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Abstract

Hydrogel based ionic devices & Fast Healing of

Ionically-Crosslinked Hydrogel by sonication.

Hyun-Hee Lee
Material Science and Engineering
The graduate school

Seoul National University

Hydrogel is a mixture of polymer networks and water solvent. Due to its water
content, it has more benefit properties in bio-compatibility and mechanical
properties. Thus diverse hydrogel was studied for decades and hydrogels became
one of promising materials in various parts. Recently, usages of hydrogel have been
spread to even devices such as speaker or strain sensor. Among these application, a
touch panel has became one of important gear in human daily life. Since the
integration of devices and human become more significant, next model of electronic

devices, including smart phone or pad, are requiring stretchability and bio-
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compatibility to be integrated to a human body. However, because the most of touch
panels were developed based on stiff and brittle ordinary electrodes, electronic
touch panels had difficulties to meet the requirements. here I have firstly
demonstrated an ionic touch panel based on polyacrylamide hydrogel containing
LiCl ions. The touch panel is soft and stretchable, so that it could be sustain a large
deformation without any falls in functionality. The panel can freely transmit a light
information through it, because the hydrogel has 99 % of transmittance visible light.
The ionic touch panel could be operated under high deformation more than 1000%
of areal strain. Furthermore, an epidermal touch panel onto the skin was developed

through writing a word, playing a piano and playing a game.

PAAm/alginate hybrid hydrogel is recently synthesized highly stretchable and tough
hydrogel. The gel sustain its strcuture through two types of crosslinking networks,
covalent crosslinking network of poly acrylamide and ionic crosslinking network of
alginate. When the gel is deformed, the dual crosslinking system effectively
disperses the stress. While covalently crosslinked PAAm network stretches without
destruction of bond, ionic bonds of ionically crosslinked alginate network is
dissociated with deformation. Since the ionic crosslinking takes charge of toughness,
one of main issues of the gel is fast recovery of dissociated ionic bonds, which
results in fast recovery of toughness. However, the recovery of dissociated ionic
bonds is thermal diffusion-based process, thus it takes time and thermal energy.
Here I report the fast recovery of the hybrid gel using sonication. Sonication was

used as a role of mobility enhancer of dissociated alginate chains. While damaged



gel was thermally recovered 45 % of toughness in room temperature for 24 hours,
we have achieved 72 % recovery of toughness of damaged gel with sonication for 1
hour. Furthermore, addition of calcium ions, an ionic crosslinker, increases recovery
speed remarkably. Several minutes sonication in CaCl, solution recovered
toughness of damaged gel entirely. In addition, the sonication effect was
investigated by molecular dynamic simulation program (gromacs 16). The
simulation result showed that the sonication accelerates the linear velocity of water
molecules more than 6 times, under sonication. The simulation result corresponded

to the experiment data which showed marked improvement in healing behavior.

keywords: Hydrogel, touch panel, Stretchable ionic conductor, ionic devices,

Healing of hydrogel, Sonication.
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Chapter 1. Introduction

1.1 Hydrogel
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1.2 Ionics & Hydrogel devices
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Table 1

Structures and rectificadion mechanisms of the iontronic devices

Function
Structure Representative figure Diode Transistor
One-dimensional Bipolar membrane (9, 11, 28, 29, NA
polymer a‘g 31-37, 43, 44, 46, 93, 105)
membrane P PO
B Anonaskecthelii
Reference 44
MNanopore —_|_\"n Asymmetric nanopore (51-54, 109, Gate electrode potential
Kl eheeolyte 110) control (63)
Asymmetric nanopore with patterned | Electrically tunable p-n
G;D wu. surface charge (35) semiconductor membrane
Asymmetric nanopore grafred with nanopore (62)
¥ charged polymer (56) Heterogeneous surface
Asymmetric nanopore grafted with charge (61)
Beffrence: i3 pH-tunable surface charge (37, 58)
Nanochannel Heterogeneous surface charge (59, Gate electrode potential
60, 66, 111) control (64, 65, 101)
Heterogeneous surface
charge (66, 111)
Microfabricated lon-permselective membrane (97, Junction field-effect
polyelectrolyte 100, 112) transistor (82)
Bipolar membrane (45, 81) Ion bipolar juncton
Electrolyte diode (8385, 87, 89-92) transistor (94, 95, m
Electrolyte transistor (83,
88, 89)
Electrochemical Onide skin-depth control of liquid NA
reaction metal electrode (50, 106)
MNanofilm Electrolyte/5i0; nanofilm interface | Gate electrode potential
(49, 68) control of mesoporous
silica films (69)
| L L
e Reference 49
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1.3 Touch panel
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1.4 Dual Crosslinked Tough Hydrogel & Healing
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Chapter 2. Hydrogel based ionic device —

