Chinese Journal of

POLYMER SCIENCE

RESEARCH ARTICLE

https://doi.org/10.1007/s10118-026-3646-1
Chinese J. Polym. 5ci.2026, 44,1716-1726

Pre-Twist-dependent Configurations of Hydrogel Rings and Their

Distinct Modes of Self-sustained Locomotion
Han-Lei Cheng?, Qing-Li Zhu?, Zhi-Jian Wang®', Josef Breu®", and Zi-Liang Wu?"

@ Department of Polymer Science and Engineering, Zhejiang University, Hangzhou 310058, China
b Bavarian Polymer Institute and Department of Chemistry, University of Bayreuth, Bayreuth 95440, Germany

e Electronic Supplementary Information

Abstract Self-sustained continuous motion is a central functional objective in soft actuators and robotics. One key challenge lies in establishing
a persistent, self-regulated deformation feedback in soft materials under external stimulation, which is ultimately rooted in their geometry and
configuration. Here, based on a cylindrical hydrogel with fast, reversible, and anisotropic photoresponsiveness, we construct a series of hydrogel
rings by twisting one end of the gel string and closing it into a loop. By regulating the built-in twist (Tw) and the resulting internal prestress, the
rings adopt distinct configurations that give rise to multiple motion modes under light irradiation. Gel rings with relatively small Tw remain in
quasi-flat configurations and display coupled rolling and spinning motions. As Tw increases, the rings undergo Michell’s instability and rapidly
snap into a figure-of-eight configuration upon light irradiation, subsequently exhibiting irregular tumbling motions. At even larger Tw, the rings
adopt “dough twist” configurations, showing persistent rolling under constant irradiation. Distinct motion modes arise from different actuation-
deformation feedback loops established in hydrogels with distinct configurations and stress distributions. These results demonstrate not only the
role of the configuration in governing locomotion, but also the potential of a single hydrogel system to achieve diverse motion behaviors

through programming internal stresses.
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INTRODUCTION

Self-sustained motion is a fundamental requirement for soft
robots with physical intelligence.l'~! Such capability underpins
autonomous functions, from locomotion to adaptive task exe-
cution in complex and unstructured environments.*-8! To
achieve such self-sustained motion without reliance on on-
board power supplies or centralized control systems, one com-
mon strategy is to employ responsive materials that can under-
go cyclic deformation in response to external stimuli and conse-
quently generate locomotion.®='® Early soft robotic systems
based on responsive materials typically adopted this strategy, in
which cyclic deformation was imposed through carefully timed
or spatially modulated external stimuli such as heat and
light.'*~'® In contrast, an alternative and increasingly attractive
strategy embeds the control logic directly into the structure
through geometric design.l'~?* In such systems, deformation
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itself establishes a self-regulating feedback loop, enabling sus-
tained motion to emerge under simplified, or even constant,
stimulations.

Properly designed configurations can allow self-shadow-
ing, geometric symmetry breaking, and energy dissipation to
operate synergistically, giving rise to a closed deformation
feedback loop that enables self-sustained motion. Several
studies have demonstrated this principle.[24-331 A representa-
tive example is our previous work on an anisotropic cylindri-
cal hydrogel, which exhibits self-regulated, continuous rolling
under constant light irradiation.2®! Yin et al. also reported a
defected twisted liquid crystal elastomer ring topology capa-
ble of autonomous periodic flip-spin-orbit motion under con-
stant temperature or light.[2029301 |n addition, we also report-
ed several hydrogel-based soft robots with knotted struc-
tures (e.g., trefoil knots and Solomon links) capable of contin-
uous rolling and rotation motions under static light irradia-
tion.31-331 These motions originate from photothermally in-
duced symmetry-breaking that is sustained by fast, reversible
deformation to continuously refresh the irradiated region,
thereby closing the deformation feedback loop. This princi-
ple enhances the design of autonomous soft robots and
broadens their applicability across diverse environments and
tasks.201
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Although topological and geometric designs establish a
foundational route to self-sustained motion, additional de-
sign dimensions to introduce richer deformation pathways
and feedback mechanisms are required to further increase
motion complexity. In this context, ring-shaped responsive
materials with different internal torsions show distinct three-
dimensional (3D) configurations with specific stress distribu-
tions. The different configurations may establish distinct de-
formation feedback loops and result in diverse modes of self-
sustained motion under constant external stimuli.3234

