF 7Nk ARE ARl Axsith w4 71Nk
BEx AF, AN, ZdY, 2, A" 53 22 o= YAt
U AEo| Agste] vl Hsh 17] A=A dAEd S
Az 4 JH(Castano & Flatau, 2014). 22} fF-A4Jo] &
oA oFaAEE FAYSH, 37 B 7R =5 A FH
o] Akl T2 RAE7] wiiel 7] HEAdo] AslEs widol
JthHamdani et al, 2016; Macasaquit & Binag, 2010; Mansur
et al, 2004). WA FHZoll= 2% (Graphene), BHALReFE
(Carbon nanotubes)2} 7+& ®kA F4A(Allotrope of carbon)
Age} Z2jold#(Polyaniline), Z2]#-] 2.3 (Polythiophene),
PEDOT, £2]|3& (Polypyrrole) 52| =4 ¥ AK(Intrinsically
Conductive Polymers)(ICPs)9} 7+ H] 3457 55 o]&3)
o A7) A=A ARE Axske A77F &Es] Jegsett
(Lee et al., 2017a; Lee et al., 2017b).

g Fade Ba daE A9 A 2 &
2, 92 4] widel] wt vkt A1 548 7RIt
e AR ERAE Az A, AR ol dgshA st
7] 98l AN 22 o 4AE 24 = Ul ZEA
= "xe] FAo] Ha3dltiJang & Cho, 2019; Santos et
al., 2018). L3 AH EIAE Az Al A7EAH (Are-
discharge method), 71’ 52 (Vapor deposition method),
o] A 52 (Laser vaporization method) 5 TS 2 &
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W, AEA IR FAEE dAE 7l gdddgT
o] o} BkEE= AKE Y] BArRE A7) A
88 7T AN AR ek FARE 2EA &
38 7RI wEA BlwA golsAl A BIAE AR F
Kol FYME A5 W] Axd gzefd Az teket A
go] 7INE JkiIm et al, 2015). HIE, AEA TEAE=
B FAAET A7) xRS deZe] AR, ol &
(Doping) 382 &3l HsldS S7HA, E4 ge 59
A7 A== Ao 4= 3

AR A=A LEAE AF BEFAR Axsh] $8 7=
= ABEREE (Cobalt(ILIT) oxide) LAl FHe) Zejold
dg FFs AF SFAZR Axst, ol AHLH
(Capacitance) BI=EFI 2 4831322} §F A-(Lei et al, 2020),
Z2]EF 2231 (Polyvinylidene fluoride) U=Ad-f W
ZIES FAE A SFPAR AxS AF+(Dias et al,
2014), oxidant(iron(Il)tosylate) W=l ¥ PEDOTS 7|
d FEOR FEAA IE AntE HAERIE gt AT
(Laforgue, 2010) 5°] om, #A Axyd 184 E4& 7
g FHe)| Fgsls WAl xR ARAE Tt WA o
2 ZYsled Sheath &2 Coredll $IXFH=S AL, EYUH
R Akl eARE 7N R g AR EFAE Alx
she WEke 2 AtE A Qi
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oAl FA @43 7hsste] B 8w HEA
FEx}o]th(Sasso et al., 2011; Whang et al, 1991). Z2|3&
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(Composite)2} 7+ % A=zl 80|31tk (Macasaquit & Binag,
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F JEE k= § I (Dip-coating) S AMEE 4= 9l
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Z3+(n situ polymerization)o] UATF HHAFF
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EAE AT = ok Muller et al, 2013;
Sasso et al, 2011). 22y & 34 5, AlxE A7) A=A &
2B 29 =8, S8k B4, 58] AeA Ak 5%
75 e 713 54 AR Hlud d7e =2 Aotk
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AR S AT 7, O e FP9E g | =Y
st} PVA UAidf S Azt § 8= Alxsh &
2]9Ee] S2E PVA Wil 2 AshAlel =aES] vis

