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Temperature-Adaptative Self-Oscillating Gels: Toward
Autonomous Biomimetic Soft Actuators with Broad
Operating Temperature Region

Won Seok Lee, Takafumi Enomoto, Aya Mizutani Akimoto, and Ryo Yoshida*

Self-oscillating gel systems exhibiting an expanded operating temperature
and accompanying functional adaptability are showcased. The developed
system contains nonthermoresponsive main-monomers, such as
N,N-dimethylacrylamide (DMAAm) or 2-acrylamido-2-methylpropane sulfonic
acid (AMPS) or acrylamide (AAm) or 3-(methacryloylamino)propyl
trimethylammonium chloride (MAPTAC). The gels volumetrically self-oscillate
within the range of the conventional (20.0 °C) and extended (27.0 and 36.5 °C)
temperatures. Moreover, the gels successfully adapt to the environmental
changes; they beat faster and smaller as the temperature increases. The
period and amplitude are also controlled by tuning the amount of
main-monomers and N-(3-aminopropyl) acrylamide. Furthermore, the record
amplitude in the bulk gel system consisting of polymer strand and cross-linker
at 36.5 °C is achieved (≈10.8%). The study shows new self-oscillation systems
composed of unprecedented combinations of materials, giving the community
a robust material-based insight for developing more life-like autonomous
biomimetic soft robots with various operating temperatures and beyond.

1. Introduction

Nature has accumulated its know-how for optimized competency
over billions of years. Biomimetics is an emerging approach to
learning lessons from nature and resolving issues for human
beings.[1,2] Among the subdomains in biomimetics, biomimetic
soft actuators displaying mechanical motion occupy a solid terri-
tory, as dynamic movements, such as swimming, crawling, bend-
ing, and stretching, can be considered essential aspects of life
in nature. Researchers expect to discover and develop unseen
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insights beneficial to the human race while
mimicking these dynamic movements in
nature.[3]

Achieving life-like dynamic functions
at a broad temperature region is crucial
from a biomimetic perspective. Biomimetic
actuators with wide working temperatures
could ensure versatile and robust life-like
functions in practical applications. This
is because biomimetic soft actuators may
need to work in various operating condi-
tions and keep their dynamic movements
to environmental changes for a purpose.
Importantly, living organisms in nature
intrinsically can keep their dynamic move-
ments to environmental changes like
temperature,[4–6] described as adaptation.
Collectively, biomimetic actuators satisfy-
ing these functional requirements can be
more versatile in fields such as robotics,
medicine, and material science.[7–10]

Self-oscillating gels have received much attention as a
biomimetic material featuring like-like autonomous move-
ment without external stimuli.[11] Self-oscillating gels exhibit
autonomous and repetitive volume oscillation (swelling and
deswelling) based on the Belousov-Zhabotinsky (BZ) reaction.
The BZ reaction induces periodic redox state changes in a transi-
tion metal catalyst, such as tris(2,2′-bipyridine)ruthenium com-
plex (Ru(bpy)3), if an oxidant (e.g., sodium bromate), a reductant
(e.g., malonic acid), and sufficient hydrogen ions (i.e., low pH)
exist in the system sufficiently. Accordingly, the hydrophilicity
of the system where the BZ reaction occurs oscillates as fol-
lows: relatively hydrophilic in the oxidized state (Ru(bpy)3

3+),
while hydrophobic in the reduced state (Ru(bpy)3

2+). The self-
oscillating gels have traditionally been fabricated by immobi-
lizing the Ru(bpy)3 metal catalyst in thermoresponsive poly(N-
isopropylacrylamide) (PNIPAAm) gel network.[11,12] Hence, dur-
ing the BZ reaction, the gels can repetitively swell/deswell accord-
ing to the redox state of the introduced Ru(bpy)3 during the BZ
reaction. The gels swell when the catalyst is oxidized (Ru(bpy)3

3+)
and shrink when the catalyst is reduced (Ru(bpy)3

2+).
To date, the self-oscillating gels have been applied to mimic

various dynamic actuators showing life-like movements.[13–24]

In addition to the development of material system from
poly(NIPAAm-co-Ru(bpy)3)[11] to poly(NIPAAm-co-NAPMAm-
co-NAPMAm(Ru(bpy)3),[25] the actuators showing the following
motions have been developed; ciliary motion,[22] self-walking
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Figure 1. The research history of self-oscillating gels and gel-related applications for the dynamic actuator.

