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Abstract — Bioelectrodes that are attachable or implantable into biological tissues have recently attracted considerable
attention for measuring diverse physiological signals. Although conventional metal-based electrodes exhibit excellent
electrical conductivity and ease of fabrication, their inherent mechanical rigidity limits their effectiveness as bioelectrodes.
Effective recording of electrophysiological signals and delivery of electrical stimulation necessitate intimate contact
between electrodes and biological tissues. Poor contact leads to air gaps functioning as electrical insulation, reducing
signal amplitude and introducing noise. To address these issues, soft conductive electronic materials, particularly stretchable
nanocomposites, have been extensively developed. Among these, silver nanowire-based nanocomposites have emerged
as promising bioelectrode materials due to silver's exceptional electrical conductivity and high aspect ratio. The electrical and
mechanical properties of nanocomposites critically depend on the formation of conductive networks within the polymer
matrix. This study optimizes silver nanowire synthesis conditions to produce nanowires ideal for bioelectrode fabrication,
thereby enhancing nanocomposite performance.
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2-1. A2 M2
£ AFrollA] ARE-E A 51 AR (ilver nitrate), polyvinylpyrrolidone
(PVP, average My~10,000, My~360,000, My~1,300,000), & 3+
2](Copper (IT) chloride):= Sigma-Aldrichol| 4] -ulj5}8] 2. -l
Z &89 ethylene glycol> Samchun Chemicalsel|A] -ul|S}ATY.

2-2. 7 i
& Hdiesfolo= E8E S ol g8t AE AT
Polyol, 53] ethylene glycols S 2 3}o] & o] 25 FHAAIA &
AR A E3 o) F Wik AN A 52 TINE T E S
L ofolo] & A2kl th(Fig. 1a). &7 X 2H¢lA]:= ethylene
glycol® TGO, S 9 JFFEJNAEE D378
(CuCLy’t &5 UTh202 & Qfztel] A W& Folahs &4
Al (capping agent)Z+= TFFE FA1%E] PVP7L -85t

= Hieolojoji= A8 AgrellA] AAIsE i o] whel EAdE S0,
HA o 21E FRlshy] sto] Al 212 AT 2 e
sfojoj o] T4 ¥ ths 3 At} A Sto] Al E vl ¢l 145.6g°]
ethylene glycolS €31 PVP 0.38 g& H713F & e duf oA
180 C2] 252 wrkst 714313t o] W, ethylene glycol®] &
kR G E 5SS Y22 Ayt th. PVPYT ethylene
glycolol] 231 %]+ 52t ethylene glycol 33.6 g= FEoll Y1 AgNOs
0.48gs &-ast3itt. A &AL WA HA Yol FYskdTh
AgNOy7t B &3l o] %, AHHE HE AHlE AR HEE
o]g-3to] 180 mL/hr?] S22 =I5ttt o] wf, Ak §-Ho]
FYE= FolE vA U &4 A 2571 177 CTE FAHES
2 wjAg] S 2EaGITh Ak g9 FYo] FRH o]
5, G4 AFERE RESAIRES: Rl oM, o] F HlAE o v o
of| Al HA3] A2 o st o] ehud o] % AddE &
Lz sto]o] & o jh&E o] &3l 3 A& 3te] B ast &H9)
PVPE AA ST

A2re 2 i slolof= thekst BT Al £ H o] v
FAZ 7L E QAT o] %, Ve B3 o] 729 S84 dHS F
AP AL 1) 73 (SEM, JEOL, Japan)#} 7H5A]1 ¢ 7] (Mark-10, USA)S
o]gato] EAHTE A71A FAE HAHE ] E (Keithley
DMM6500, Tektronix, USA)E &-&-sto] £ =|Gict. 53], 1714
e S5 Aal 94 EE FuE AR YeEgAe 271
1l 2715 573kl o] & 4-point probe® 4 E WAE gholl v

of Akaiict.

