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Abstract

Over the last few decades, there have been a lot of efforts to develop soft actuators, which can be external stimuli-responsive
and applied to the human body. In order to fabricate medical soft actuators with a dynamic precision control, the 3D cross-
linked poly(acrylic acid) (PAAc)/poly(vinyl alcohol) (PVA)/poly(ethylene glycol) (PEG) hydrogels were synthesized in this
study by using a radiation technique without noxious chemical additives or initiators. After irradiation, all hydrogels showed
high gel fraction over 75% and the ATR-FTIR spectra indicated that PAAc/PVA/PEG hydrogels were successfully synthesized.
In addition, the gel fraction, equilibrium water content, and compressive strength were measured to determine the change in
physical properties of PAAc/PVA/PEG hydrogels according to the irradiation dose and content ratio of constituents. As the
irradiation dose and amount of poly(ethylene glycol) diacrylate (PEGDA) increased, the PAAc/PVA/PEG hydrogels showed
a high crosslinking density and mechanical strength. It was also confirmed that PAAc/PVA/PEG hydrogels responded to elec-
trical stimulation even at a low voltage of 3 V. The bending behavior of hydrogels under an electric field can be controlled
by changing the crosslinking density, ionic group content, applied voltage, and ionic strength of swelling solution.
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2.1. A2k

Acrylic acid (AAc, 99%), poly(vinyl alcohol) (PVA, 99 +%, M,, =
89,000~98,000), poly(ethylene glycol) diacrylate (PEGDA, M, = 575)
+ Sigma-Aldrich (St. Louis, Missouri, USA)ollA] G-§]18}o] F712421
A S AAA @ 2ol ARSskSich obe el Ad el
AFEHE &2 57 "ol2FE ARESISIth
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Table 1. Composition and 7 -ray Iradiation Dose of PAAc/PVA/PEG Hydrogels

Sample name AAc”  PVAY PEGDA” lrragiation Sample name AAc”  PVAY PEGDA” Irra}()liation
(mL) (mL) (mmol)  dose” (kGy) (mL) (mL) (mmol)  dose” (kGy)

PAAc/PVA/PEG37-0-20k 3 7 0 20 PAAc/PVA/PEGS55-0-20k 5 5 0 20
PAAc/PVA/PEG37-0-30k 3 7 0 30 PAAc/PVA/PEGS55-0-30k 5 5 0 30
PAAc/PVA/PEG37-0-40k 3 7 0 40 PAAc/PVA/PEGS55-0-40k 5 5 0 40
PAAC/PVA/PEG37-1-20k 3 7 0.0137 20 PAAc/PVA/PEGS5-1-20k 5 5 0.0228 20
PAAC/PVA/PEG37-1-30k 3 7 0.0137 30 PAAc/PVA/PEGS5-1-30k 5 5 0.0228 30
PAAc/PVA/PEG37-1-40k 3 7 0.0137 40 PAAc/PVA/PEGS5-1-40k 5 5 0.0228 40
PAAc/PVA/PEG37-2-20k 3 7 0.0274 20 PAACc/PVA/PEG55-2-20k 5 5 0.0456 20
PAAc/PVA/PEG37-2-30k 3 7 0.0274 30 PAACc/PVA/PEG55-2-30k 5 5 0.0456 30
PAAc/PVA/PEG37-2-40k 3 7 0.0274 40 PAACc/PVA/PEG55-2-40k 5 5 0.0456 40
PAAc/PVA/PEG37-3-20k 3 7 0.0548 20 PAAc/PVA/PEGS55-3-20k 5 5 0.0913 20
PAAc/PVA/PEG37-3-30k 3 7 0.0548 30 PAAc/PVA/PEGS55-3-30k 5 5 0.0913 30
PAAc/PVA/PEG37-3-40k 3 7 0.0548 40 PAAc/PVA/PEGS55-3-40k 5 5 0.0913 40

1) 20 wt% aqueous solution.

2) Molar ratio of PEGDA to AAc monomer: 0.00164, 0.00329, and 0.00658.

3) Total irradiation dose of 7 -ray.
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2.3.4. &= U (Compressive strength)
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O]Eiﬂ }_71-_2 6‘]:3]1 90 mm/minol _\7:]-,'-,!- :l:!:i %;ﬂo]l:i /H;H—‘O—].
Gt sfolEx AL Eeto|H ofalEg] uiet o] F7)ef gk oF 9 x
9 mm’ W] Aty moFo® Ml ARSIt

235 MIIE A= EEY

7 zAkel] 98] A Z¥ PAAC/PVA/PEG Slo| =274 AZS 20
x 1.5 x 22 mm’e] F7]9] g ReFo g Adselt). F o] U]

A Atole] AlE 40 mm=z 127931, F A= 7Red Akt

PAAC/PVA/PEG Slo| =24 AZo] 315 -8 vAsto] SIXAA
- A=l A7t 20 mm7t EES Sich At BE i) A

oA 52 1gH spol=gd *3;4 A% HIof, 53 20
z Ao Qs AsjA A PBS FEN = 0.025~02 ML
NaCl 7§98 A-8-3513ick DC A Eetol & o] gsto] AE 7}
St Fof FhvetE ZFstar A ARt (HA0 R slo|e2 A AlE

o] Wisly meks =Asle] 73 LS AXlednh

kl
Mt

3. 20 9
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o] F2 54 peaks YEMITE Figure 1(A) (b)S] PVA Ll ejlA
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Figure 1. ATR-FTIR spectra of (A) (a) AAc, (b) PVA; (B) (a) PAAC/PVA/PEG37-0-20k, (b) PAAc/PVA/PEGS5-0-20k; (C) (a) PAAC/PVA/

