
Supporting Information

Programmable Folding Kinetics in Single-Composition Hydrogel Actuators via UV-Induced 
Microphase Separation

Gi-Yeon Han,†a Yumi Rho,†b Jiayu Zhao,b Willie Lei,b Jinhye Bae*a,b

Gi-Yeon Han, Jinhye Bae

a Department of Chemical Engineering, Chung-Ang University, Seoul, 06974, Republic of Korea

Yumi Rho, Jiayu Zhao, Willie Lei, Jinhye Bae

b Department of Chemical and Nano Engineering, University of California San Diego, La Jolla, CA 92093, USA

† These authors contributed equally to this work

Corresponding author E-mail: j3bae@ucsd.edu, jbae@cau.ac.kr

Supplementary Information (SI) for Materials Chemistry Frontiers.
This journal is © the Partner Organisations 2026



Fig. S1. Rheological properties of the NC-PNIPAM precursor. a) Measured viscosity under shear rate sweep mode at 
steady state. b) Measured modulus under strain sweep mode at oscillatory state.

Fig. S2. Optical micrographs of the cast and extrusion-printed NC-PNIPAM [x] (x: 5, 8, 10, 15, and 20) hydrogels.



Fig. S3. a) Conversion of the NC-PNIPAM precursor under 365 nm UV light irradiation at different time points. 
Conversion of the NC-PNIPAM precursor was calculated by reduction rate of 1,270 cm-1 band (acrylate C=C) at the 
FT-IR spectra. b, c, d, e, and f) Change of the FT-IR spectra of the NC-PNIPAM precursor with different UV intensities 
and irradiation time. 

Fig. S4. SEM images of the freeze-dried NC-PNIPAM [x] (x:5, 8, 10, 15, and 20) hydrogels (magnification: 500X). The 
red dashed lines in the NC-PNIPAM [x] (x: 5, 8, and 10) hydrogels represent the boundaries between the NIPAM-rich 
and NC-rich regions. NC-PNIPAM [x] (x: 15 and 20) hydrogels exhibit no observable NC-rich region.

Fig. S5. Side view image of NC-PNIPAM [8] hydrogel. Red dotted circles represent the microphase-separated (NC-rich) 
regions.



Fig. S6. Rheological properties of the pure PDMS base and SiNPs-PDMS resin. a) Measured viscosity under shear rate 
sweep mode at steady state. b) Measured modulus under strain sweep mode at oscillatory state.

Fig. S7. The relative change of a) folding and b)unfolding angle (  of PDMS/NC-PNIPAM [x] (x: 8, 10, 15, 
ln |𝜃𝑡 ‒ 𝜃∞𝜃0 ‒ 𝜃∞|)

and 20) and fitted curve as a function of time, where , , and  are folding-unfolding angle of hinge at initial, 𝜃0 𝜃𝑡 𝜃∞
time t, and quilibrium states, respectively. c) Calculated folding-unfolding rate constants of PDMS/NC-PNIPAM [x] (x: 
8, 10, 15, and 20). The folding-unfolding rate constants was calculated by dividing the equilibrium folding-unfolding 
angle by the folding-unfolding equilibrium time (inverse of the slope of the fitted curve).

 Fig. S8. Reversible folding angle change of the PDMS/NC-PNIPAM [8] under 50 consecutive cycles of deswelling 
(50℃ DIW for 30 seconds) and reswelling (20℃ DIW for 5 minutes). The cyclic test was conducted without rest.



Fig. S9. Angular change in the hinge units, which consisting of NC‑PNIPAM [x] (x = 8, 10, 15 and 20) hydrogels, of the 
4‑hinge strip when immersed in 50℃ (deswelling) and 20℃ (reswelling) DIW, respectively.

Fig. S10. Angular change in the hinge units, which consist of NC‑PNIPAM [x] (x = 8, 10, and 20) hydrogels, of the 3‑hinge 
gripper when immersed in 50℃ (deswelling) and 20℃ (reswelling) DIW, respectively.



Fig. S11. Angular change in the hinge units, which consist of NC‑PNIPAM [x] (x = 8, 10, and 15) hydrogels, of the 3‑hinge 
gripper when immersed in 50℃ (deswelling) and 20℃ (reswelling) DIW, respectively.

Table S1. Values derived from the folding-unfolding kinetics equation. The equation is , where 
ln |𝜃𝑡 ‒ 𝜃∞𝜃0 ‒ 𝜃∞| =‒ 𝑡𝜏+ ln 𝐴

, , and  are folding angle of hinge at initial, time t, and quilibrium states, respectively. τ stands for the 𝜃0 𝜃𝑡 𝜃∞

equilibrium time, and A is an intercept.



Table S2. Folding kinetics table of the previously reported PNIPAM-based and hinge-structured thermo-responsive 
soft actuators.*

* NIPAM: N-Isopropylacrylamide, NC: nanoclay(laponite), PDMS: polydimethylsiloxane, NaMAc: sodium 
methacrylate, SA: stearyl acrylate, PP: polypropylene, LDPE: low-density polyethylene, SWCNT: single-walled carbon 
nanotube, GO: graphene oxide, MOEP: 2-(methacryloyloxy)ethyl phosphate, and MMT: montmorillonite.
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