2-3. SEAH

FEARS TEAPETITE Y IACUC ZEETS 53}
A= AT} (SNU-221026-2-3). 853 2] 7 HEE isofluraneS
g3l miEIg 5 713 S Ao 1F 558 (RoVent Jr. Kent
Scientific, USA)ell 143}t Q1% &5 FAIISITE AHE5& A
Neta AAuS Aoksto] 7S wEA7| 2 A3l AZsksih
Aet A5 AelehE AAS A% e SIXA713 J7 A%
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A=), 01714 TFSe A A= ) Ujo) 0ol HkSEle] Cu' e
FAdgt), cu'ts 40l Ul o S50l Ag7t Ag F(Agh)L.
% BUEE 2S FAU Ag 9] 1 S HRshod), 53]
A7go] 511102 AJohe A& FThFig. 1b). 122
ethylene glycol™ 3127} Slol® Ag'S A4 3HIAA S5 Q)
Ak, dskte] o) A shollA] A Wk W S5} 6S ek A
o = it}

AAE Ag & THol|= pVPrt BRI A E Raw]o] Ag 9] A
WS 1D WFo 2 f 3 (Fig. 1c). A E Ag &2 5X 5~
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Fig. 1. Synthesis mechanism and optimization of nanowires. a) Synthesis of nanowires and their conductive networks within nanocomposites. b—d)

Mechanism of nanowire synthesis. e) Structural changes in silver nanowires with varying concentrations of copper chloride reductant.
f) SEM image of optimized silver nanowires synthesized using the optimal concentration of copper chloride reductant. g) SEM image
of silver nanowires synthesized with a low concentration of copper chloride reductant. h) Structural evolution of silver nanowires as a
function of reaction temperature. i) Structural variation in silver nanowires depending on the molecular weight of the capping agent. j)
SEM image of silver nanowires synthesized using a capping agent with a molecular weight of 360K. k) SEM image of silver nanowires
synthesized using a very high molecular weight capping agent. I) Structural changes in silver nanowires according to reaction time.
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U2 ol Agro] o] A&H o7 AR UA £ FIHE 7}
A= 2 Heetoo) 7t e ZItk(Fig. 1d).

3-2. Li=2lojo] = #HFof| wE Zu}

3-2-1. | 5= 271

A, A3kt Al Fieel whE S vinslolo] TN 5
s H]JLO]'OﬂTjr Ethylene glycol €1 ol dA3krale cu?2t
Clrel o] Fe|Z EA13hH, Cu*' = ethylene glycol 2} 153}
Cu*e /g3t Cu™] o]3} &) Aghtt 7] wiEel Cue

BAANEA 285 Ag'S BT Ag F(A)S BT T
2h B8] 7} o des ghaldo] of s Ag 9o
o] Bollth(Fig. le). ¢, aTelolA ABHE ErhE o]
A Cr ol AgClel B sl el ol A3 s
o] FA = 7S WA sl Ag ol FFETE FHste] A4
B Slo] WS AIE o] FRHEES FE o18S @) 4mM 5
59 Aok TelE BEANS A% 1656 + 874 ume] o]l
1842 + 324 nm FAE 710 & Y= 9fo]ol = ?55]/\4611‘ ot}
(Fig. 19, ) Sj9] 57} 479 St wopd Ag 3] vl
PVPe] o] A o2 wol AL Ag 33} W2 PVP7L HE-51o]
FHR7E 52 theebo] o] tk= W91 Ak (nanoparticle)© |t
tf (nanorod)”} o] FA W, thglolo7t A HE R 1 2
o7} g3l AR % gkth(Fig. 1g). WHl 2, Fvl 2] S5} A7)
o Ag 9] BEE P07 e, T3] 71 vhnglolof 2 A
57 915 Agel ool BEs|AA Wk, weba], urk B /)5
o] & pslolol 7} @A E )= Bk o] Lpglo]o] o] Zlo]= Ab
tH 02 olAiet, Wepa), Ah e Sre) Fujg AMgahs Zo)
Foa, 45T E e B AP 4mMo] A7 FEY

s = 2o e s}

ololg] Zﬁml EAE g1 W25+ ethylene glycol€]
Al T ol &S X ethylene glycol®] /}}Q—LE_E A=
AR 50 FAETE A7l H4sE 25180 )9
HHS-2 ol A7 gt ZJo](162.8 + 4.7 um)9} Tvﬂ(1562 + 2.6 nm)
5 2t 2 YeofelolE oS 4 tHFig. 1h). 12, v2
7hgtod SAAR AR EE gl ¥4 Fart =AY
Age] FAETETF meA] Ag 99| P& meKIn A2 ke
Ag o] W2 k2] PVPS} HEg-lHA Ag NP7} o] M aHe
o] (37 £ 4.5 pm)2] = thieglo]ol 7l vhEoj ik vith 2, nkg-4;
St SRR SAIR AR T o] 0] 34 St wet
An] Ag 3wt 4] ATt o] 2 13 1449}01012 37871
7] ek Ag' o]o] A v Ak S vheut o] FAdo] W
oFA| 1L & thglo]o] ] FAJo] Aoj X ALt oF8H(62.3 + 4 umyEITh.