In this study, we use hydrogel ring as a model and investi-
gate how preset torsion embedded in the gel ring governs its
configuration and motion behavior under light stimulation.
The gel rings are constructed by pre-twisting a cylindrical hy-
drogel and subsequently closing it into a loop (Fig. 1a). The
hydrogel has an anisotropic structure and fast responses to
temperature and light irradiation. By varying the built-in twist
(Tw), the gel rings adopt distinct configurations, ranging from
a quasi-flat shape to a figure-of-eight configuration, and final-
ly to a highly twisted closed-loop morphology referred to as
the “dough twist” configuration (Fig. 1b). Upon light irradia-
tion, the illuminated region of the hydrogel undergoes rapid
anisotropic deformation, which is transmitted to induce glob-
al deformation of the structure. Owing to the distinct feed-
back loops established in the gel rings with different configu-
rations, the localized response is continuously regenerated,
giving rise to self-sustained deformation and locomotion. The
gel rings with the same topology yet different configurations
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exhibit distinct modes of motion, including coupled rotation
and spinning, tumbling, and rolling (Fig. 1c). These results
demonstrate not only the critical role of built-in twist in gov-
erning the configuration and locomotion of the gel ring, but
also the potential of a single system to achieve diverse mo-
tion behaviors by programming the internal stresses.

EXPERIMENTAL

Synthesis of Anisotropic Light-responsive Hydrogels

An anisotropic light-responsive hydrogel containing charged
nanosheets, which exhibited fast and isochoric responses driv-
en by temperature-mediated electrostatic repulsion between
the nanosheets, was employed to fabricate the hydrogel rings.
Specifically, a cylindrical poly(N-isopropylacrylamide) (PNIPAm)
gel incorporating randomly dispersed gold nanoparticles
(AuNPs) and highly aligned fluorohectorite
[Nag sJ™[Li sMg, s]°V[Si ] 0,0F, nanosheets (NSs) was pre-
pared via the flow-induced alignment of NSs in the precursor
solution, followed by in situ photopolymerization (Fig. 1a). The
precursor solution was prepared by dissolving monomer N-iso-
propylacrylamide (NIPAm, 10.1 wt%), crosslinker N,N*-
methylenebisacrylamide (MBAA, 0.3 wt%), and photo-initiator
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, 0.1
wt%) in an aqueous suspension containing photothermal
AuNPs (0.5 wt%) and charged NSs (1.0 wt%). The homogeneous
precursor solution was then injected into transparent soft rub-
ber tubes (inner diameter=2.0 mm) at a constant flow rate of 10
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lllustration of fabrication, configuration programming, and light-driven locomotion of hydrogel rings with diverse built-in twists (Tw). (a)

Preparation and anisotropic responsive deformation of a cylindrical hydrogel with concentric alignment of nanosheets; (b) Distinct configurations
of the gel rings by introducing various Tw; (c) Multiple locomotion behaviors of the gel rings under appropriate light irradiation.
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mm:-s~', which induced the alignment of NSs along the flow di-
rection. Immediately after injection, the filled tubes were ex-
posed to ultraviolet (UV) light (365 nm) for 120 s to initiate pho-
topolymerization, yielding anisotropic cylindrical PNIPAm gels
with uniformly aligned NSs (Fig. S1 in the electronic supple-
mentary information, ESI). To remove residual unreacted species
and reach swelling equilibrium, the as-prepared gels were sub-
sequently immersed in a large excess of deionized water at
room temperature.

Fabrication and Light-driven Motion of Hydrogel
Rings

After reaching swelling equilibrium, the cylindrical PNIPAm hy-
drogel with a diameter of 2.0 mm and a typical length of 50 mm
(varying from 30 mm to 80 mm in some experiments) was pre-
pared. The cylindrical gel was then mechanically twisted to a
predefined twist by hand. The two ends were then bonded us-
ing a low-interference soft adhesive to form a closed ring. By
varying the built-in twist Tw, gel rings with the same topology
yet different configurations were fabricated. To enable precise
control of the applied pre-twist and facilitate clear identification
of the rings, a black reference line parallel to the central axis of
the cylindrical gel was marked along the surface prior to twist-
ing.