with locomotion,[20] mass transport phenomenon,[26] intestine-
like peristalsis,[21] self-propelling,[27] micro-pumping,[28] region-
dependent transducer,[23] cell-like shape fluctuation[24] and con-
trollable anisotropic deformation.[29,30] (Figure 1) However, the
limited operating temperature of the current gel system restricts
the application of the self-oscillating polymeric gels in more
advanced biomimetic soft actuators. Despite the unique me-
chanical autonomy, conventional NIPAAm-based self-oscillating
gel systems typically operate only at ≈20 °C.[20–24,31–34] In other
words, the conventional gels have failed to exhibit temperature-
adaptative self-oscillatory behavior above this temperature.[35] A
few approaches have been introduced to address the limited oper-
ating temperature so far. For the bulk systems, these approaches
include 1) replacing NIPAAm with another thermoresponsive
monomer with higher LCST like N,N’-ethylmethylacrylamide
(EMAAm)[35] or oligoethylene glycol methacrylate (OEGMA),[36]

and 2) incorporating non-thermoresponsive monomers such as
vinylpyrrolidone (VP).[37] However, the previous studies have
only simply presented systems fabricated with limited condi-
tions. Previous studies lacked comprehensive information re-
garding the specific material candidates, operating temperature
conditions, oscillation periods, amplitudes, and strategies to con-
trol the volume oscillation behavior. In other words, the previous
reports did not sufficiently address the limitation of state-of-the-
art, failing to widen the horizon of the self-oscillating polymer
and gel systems.

In this study, we built self-oscillating gel systems exhibiting
volumetric self-oscillation in a wide temperature range during
the BZ reaction by introducing various non-thermoresponsive
monomers. The non-thermoresponsive monomers utilized
include N,N-dimethylacrylamide (DMAAm) (hydrophilic, non-

ionic), 2-acrylamido-2-methylpropane sulfonic acid (AMPS) (hy-
drophilic, anionic), AAm (hydrophilic, cationic), and (methacry-
loylamino)propyl trimethylammonium chloride (MAPTAC)
(hydrophilic, cationic) (Figure 2a). First, we focused on the
self-oscillating gel system composed of DMAAm and AMPS.
The base gels, composed of N-(3-aminopropyl) acrylamide (NAP-
MAm) and selected main monomers, were fabricated using UV
photopolymerization (Figure 2b). Subsequently, Ru(bpy)3 was
conjugated to the gel network through a condensation reaction
involving the primary amine in NAPMAm and the succin-
imidyl ester from Ru(bpy)3-N-hydroxysuccinimide (Ru(bpy)3-
NHS).[25,38,39] The fabricated gels exhibited volumetric oscillation
during the BZ reaction at 20.0, 27.0, and 36.5 °C. Furthermore,
the volumetric behavior adapted to the temperature transitions:
period and amplitude decreased as the temperature transition.
We also found that varying the amount of NAPMAm and main
monomer can dramatically change the volumetric amplitude. As
a result, The largest amplitude for a bulk gel system composed of
polymer strands and cross-linked points at 36.5 °C was achieved
(10.8%, 56.3 μm). In addition to functional competency, we suc-
cessfully realized volumetric self-oscillation with monomers that
had not been previously realized or reported to have failed.[35] In
this regard, our study broadens the pool of materials for fulfilling
self-oscillating gel systems. Collectively, our study can provide
vital insight into the current field to embody more life-like
biomimetic actuators with extended working temperatures. We
expect our material system to be applied to previous actuators
to upgrade their competencies, such as operating speed, tem-
perature, and amplitude, and also to be helpful for developing
brand-new actuators, such as heart-shaped pumping actuators
with chambers.
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Figure 2. a) Schematic illustration of the fabrication process of the self-oscillating gels in this study. b) The chemical structure of the poly(DMAAm-co-
NAPMAm-co-NAPMAmRu(bpy)3) and the poly(AMPS-co-NAPMAm-co-NAPMAmRu(bpy)3) gels.

2. Results and Discussion

2.1. Synthesis of the Self-Oscillating Gels

The self-oscillating gels in this study were fabricated by introduc-
ing Ru(bpy)3 in the sheet-shaped base gels (thickness ≈ 500 μm).
The base gels were synthesized through UV polymerization of a
pre-gel solution containing main monomers, NAPMAm, cross-
linker, and Irgacure 2959 as a photoinitiator (Figure 2b). The
main monomers used in this study are DMAAm, AMPS, AAm,
and MAPTAC. In this study, we focus on the self-oscillating gel
system composed of DMAAm and AMPS. The Ru(bpy)3 moi-
ety was immobilized to the amine group in the NAPMAM by
referring to the previous report.[25] Note that we fixed the con-
centration of Ru(bpy)3-NHS to 70 mm because previous studies
reported that this concentration could offer a saturated reaction
between the primary amine and active ester (Figure S1, Support-
ing Information).[31,32,34,40]

To systematically explore the gel system, we varied the amount
of non-thermoresponsive main monomers and NAPMAm. The
gel samples were then abbreviated based on the utilized main
monomers and their amount. For instance, the DMAAm-based
self-oscillating gels were named DMXNY, where “DM” and “N”
represent DMAAm and NAPMAm, respectively. “X” and “Y” sig-
nify the relative amount of DMAAm and NAPMAm in the base
gels. 2.28 mmol of DMAAm was defined as ‘1′ for X, while
2.28×10−1 mmol of NAPMAm was declared ‘1′ for Y. The gel

systems composed of the MAPTAC and AAm were named MAP
and AAm, respectively. Other indicators followed the same nam-
ing convention.

