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ABSTRACT

Stimuli-responsive hydrogel materials have significantly contributed to advancements in various industries and the research
field of smart actuators. By integrating computer simulations with 4D materials research, we have improved the precision of our
studies and reduced research time. The fabrication of bilayer-designed stimuli-responsive hydrogels has been extensively inves-
tigated. In this study, we developed and analyzed bilayer-designed hydrogels using acrylamide (AM), N-isopropylacrylamide
(NIPAm), and 3-[[2-(methacryloyloxy)ethyl|dimethylammonio]propane-1-sulfonate (SBMA) monomers. These hydrogels were
based on LCST, UCST, and standard hydrogel formulations and were characterized using FT-IR spectroscopy, rheological meas-
urements, and 4D motion analysis. The bilayer hydrogel samples, composed of LCST and UCST polymer materials (NIPAm and
SBMA), demonstrated curvature and inverse-curvature 4D movements across a temperature range of 4°C70°C. By employing
computer simulations to predict 4D movements in bilayer-designed samples, we achieved more precise insights into the prop-
erties of thermo-responsive hydrogel materials. This study highlights the potential of combining computer simulations with
experimental approaches to design more complex and sophisticated 4D materials in the future.

1 | Introduction technologies, position hydrogels as an indispensable component
of next-generation smart materials.

Hydrogels, highly versatile and stimuli-responsive polymer

networks, have become a cornerstone in the advancement of
soft robotics [1, 2] and bio- [3, 4] and industry- [5] inspired ap-
plications. Their ability to retain significant amounts of water,
exhibit flexibility, and respond dynamically to external stim-
uli such as temperature [6-11], pH [12, 13], and light [14, 15]
uniquely positions them to mimic biological tissues [16, 17].
This adaptability makes them a key material for the design of
4D materials—advanced systems that change shape, structure,
or function over time in response to environmental triggers.
These attributes, combined with advancements in fabrication

Recent developments in hydrogel science have emphasized
the potential of bilayer structures, which integrate two dis-
tinct layers with opposing thermoresponsive properties, such
as lower critical solution temperature (LCST) and upper criti-
cal solution temperature (UCST) [18-22]. These are known as
Janus hydrogels [23, 24]. This combination enables hydrogels
to perform complex actuations through controlled swelling
and deswelling. For example, bilayer hydrogel actuators in-
spired by the Mimosa plant exhibit reverse thermal respon-
siveness [25], redistributing internal water between layers to
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achieve bending motions. This innovation allows such actua-
tors to function effectively not only in aqueous environments
but also in non-aqueous and open-air conditions, greatly ex-
panding their applicability in fields like robotics, microfluidics
[26], and environmental sensing [27, 28].

Additionally, UCST-responsive hydrogels, such as those com-
posed of poly(acrylamide-acrylic acid) copolymers, offer unique
swelling and deswelling behaviors based on hydrogen bonding
[27, 28]. These materials demonstrate the ability to undergo
phase transitions, enabling precise control of structural and me-
chanical properties. This characteristic has significant implica-
tions for designing responsive soft actuators and devices tailored
to specific environmental conditions, such as controlled drug
delivery and adaptive interfaces [21, 24, 29-33].

Advances in 3D printing technologies have further transformed
the potential of hydrogel systems, enabling the creation of com-
plex bilayer structures with programmable and reversible
shape-morphing capabilities. Using precise layered fabrication,
hydrogels can be designed to exhibit highly controlled mechan-
ical and thermal properties, optimizing their performance for
specific tasks. For example, hydrogels combining LCST, UCST,
and non-responsive layers, such as poly(N-isopropylacrylamide)
(PNIPAm), poly[3-[[2-(methacryloyloxy)ethyl]dimethylammonio]

a) A("“z

propane-1-sulfonate] (poly(SBMA)), and poly(2-hydroxyethyl
methacrylate) (poly(HEMA)), allow for shape transitions be-
tween flat and three-dimensional forms depending on hydration
and temperature [19, 34, 35]. These programmable behaviors ex-
emplify the utility of hydrogels as robust 4D materials, capable of
integrating into dynamic systems like soft robotics, biomedical de-
vices, and environmental sensors [36, 37].