For light-driven actuation, the gel rings were placed on a
flat poly(vinyl chloride) substrate submerged in a water bath
at room temperature and irradiated with a laser source
(wavelength: 520 nm) at a prescribed intensity. The light
source was positioned approximately 30 cm from the sample,
producing an illumination spot with a diameter of about 15
mm. Gel rings with different configurations exhibited distinct
dynamic shape transformations and locomotion behaviors
under continuous illumination. These responses were record-
ed as photographs or videos using a digital camera equipped
with a long-pass cut-off filter (550-1100 nm) to eliminate in-
terference from the incident green light.

Pre-Twist-controlled Configurations of Hydrogel
Rings

We first demonstrate that cylindrical hydrogels with different
built-in twists (Tw) adopt distinct configurations after being
closed into loops, arising from the internal stress introduced by
pre-torsion (Fig. 2a). Unless otherwise specified, hydrogels of 2.0
mm in diameter and 50 mm in length were adopted. When
Tw=0, corresponding to a twist-free state, the hydrogel main-
tains a flat circular shape. As the imposed Tw increases to 21T,
the ring exhibits slight warping while remaining largely planar.
When Tw reaches 41, the accumulated torsional energy in-
creases, and the ring deforms into a saddle-like configuration,
accompanied by a pronounced increase in out-of-plane defor-
mation. In this regime, the ring enters a bistable state, in which
the circular configuration can be driven into the figure-of-eight
configuration by external stimuli such as mechanical force or
light (Fig. 2b). Once formed, each configuration retains after the
stimuli are removed. When Tw exceeds a critical value (Tw > Tw,
=411), the ring undergoes a spontaneous instability and snaps
into a figure-of-eight configuration via Michell’s instability. Ac-
cording to the mechanical instability theory and our previous
work, when the length-to-diameter ratio (L/D) of the gel ring ex-
ceeds 15, the critical twist Tw, is primarily governed by the ratio
of torsional stiffness to bending stiffness of the material and be-

comes essentially independent of ring size.?>**3%! In the present
study, the adopted gel has L/D =15 and exhibits a critical twist
of Tw, = 411. When this threshold is exceeded, Michell’s instabili-
ty occurs through out-of-plane buckling, which relaxes the ac-
cumulated torsion energy at a lower cost of the bending ener-
gy. In this supercritical regime, the figure-of-eight configuration
becomes an energy-minimized monostable state: even if the
ring is forcibly deformed back into a circular flat shape, it spon-
taneously returns to the figure-of-eight configuration after the
external constraint is released. Such monostable and bistable
topological transitions in twisted elastic rings have been report-
ed in our previous work and in related studies.*? With a further
increase in Tw from 51T to 81T, substantial torsional energy accu-
mulates in the twisted cylindrical gel. After the twisted gel is
bonded into a ring and the external constraint is removed, the
gel ring rapidly deforms into a “dough twist” configuration
characterized by multiple self-contact points. This deformation
instability enables the system to relax more stored torsional en-
ergy and reach a lower-energy state.

