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Abstract Achieving continuous motions typically requires dynamic external stimuli for cyclic deformation, or crafted geometries with intricate
modules to form a self-regulated feedback loop upon static stimulation. It is still a grand challenge to realize self-sustained motion in soft robots
subject to unchanging environment, without complex geometry or a control module. In this work, we report soft robots based on an anisotropic
cylindrical hydrogel showing self-regulated, continuous rolling motions under constant light irradiation. The robots are animated by mirror-sym-
metry-breaking induced by photothermal strain gradient. The self-sustained motion is attributed to the fast and reversible deformation of the gel
and the autonomous refresh of the irradiated region during the rolling motion. The hydrogel robots can reach a rolling speed of 1.27 mm-s~' on a
horizonal surface and even climb a ramp of 18° at a speed of 0.57 mm-s~' in an aqueous environment. Furthermore, the hydrogel robots can over-
come an obstacle, with rolling direction controllable through irradiation angle of the light and local irradiation on selective regions. This work
suggests a facile strategy to develop hydrogel robots and may provide unforeseen inspirations for the design of self-regulated soft robots by us-

ing other intelligent materials.

Keywords Self-sustained motions; Light-driven; Rolling; Anisotropic hydrogels; Soft robots

Citation: Zhu, Q.L.; Cheng, H. L, Liu, W. X;; Xiao, Y. B,; Wu, X. L, Breu, J,; Hong, W.; Wang, Z. J.; Zheng, Q.; Wu, Z. L. Light-driven self-sustained rolling of
cylinder hydrogels with fast and anisotropic responses. Chinese J. Polym. Sci. 2025, 43, 548-555.

INTRODUCTION

Natural organisms flexibly adapt to their external environment
and convert constant stimuli to complex motions and other
functionalities'! These fascinating phenomena have gar-
nered significant interest from many researchers, leading to the
rapid development of soft bionics and robots by using various
intelligent materials, such as hydrogels, liquid crystal elastomers
(LCEs), and shape memory polymers (SMPs).*-22 While contem-
porary soft robots made of LCEs and SMPs can mimic the con-
tinuous motions of life, they usually rely on heterogeneous or
dynamic external stimuli for cyclic deformation.>'1214 |n re-
cent years, there have been notable advancements in design-
ing soft robots capable of continuous motions such as rolling
and swimming under constant conditions.>=3" However, the
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soft robots with self-regulated rolling movements often neces-
sitate structures of complex designs (e.g., kirigami structures, he-
lical or tubular configurations)??7283233! and/or assembly of dis-
similar responsive elements.[’26273234-401 For example, Cheng
et al. prepared a light-driven petal-like rolling robot by introduc-
ing kirigami patterns into a light-responsive LCE film.”?8 To sim-
plify the complex geometry, Cai et al. prepared an anisotropic
LCE rod and achieved continuous rolling on a hot plate that
built up a temperature gradient.”” However, the use of heat
stimulation poses limitations on the direction control of soft
robots. Moreover, the high temperature required for actuation
severely restricts their applications, particularly in an aqueous
environment. Overcoming these challenges to achieve self-sus-
tained motions with controlled directions is important for the
development of untethered soft robots with simplified geome-
try and broad applications.

Hydrogels, characterized by their high water content and
responsiveness to various stimuli, have garnered substantial
interest in the development of soft robots capable of execut-
ing tasks in aqueous environments.['%41-43] Among various
stimuli, light emerges as an effective means to remotely pow-
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er the hydrogel robots.[49.113544-46] Herein, we report a light-
powered soft robot made of cylinder hydrogel showing self-
regulated rolling motion under water. The anisotropic hydro-
gel cylinder with highly oriented nanosheets (NSs) and ran-
domly dispersed gold nanoparticles (AuNPs) exhibits a fast
and isochoric deformation upon heating. Under inclined light
irradiation, the gel bends toward the light source due to pho-
tothermal strain gradient, which breaks the rotational sym-
metry and thereby animates the gel robot to roll on a flat sur-
face. The self-sustained motion is attributed to the fast, re-
versible deformation and the refreshed irradiation region of
the gel. Notably, the gel robot sustains continuous rolling
even on a slope of 18°. Furthermore, we demonstrate its ca-
pacity of crossing obstacles and executing turning maneu-
vers through light modulation. These results indicate that the
gel robot has the possibility of moving on 3D terrains with
versatile motions.