O

M=
vtk e Ask eg A s, mREe] Fw
2 $U5E PVA thedlg Slo] S3Et w9, s
A= PVA theddf ¢ el SREglon, o 220t 3
=
Ly

N B

rh

27 23k Hebd, 71E A7e) Be paon Aggel
HES AHgalel Fel9E YAVt ey 9 EAS
M I2A FHE 5 Y= s kRl E3E Azt
she 997k Basi, 71E Apslel v BAo] Basit
3

B ATE el sIe] 7] e E2Eee Azt
7 90, 1S | =Y B3 BT B olgdlel B

2l Eo] T3 PVA thedf & AlxshaL, Al el

B A=A aiAe] SH7E 9 A7) AEde

&, 75 B2ERd AMRe] HE ThedS g Sle Bl

Bl 7k 5o s Alzsnl AARE 5, Age] 714 4ls

S Fgale] o A¥E Ao FMasith & el A
£

e

21. M " AE

WAl Azl FEA0lH Al el Hold 34
JLEAIQL PVA(>99% hydrolyzed, Mw = 89,000~98,000, Sigma
Aldrich Co., USA)E ARESISIHE 82+ S/RTE ARSI
of 7] AxA 28R FES A8 dEA AdEle] pyrrole
Mw=67.09, Alfa Aesar, USA)Z 22| 532 2|8+ 2HA|
(Oxidant)Z+= ammonium persulphate(Mw =228.2)(°|3} APS),
A7 AREE FA717] 91§ doping agent2= 2, 6-
naphthalenedisulfonic acid, disodium salt(Mw = 332.26)(°]3}
NDS)E AH&-t3itt.

2.2. H7|9kAL

eidf e Alxsty] A8 AT (Lee & Lee, 2015)
S B e e P L P s i) 1 T s Rt | N o1
ARG} 7L 20S AAISITE ARl e R ARg-S
10wt%2] PVA &8 Axsl7] 913 PVA 39U E SR/
9} Egtsle] 80°CY FLFxoIM 6A17F F9F Laste] 72
g PVA 89S AzsA Axg AR 2407 5
OF Ao HAd T, 40 cmA] WM 9B 5k &
A 7] ®AI(NCC-ESP200R2, NanoNC Co., Kor)s AH:-
alo] A7ARIGITE BAL 2L g FEEE 0.2 mlhr, Y
£ AlolA] 25 gauge, A 20kV, WAIAE] 15 ecmZ 273
on, g WE 34gm’e] heAls UL Az Az
el sle] 2Eshe 80iE AlAS] 98] [Edz71(0V-

11/12, JEIO TECH, Korea)S A}F&-3te] 50°CollA 24A17F 5
oF AT

2.3 L7 #lel Wy JHd

2 ATeldE helf 92, U8 298 deod |
29 A, B8 g0l AAE F AFFRs] A7) Aw
e RolstuA Sk olo] WA, PVA theilf Yol 5%

BelA AR HeiE A S8l A ATF(Jeong &
Lee, 2019)0llA 753k HHol wle}l Fx)2](Heat treatment)S
AAIBIATE EXEl= 165°CAlA 387 AABITh s, E
g3 PVA WA= AZo g ALg A T3] Zw mzt
o] B2 sioA wiEE s W2 RE A4 FEH
FAEoF st FReat ST 36°C TRT KT F
AR sl 2 e HsE AEsIT