2.2. Equilibrium Swelling Ratio and Swelling/Deswelling Kinetics
of the Gels

Figure 3a–c displays the equilibrium swelling ratio (ESR)-
temperature profiles in the two redox states. The results reveal
the effect of the NAPMAm and main-monomer amount on the
ESR transition behavior. The ESR values were normalized by
declaring the gel size in the oxidized state around 13 °C to ‘1′

(Equation S1, Supporting Information). Figure 3a1−a5 discloses
that the size transition of the base DM gels (square mark) was
insensitive to the temperature and the reductant/oxidant in the
outer solution. On the other hand, the DM self-oscillating gels
(circle mark) featured a distinguished size change according
to the Ru(bpy)3 redox state, but not to the temperature. When
comparing the gels with the same DMAAm amount (the DM1
gels) (Figure 3a1−a3), the DM1 gels with a larger NAPMAm
amount exhibited distinguished ESR values between the two
redox states. Interestingly, a half DMAAm amount (the DM0.5
gels) led to a larger redox-state-dependent ESR transition. In
stark comparison, the DM0.5N1 gels (Figure 3a4) show a larger
difference in the ESR value in each redox state than that of
the DM1N1 (Figure 3a2). Similarly, the DM0.5N1.5 (Figure 3a5)
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Figure 3. The equilibrium swelling ratio-temperature profiles of a) the DM gels; a1) the DM1N0.1, a2) the DM1N1, a3) the DM1N1.5, a4) the DM0.5N1,
and a5) the DM0.5N1.5. The analyzed ESR difference-temperature profiles of b) the DM and c) the AMP gels, calculated from the equilibrium swelling
ratio-temperature profiles. “OXI” indicates that the gels were immersed in the substrate solution for the oxidized state, while “RED” denotes that they
were immersed in the solution for the reduced state. The substrate solution for the oxidized state contains [HNO3] = 894 mm and [NaBrO3] = 84 mm,
while [HNO3] = 894 mm, [NaCl] = 84 mM, and [malonic acid] = 64 mm for the reduced state.

showed a more distinguished ESR-value difference than the
DM1N1.5 (Figure 3a3). Furthermore, it is noteworthy that the ESR
value of the DM0.5 gels (Figure 3a4−a5) was more sensitive to the
NAPMAm amount than DM1 gels (Figure 3a2−a3). The AMP
gels relatively featured a small size transition with the temper-

ature and the redox state of Ru(bpy)3 (Figure S2, Supporting In-
formation). Nevertheless, the parameter dependencies were sim-
ilar to those of DM gels. The ESR-temperature profiles of the
MAP1N1 and AAm1N1, displaying distinguished ESR in each re-
dox state, are illustrated in Figure S3 (Supporting Information).
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Figure 4. The swelling/deswelling kinetics of a) the DM gels at a1) 20.0 °C and a2) 36.5 °C, and b) the AMP gels at b1) 20.0 °C and b2) 36.5 °C. “OXI”
indicates that the gels were immersed in the substrate solution for the oxidized state, while “RED” denotes that they were dipped in the solution for the
reduced state. The substrate solution for the oxidized state contains [HNO3] = 894 mm and [NaBrO3] = 84 mm, while [HNO3] = 894 mm, [NaCl] = 84
mm, and [malonic acid] = 64 mm for the reduced state.

Figure 3b,c illustrates the mathematically calculated ESR dif-
ference between each redox state from 15 to 40 °C of the DM
and the AMPS gels, respectively. Each ESR profile was firstly
fitted by polynomial regression with fifth order (Equation S2,
Supporting Information). Then, the ESR difference was calcu-
lated by subtracting the fitted values in the reduced state from
the oxidized state. All fitted parameters are listed in Table S1
(Supporting Information). The DM0.5N1.5 exhibited the largest
value (≈0.30) than any other groups (Figure 3b): ≈0.18 for the
DM0.5N1 and ≈0.10 for the DM1N1 and DM1N1.5. The AMP gels
featured similar trends but were smaller than the DM system;
the AMP0.5N1.5 featured the largest ESR difference of ≈0.08. Ad-
ditionally, DM1N0.5 and AMP1N0.1 exhibited negative ESR differ-
ence values, indicating the oxidized gels were smaller than the
reduced ones. This aspect will be addressed later.