EXPERIMENTAL

Materials

N-isopropylacrylamide (NIPAm, the monomer) was bought from
Aladdin Chemistry Co. Ltd. N,N-methylenebis(acrylamide)
(MBAA, the crosslinker) was purchased from Sigma Aldrich.
Lithium phenyl-2,5,6-trimethylbenzoylphosphinate (LAP, the
photo-initiator) was synthesized according to the reported pro-
tocol.#7#8 Fluorohectorite [Nag 5™ [LiqsMg, s1°[Sis]®* "0, 4F,
nanosheets (NSs) were synthesized by melt synthesis according
to the literatures.*>*® The NS powers spontaneously swelled
and delaminated into single lamellae of 1 nm thickness when
immersed in deionized water. The NSs had a high charge densi-
ty of 1.1 nm~2 and a high aspect ratio of ca. 20000. The obtained
suspension with 1.0 wt% of NSs showed a nematic phase at
room temperature. Gold nanoparticles (AuNPs) were synthe-
sized by reduction process as reported in the literature;"" the
average size of synthesized AuNPs was about 9.5 nm.

Synthesis of Anisotropic Hydrogels

The suspension of NSs (content of 1.0 wt%) was obtained by
adding 0.1 g of NS powder into 9.9 g of water and shaking with
a speed of 60 r/min for 1 month at room temperature. The pre-
cursor solution was prepared by mixing the NIPAm of 10.1 wt%,
MBAA of 0.28 wt%, LAP of 0.11 wt%, and AuNPs of 0.35 wt% in-
to the suspension of NSs (89.16 wt%). The precursor solution
was injected into transparent rubber tubes with inner diameter
of 1.0, 1.3, 1.5, or 2.0 mm at a flow rate of 11 mm-s~', and imme-
diately exposed to 365 nm ultraviolet (UV) light for 90 s to com-
plete the photopolymerization. The ordered structure of NSs
was permanently immobilized by the network to produce an
anisotropic cylindrical hydrogel. The obtained cylindrical hydro-
gels were swelled in large amount of water to remove the resid-
uals and reach the equilibrium state at room temperature.

Characterizations

The precursor solutions and anisotropic hydrogels were ob-
served under a polarizing optical microscope (POM; LV100N
POL, Nikon) with and without 530 nm tint plate. Small angle X-
ray scattering (SAXS) measurements of hydrogels were con-
ducted on the Xeuss SAXS system (Xenocs SA). The wavelength
of X-ray was 0.154 nm, and the sample-to-detector distance was
1370 mm. In situ SAXS measurements were performed to the

anisotropic gel during heating and cooling at the beamline
BL16B1 of Shanghai Synchrotron Radiation Facility (SSRF), in
which X-ray wavelength was 0.124 nm and the sample-to-
detector distance was 1954 mm. The intensity-azimuthal plots
were used to calculate the orientation degree (1) of NSs accord-
ing to m = (180 — H)/180, where H is the half width of the peak of
the azimuthal plot from the selected equatorial reflection.