N

o

2.4. Polypyrrole0| E&E PVA LI-¥F M=

E AFeMe F 7R Wew ZguE 7bke] A7) A
T4 E2Ed S AxEIAT Fig 12 7 Alx 3] 2=
2, @t ¥ Z¥ 34, b T FHeh. WA § =
] 382 ARl 17 AmAdE Foisl] 98] TR el
7 E(Pyrrole)ys F|HER FHIAh F9E] Axe A
AE(Kim & Cho, 2018)E Farsle] A Z&}%ith. APSSH
NDSZ 50:50(w/w) BI&E zt 2 g8 45mle] 7ol {aiA
A EF vl AZsAT 2 F 19 I8 EAE EF
o] HArisle ZE9E $HL /MG EEvE |
o] Mo] AA WAHH 5cmx5cm 2719 PVA WieAH
< AXE | 2
AGFES B3l EFEe] $2¥ PVA UA/E Ax
3l7] 918, A8 AF(Huang et al., 2016; Kim & Cho, 2018)
Fxste] Axaisitt. d 29 384 §
d3lA APSSF NDSE 50:50(w/w) HIEE 7z} 28 45ml9
FRgol &AA & s AET ¥, Semx5em 7]
o] PVA WeAf S AREITE £ St ARl S%
3] SEE, TEA ] IE S8 1g HUsl d3%
ottt S Srle) Bl AkslE o] o] AA
Wl FdH Tl dov=S wnkskih.

PVA Ui ol Z91988 S48k 7 F 382 &
A3 Ad2ellA IXZE B3 o] Rt A8 B 2REs)

EEIE e SR FAls] AlAskal ez

of 50°CellA] 24A17F E9F FF7Z3IAT

Az e wEt Als HHd] FE FEEe] d2
Aal7] 98, B2 Add-onyS S8t § TE 3o F
B A, 3o AR FAMSES Ve R e st
o] RagS AEIINt 24 238 Zol7] S, F 33 ¥
AE 4% F A& A 71502 o2 A(Hhg F
& 2 e =Esith
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Fig. 1. Schematic illustration of dip-coating and in situ polymerization of PVA nanofiber webs; (a) dip-coating, (b) in situ polymerization.

W,-W
Add-on(%) = ———

1
w100 (1)

where, W; and W, represent the masses of the sample
before and after treatment.

25 EH 5S4 24
P

AzE PVA eAle 9] ¥ B4 2 veals ¢ 359
o T2E ZevE Al e 2 Y S-S A5 9

3l FAPIATAR] 7S (Field-emission Scanning Electron Microscope,
JSM-7610F, JEOL Ltd., Japan)(®|3} FE-SEM) Al8-3l] €
A7 BHS BAEITH BE AEE 100% B¢ WE A9

B mRalr. ZANEe 2397] 2, PVA il 2

BE 2437) 93 AR FH YOI 599] SEM olrlA]
£ 898l 7 o 1009 A6 A4S SHekT B
A

MESITE A7 Aol Image J(National Institutes

ealth(NIH), USAYE AFE-3I5ATE. B3t Als Wl Sk
I E Y= vl FHEA G #YsH F9E v
2] 7P & ARE 71T E sl AL F8seH, &

M S 2
x o

o

26. 3EE ECIUE Xt SEE X Y

ZT9 0] FFE 89 38 45 5] H8) ol
UA] 4k 2452 (Energy Dispersive X-Ray Spectroscopy)
(13} EDS)YS AAI8I59th PVA Yiedf 3 Z29E 4

S Az ZE|9Ee] S8k & 9 AR AR E
U E Pt PgA e SHEASAIE B Sl A9
A 13 EA(Fourier transform infrared spectroscopy, Vertex
70, Bruker, Germany)(©|3} FT-IR)S AAJsI T} 3E £
g gds Azt 2T AH ZEHE AeUE Axdt
3 EFEEoA vehbe 54 938 St 2 ¥+
4 PVA U=Alfr 9 72t 3L Bl AlzS AlEelA e

e 54 §5 932 Bsiel, vl 239 ARs) 1)

27. M| M= EH

E89Ec] F2E PVA WAl o A7) AxAdS WUt
3171 98] AA3H(Q, linear resistance)?t HAEHQ/, sheet
resistance)S =733tk AAE SYol= HE|RE(DM-1010,
DONGHWA Co., Korea)s AMS-sl9lo™ 243k 98 &
o]7] ¢Jall Zt Alsultt 2 AXE h2A st 33] ZgstaL
I Hapg AESIT wAe Sgdle BuAYgEA )
(CMT-SRI000N, AIT Co., Korea)S AME&Ilow, o] E3h
%] A Fo17] fa SAAAE tEA o o=