Figure 4a,b illustrates the swelling and deswelling kinetics
of the DM and the AMP gels, respectively. The swelling and
deswelling kinetics indicate the responsive deformation behavior

of the gel volume according to the redox state transition. Specif-
ically, the normalized gel size, calculated using Equation S3
(Supporting Information), was tracked over time after adding
the oxidant or reductant. Both the DM (Figure 4a) and AMP
(Figure 4b) gels exhibited similar swelling/deswelling behavior
regardless of the system temperature. Tables S2 and S3 (Sup-
porting Information) provide the calculated swelling/deswelling
kinetics for all fabricated gels. In each monomer group, the
DM0.5N1.5 and the AMP0.5N1.5 (square marks) exhibited the
fastest swelling/deswelling rates during the redox state change.
For instance, 1) the swelling rate at 20.0 °C: 1.49 ± 0.37 μm s−1

for DM0.5N1.5 and 0.61 ± 0.06 μm s−1 for AMP0.5N1.5, and 2) the
deswelling rate at 20.0 °C: 1.44 ± 0.30 μm s−1 for DM0.5N1.5 and
0.28 ± 0.02 μm s−1 for AMP0.5N1.5 (Table S2 and S3, Supporting
Information). The DM0.5N1 and the AMP0.5N1 (diamond marks)
featured the second fastest in each gel group. The DM1 and AMP1
(circle or triangle mark) gels displayed similar deformational be-
haviors, which were slower than the DM0.5 and AMP0.5 gels. The
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swelling/deswelling behavior of the MAP1N1 and AAm1N1 are
displayed in Figure S4. Note that DM0.5N1.5 featured the fastest
responsiveness among all systems at any temperature.

The self-oscillating gel systems in our study featured nonther-
moresponsive main monomers. Thus, the altered temperature
did not lead to ESR changes in the DM and AMP gels. Next,
we address the ESR difference between the oxidized (Ru(bpy)3

3+)
and the reduced (Ru(bpy)3

2+) state. We assert that the gel hy-
drophilicity changes caused by the redox state conversion of
Ru(bpy)3 would directly control the ESR in our study.[37] This is
because the number of moving water molecules can vary with the
redox state and the amount of the immobilized Ru(bpy)3 in the
gel network.[12,24,31,32,34,40] Specifically, water molecules will en-
ter the gel network in the oxidized state (Ru(bpy)3

3+, hydrophilic
state), while escaping from the gel network in the reduced state
(Ru(bpy)3

2+, hydrophobic state). Since Ru(bpy)3 can be conju-
gated to the NAPMAm,[25] gels with larger NAPMAm amounts
would exhibit more significant differences in the number of wa-
ter molecules staying in the gel network in each redox state, re-
sulting in a larger ESR difference.

We simultaneously consider the effect of the main-monomer
amount in the gel network based on the gel swelling theory.
Previous studies revealed that a reduced monomer amount in
the pre-gel solution could lead to fewer cross-linked points in
the formed network.[41] According to the Flory-Rehner theory de-
scribing gel swelling behavior,[42] an abundance of cross-linked
points can have a negative effect on changes in the gel swelling
ratio. Increased cross-linking density can make the gel network
stiffer, restricting the gel network from undergoing mechanical
deformation.[43,44] A high number of cross-linked points can also
lead to less void space that could be occupied by absorbed solvent
molecules into the gel network.[45,46] In other words, an abun-
dance of main monomers can result in less swelling/deswelling.
The controlled main monomers amount can also affect the
swelling/deswelling kinetics of the gel network. A rigid and
densely formed gel network, synthesized with a higher concen-
tration of main monomers, can impede solvent diffusion through
the gel network.[47–49] Thus, the gel network with more main
monomers would require more time until the structure is fully
deformed, causing slower swelling/deswelling kinetics.

The results in Figures 3 and 4 can be explained more by the
previously introduced mechanism. As previously described, the
volume transition of the self-oscillating gels according to the re-
dox state results from the gel hydrophilicity change accompany-
ing the diffusion of the water molecules. The higher deformabil-
ity of the DM0.5 and AMP0.5 gels compared to the DM1 and AMP1
gels (Figure 3) could be attributed to a less stiff network and
greater accommodation of water molecules. Similarly, the faster
swelling/deswelling kinetics of DM0.5 and AMP0.5 gels compared
to the DM1 and AMP1 gels (Figure 4) can be ascribed to faster
diffusion of water molecules through the gel network with more
void. We postulate that the gels with more voids would facilitate
faster solvent diffusion,[31,45] which is dependent on the redox
state transition. The high deformability of the gels with reduced
main monomers might assist in faster swelling/deswelling be-
havior. We should also note that the effect of reduced main
monomers (i.e., the high deformability and faster responsive-
ness) could synergize with the effect of the increased amount of
Ru(bpy)3. In the oxidized state (Ru(bpy)3

3+), the electrostatic re-

pulsion between the Ru(bpy)3
3+ moieties can also contribute to

the volume expansion behavior,[32,50,51] in addition to the influx
of water. In the reduced state (Ru(bpy)3

2+), the hydrophobic ag-
gregation among the Ru(bpy)3

2+ groups can promote gel shrink-
age, along with water outflux. The effect of electrostatic repul-
sion and hydrophobic aggregation can depend on the amount of
immobilized Ru(bpy)3 in the gel network.[32,50,51] We believe the
highly deformable gel network can amplify the impact originat-
ing from the Ru(bpy)3 more dramatically than a less deformable
network. Thus, the DM0.5 and AMP0.5 gels displayed more pro-
nounced NAPMAm amount-dependent transition in ESR differ-
ence and swelling/deswelling kinetics than the DM1 and AMP1
gels (Figure 4).