@
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BAAZ L85 = PVP] AR wot AdH thslolofe] F
3o T TS F= Ao 7 e} EX ] -
PVPY] el uE]= Ag 3] {100}Hol] A3ele] Ag 1‘9] Evper
O 2 S FEFITE PVPE] Afo] eSS Ag
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(Figure 1i). ©] 2 Q1&l], tpi=glo]o] Hrp= eIz F7171 F7%-
okt 7 o] FA Tk 71, 10K9] BA13S 714 PVPE:
ARgEte] TS WAEIl S A A E vhoslolol o] Ao}
e 242; 25.6 + 6.2 pm} 202.3 + 5.8 nm=z HZE QT Wi E,
PVPS] AFgo] Hobd 45 Ag 319 {100} Aol o &3}4]<]
2o 7hssh o] Z Qlal Ag ¥ {111} A4 Wo ol g
o] FEE M Ag NW7F G4 FIL) 360K] PVPE AME-3E 739, 2
0] 972+ 62 um, 57| 167.9 + 5.1 nm 2] Lp-9}o]o}7} EAJE|g] o
(Fig. 1j), 1300K 2] #2tS 714 &= PVPE &4-8 45, Ho]
142.8 + 5.2 um, 57 142.4 + 6.4 nm] L}1=9}o]o]7} wmo%r;}
53], 1300KE AH&-3IS 49, T2 B 5= YAk
oFo] 7 A& WHS BT tH(Fig. 1K).

TR bS5, BAEE Ag 2| Fo] AA| =, ethylene
glycol W] Ag" o] 0] F75] WH3-8H4] H8}o] thingtololrt &
73] AJAstA] Za1A E]E]—(Flg ) 7V, F9] F5 o]F HEZA
e A 3 ZukE WS St A9, nanowires A9 A3
7] Faklon, A v gfelo o] Holo} T 242t 7.6 +
2.6 pm} 53.7+ 11.1 nm A=) Z2H T oF 303 A=) HH-g-A|71o]
FoIZ A%, 146.4 £4.7 pme] Zol9} 163.9+3.1 nm Y& A
3t Zo] 2] vrzslolo) 7t I E ST ATt ] sl FARS
W] = ethylene glycolt 8] Ag™ ©]20] 25 k-g-3te] 2743k kg

AIREE 73S vl vl wste] A/3E vieslolo] o] el f-om] st
o] 7t §la-S Atk (o] 158.2 +28.8 um, F7| 182.5+ 13
nm).

>N

3-3. LieSgiH|o] ®IE 41, Mo1X £4 R0l

L3 84S S8l sk veslolo] T4 2318 &l
alglom g 1hslolol S A EEHA ol FAMA 7] L L ??J A=
Fgsiolet. vhrelolof of 'S aA o] k& dsto] Al &
S HEE 2 vl B8 60 T2 ek A
ato] B3 BES ARl o) G A A el E
AApgE o] AAste] A7 HEAE SAshHA WA 7S
g3l TR AGAA, BT A4, 714 S-S
Alell {23 THFig. 2a).
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e Eo] drhvt iAo R MR &SI A7 HF
A VB A ] 27] W71 Ed T M digk vz Ui
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Fig. 2. Performance evaluation of nanocomposites fabricated using silver nanowires. a) Image depicting the analysis of a nanocomposite film
using a universal testing machine. b—d) Comparison of conductive network efficiency when utilizing nanowires with low, medium, and
high aspect ratios. e) Comparison of electrical conductivity and electrical stretchability as a function of nanofiller aspect ratio. f) Per-
colation threshold graph of the nanocomposite fabricated using high-aspect-ratio nanowires. g) Graph of electrical conductivity and
electrical stretchability of the nanocomposite fabricated using high-aspect-ratio nanowires. h—j) Graphs comparing electrical conduc-
tivity, electrical stretchability, and mechanical stretchability of nanocomposites prepared using various elastomers. k) SEM image of
the nanocomposite, before (left) and after (right) 50% stretching. 1) Strain-conductivity curve of the nanocomposite with medium
aspect ratio nanowire (black) and high aspect ratio nanowire (blue). m) Cyclic test of nanocomposite conductivity under 30% strain.
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X E dold 749, 7t 53A 1 Yol ZpeFo 2 EXSHA &
o] BAA vlES A %114 P& welstez, 7A1A 4] A
Al Fshett, webA], 955k e B3k E A7) flEiA = A okl
g Fgste] 925 95 F U= =4 2 ERIsto]of gt}