Configuration-dependent Self-sustained Motion
Modes

We then show that hydrogel rings with different configurations
exhibit distinct self-sustained motion modes under appropriate
light irradiation conditions. A straight cylindrical PNIPAm gel
containing aligned charged nanosheets (NSs) and photother-
mal gold nanoparticles (AuNPs) undergoes rapid anisotropic de-
formation, accompanied by pronounced changes in mechani-
cal stiffness under uniform heating or light irradiation (Fig. 1a
and Fig. S2 in ESI). When the temperature exceeds the lower
critical solution temperature of PNIPAm, dehydration of the
polymer chains occurs, leading to the removal of bound water
and an increase in the effective dielectric permittivity of the
medium.B5~#" This enhanced permittivity strengthens the elec-
trostatic repulsion between the aligned charged nanosheets
and increases their intersheet spacing.*” Consequently, upon
heating, the gel undergoes rapid anisotropic deformation, ex-
panding perpendicular to the nanosheet alignment by 1.08
while contracting along the alignment direction by 0.87 within
about 5 s; this deformation is fully reversible upon cooling. Ow-
ing to the photothermal effect of the embedded AuNPs, similar
deformation behavior can be achieved under light irradiation
(Fig. S3 in ESI). By leveraging this cylindrical gel with fast, re-
versible, and anisotropic responsiveness, a variety of locomo-
tion behaviors can be achieved under simple and constant stim-
ulation. In our previous work, such straight cylindrical gels were
shown to undergo continuous rolling motion under constant
light irradiation.”) When the same material is reconfigured into
ring-shaped architectures, the introduction of topological con-
straints fundamentally alters the deformation-motion
coupling.?™2%34 As a result, distinct self-sustained locomotion
modes emerge in the gel rings via topological design.

We first investigated the response of a flat gel ring without
any pre-twist under constant laser irradiation and found that
localized light exposure does not induce locomotion (Figs. 3a,
3b and Movie S1 in ESI). Only localized inward rolling is ob-
served, with an inward rolling angle a reaching a maximum of
approximately 75°, whereas the global rotation angle 8 and
the center-of-mass displacement s are negligible, indicating
the absence of any net spinning or tumbling motion. When a
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Fig. 2 Pre-twist-dependent configurations and bistable behavior of the hydrogel rings. (a) Photographs of the gel rings with different built-in
twists (Tw), shown in both top and side views; (b) Photographs showing that the gel ring with Tw=41T displays two stable configurations. Scale bar,

10 mm.

fixed point on the ring is irradiated from above, the limited
penetration depth of light establishes a pronounced pho-
tothermal gradient across the thickness of the gel. This gradi-
ent induces a corresponding strain mismatch: the illuminat-
ed top surface undergoes heating-induced contraction,
whereas the cooler, non-illuminated bottom region remains
essentially undeformed.[26:2731] As a result, an eccentric resul-
tant force is generated, leading to localized bending defor-
mation. Despite the presence of this local stress asymmetry,
both the deformation and the associated torque remain high-
ly confined to the irradiated region. The resulting inward
bending is insufficient to initiate the global rolling of the ring,
nor can it overcome the gravitational load of the surrounding
non-irradiated segments to induce tumbling of the entire
structure. Consequently, the gel ring only transitions from a
flat configuration to a slightly warped state (Fig. 3d). Increas-
ing the light intensity does not change this behavior.

To overcome the limitation of localized actuation, we em-
ployed a dynamic scanning illumination strategy, in which a
focused light spot is swept circumferentially along the ring in
the counterclockwise direction at a constant angular velocity
(laser intensity: 4.5 W-cm~2; scanning speed: 51.4 (°)-s7"). In this
mode, the gel ring with Tw=0 exhibits continuous inward
rolling accompanied by a counterclockwise spinning motion,
while the overall ring adopts a saddle-like configuration (Figs.
3¢, 3e and Movie S1 in ESI). The ring undergoes inward rolling
with a reaching approximately 600° within about 20 s, corre-
sponding to an average rolling rate a' of about 30 (°)-s~1, while
simultaneously exhibiting a global rotation with § increasing
to about 20° (average rotation rate B'= 1 (°)-s~') about its cen-
ter. Notably, during this motion, no obvious net translational
displacement of the ring center is observed. Such deforma-
tion arises from a deformation feedback loop generated by
dynamic scanning illumination. Each segment of the ring is