This study seeks to build on these advancements by synthe-
sizing Photoinduced Electron/Energy Transfer Reversible
Addition-Fragmentation Chain-Transfer (PET-RAFT) hydro-
gels with tailored LCST and UCST properties and implementing
them in bilayer architectures (Figure 1) [38, 39]. By integrating
the principles of 4D materials with the structural and functional
advantages of bilayer hydrogels, this work aims to expand the
capabilities of soft actuators in diverse and challenging environ-
ments. Through the combination of advanced polymerization
techniques and bio-inspired designs, this research contributes
to the growing field of smart materials, laying the groundwork
for innovative applications in robotics, healthcare, and adaptive
technologies. Furthermore, computational simulator technol-
ogies are widely used in the research of 4D materials. These
include computational design [36] for various purposes and
property expectations, and mathematical modeling technologies
for 4D movement [40].
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FIGURE1 |

Preparation of hydrogels by PET-RAFT polymerization. (a) Chemical structures of monomers and PET-RAFT reagents, (b) mecha-

nism of PET-RAFT polymerization, and (c) preparation of hydrogels for 4D materials with bilayer structure.
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2 | Experimental
2.1 | Materials

Acrylamide (AM, 98.0%) and 3-[[2-(methacryloyloxy)ethyl]
dimethylammonio]-propane-1-sulfonate (SBMA, 98.0%) were
purchased from Tokyo Chemical Industry (TCI Co. Ltd., Tokyo,
Japan). Polyethylene glycol diacrylate (PEGDA, n~4) was pur-
chased from TCI Co. Ltd. Triethanolamine (TEA, 98.0%) was pur-
chased from Merck-Aldrich (Darmstadt, Germany). Erythrosin
B (EB) was purchased from TCI Co. Ltd. 2{[(Butylsulfanyl)
carbonothioyl] sulfanyl} propanoic acid (BTPA) was synthe-
sized according to the previous report (Figure S1) [41]. N-
Isopropylacrylamide (NIPAm) was purchased from FUJIFILM
Wako Chemicals (Osaka, Japan) and purified by recrystalliza-
tion using hexane.

2.2 | Preparation of Hydrogels by PET-RAFT
Polymerization

The gel precursor for 1 (AM100 hydrogel) was prepared by
dissolution of AM (5285mM), PEGDA (n~4, 27mM), BTPA
(5mM), EB (0.3mM), and TEA (106 mM) in water as ma-
trix monomer, cross-linker, RAFT agent, photocatalyst, and

reductant, respectively. The monomer mixer for 2 (AM25-
NIPAm75 hydrogel) was prepared by dissolution of AM
(917mM) and NIPAm (2807 mM), PEGDA (n~4, 19mM),
BTPA (4mM), EB (0.19 mM), and TEA (75mM) in water. The
monomer mixer for 3 (AM50-SBMA50 hydrogel) was pre-
pared by dissolution of AM (1103mM), SBMA (1115mM),
PEGDA (n~4, 11mM), BTPA (11 mM), EB (0.5mM), and TEA
(212mM) in water. The monomer mixer was poured into molds
with round shape (200 uL/ea), which were maintained at con-
trolled temperature (25°C) and humidity. For the preparation
of 1 and 2, the mold was irradiated with green light (518 nm)
for 3min. For the preparation of 3, the mold was irradiated
with the green light for 30 min (Scheme 1) (Figure S2).

2.3 | Characterization of the Prepared PET-RAFT
Hydrogel Samples

2.3.1 | Attenuated Total Reflectance Fourier-Transform
Infrared (ATR-FT IR) Spectroscopy

ATR-FT IR spectroscopy was performed to monitor using FT-
IR-4700 (Jasco, Japan) spectrometer with ATR ZnSe crystal lens
plate. A transmittance spectrum was obtained by scanning the
droplet of the sample from 400 to 4000cm™".
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2.3.2 | Frequency Sweep Analysis
of Rheological Properties

Modulus measurements with a rheometer were performed for
the hydrogel samples of cylindrical shapes with 11 mm diam-
eter and thickness (2 and 4.5mm) after PET-RAFT polymer-
ization and orthogonal reaction. For analysis of the modulus,
a rheometer with a frequency sweep method was used with
Physica MCR 101 (Anton Paar, Austria), set at 10% shear
strain and 5000.1rads™! angular frequency. The dynamic
storage and loss modulus were measured at a temperature of
4°Cand 70°C.