The effect of electrostatic interaction between the Ru(bpy)3
moieties and ionic main monomers in the gel network is also
noteworthy. We anticipate that the deprotonated anionic sul-
fonic group in the AMPS might electrostatically interact with
the Ru(bpy)3

2+/3+ moiety, especially more significantly in the
oxidized state (Ru(bpy)3

3+).[50,52,53] Consequently, the AMP gels
might exhibit smaller volume transition behavior (Figure 3) and
slower kinetics (Figure 4) than the DM gels. The results of
Figures 3 and 4 imply that the DM and AMP gels will volumetri-
cally self-oscillate during the BZ reaction over a wide temperature
range.

2.3. Self-Oscillatory Behavior of the Gels

Figure 5 displays the representative gel size-time profile of the
DM0.5 and the AMP0.5 gels during the BZ reaction at 20.0 and
36.5 °C. The collective self-oscillating profiles of all fabricated
DM and AMP gels at 20.0, 27.0, and 36.5 °C are illustrated in
Figures S5 and S6 (Supporting Information), respectively. All pre-
sented gels volumetrically oscillated at the adopted temperatures.
Figure 6 shows the period and amplitude profiles according to the
temperature and NAPMAm amount changes, calculated from
Figure 5 and Figures S5 and S6 (Supporting Information). Note
that all values of the calculated period and amplitude are listed
in Tables S4 and S5 (Supporting Information). As the operating
temperature increased, the period became faster, and the am-
plitude decreased (Figures 5a1−a2/5a3−5a4 and 6a for the DM
gels, and Figures 5b1−b2/5b3−5b4 and 6b for the AMPS gels).
For the DM gels, the trends in the amplitude at each tempera-
ture were similar to the results in Figures 3 and 4. The DM0.5
gels featured volumetric amplitudes larger than those of the DM1
system at any operating temperature (Figure 6a2). Moreover, the
amplitude of the DM0.5 gels was more sensitive to the changes
in the NAPMAm amount than DM1 gels (Figure 6a2). We espe-
cially highlight the DM0.5N1.5 gels, with an amplitude of approx-
imately 10.8%, 56.3 μm even at 36.5 °C (Figures 5a4 and 6b2).
This volumetric amplitude was the largest at the body tempera-
ture compared to other previously reported bulk gel systems com-
posed of polymer strands and cross-linkers.[34–37] The trends of
the AMP gels were similar to the DM gels. For instance, under the
same temperature point, the AMP0.5 gels exhibited a more signif-
icant amplitude than the AMP1 gels (Figure 6b2). However, the
overall volumetric amplitude of AMP-based system (Figure 6b2)
was smaller than the DM-based system (Figure 6a2). Figure S7
(Supporting Information) displays the gel size-time profiles of
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Figure 5. The gel size-time profiles of a) the DM0.5 and the b) AMP0.5 gels during the BZ reaction. Profiles of the DM0.5N1 at a1) 20.0 °C and a2) 36.5 °C;
the DM0.5N1.5 at a3) 20.0 °C and a4) 36.5 °C. Profiles of the AMP0.5N1 at b1) 20.0 °C and b2) 36.5 °C; the AMP0.5N1.5 at b3) 20.0 °C and b4) 36.5 °C.
The substrate solution for the BZ reaction contains [HNO3] = 894 mm, [NaBrO3] = 84 mm, and [malonic acid] = 64 mm.

Figure 6. The self-oscillatory behaviors of a) the DM and b) AMP gels during the BZ reaction; a1) the period and a2) the amplitude of the prepared DM
gels; b1) the period and b2) the amplitude of the fabricated AMP gels.
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MAP1N1 and AAm1N1 during the BZ reaction at 20.0, 27.0, and
36.5 °C. All gels volumetrically self-oscillated during the BZ re-
action in all temperature ranges, including 36.5 °C. Figure S8
(Supporting Information) supports the idea that the NAPMAm-
and main-monomer-dependency, found in Figures 5 and 6, can
also be applied to the MAPTAC-based system.