RESULTS AND DISCUSSION

Aqueous suspension of NSs containing prescribed amounts of
AuNPs, monomer, and photoinitiator is in a nematic phase and
used to prepare responsive poly(N-isopropylacrylamide)
(PNIPAm) hydrogel. NSs within the precursor can be easily ori-
ented by external force or shear flow.?%*2 The precursor solu-
tion is injected into a transparent rubber tube at a flow rate of
11 mm:-s~', which leads to orientation of NSs along the tube; the
tube is then immediately exposed to UV light to initiator the
polymerization of the precursor. The aligned structure of NSs is
fixed by the polymer network, and anisotropic cylindrical hydro-
gel is thus obtained (Fig. 1a). The resultant hydrogel exhibits
strong birefringence along the shear direction under polarized
optical microscopy (POM), and the cross-section of the gel
shows a Maltase cross, indicating that the NSs are concentrically
aligned along the cylinder (Fig. 1b and Fig. S1 in the electronic
supplementary information, ESI). The synthesis process has
been optimized through systematic experiments; flow rate of 11
mm:s~' and NS content of 1.0 wt% are used for the synthesis of
anisotropic gels (Figs. S2 and S3 in ESI). The alignment of NSs
within the gel is also confirmed by SAXS measurement. When
the gel is exposed to the X-ray beam orthogonally, 2D SAXS im-
age shows an elliptical diffusion pattern with its longer axis or-
thogonal to the shear direction. The orientation degree of NSs
within the gel calculated from the intensity-azimuthal plot is
0.84 (Fig. S3 in ESI). The highly oriented NSs endow the hydro-
gel with a fast and isochoric deformation upon heating. When
immersed in a water of 40 °C for 5 s, above the lower critical so-
lution temperature of PNIPAm (LCST, 32 °C), the gel contracts by
0.78 in length (parallel to the alignment of NSs) and expands by
1.14 in diameter (Fig. 1b and Fig. S4 in ESI). The isochoric defor-
mation of the gel is attributed to the increased electrostatic per-
mittivity of the media after the release of water molecules previ-
ously bound to the PNIPAm chains; this increased permittivity
enhances electrostatic repulsion between the NSs.”3-¢! When
the temperature drops below the LCST, the gel rapidly recovers
its original state. The varying anisotropic structure of NSs during
the isochoric deformation of the gel is monitored by in situ SAXS
measurements (Fig. S5 in ESI). Upon heating, the 2D scattering
pattern becomes less elliptical, corresponding to a reduced ori-
entation degree of 0.72.

AuNPs, as a high-efficiency photothermal agent, show a
characteristic absorption peak at 520 nm (Fig. S6 in ESI), en-
dowing the gel with response to light. As shown in Fig. S7 (in
ESI), upon light irradiation (light wavelength, 520 nm; light in-
tensity, 1.1 W-cm~2), the local temperature of the gel raises
above the LCST within 3 s. Due to the limited depth of light
penetration, a photothermal gradient and resultant strain
gradient are generated, driving the gel to bend toward light.
As shown in Figs. 1(c) and 1(d), the gel with a diameter of 1.5
mm bends toward light with a bending angle of 58° after 3 s
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Fig. 1 (a) Preparation of anisotropic cylinder hydrogel with concentric alignment of NSs induced by shear flow before photopolymerization.
Crosslinker and photoinitiator are omitted for simplicity. (b) Thermal response of the anisotropic cylinder gel. (c, d) Schematics (c) and photos (d) for
photothermal bending of the anisotropic gel. (e, f) Varying local temperatures (e) and bending angle (f) of the gel under cyclic light irradiation.
Green arrow in (c) represents the direction of light irradiation. Light intensity, 1.1 W-cm~2% gel diameter, 1.5 mm; gel length, 20 mm. Scale bar: 10 mm.

of light irradiation and recovers the initial state within 15 s af-
ter switching off the light. Under light irradiation, the local
temperature of illuminated side of the gel increases to 45 °C
in 3 s, causing the contraction in length of the irradiated re-
gion, whereas the unilluminated side keeps a temperature
below the LCST and the dimensions of this side remain un-
changed (Fig. Te). The light-induced asymmetric strain in the
cross-section bends the gel toward the light. Under cyclic
light irradiation, the hydrogel exhibits fast and repeated pho-
tothermal bending and unbending (Fig. 1f).