2.3.3 | Swelling Ratio Analysis

Swelling ratio of the hydrogels was measured. The weight
of the samples was measured, then immersed in water. The
change of the swollen hydrogels weight was measured on a
timely basis. The swelling ratio of the hydrogel was calculated
as follows:

(Measured weight of sample in the swelling state)(g)
(Reference sample weight)(g)

Swelling Ratio =
@®

The swelling ratios of the hydrogels were measured at the differ-
ent temperatures (4°C and 70°C).

2.3.4 | Young's Modulus Measurement

The Yong's modulus of the gels was measured with a digital
pressure regulator (SMC ITV 2030). The deformation of the gels
was captured with a camera (Canon Inc). The images were pro-
cessed by MATLAB R2019b Single Camera Calibration App.

3 | Results and Discussion

3.1 | Preparation of Hydrogel by PET-RAFT
Polymerization

The ATR FT-IR spectra were measured to evaluate the polymer-
ization progress for the hydrogels (Figure 2). In the ATR FT-IR
spectra of 1, 2, and 3 inks, peaks at 1582, 1614, and 1602cm™!
corresponded to CH, bending of vinyl groups. After irradiation
with green light on the inks, these peak intensities of the hy-
drogels diminished compared with those of their inks. The ATR
FT-IR spectrum of hydrogel 2 showed a peak for N—H bending
of polyacrylamide at a wavenumber of 1625 cm™!, which was not
observed in that of the 2 monomer mixture. Additionally, the
spectrum of the 2 monomer mixture and hydrogel contained
specific double peaks at wavenumbers of 1370 and 1388cm™,
corresponding to C—H stretching of isopropyl groups. The ATR
FT-IR spectrum of the 3 ink and hydrogel contained peaks at
wavenumbers of 1040 and 1173cm™!, which corresponded to
S=O0 stretching of the sulfobetaine moiety [42, 43].

The ATR FT-IR spectra of the hydrogels suggested successful
PET-RAFT polymerization of the parent inks with green light

Monomer mixture 1

Hydrogel 1

Monomer mixture 2

Hydrogel 2

Monomer mixture 3

Transmittance

Hydrogel 3

" 1 "

2000 1500 1000
Wavenumber(cm™)

FIGURE 2 | FTIR spectra of the monomer mixtures and hydrogels
(1: Black, 2: Red, and 3:Blue).

irradiation. Through PET-RAFT polymerization, the chemical
structures such as isopropyl groups and ionic structures (ammo-
nium and sulfonic groups) were well maintained in the hydrogels
of 2and 3.

3.2 | Rheology of Hydrogels at Different
Temperature

The viscoelastic properties of the hydrogels were investigated
by dynamic mechanical analysis using a rheometer with a fre-
quency sweep method at different temperatures (Figure 3 and
Figures S3-S5). In all the hydrogels, storage (G") and loss (G")
modulus increased with increasing angular frequency. For the
1 hydrogel, the storage modulus at 4°C and 70°C was almost
the same. However, the slope of the storage modulus from high
frequency to low frequency was slightly lower at 4°C compared
to that at 70°C. On the other hand, the 1 hydrogel showed sig-
nificantly higher loss modulus at 70°C than that at 4°C. This
indicated that the 1 hydrogel, which was composed of AM, had
higher viscoelastic properties at higher temperatures.

In the case of hydrogel 2, the storage modulus also showed sim-
ilar values and trends at 4°C and 70°C. Interestingly, the loss
(G") modulus for hydrogel 2 was higher than the storage (G")
modulus at 70°C, which was totally different from the behavior
observed in hydrogel 1. It was suggested that hydrogel 2 would
exhibit higher energy loss at 70°C. This can be explained by the
LCST of hydrogel 2. At elevated temperatures (70°C), the molec-
ular structure of the PolyNIPAm units aggregated into clusters,
leading to higher hydrophobicity. Consequently, molecular-
scale phase separation occurred between PolyNIPAm and water
in the hydrogel 2 sample. This caused the loss modulus to be
higher than the storage modulus under 70°C conditions, due to
an increase in liquid-like properties [40, 44, 45].