Figure S9 (Supporting Information) indicates the operating
temperature-dependent lifetime and robustness of the DM1N1
gels. The results in Figure S9 (Supporting Information) can be
attributed to the BZ reaction kinetics increasing with the tem-
perature. Specifically, the DM1N1 robustly oscillated for ≈6000,
4500, and 2000 s at 20.0, 27.0, and 36.5 °C, respectively. The stable
region was ≈3000, 2500, and 1500 s at 20.0, 27.0, and 36.5 °C, re-
spectively, showing an identical trend with the lifetime. The life-
times of other materials were similar. This is because the rate
of the BZ reaction increased at the higher temperature,[54,55] re-
sulting in faster substrate consumption, i.e., a short lifetime at
the higher temperature. We expect that adding more absolute
amounts of the BZ substrate can extend the lifetime and stable
region of the volume oscillation in our system, similar to how
abundant nutrients can allow biological phenomena to be main-
tained for a longer time, which will be a useful strategy for oper-
ating any actuators.

The volume of the self-oscillating gels is influenced by the pe-
riodical in/outflux of water molecules caused by the rhythmical
redox state changes of the immobilized Ru(bpy)3 during the BZ
reaction.[11] Here, the self-oscillatory behavior (e.g., the period
and amplitude) during the BZ reaction shares a similar back-
ground to Figures 3 and 4. First, the amount of Ru(bpy)3 in the
gel network can influence the self-oscillatory behavior. Particu-
larly for the amplitude, the NAPMAm amount can affect the
Ru(bpy)3 amount in the gel network and the ESR difference (see
Figure 3b,c),[24,31,40] which affects the amount of water molecules
staying in the gel network in each redox state; that is, the volu-
metric amplitude during the BZ reaction. Second, the influence
of the main-monomer amount can be explained by the tuned ca-
pability of free and fast deformation following the environmental
changes, as formerly discussed.

A higher operating temperature can result in faster BZ reac-
tion kinetics, leading to a shorter period.[51,56] In the context of
self-oscillating gel systems, an excessively fast period can lead the
gel system to fail to adapt to the temperature. Specifically, as the
BZ reaction period accelerates, the time available for the gel net-
work to undergo full deformation in response to the correspond-
ing redox state changes diminishes. This can cause smaller and
less significant volumetric amplitudes.[32,33] In other words, if the
gel network is able to rapidly deform in sync with the redox state
oscillation during the BZ reaction, the gel can successfully follow
the temperature-dependent BZ reaction and ultimately exhibit
significant amplitude, even at high temperatures. DMAAm sup-
ports this viewpoint due to its faster swelling/deswelling kinetics
(Figure 4a and Table S2, Supporting Information) and larger vol-
ume amplitude compared to other monomers across all temper-
ature ranges (Figure 5a,b and Table S4, Supporting Information).
We believe that the experimental data can indicate a general as-
pect applicable to the various monomer-based self-oscillating gel
systems.

We also mention that the inverse oscillation was seen in
the nonthermoresponsive gel systems with small NAPMAm

amounts: DM1N0.1 and AMP1N0.1 (Figure S10). The inverse
oscillation indicates that the gel swells in the reduced state
(Ru(bpy)3

2+) and deswells in the oxidized state(Ru(bpy)3
3+), con-

trary to the NIPAAm-based self-oscillating gels (Figure S10c).
The inversed volume oscillation was anticipated from the results
in Figure 3b,c. This phenomenon has mainly been reported in
the AAm-based system,[57–60] which attributes this inversion to
the additional cross-linking effect between the polymer chain
and the oxidized Ru(bpy)3

3+ moiety.[59,60] Interestingly, our study
showed an inverse pattern in the gel systems with more diver-
sified monomers. Furthermore, those transpositions came back
when the NAPMAm amount/Ru(bpy)3 amount increased (e.g.,
DM1N1 in Figure S5b and AAm1N1 in Figure S7b1). The mech-
anism of these newly found phenomena is unclear yet and un-
der investigation. However, we state that the Ru(bpy)3 amount-
dependent conversion in the oscillation patterns of the nonther-
moresponsive systems implies the unrevealed fresh mechanism,
which can expand the borderline of current knowledge in the dis-
cipline.

In this study, we realized the self-oscillating gel systems
that volumetrically oscillate in various temperature ranges.
These gel systems mainly consist of non-thermoresponsive main
monomers, including 1) NAPMAm and 2) DMAAm or AMPS
or AAm or MAPTAC. The fabricated non-thermoresponsive self-
oscillating gels demonstrated controllable volume oscillation at
20.0, 27.0, and 36.5 °C. The oscillatory behavior of the self-
oscillating gels was successfully adapted to the temperature, with
the period and amplitude decreasing as the operating tempera-
ture increased. Additionally, we found that increasing the NAP-
MAm amount and decreasing the main-monomers (DMAAm or
AMPS) amounts led to a larger volumetric amplitude. In partic-
ular, volumetric self-oscillation was realized in this study by uti-
lizing materials that are currently not reported or known to have
failed in state-of-the-art.