Ionic touch panel

2.1 Hydrogel panel synthesis

Materials & Method

2 AFME o] HA HE2 LiClS &+ poly acrylamide
hydrogel® Azttt sfol=2 Az} o] Hdab ukAe] 7]
=42 o9 olu|= (AAm; Sigma, A8887) ¢ 943}t @& (LiCl;
AlZ2wp, L4408)&  AFE3SESla, N,N-—methylenebisacrylamide

(MBAA, Sigma, M7279)2 AAm A9 7uAZ AL 9t

w3 N,N,N' N —tetramethylethylenediamine (TEMED; Sigma,

T7024)& 22t T3 vheS s € A Al 2 FAAZ AHE
3kt VHB 4905/4910 (3M) 2 #7314 elastomer® AFE 3} 11
Pt A= Cu ¢oloj= I 2E A= AFE-SFA T

o= AL AAm @ 2 #¥ LiCle & olZFel
&MAA T4 aklth. AAm B LiICL #8919 & k& 74
2.17M 49 2ME AASAI 7huAl MBAAE AA 3 b
0.006 wt=%=, 7WAIA APS ] & AAmel 4 1] 0.16
wt—%=2 A3 HJrh FoR Ay Ao EFEE o
Aelstal &7] AR F, AAm @A FFel diste] 0.25wt—

%°] TEMEDE FXA=ZA H7F stk o] & AHgdE {9
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WA 1-Dimension® w Ex 7x wlAYZS Folar] 94
2o FeEje] stol=2 A dids vHEQITh 1-D #idE A AR 2M
LiCl &S Fr & PAAm 3stol== Azt dx (d5 49
Az ek o] (slol=m AoA e Hafd) Abelel 7] 3}e}
HbeE WAshs A= & Pt ogolol= AAHSAT Pt gkolol=
B AEfe BRSO, HA AEYHS Zp S| A
154 (Multi meter, Model 34461A, Agilent) o] 4%t} =3t

Function Generator (Model 33612A, Agilent)S <A <F

I

Sl
AATE = ORe AF STl Zol ddste] A sd ¢

% 9o AC AeE Fhsheltt,

Ay
o)

ol
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2.2 lonic touch panel system building

1—-D Strip Model

15 cm #deolo " o AL HAFoZFEH HF A
Atole]l  Arlel AF Afele] A #AE dob diyl S8
AFE G Aol v 2k A dds €A 7
HEANA AF (Y 2.1 A AFAR 7=} E3t
A gide] s AHME FARsEA sy flete =W
FENE 7 gAe B dF e SHseh ols d& A
qaS A Zole 2 wiE EeA nAskla, WIEA e

9 wlaslAR 24 8 dRe 4% el me J=Ho

O

£

o,
o

Function generator® AC A2 -0.6 ~ 0.6VZ AA3A

g+ 10 ~ 100kHz %k <& shv= AAsiglo. A @

_1

Aol 1V olatz FA =™ 7] geh ko] WA E7] uol

1velete] s A&skqlvh(13, 14]. A3 A, Bx AEfS &

—

o1& F2 AFdel BEEL AA HYL, WY FWIE BEE
AZAG w7k AARA SR s 98 ARe AYsh
Azd gee selmzA AYe U TAAYE 432
A, AH B AgFd B Qe A oled HA

A g o 2AsE o e folshan,
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2—D panel model

2-DelM = 91A A WAYUES "ATsh] e 27k Rkl
ol HA e ofad EEolMd TS ol BA sdl
FAE HA 2EH FYA 3mm= A4S, b 2 A4

A MiAYUSE A5 AlEYolA deolH et vlwstr] s AxH
ZApZFE ok o], & 3} biaxial stretching 43S 9] 3f

Agow At

ol BA MUY AF g dol€E Ar M 1-D

ToFy H]=3t X2 Function generator?} AFAE AAsHY]
A wE dRE SAsY. A4 @ FIsE L5
ALS ¥ HA A= 43XS dYgER AAS 1 AFE