periodically irradiated and subsequently allowed to cool and
recover, generating a traveling zone of inward bending that is
synchronized with the scanning light spot. This repeated in-
ward deformation and recovery gives rise to sustained in-
ward rolling of the ring, while simultaneously producing a
spinning motion along the scanning direction of the light.
The spinning motion also originates from the asymmetric
forces generated during the local deformation-recovery cycle:
as the light spot moves, the associated force imbalance fol-
lows, biasing frictional interactions with the substrate and re-
sulting in directional propulsion.2"l Although the instanta-
neous spinning direction may exhibit stochastic fluctuations,
the overall, time-averaged spinning motion remains aligned
with the scanning direction of the light. Inverting the scan-
ning direction reverses the net spinning direction. When the
built-in twist Tw is increased to 1T or 21T, the overall locomo-
tion mode of the gel ring remains unchanged under dynamic
scanning, and neither the rolling nor the spinning velocity
varies significantly. This indicates that the locomotion dynam-
ics of the quasi-flat ring are insensitive to moderate varia-
tions in the pre-torsion magnitude under dynamic scanning
irradiation. Notably, the laser scanning speed critically affects
the actuation behavior (Fig. S4 in ESI). When the scanning is
too fast, the local temperature rise is insufficient to induce
strong hydrogel contraction, resulting in inadequate driving
force to overcome friction. Conversely, excessively slow scan-
ning leads to heat accumulation and weakens the dynamic
temperature gradient required for continuous motion.k?!
Therefore, a balanced scanning speed that couples pho-
tothermal heating with heat dissipation is required to achieve
stable actuation.

When the built-in twist Tw of the hydrogel ring reaches 4T,
the embedded torsion drives the gel ring into a saddle-like
configuration. At this twist level, Tw approaches the critical

https://doi.org/10.1007/510118-026-3646-1


https://doi.org/10.1007/s10118-026-3646-1
https://doi.org/10.1007/s10118-026-3646-1
https://doi.org/10.1007/s10118-026-3646-1
https://doi.org/10.1007/s10118-026-3646-1
https://doi.org/10.1007/s10118-026-3646-1
https://doi.org/10.1007/s10118-026-3646-1
https://doi.org/10.1007/s10118-026-3646-1

1720

a Constant localized laser

(4

«

Scanning laser

Slight buckling
without motion

Rolling and spinning

b Constant localized laser

C Scanning laser

d 250 150
20 —0—s —0—a —A—f
41200 140
151
_ 1150 130
£ > >
e 10 et =~
- 1100 © {20
51 - 110

Mt o
0 5 10 15 20

t(s)

A 5

Cheng, H. L. et al./ Chinese J. Polym. Sci. 2026, 44, 1716-1726

Torque N Temperature
A N
A o
N High
~——
’ ‘s
Y o
‘s Cross-section
d
, Low

750 150

0F —O0—s —0—a —A—f
0 {40
15+ |:|/
/ 4500
£ , ’DDDDD - 130 -
Eor = A S @
= e 120
/EA A A 4250
51 A \ TANA
A AN 110
A AL oHd
AN oo,
0-_8306’8‘?&2 ©07%06600004 0 1o
0 5 10 15 20
t(s)

Fig.3 Locomotion of the hydrogel ring with Tw=0 under varied irradiation conditions. (a) Schematic for the morphing and motion of the gel ring
under different light irradiation conditions; Snapshots of the gel ring under (b) constant laser irradiation and (c) scanning laser irradiation at
different illumination times; Time evolution of the center-of-mass displacement s, rolling angle a, and spinning angle 3 of the gel ring under (d)
constant localized laser and (e) scanning laser stimulation. Concentration of AuNPs, 0.5 wt%; sample length, 50 mm; sample diameter, 2.0 mm; laser

intensity, 4.5 W-cm~2, Scale bar, 10 mm.

value Tw, required to trigger Michell’s instability.3234351 Con-
sequently, under scanning light irradiation, the ring first de-
forms into the figure-of-eight state via Michell’s instability
due to the change in mechanical stiffness and the resultant
decrease in Tw.. However, in this figure-of-eight configura-
tion, dynamic scanning illumination can no longer induce
regular or sustained motions. The deformation becomes spa-
tially delocalized and mechanically self-constrained, prevent-
ing the establishment of a stable deformation feedback loop
under moving light. To activate self-sustained motion, we in-
stead apply stationary, uniform illumination focused on the
self-contact region of the gel ring. Interestingly, under this lo-
calized and constant optical stimulus, the ring exhibits a con-
tinuous tumbling motion without a fixed tumbling direction
(Fig. 4 and Movie S2 in ESI). During motion, the gel ring main-
tains its overall figure-of-eight configuration. Remarkably, de-
spite this overall topological stability, the position of the self-