°ol& 24l 0}71 2130, vhe F3n](eF 20009 T3 F311(°F 400),
183 FE1)(F 1000)E 7HE= Himgolo] & o]gato]
e l% AZrstar 71 de] gl whiE A714 A4S A8
TH(Figs. 2e and f).

2 Z3n] 9] i glo]oE EHEst A4, Ak 9= oF 80%E
golEglom, 1 we] M7)AEA2 32,000 S/cmzE 1 E STt
Aol Tt v17d2 ul9- =A] 1=}, 70% el A vt AS-
20%2] QIS ME = ol B0 = BRI QT F1F T3] U
sfolojg g5t A9, Ax A= 70%014] el oH, o] wo]
715738 55,000 S/emE AL k. v A= 70%014

70%2] Q1S A9 AUUTE F& FHY] heslololE &8sk
e ek 50%81 Sregof| A M= X E 1o, o] we] A
712732 78,580 S/em™ ERJAE QT AE XA o] vt
A 440%2] AT B7ekal A7 HEAdS B 5= 9lof, v
G- $e A7IAEA T 712 PYAd-E FAlel Hole Alg gkl

¢

_|_4

P

& T v E el viet, e el me X%7]ZL
Fig. 2(g)°ll Ax= o] Slet. Fe] o] Fobd 45
AL Bolx Zlog BlE = k. Ty JJE—]
27 ol kA W E LR v e EeA) 7
A FAE Haflsl2 2 Bk Z3A17F SAE R A
off Fetellet. wehA, e B A1 5 o] 8-8te] 284 =
4 ARLAE A7) Sla e AR oA 5
A s GAE A2 2 et ol

oX
)
i (
o

8,
%
O
tlo rQ o off T

o
ol
g
X

.
o flo o

o Jo O

i

1o
iz}
o
ha)

3-3-2. AT A Frell whE vhe s Ao A
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© S v 7 Al L°ﬂ # A 3}¥] o] Q1= styrene 7]WES]
E5 35S E8ato] At 2 FHME 7= v
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RAZ A 247} 50%2) el FpoE FANA LB
et 7 2L vlasist.

A, IFTA Alolo] A7 AEE Z5to] mgkort, SBS
e B 3HA = 80,44041,101.6 S/em, SIS Y%A 81,220+1015.1
S/cm, Z12] 31 SEBS Wi E-3Hl= 80,560+523.1 S/em=E, ¥
A Tl whe A7 Aol fFelm|skA] ekSkth(Fig. 2h).
T, A gigk 714 A 3 7 AR B A= Aol E
Bodoh A7A des A 7 e Ao AFAES SBS7F 7
-3F3loH, 3137} 71 ERSFATH(Fig. 2i). 71418 .2 &4
A k= #2579 9] B-9-olli= SIS7F 7H -8kl o, SEBS
7} 7 B PO*D‘r(Flg 2j). o] e} 2 @4“ &3, AA v gt