PEG37-3-40k, (b) PAAc¢/PVA/PEGS5-3-40k.
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AAcS} PVAS] 58 peakEo] HIF-2 sto]=24 Tel|Zof| A% Lie}
AL, Figure 1(B)2F 1(C)oll YERH ¥kl o] AAc monomer$}
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PEG37-0-20k A1Z0] 95.16%% 7% &8 EWCE UESITE PAAC/
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< EWCE YERYSI) Figure 3004 TAd 7npdd F 24 A 2
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grefo] F71skel wle} o]l =2 Ae] EWCE A 0R 43w
PEGDAZ| oFo] FUst oA 7npsle] & 2AF Aeko] S71e
o wjg} sfo|==Ael EWCrt Hak ashs AES YERdch
Figure 22| 2 ¥& 7832 AAc/PVA solution®] 37} PEGDA
9] o) FTVAY o] & AL Aol TGS slo|Er Al
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Table 2. Gel Fraction, EWC, and Compressive Strength of PAAc¢/PVA/PEG Hydrogels

Sample name Gel fraction EWC Compressive Sample name Gel fraction EWC Compressive

(%) (%) strength (N) (%) (%) strength (N)

PAAC/PVA/PEG37-0-20k  77.57 + 0.10 95.16 £ 0.06  1.03 + 0.03 PAAc/PVA/PEG55-0-20k  80.38 + 0.09 97.95 + 0.02  1.77 + 0.05
PAAC/PVA/PEG37-0-30k  79.04 + 0.02 93.83 £ 0.06 1.67 + 0.03 PAAc/PVA/PEG55-0-30k  81.68 + 0.08 95.17 + 0.03  2.53 + 0.07
PAAc/PVA/PEG37-0-40k  80.11 + 0.09 90.30 £ 0.06 2.67 + 0.06 PAAc/PVA/PEG55-0-40k  83.63 + 0.02 93.62 + 0.01  3.53 + 0.08
PAAc/PVA/PEG37-1-20k  79.47 + 0.24 92.57 £ 0.21  2.10 + 0.05 PAAC/PVA/PEGS5-1-20k  86.90 + 0.21 95.10 = 0.07  2.63 £ 0.10
PAAc/PVA/PEG37-1-30k  81.55 + 0.22 90.82 £ 0.09 2.47 + 0.05 PAAc/PVA/PEGS55-1-30k  89.61 + 0.11 92.51 + 0.12  3.37 + 0.03
PAAc/PVA/PEG37-1-40k  83.41 + 0.22 88.54 £ 0.18  3.53 + 0.06 PAAc/PVA/PEGS55-1-40k 9233 + 0.08 91.03 £ 0.09  4.80 + 0.07
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Figure 2. Gel fraction of (A) PAAc/PVA/PEG37, (B) PAAc/PVA/PEGSS.
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Figure 3. Equilibrium water content of (A) PAAc¢/PVA/PEG37, (B) PAAc/PVA/PEGSS, compressive strength of (C) PAAc¢/PVA/PEG37, (D)
PAAc/PVA/PEGSS.
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Figure 4. (A) Experimental set-up for bending angle measurement of PAAc/PVA/PEG hydrogel; (B) Photographs of PAAc/PVA/PEG55-1-40k in
0.025 M NaCl electrolyte solution at 10 V voltage (a) 0 s, (b) 20 s, (c) 40 s, (d) 60 s.
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Figure 5. Bending kinetics of PAAc/PVA/PEG hydrogels in PBS electrolyte solution at 10 V voltage: (A) PAAc/PVA/PEG37, (B) PAAc/PVA/
PEGS55, (C) maximum bending angle of PAAc/PVA/PEG37 and PAAc/PVA/PEG55 at 180 s depending on PEGDA content (PEGDA content, 1
= 0.0228 mmol, 2 = 0.0456 mmol, 3 = 0.0913 mmol).
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Figure 6. (A) Bending kinetics of PAAc/PVA/PEGS55-3 as a function of 7 -ray imadiation dose in PBS electrolyte solution at 10 V voltage, (B)
maximum bending angle of PAAc/PVA/PEG55-3 at 180 s depending on 7 -ray imadiation dose.
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Figure 7. Bending Kkinetics of PAAc/PVA/PEG hydrogels as a function of the applied voltage (0, 3, S, and 10 V) in PBS electrolyte solution:
(A) PAAC/PVA/PEG37-1-40k, (B) PAAc/PVA/PEG55-1-40k, (C) maximum bending angle of PAAc/PVA/PEG37-1-40k and PAAc/PVA/PEG55-1-40k
at 180 s depending on applied voltage.
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Figure 8. Bending kinetics of PAAc/PVA/PEG hydrogels depending on the ionic strength NaCl electrolyte solution (0.025, 0.05, 0.1, and 0.2 M)
at 10 V voltage: (A) PAAc/PVA/PEG37-1-40k, (B) PAAc/PVA/PEG55-1-40k, (C) maximum bending angle of PAAc/PVA/PEG37-1-40k and
PAAc/PVA/PEG55-1-40k at 180 s depending on the concentration of NaCl electrolyte solution.
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