HAPS o dAFge 4. 2 Fd¥ g 1" 2.2 o
ettt 2-D R A HEEE HIEE FAA vE
JEAAZ F2o] 7hesty] wiEel ol Aldsith AR A&
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Epidermal model
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2.3 Sensing mechanism of Ionic touch panel in 1-D

model.
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Capacitor k5 AG#ol7] wteol Ao e AFghsS
AHREHE, gt AAE HAFRS w 1-D A sjdo] 2 oz
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R; = aR, A
R,= (1-a)R (2 2)
23 2t EDL & 1#eigls o ZF F9] Impedance #<! 2
U= vad 2ol yekd = sl
Zi=Ri+ gy Zo= Rot G (21 3)
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2.4 Result & Discussion
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A7 E Q). Epidermal EE2 B X3 o] E baseline current

9} touch current =4S 3 HAGUIRA 715S & 5 =7
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Hydrogel touch panel (3mm)
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2.5 Supplementary data

Latency of the ionic touch panel
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The insulation of the epidermal touch panel.
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Resistance of the ionic touch panel with various molarity.
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3. Fast Healing of Ionically Crosslinked

Tough Hydrogel by Ultra Sound

3.1 Preparation of the hybrid gel

¥ Aol hybrid gel®] WS 35 gt A= AP
S8l WA alFAdel wa 7@iet PAAm / Alginate hybrid
stoltr s F F79 7tu Adds =9 AREste] FA ST
Alginate M EY AL Ca® (27} 4o]2)& F3 Alginate?] o]
7ha Aol o8 @Adstalon, &2 PAAm AFES] I Thas
%3 PAAm UYEHYHIAE T=2QY. Gelationd g oA Alginate
T e ol FHZbel fef ol Jtuw AdE= v,
Acrylamide monomer< radical T 3ol 9dl =3 % MBBAC]
st 7tw Aglo] EAle] ¥t Alginate powder (FMC
biopolymer, LF 20/40) 9} acrylamide monomer (AAm) (Sigma

Aldrich, A8887)& ¥ o]2<o] &3 Aun|E 77z 0.0225%

-

0.1355% B0 BajAzich. BES £ ¢ds] & F,
Ammonium persulfate (APS) (Sigma Aldrich, A9164)%
PAAM? T&& 9% 3 7/IAAZ, PAAm ti®] 0.00069] H&=
N,N,N° N’ —tetramethylethylenediamine (TEMED) (Sigma
Aldrich, T7024)E PAAm polymerization?] 7}5AZ A7}

33 calcium sulfate slurry (CaS04-2H20) (Sigma Aldrich,
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e Fdo] 2o ¥ fu wom W A 1 AR 37
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3.2 Mechanical test & healing by sonication

Mechanical tests

PAAm / Alginate sfolB.2]= Ao 7]A2 542 500 N load
cell, mechanical test apparatus (instron®, 3342 machine) &
Abgstel S48t 4% AFS fdEl A 70 x 70 x 3 mm’
f2 EolA €439 Laser Cutter (Universal Laser System,

VLS3.50) &2 Aweaitt. 45 A8 A4 10mm % F7 3mm

de Aty A Alds Sls) Aol ofad #om whE

g AEYA £5%E 10 mm / #o)3lt)
Healing by sonication

AFH/GNA  E4E stolEglE Aol FHojxl ol TtuE
259 AYE Edf EstuA skt 289 Ay S
W =93 20 kHz® F35E 74+ Sonicator (Sonics &
Materials, VCX—-130)% ol&ste, &85 As & o4 Eo
CaCly, F&9H T3 A4 64 mme =23 Az HOo=®
A3kt Sonication AlZFY CaCl, &

‘El‘
220 webA] cheshAl A gstel A ehac
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3.3 Simulation

stolH gl = Aol )& dHA o st 253 A8l &3E Molecular
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kHzo Fur2 g3 Hg & o, oy A7]9 v 7E7}
A=, o] Z4 VIEE 259 A7l 48" u whExow
THeaL WAste] FHof
Rayleigh—Plesset ®g2o=z yekd 4 9%, [38] &3h
TR = A SR V|E WA W

= Axtezl S8,

58t 73kl Rayleigh—Plesset W7 4& COMSOL 5%
o ZAT

2o ¥ Ay 9w dx Hre 47 §=728x10"3N/m ,

. 3. R 25 Rdpgq(t)
“p2) — _p _ Ay — =, Trgashs
p(RR+2R?) =pyas(® = Py — P(O) — 4y — 2 4+ P22 (1)