The hydrogel 3 showed lower storage and loss modulus than
those of hydrogels 1 and 2. At 70°C, the storage (G") and loss
modulus (G”) of hydrogel 3 increased by 10 times compared
to those at 4°C. This significantly higher modulus at higher
temperatures can be attributed to the ionic functional groups
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FIGURE 3 | Frequency sweep analysis for the storage modulus and
loss modulus of the hydrogels. (a) 1 (AM100), (b) 2 (AM25-NIPAM75),
and (c) 3 (AM50-SBMAS50).

in hydrogel 3, which contain sulfobetaine units. These ionic
groups interacted more strongly with each other at higher
temperatures (70°C) compared to lower temperatures (4°C).
Overall, a series of hydrogels that showed thermoresponsive
rheology were successfully obtained through PET-RAFT
polymerization.

All of the samples' Young's modulus trends were almost sim-
ilar to their storage modulus trends. The Young's modulus
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FIGURE 4 | Time-course of swelling ratios of the hydrogels at (a)
70°C and (b) 4°C.

graph with calculation can be referenced in the Supporting
Information at the F series sections.

3.3 | Swelling Properties of Hydrogels at Different
Temperature

The swelling ratio of the hydrogels was evaluated at different
temperatures (4°C and 70°C) in water (Figure 4). For all the
hydrogels, the swelling ratio increased with increasing time.
At 70°C, hydrogels 1, 2, and 3 showed swelling ratios of 3.15,
0.90, and 1.87, respectively (at 30min, Table S1). The highest
swelling ratio at 70°C was observed for hydrogel 1 (AM100).
On the other hand, at 4°C, the swelling ratios of hydrogels 1,
2, and 3 reached 2.40, 6.20, and 1.18, respectively (at 240 min,
Table S1b). The swelling behaviors drastically changed at the
lower temperature (4°C), where the swelling ratio of hydrogel 2
was the highest. The thermoresponsive properties of the hydro-
gels were highlighted in their swelling ratio in water. Hydrogel
2 (AM25-NIPAM75), with LCST, exhibited the lowest swelling
ratio (0.90) at 70°C, while the highest swelling ratio (6.20) was
obtained at 4°C. Conversely, for hydrogel 3 (AM50-SBMA50),
which has UCST, a contrasting trend in the swelling ratio was
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FIGURE 5 | Simulated time-course of curvature of 2/3 bilayer hydrogels (1st layer =2, 2nd layer =3) with different thickness ratio (TR) ((a) 70°C
and (b) 4°C). The plots highlight specific time when curvature reached 90% of its maximum.
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FIGURE 6 | Computer simulation of hydrogel curvature by swelling in water at (a) 70°C and (b) 4°C.

obtained. The combination of these thermoresponsive hydrogels
would provide rapid and dramatic 4D motions via temperature
changes, enabling various mechanical responses and functional
properties under different conditions.

3.4 | Design of Bilayer Hydrogels for 4D Motions
via Temperature Changes Based on Computer
Simulations

To realize 4D materials, bilayers composed of thermorespon-
sive hydrogels were designed. The 1st and 2nd layers were
composed of hydrogels 2 (AM25-NIPAm75) and 3 (AMS50-
SMBAS50), respectively. Length and total thickness of the bi-
layers were fixed at 25 and 4mm, respectively. A thickness
ratio (TR) was defined as the ratio of the thickness of hydrogel
2 to that of hydrogel 3. Upon temperature changes in water,
the bending curvature was predicted by computer simulations
using an open-source simulator (SFEM-4DP). The simulator
was based on finite element analysis, and material properties
such as Young's modulus, density, Poisson's ratio, and swell-
ing ratio were input parameters (Figures S6-S8). The simula-
tion provided the time course of the curvature, demonstrating
that the bilayer structure with a TR of 1:1 achieved the high-
est curvature at both temperatures (Figure 5) (70°C and 4°C).
Through screening the TR based on the computer simulations,
drastic 4D motions were successfully estimated (Supporting
Information).