33] 5743t WS A=A
2.8. Li=MF 8 7|4t BIAERR M (Textile electrode) AA|

Az3 A BEE H2g A% AFoZ AZFUS e A
TS AS3] 8, d2Ed d502 ARtetal A7) 7]
A A s Gk A A714 AlEe A Ade &
= (Depolarization)s} A= (Repolarization)ell ]3] A==
A A7) Aol olfg A4 AEe AHE(Electrocar-
diogram)(®1&} ECG) f= 98 7|Hto g, wjio) Ratg ¢
ZEl AFE Bl g EE AEE SAsih S4 A8
g2t S A4 A5 FEE AR e, A5 4
S5 Wrishr] S8 &4 A= AgAgCl 97 A=(100
Foam Electrodes, KE-L24, Kendall, USA)S.2 =A% 21359

2

Snap button (lead point)
Textile electrode !
i

lcm

!
el Snap button 4—‘

Fig. 2. Fabrication process of textile electrode.
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Adhesive tape

Potential
difference

Ground
electrode

Y,

a

Data analysis

Fig. 3. Measurement of the ECG signals.

ECG signal
measurement
Adaptation 1
I period Rest state I Refresh I
I 5 min I 1 min | 1 min |

t |

Repetition by control electrodes and textile electrodes
a) Ag/AgCl electrode

b) Polypyrrole-deposited PVA nanofiber web by dip-coating

c) Polypyrrole-deposited PVA nanofiber web by in situ polymerization

Fig. 4. ECG measurement protocol.

3 vwstEth B Aoa] "l A"Fow ARREH
PVA Yidf 18 Ha A7 200nme] FARE o)FoiH

web(nonwoven) 7-Z¢]1™ ] % (web density)= 3.4 g/m’o|Th.

gzeld A= Zﬂz 3782 Fig. 20 A8t EE9E
S ZZANZ ABE lemx lem V|2 AW, A8 $4]
| =HHES Qo}‘ﬁ‘:} ZYWHELS 859 Asgs &
& F AT FA=(Lead)E ARSI STV 173 200H
d

A9 WY B e SgsiRon, it g Wil
g 5 Qe Tkl WaAsist

e =
demi 92 w439l WA Qs 2] 9,

ARBEDEEE L EEEL S

B ATeNE F AT

FEFARF=(Standard limb leads) W2 AR&-319]0o0,
ARRE F, FEH 5502 FAE e A=A
Lead 1 W02 =X} Fig. 3 Lead 1 o=

£ ZAsle A4 R, 92Eld A5 5 9%

> Jo l:H
o HEoAN

%9_‘1::‘ I, 23S QE8& I oo HHx]o]—_,_—[—XJ—:L Aolo]]
A F2HE AYRE 71281 /\lz]-‘q A7A AF2 =A3)

i&

of B shube] BlAER WSS A% S5 HHX] 0]"# =
Z=(Ground electrode)® 2 AM-3}S3 T},

Fig. 4= A= 3749 AA ZaEZelr} ﬂf‘éz = T
oA SEZF FAE Fg F, FY AEelx SAsY AE
24 A, 4 A= =02 FuE %‘\E =34
Aol Sle AdEelA 127 S48t 548 &, o
28 FHsla o AR v 455l e A 19
£ MP150(Biopac system Inc., USA)¥} #4] i
42, B 1opac system Inc., USA)— AMgste] A E AESIST

F2AA flo] S99 7 38 A
élﬂ 453—4 AE=E gRlst7] H3] Ag/AgCl
A5 " AElY xq:Loﬂ/q =35 }‘gxh: Al