P(t)
= —P, sin(wt) (2)
pgas(t): Py
2S\{ RE—h3\'
+n—)(%\ 3)

p =1000 kg/m3, 1¥]3 u=1.002x1073 Pas = 7}43F 1 &4
A g9} o= 9] hard core value:= y=5/3 and £=R,/8.86 =
AAs. 7IEE ofEro R oo FHua JHEEiEH, 1

J k
=
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olfr AA B ANA BB TARE A F doldi A
Ae) gyt okzoly] WEolglth. [39] 4eoh HE FFEL
SE0 2l WS Bgd Lol A7 c=1500m/s

w=2nf, f=1/T = 26.5kHz% 27 =t}

th5o® stolHEE A 7 F¥ AARS UA¥bAl MD
AZEg O] GROMACSE AMgste]l mdd &9t &, Ca®'
9 Alginate @ A& FAE $F ¢ cubic box TERE
FAsldar, AAEe] 2= 208K W 318KE A sttt
Alginate A}&9 Zoj:= G, M =9 8, 20, 40, 80, 160
o2 AAsla ZA7te] ©eel diEiA AlEde S
&3t xg slellA] Alginate A 1e oA S
ke 7] £x= oA wdAlClA AL #

ok olel Wl =57 AUt §le AeE
5o z7] £E7F X uwet AAeqlvh. AlEHol A

10ns7kA1 & A13E 3k ol 4 8] ¥ Tt
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3.4 Result & Discussion

PAAm / Alginate dlo]Hg= AL X2 oA  FEAl
HAYSOZ Qdte] wj$ e Ay AFAS JHAc ¥

3.1acl LAl ® wkel o], o] spolHl= A 2 THA F3 9

Zav YEYAR o]Fo FHiEd, slojBrg= Aol MBAA ¥
A% 7w A% ¥ PAAm VEYIE =245 A8k, Ca¥ s

& o]Fojzx ¢ ol Jlw Alginate UHWEYIAE PAAm
HEAS maste] AS olErh. 717t 7lwdd F PAAm
HEYIE AFAHS gdstn dAYOE HEYIE ZFAHS
gget=d, ¥ f Ao R 7lu @ PAAm MEHAE 7IAE sh5

FA s REH, WEo] WMAS= F3F Alginate
AbET 2 Abole] ol Zlwe WE oyl s A
e stes wAAIT (29 3.1b). 1 Ay ses AAS
< PAAm UYEYA+= dHY Fx=2 Fopl7be HbH, Alginate
HESI:= =9 5oz s &4% 942 ol &g 4H=
EAsHA Aok (2% 3.1c). wEkAd AL PAAm UES A9
B o7 Qg aF AA F o 7] AHE IJEHAW g @

ol & AL #olx Aol okl £AE AHE W Hrh

& ¥ PAAm / Alginate so]l=z Ao gl ®H o]
agte] wE H3E5 fd e AdE AR Z2e ol

Alginate Ab& Abolf] o] 7hw AR FH 7h

%
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o
e
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7t R or dojd £ Q7] wHEo], PAAm WEYAT £AHEXA

Gow solnas AE dFel AAY Fo| 3Bol spsaly.

T3] W o] AEAGE stelngs A £48 FHS
H9A7 5 vk AW ole sbm AR HE, A BHL

AlZke] meh @Fom sy wiite] & bl d oy

©

S Algte] Bes, 4 2ANA E4E A By AR A

o7 Agto] Azl BAIFol AT Wb o2 #dar] 9
5

YEAZS] A 7t SE5 7H5A71 34 skgloh (1" 3.1d—e).

78 3.2%= xS3te] 9% PAAm / Alginate sto]H gt A<
A 3EBS HAFT. Zol 20 mm, ©dZA 98 mm? <
stolugl= AS wd gty (29 3.2a), AL 500gY FAFE

ARt 5.5 ) AFEAY (2™ 3.2b). 9 5, AL 2 1A

ol A0 A A% gtk WA LAY AL s 450
A AR, GE AL § mM CaCl, 58elx § ¥ F
2e0 A @ F A AP gk selngds A ov A%

ol &4 HI| wiel 2 27|RT A& 100g9] Algs A

o

AAsG Sl e BTt Aol 311 Wl AR sy A
el (2 3.2¢). XA o7, 8 mM CaCl, &M 8 &

st 257 AY @ As YT 1009 Alge AHEEIE W=

H

=
2 Ag F sEd Ao AEYA (1.5 EEEHA &

Flo

1% 3.2e°+ stress—stretch Z#HZE EASAT. tp2o =%

58 ] 8- Tl
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