We first argue how this study can provide fresh insights and
conceptual advances from various perspectives. The broadened
operating temperature region will lead to more advanced, real-
istic, and versatile biomimetic self-oscillating gel systems that
can be applied to soft actuators. For instance, our systems can be
applied to realize biomimetic actuators replicating autonomous
behaviors of organisms that inhabit harsh environments since
our gels are composed of nonthermoresponsive materials. In
addition to expanding the operating temperature range, our
study broadens the selection of materials for the self-volumetric
oscillations. Notably, we achieved volume oscillation with
monomers (our adopted main monomers) that had not yet
been successfully realized and controlled in the research field.
It is worth mentioning that the screened main monomers have
been widely utilized with various applications in the research
community.[61–63] Thus, our study can open the door to advanc-
ing autonomous polymeric gels by extending the application
of autonomy to the existing main-monomer applications. Fur-
thermore, the data set we provided offers a specific insight
for fine-tuning volumetric functions. Particularly, the DM1N1.5
at 36.5 °C achieved an amplitude of 10.8% and 56.3 μm, the
most significant volume amplitude in the state-of-the-art for the
bulk gel system with polymer strands and cross-linker, grant-
ing merit as a base material for the biomimetic autonomous
actuators.
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Our approach can also be applied to the conventional
non-oscillating actuators composed of nonthermoresponsive
monomers, giving those actuators controllable autonomy. Our
results can additionally be applicable to previously reported au-
tonomous biomimetic actuators containing thermoresponsive el-
ements showing peristalsis, locomotion, ciliary motion, or pump-
ing function (Figure 1),[20,22–24] upgrading the mechanical func-
tions as well as operating temperature ranges. The development
of new and competent actuators can also be expected based
on our study. For instance, the heart-like chamber-shaped self-
pumping actuators composed of only soft gels, are in our inter-
est. Realizing an operating temperature of 36.5 °C will be a fruit-
ful advantage for biomimetic autonomous actuators designed to
work near the human body temperature.

We additionally mention the adaptability to the temperature
of the developed self-oscillating gel systems. The temperature-
adaptability of the self-oscillatory behaviors in this study is a def-
inite asset for life-like actuators because that adaptive response
to temperature can mirror that of biological organisms. This as-
pect can also applied to studies on artificial life. For example, the
heartbeat of a camel quickens in hot environments and slows in
cold conditions,[64,65] similar to our system. This similarity sug-
gests that temperature-adaptive self-oscillating gel systems have
extensive potential as a base material system for uncovering the
principle of temperature-dependent adaptative autonomy in liv-
ing organisms. In other words, from the viewpoint of artificial
life research, the gel system from our study can be utilized as
a material-based artificial platform to unveil the principle of life
characteristics. In any aspect, we expect that our study can con-
tribute to making definite progress in the field of polymeric gel
materials and beyond.

3. Conclusion

In this study, we successfully developed self-oscillating gel sys-
tems that exhibit controllable volume oscillation in wider operat-
ing temperatures. The gel system comprised nonthermorespon-
sive main- monomers (e.g., DMAAm or AMPS), NAPMAm, and
introduced Ru(bpy)3 moieties. Our developed gel system exhib-
ited volume oscillation during the BZ reaction at various tem-
peratures, including 20.0, 27.0, and 36.5 °C. The self-oscillatory
behaviors (period and amplitude) adapted to the transition in op-
erating temperature, exhibiting definite volume oscillation dur-
ing the BZ reaction. The period and amplitude of the volume os-
cillation were controlled by adjusting the amount of NAPMAm
and the main-monomers. The changes in the main-monomer
amount had a more significant impact on the amplitude than
NAPMAm. The gels containing MAPTAC and AAm also demon-
strated volume oscillation across the expanded temperature re-
gion, encompassing 20.0 °C and 36.5 °C. The widened operating
temperature region, given functional adaptability, and material
candidate of volume oscillation in this study will grant power-
ful insight into realizing more advanced various biomimetic self-
moving actuators.

4. Experimental Section
Materials: N-(3-aminopropyl)methacrylamide hydrochloride (NAP-

MAm) was purchased by Combi-blocks Inc. (San Diego, CA, USA) and

purified by methanol/tetrahydrofuran. 2-acrylamido-2-methylpropane
sulfonic acid (AMPS), N,N-dimethylacrylamide (DMAAm), 3-
(methacryloylamino)propyl trimethylammonium chloride (MAPTAC),
acrylamide (AAm), N,N’-methylenebisacrylamide (MBAAm), methanol,
super dehydrated dimethyl sulfoxide (DMSO), sodium bromate
(NaBrO3), 1 m HNO3 aqueous solution, malonic acid (CH2(COOH)2)
(MA), and triethylamine (TEA) were purchased from Wako Pure Chemical
Industries (Osaka, Japan). 1-[4-(2-Hydroxyethoxy)-phenyl]−2-hydroxy-2-
methyl-1-propane-1-one (Irgacure 2959) was purchased Combi Blocks
(San Diego, CA, USA). Bis(2,2′-bipyridine) (1-(4′-methyl-2,2′-bipyridine-
4-carbonyloxy)−2,5-pyrrolidinedione) ruthenium(II) (Ru(bpy)3-NHS) was
purchased from Trylead Chemical (Hangzhou, China).