An interesting phenomenon is that constant light irradia-
tion on the central of the cylindrical hydrogel results in con-
tinuous rolling motion. When a cylindrical gel (diameter, 1.5
mm; length, 20 mm) is irradiated on its center by a light spot
(diameter, 8 mm; intensity, 1.1 W-cm~2) from the top (irradia-
tion angle, 90°), the gel rolls to left or right randomly with a
rolling speed of 1.27 mm:-s~'. When the gel is exposed to the

light at an angle of 80°, it bends and rolls continuously with a
specific direction (toward the light) with the speed of 0.93
mm:-s~! (Fig. 2a). The animation of gel robot is attributed to
the mirror symmetry-breaking of the gel induced by out-of-
plane bending under light irradiation. When the cylindrical
gel is placed on a horizontal surface, the gravity and the bal-
anced supporting force are distributed homogeneously along
the length, without lateral force or torque on the gel. When
exposed to the light spot with an oblique irradiation angle,
the gel bends toward the light with a lateral bending angle 6,
i.e., bending toward x-axis direction in Fig. 2(b). Consequently,
the gravity and the support force no longer align, generating
a torque that drives the cylindrical gel to roll toward the
bending direction. With the friction between the gel and the
substrate, the continuous rolling results in directional motion
of the cylinder gel. As expected, the rolling direction can be
controlled by adjusting the irradiation direction of the light

https://doi.org/10.1007/510118-024-3196-3
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(Movie S1 in ESI). It is worth noting that the irradiation region
is autonomously refreshed during the rolling, which is crucial
for the morphing and motion of the gel under constant con-
dition. The temperature of the irradiated side is consistently
higher than the other side, which guarantees the self-sustain-
ability of the rolling of the gel robot. The kinematics is further
confirmed by the simulated temperature distributions of the
gel during its rolling motions (Fig. 2c and Movie S2 in ESI).
Under constant light irradiation, the gel robot starts to roll
with an increasing speed, then moves forward with an almost
constant rolling speed of 0.93 mm-s— (Fig. 2d). However, up-
on closer examination, the lateral bending angle 6 and the
rolling speed v exhibit oscillatory behaviors, displaying oppo-
site trends as functions of the irradiation time. This periodic
oscillation should arise from the mismatch between the rapid
photothermal heating process and the relatively slow cooling
process (Fig. 2d). During the motion, the bent gel induced by
photothermal gradient provides the actuated torque, driving
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the gel robot roll toward light. However, a larger 6 corre-
sponds to a higher temperature of the irradiated region, ne-
cessitating more time of cooling and shape recovery, which
hinders the rolling motion. Therefore, the value of 8 is closely
related to the rolling state of the gel robot. When 6 is smaller
than a threshold, approximately 19° in this case, the irradiat-
ed region has sufficient time to recover, affording gradually
speeding up of the gel robot (Fig. 2¢(i)). However, when 6 ex-
ceeds 19°, the recovery of lateral bending deformation re-
quires an extended cooling time. This slow deformation re-
covery at large 6 constrains the rolling motion, leading to a
reduction in v (Fig. 2c(ii)). Numerical simulations found the
same variation trends of 6 and v, along with the temperature
distribution of the gel during the rolling. As the temperature
of the lateral side of the central gel increases, 6 rises from 19°
to 28° but v decreases from 1.1 mm-s~' to 0.73 mm:-s~' (Figs.
2c and 2e). This reduced v, in turn, provides sufficient time for
the actuation of the freshly irradiated region and the recov-
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(a) Continuous rolling of the cylindrical gel on a flat surface under constant light irradiation. Irradiation angle of light is 80°; (b) Schematic