Al 71419 B5 0 TolMe 714 B4l 2 Aol & Kol

or

s
3%

A G3ker, o] AEAE avate Aol spSE REoks
Zol b AAFE BT 5 Yt
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3-3-3. B gAY 714144714 e 1A
A VR B3 0] 71 A1A 4714 As-g wATek ] Slal QU
7¥eb7] 2} 9] SEM oW A& A8l tHFig. 2k). dE] &eizl
HEo} o], M=ol x) o] Fe ghgollA] A 2be v gAol 50%2]
S 7RIS B9, el e EA] mER A vjeA A
A 07 AudEo] d7H ARAS fASFEME F2o AES
FAE T 5 RIS 71A1A el st 14714 S
1] S8l 3t T30 9 vimsloloj gl 2 T3] 9] o}
oo} g5t 77t Awx) ] ] S 7= e dAE
AlzFatar, of 7)ol 1S 7kt 7] A% o] A3 WakE 54
SFATHFig. 21). T3 E31] vheelo]o(717)9] A5, 120% H =
o] Q1gol| M RE] A& W3l A Vet W, =2 F3n) o) o
ot (@] A9, 200% 7R b E A EE Belh
10| FHE & FOoE Wslels Ag RIS BEZ?_P, s
AL 71A1A PdE gRlsk] flal] RHE 17 Al AT F’ﬂﬂ}
(Fig. 2m). 3 319 peglo|o] & E-8-3F HakA= 30%2] <!
%L 26003] o) HEl= 218 HolFo], AAoA P Ao 71
& T e AT o E2A 9] e ThsAo] Sleg HolFgltt.

C+

34. LI-=RIMIE &85t floi2iE MM
7] =LJste] & nkE E8sto], THHE &
olojs} SBS ¥ AL 2 O0= flojuE A A= AlF
&1 TH(Figs. 3a-d). Polydimethylsiloxane (PDMS)E &-8-3Fof A
BRI 725 7M1 &7 2EE A&k, UiFel & v glolof/
SBS thie 9 895 A Hste] Selo|= AeE dskaltt. A
Z7F 5 ¥ o] % 3-43] Edlo|E IHS W 133 300 um
SlolE 7P AdlER] Hd=E Al2E 5 9l 2 e eo]o]/SBS
S Z3H8F i B 3hA) = ok oA Eelst nkel o] FH o) 450%
Zo] 7Fs3tlon, 5—01 AFIER] 225 AH AL Q= Ve B8]
OﬂAl °F 500%7H4] A1
film¥} $HA &7} J’]‘Toﬂ Faslole vl dakd = qlgleon, &
Ve TS W = oA o R HES AT —}F USITHFig. 31).
HAAR o] AFE AHgstd YA
Instrument, New Zealand)el] 143}
a3 I?‘r(Flg 3g).2 A% sho] Al /\‘_E(P peak, QRS peak, T
peak) 5= B DRI < AL, AA1 Q] FA ]l Ekar <b
BAoE 7158 5 it

Q _u,rZ
_Y‘i,
o>4 ot
'%
Q
=
@
=
5
ks
>
o

3.5 LI S5HIE 2831 UZ2IEiE MA

ol A A58k vkel FUs WS Gisto] A= Aol 4
83 5 Qe PEALRE AT ANE AU F fete] AT
o7 FAE o] MMM = P E (Sprague-Dawley rat)2] Aol #
tdoﬂ 22 Qq Nx]— 7@7]@3]/\ EE?S]?S]— 2= 010-1\:]. ‘q]Ev/] A)
T2 2 5-68) AR vl wEA AR R, Aol T3
0] §oret AFolojol 2 A TS k=) 7|5 e 5 23]
Fig. 30), o HRUeknah A& e FYHIE AL vhes)
= 83 AF(AR < 200)F & FHH|E 7= e glo]
283+ AF(AR > 400) A=, F A2 o] Az Qe
I 1 el Sl A7) E S 715 4 glglont,
=0] A% NF o] A7)} 23, Az A7) o)

S k3t A
N Alﬁlﬂr(Flg. 3i). RH, 2 S0 A
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Fig. 3. Fabrication of nanocomposites for use as wearable electrodes. a—d) Blade-coating method utilizing a PDMS mold. e) Stretchability test
of the fabricated nanocomposite electrode. f) Deformation test of the electrode conformally attached to the skin. g) Electrocardiogram
(ECG) recording obtained from the nanocomposite electrode attached to the skin. h) Optical image of the nanocomposite electrode
mounted on the rat heart. i) Epicardial electrogram of the rat recorded with electrode with low aspect ratio nanowire (left) and high

aspect ratio nanowire (right).
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ANFE AR st FAFe] gk W oulo]] 03k oJeks st 4= Q1S
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A AR R = AR gt 015 FEEY] Al = e
slolefe] S Folu Mo T AHsPdo] st HEA 35
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