Fabrication of Base Gels: The base gels composed of non-
thermoresponsive vinyl monomers were synthesized by UV pho-
topolymerization. Specifically, the pre-gel monomer aqueous solution was
prepared by dissolving the following materials into the methanol–water
mixture (1.5 mL of 1:2 v/v); the main-monomers (2.28 or 1.14 mmol),
NAPMAm (3.42 × 10−1, or 2.28 × 10−1, or 2.28 × 10−2 mmol),
MBAAm (5.19 × 10−1 mmol), and Irgacure 2959 MeOH solution (50 μL,
100 mg mL−1). The main monomers used here include DMAAm, AMPS,
AAm, and MAPTAC. Then, the pre-gel solutions were degassed by Ar bub-
bling for 10 min, then injected into a silicone mold (thickness = 500 μm)
equipped between the two glass slides up and down. After that, gelation
was performed by using UV light (LightningCure LC5 UV light machine)
(Hamamatsu, Japan) for 5 min at 23 °C. The prepared base gels were
dialyzed with 50% (v/v) methanol aqueous solution for four days and
pure deionized water for the following three days at 23 °C. The solutions
for the dialysis were exchanged every day. The dialyzed base gels were cut
into cube shapes (≈500 μm × 500 μm × 500 μm).

Fabrication of Self-Oscillating Gels: The fabricated base gels were im-
mersed in a solution containing super dehydrated DMSO (1.00 mL) and
TEA (6.96 μL) for 24 h at 23 °C. Then the gels were placed in a Ru(bpy)3-
NHS solution (0.5 mL, 70 mm) composed of super dehydrated DMSO
(0.5 mL), and TEA (6.96 μL). The gel-immersed Ru(bpy)3-NHS solution
was put in the oven at 45 °C for 24 h to conjugate Ru(bpy)3-NHS to the
primary amine from NAPMAm.[25] After the immersion, the gels were di-
alyzed with 50% (v/v) DMSO aqueous solution for four days and pure
deionized water for the following three days at 23 °C. The solutions for the
dialysis were exchanged every day.

Measurement of Equilibrium Swelling Ratio of Gels: Under the con-
stant light, the fabricated gels were soaked in a solution of 1) HNO3
(894 mm) and NaBrO3 (84 mm) for the oxidized state (Ru(bpy)3

3+) and 2)
HNO3 (894 mm), NaCl (84 mm), and MA (64 mm) for the reduced state
(Ru(bpy)3

2+). NaCl was put in to retain the ionic strength. After the gels
were equilibrated in each solution at various temperature points, the im-
ages of the gels were taken by an optical microscope (VHX-970F, Keyence,
Osaka, Japan). The equilibrium swelling ratio was calculated according to
Equation S1.

Measurement of the Swelling/Deswelling Kinetics of Gels: The
swelling/deswelling kinetics were analyzed by referring to the previ-
ous reports.[32,33] Under constant light, the fabricated self-oscillating
gels were placed in a solution of HNO3 (894 mm). For the experiment
of swelling kinetics, NaBrO3 (84 mm) (the oxidant) was added, and
immediately, the gel photos were taken by utilizing the optical microscope
(VHX-970F, Keyence, Osaka, Japan). Then, the gel size with the time
was recorded, followed by the calculation of the normalized gel size by
Equation S3 (Supporting Information). The swelling rate was calculated
by evaluating the linear slope of the normalized gel size-time profiles
(Figure 4 and Figure S4, Supporting Information) in the time range from
the zero-time point to 100 s after the oxidant was added. In the case
of the deswelling kinetics experiment, the malonic acid (64 mm) was
added to the self-oscillating gels soaked in the solution containing HNO3
(894 mm) and NaCl (84 mm). NaCl was added to keep the ionic strength.
Similar to the swelling kinetics, the time-dependent gel size and the
normalized gel size-time profile were analyzed. The deswelling rate was
also calculated from the normalized gel size-time profiles with the same
time range as the swelling kinetics; however, the absolute value of the
slope was adopted as the deswelling rate.
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Evaluation of Self-Oscillatory Behavior of Gel: Under constant light, the
fabricated self-oscillating gels were put in the catalyst-free BZ substrate so-
lution with HNO3 (894 mm), NaBrO3 (84 mm), and malonic acid (64 mm).
The images of the gels during the BZ reaction were recorded by the optical
microscope (VHX-970F, Keyence, Osaka, Japan). The self-oscillatory be-
haviors of the gels, including period and volumetric amplitude, were eval-
uated by ImageJ (NIH, USA) with the photos taken. The period and the
volumetric amplitude were calculated in the stable region (Figure S9, Sup-
porting Information) by Equations S5 and S6 (Supporting Information),
respectively.
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the author.
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