for the mechanism of rolling motion of the gel robot under light irradiation; (c) Photos of the rolling motion of the gel robot taken from side view
and numerical simulations of the self-sustained rolling motion. Snapshots of simulated configurations with related 6 and v of the gel during the
motion are showed under the photos. Color scale represents the temperature distribution of the gel during the motion. (d) Displacement, lateral
bending angle 6 and rolling speed v of the gel robot as a function of the irradiation time; (e) Simulated displacement, 6 and v of the gel robot as a
function of irradiation time. Gel length, 20 mm; gel diameter, 1.5 mm; light intensity, 1.1 W-cm™2. Scale bar: 10 mm.
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ery of the lateral bending deformation, which tends to de-
crease 6. Conversely, as 0 decreases, the gel exhibits fast re-
covery and increased v (Fig. 2c(iii)). As shown by the simula-
tion results, v increases as 6 decreases, accompanying with
decreased local temperature of the gel (Fig. 2e). The maximal
v is determined by the time of the actuation and recovery of
the gel. In brief, the gel robot demonstrates self-sustained
rolling motion characterized by oscillations in 6 and v under
constant light irradiation, which is, to the best of our knowl-
edge, different from the rolling motions of other cylindrical
materials with a uniform speed.l7:27.29.37-391 One major reason
is the varying contact of the two ends of the gel robot on the
flat substrate upon local irradiation with a light spot, when
compared to the uniform light irradiation or heating on the
total cylindrical LCEs or SMPs. This rolling velocity of our gel
robot is comparable or superior to that of LCE-based rolling
robots (Fig. S8 in ESI). Experiments and numerical simulation
results demonstrate that the self-sustained motion is attribut-
ed to the fast, reversible deformation of anisotropic gel and
refreshed irradiated region during the rolling. In contrast, the
isotropic PNIPAm hydrogel without NSs fails to sustain con-
tinuous rolling motion under spot light irradiation (Fig. S9 in
ESI).

Effects of the length and the diameter of cylindrical gels, as
well as the intensity and the irradiation angle of light beam
on the rolling motions are systematically investigated. As
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shown in Fig. 3(a) and Fig. S10(a) (in ESI), with the increase in
gel length from 10 mm to 30 mm, the gel robot exhibits con-
tinuous rolling with an increased speed from 0.4 mm-s~' to
1.0 mm-s~" under constant light irradiation (intensity, 1.1
W-cm~2; spot diameter, 8 mm; irradiation angle, 80°). Ex-
tremes in gel length is detrimental to the effective rolling mo-
tion. When the gel length increases to 40 mm, the rolling be-
comes discontinuous. At the beginning, the gel bends to-
ward the light and then suddenly lies down on the surface
with a maximal 6 (6,,,,,) of 45°. Meanwhile, the two sides of
the gel neighboring the irradiated region again contact the
substrate, resulting in an increased friction. Consequently, the
gel with extreme long length cannot timely recover from the
bending. Prolonged irradiation and photothermal heating of
the same irradiated region keep 6 unchanged, making the gel
fail to roll continuously. A cylinder gel with the length of 20
mm, capable of self-sustained rolling, is selected as the mod-
el for the following discussions. Fig. 3(b) and Fig. S10(b) (in
ESI) show the effects of gel diameter on 8,,,, and the rolling
speed of the gel robots. The gel diameter influences the
rolling motions through photothermal gradient within the
soft robots. When the diameter is smaller than 1.0 mm, the
light has penetrated through the majority of the gel depth.
The internal stress induced by the photothermal gradient is
insufficient to bend the cylindrical gel, leading to failure of an-
imating the gel robot. With an increase in the diameter to 1.5
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mm, the cylindrical gel exhibits continuous rolling with a
speed of 0.93 mm-s—1.