3. &1t A =9

b=

t

31 LM ol SEf o B =’$
Fig. 55 2714} 345 53 Az
SEM o|F|X| 2, (ay= PVA Ui=idh %4 =9 Fejol3 (by=
gxg] &, 36°CY EFrol AR & AT PVA W]
N %94 EH Fejo|ty. A7AEE F8l AlxE PVA WA
FE 16257 nm B9 AF A4S 7XH w|=7) gla &
°‘6¥ Pl miEet AA7F AT e EXE] FHE A
1 PVA WA 12 89 I35 fA1eE 36°C 92 3ol
MO Z Alfe] FEE A ole ¥ &
£ Agshs FAA FgH R o] FEE AT ?
Us ZoZ ZIhE). v, GAF] F veadfe] Zl 01
£26 = U F7PlE S Hie ol &

r°*'

PVA Ur‘—?ﬂ o Q) _0,]

f rN'

<

Fig. 5. SEM image of PVA nanofiber web; (a) pristine PVA nanofiber web, (b) heat-treated PVA nanofiber web after immersion in water.
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op nmad. AT heih B2 Tl A F
200+68 nm=z Bt F7o] 27 H F7RINE, e 4
B A7 BAA FHAo] SR Ae® FHErH(Kang et
al., 2010; Mallapragada & Peppas, 1996).

— 10pm  YONSEI
10.0kV SEX

—
10 um

— 10pm YONSEI  11/14/2019
10.0kV SEI SEM WD 8.0mm

(c)
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3.2, M= 2ol e Z2|uE0] S&HE PVA LR
o EH EM
Fig. 62 9 =¥ FHF d45HeE EFIES
PVA W=+ §19] SEM OIU]Z]E AR
g At SHEIS Y 5 Sk
= EE]YL]EL;% F2AIZ] PVA WAl 12 84
sollE =AfE FEHCRE =T e

o
s
X = W

mﬂ fa

i of
o

Lo
(o]
o2l
o
. ST (e )

%

PVA polymer

-
1um

- 1pm  YONSEI  11/14/2019
10.0kV SEX SEM WD 8. Omm

10.0kV SEX

(d)

Fig. 7. Cross-section of polypyrrole-deposited PVA nanofiber webs; (a), (b) dip-coating, (c), (d) in situ polymerization.
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PVA Weilf e Af 72 W 73] 2 4F 53
2 FH 5A4o] yehstar, Fej9E YAF o] U wet
SHEHAT. AFFFORE AxF Alae Ao B8 A«
o] FEIE & FAsINeH, Wi Alelo] 7] BEgE =4
fho] EAEIAL Ut A& EW SEM o]l E2|9E

AE AR FRERE oS} AR WRA] S slos A

Fig. 72 Z29E A7} A& WiR7H] S2EEA19] o
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Table 1. Particle size and add-on of polypyrrole-deposited PVA nanofiber
webs fabricated by dip-coating and in sifu polymerization

Polypyrrole-deposition method

Dip-coating In situ polymerization
Particle size 389+ 67 nm 210+ 60 nm
Add-on 1,147% 1,150%
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Table 2. EDS analysis of polypyrrole-deposited PVA Nanofiber webs
Element (%)
Sample C N (0] S S/N
wt At. wt At. wt At. wt At.
Pristine PVA nanofiber 89.41 91.83 - - 10.59 8.17 - - -
Polypyrrole particle 42.49 50.68 5.82 5.95 44.74 40.06 5.81 2.60 0.43
Dip-coating 58.75 68.48 7.73 7.73 19.95 17.45 11.16 4.87 0.63
In situ polymerization 55.13 66.12 10.41 10.7 16.69 15.02 16.90 7.59 0.70
of wet A7) AEAF e Aol felrt VR Z1oR AL
¥k
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Fig. 8. FT-IR spectra of polypyrrole-deposited PVA nanofiber webs.
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Fig. 9. Electrical resistance of polypyrrole-deposited PVA nanofiber
webs.
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Fig. 10. Comparison of ECG signals in morphology of waveform; (a) Ag/AgCl electrode, (d) dip-coating, (c) in situ polymerization.
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Fig. 11. One cycle of ECG signal; (a) dip-coating, (b) in situ polymerization.
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