The 4D motions of the bilayers were further simulated from the
swelling ratio of various hydrogel combinations. To realize var-
ious curvature patterns and angles, a series of combinations of
hydrogels 1, 2, and 3 in the bilayer design was examined. The
TR was fixed at 1:1, and each layer had the same dimensions
(25%x5x2mm3). At 70°C, all the bilayers showed a downward
curvature within 30min by swelling in water (Figure 6a).
Interestingly, lowering the temperature (to 4°C) induced an
upward curvature of bilayers with 2/1 and 2/3 hydrogels
(Figure 6b), which were inverse curvatures to those at 70°C. It
was suggested that the combination patterns of the thermore-
sponsive hydrogels were important to control the curvature di-
rections and angles.

All of the simulation source data is contained in the Supporting
Information data of simulations for this paper.

3.5 | 4D Motions of Bilayers Composed
of Thermo-Responsive Hydrogels

Finally, we prepared bilayer hydrogels for 4D motions upon
temperature changing based on the computer simulation. The
swelling of the hydrogel bilayers in water was observed during a
temperature swing from 4°C to 70°C (Figure 7). The 2/3 and 2/1
bilayer hydrogels were evaluated for their 4D motions against
the temperature swing as expected in the computer simulation,
which are shown in Figure 7a,b, respectively.
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FIGURE 7 | 4D motions of the bilayer hydrogels with (a) 2/3 and (b) 2/1 at temperature swings. 1st step=4°C for 10min, 2nd step=70°C for

10min, 3rd step=4°C for 50 min.

In the case of the 2/3 bilayer hydrogel, in the first step at 4°C,
the 2/3 bilayer hydrogel moved upward, and the curvature angle
changed from 0.0° to +54.8° (+54.8° change) (Figure 7a, top).
In the second step at 70°C, the hydrogel moved in the inverse
direction from +54.8° to —76.6° (—131.4° change), and the move-
ment occurred within 10min (Figure 7a, middle). In the third
step at 4°C again, the hydrogel moved upward from —76.6° to
+78.8° (+155.4° change) (Figure 7a, bottom). In the case of the
2/1 bilayer hydrogel, in the first step at 4°C, the hydrogel moved
upward from 0.0° to +26.0° (+26.0° change) (Figure 7b, top).
In the second step at 70°C, the hydrogel moved in the inverse

direction from +26.0° to —98.4° (-124.4° change) (Figure 7b,
middle). In the third step at 4°C again, the hydrogel moved up-
ward from —98.4° to +21.2° (+119.6° change) (Figure 7b, bot-
tom). Compared with the computer simulations, the observed
4D motions of the bilayer hydrogels well matched the simulated
4D motions (Figure 6).

Successfully, the 4D motions of the bilayer hydrogels were real-
ized by utilizing the reversible swelling in water upon temperature
changes. By incorporating thermoresponsive hydrogels with LCST
and UCST characteristics, the 4D motions could be designed by
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their swelling properties and their combination for bilayer struc-
tures, which were well predicted by computer simulations.

4 | Conclusions

A strategy for controlling the 4D motions of thermoresponsive hy-
drogels was developed. The hydrogels with LCST and UCST were
synthesized by PET-RAFT polymerization, and they showed dras-
tic changes in their viscoelastic properties and swelling behaviors
upon temperature changes. These physical properties of the hy-
drogels enabled us to design 4D materials by combining different
types of hydrogels for bilayer structures. The computer simulations
predicted 4D motions, demonstrating that various curvatures and
bending angles of the bilayer hydrogels could be achieved by tun-
ing the TR and combination patterns. Our study provided valu-
able insights into the rheological properties of these hydrogels and
emphasized computer simulations as a critical tool for 4D mate-
rials. Merging these techniques with 3D printing would broaden
the scope of 4D materials with high complexity and tunability for
potential applications in cutting-edge fields such as robotics, aero-
space, and medical technologies.
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