As expected, the light intensity also affects the rolling mo-
tions of the gel robots (Fig. 3c and Fig. S10c in ESI). When the
light intensity is lower than 0.8 W-cm~2, the photothermal
gradient is too weak to animate the rolling of the gel robot.
As the light intensity increases from 0.8 W-cm=2to 1.3 W-cm~2,
the hydrogel robot exhibits continuous rolling with increas-
ing B, from 9° to 30° and increasing speed from 0.5 mm-s~!
to 0.93 mm-s~'. With the further increase in power intensity to
1.5 W-cm~2, the rolling motion becomes unstable. At the be-
ginning of light irradiation, the gel bends and rolls toward
light quickly. However, due to the excessive thermal energy
input compared to energy dissipation to surrounding water,
the local temperature of the irradiated region increases and
the corresponding bending cannot recover to original state,
leading to gradual cessation of the motion. In the following,
the light intensity is kept as 1.1 W-cm=2 for continuous mo-
tion of the gel robot. The gel robot exhibits continuous rolling
over a wide range of irradiation angles, showing the robust-
ness of the motions. As depicted in Fig. 3(d) and Fig. S10(d) (in
ESI), when the irradiation angle increases from 70° to 90°, the

a  Autonomous rolling on a slope

¢ Crossing an obstacle

gel robots exhibit continuous rolling with an increasing speed
from 0.45 mm-s~' to 1.27 mm-s~'. However, when the irradia-
tion angle is lower than 60° the gel only bends toward the
light with a 8,,,,, of 62°, and the torque is insufficient to drive
the gel to roll.71 In this case, the gel rod only bends toward
light and lacks motion ability upon light irradiation. To afford
the gel robot with controllable motion direction and moder-
ate rolling speed, the irradiation angle of the light is set as 80°
in this work.

Unlike other soft robots that require complex geometries
to provide friction bias for climbing,2832! the gel robot in this
work can climb up on a slope without additional aids. As
shown in Fig. 4(a), the gel robot smoothly maneuvers along
an 18° slope at a speed of 0.57 mm:-s~! under light irradiation
with an angle of 90°. However, when the slope increases to
25°, the gel robot succumbs to gravity and falls down along
the slope (Fig. 4b, Fig. S11 and Movie S3 in ESI). The versatility
of the gel robot extends its ability to traverse obstacles. The
unique cocked ends of the rolling gel enable it to negotiate
an obstacle with a height of 2 mm (Fig. 4c and Movie S4 in
ESI). In addition, the control of motion directions can be real-
ized by irradiation on selective region of the gel robot. When
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Fig. 4 (a) Autonomous rolling motion of the gel robot on a slope with angle of 18°. Irradiation angle, 90°; (b) Rolling speed of a gel robot as a
function of the slope angle; (c) Crossing an obstacle of the gel robot; (d) Light-driven turning motion of the gel robot. Light intensity, 1.1 W-cm™;

irradiation angle in (c) and (d), 80°. Scale bar: 10 mm.
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the gel is irradiated on the center, symmetric bending of both
arms leads to forward rolling. The gel shows asymmetric
bending when irradiated on the region deviated the central,
enabling turning to some extent of the gel robot during the
rolling motion (Fig. 4d). When the light spot is biased to one
side, the asymmetric bending and resultant temporal config-
uration dictate the gel robot to turn right or left (Movie S5 in
ESI). These results indicate that the gel robots with a simple
structure have versatile locomotion and potential applica-
tions under aqueous conditions.

CONCLUSIONS

In summary, we have achieved an untethered, self-requlated
rolling motion of hydrogel robots through a simple design. The
cylinder gel with concentric alignment of NSs exhibits fast and
reversible deformation upon heating. Under light irradiation,
the photothermal bending breaks the mirror symmetry of the
gel and animates the soft robot to roll autonomously on a flat
surface in aqueous environment. Experimental and simulation
results reveal that the self-sustained rolling arises from the col-
lective contributions of the fast, reversible deformation of the
gel and the autonomous refresh of the irradiated region during
the motions of gel robots. By adjusting light intensity and irradi-
ation angle, the rolling motion can be automatically triggered
and the speed could be turned. Furthermore, the gel robot is ca-
pable of rolling on an 18° slope, traversing obstacles, and turn-
ing right or left on demands. This work proposes a straightfor-
ward method to achieve self-regulated motions of soft and ac-
tive materials under constant conditions, which may provide in-
spirations for the designs of other untethered soft robots.
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