contact point undergoes pronounced migration along the
hydrogel string, accompanied by severe out-of-plane defor-
mation. Concurrently, the gel ring bends toward the light
driven by the strain gradient across the thickness, while a fi-
nite lateral bending results from the structural asymmetry of
the configuration. This asymmetric bending breaks the
collinearity between the gravitational and support reaction
forces, thereby generating a net torque that drives the gel
ring to tumble toward the bending direction. Crucially, the
deformation and motion dynamically refresh the illuminated
regions because of the self-shadowing effect: areas that were
previously heated rotate into shadow and cool, while regions
that were initially shaded move into the light and begin to
contract (Fig. S5 in ESI). This process establishes an au-
tonomous deformation-illumination feedback loop that pre-
vents the system from reaching a static equilibrium and thus
enables continuous locomotion.543-461 However, at Tw=41r,
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time, t. Arrows indicate different tumbling directions.

the tumbling direction is unstable, irregular, and can occur in
multiple spatial directions, exhibiting omnidirectional ran-
domness. This is because the ring exhibits a relatively loose
topological winding due to the small pre-torsion, which en-
dows it with a higher degree of freedom for deformation. The
resulting structural slackness facilitates sliding at the self-con-
tact point and allows large-amplitude out-of-plane deforma-
tions without a fixed direction, causing the tumbling direc-
tion to remain non-persistent. Tracking the displacement of
the ring’s center of mass reveals a complex and irregular tra-
jectory, manifested as aperiodic fluctuations in the displace-
ment-time curve.

In contrast, a ring with a higher pre-twist Tw (= 511), which
stably adopts a highly twisted configuration, exhibits more
regular tumbling behavior when the central region is illumi-
nated (Fig. 5a and Movie S3 in ESI). Although occasional
stochastic reversals in the rolling direction may occur during
the early stages (within the first few seconds) under vertical
light irradiation, the overall tumbling direction remains sta-
ble (Figs. 5b and 5c). The initial rolling direction instability is
likely due to the relatively slow initial rolling speed: upon illu-
mination, the ring bends upward and may randomly topple
to one side, while the constraints imposed by the gel ring’s
ends suppress instantaneous velocity, causing momentary
stalls. With continued light irradiation, the gel ring gradually
accelerates, and once sufficient kinetic inertia is established,
the rolling direction stabilizes, and the speed reaches a steady
state. In addition, despite the increased geometric complexi-
ty induced by the higher pre-twist, the tighter topological
winding enforces strong self-constraints that promote a high

degree of structural self-similarity during motion. In particu-
lar, the self-contact point exhibits negligible displacement.
This enhanced self-similarity stabilizes the deformation feed-
back loop that is essential for self-regulated continuous actu-
ation.l*”]

Owing to this stable rolling, the angular velocity (w) can be
used to quantify the rolling motion behavior of the ring. For
example, at Tw=6TT, with continued irradiation, the gel ring
gradually accelerates, eventually reaching a steady-state
rolling speed wy,, of up to 16 (°)-s~' (Fig. 5d). Furthermore, as
the built-in twist Tw is increased from 51T to 81T, the maxi-
mum equilibrium rolling speed w,,, also increases (Fig. 5e).
This trend can be attributed to the enhanced spatial self-con-
finement at higher twists, which suppresses excessive bend-
ing and accelerates the refresh rate of the illuminated region.
As a result, the deformation feedback loop is strengthened,
leading to faster rolling motion.

To achieve a more stable rolling direction even at the ini-
tial stage of motion, oblique illumination proves effective
(Fig. S6 in ESI). Under 45° oblique illumination, the gel rings
exhibit more stable rolling or directional motion toward the
incident light direction. Similarly, the maximum equilibrium
rolling speed increases with increasing pre-twist Tw. Howev-
er, the rolling speeds are slightly lower than those observed
under vertical illumination. This reduction is attributed to the
smaller through-thickness photothermal gradient under
oblique irradiation, together with the larger lateral bending
angle induced by tilted light incidence, which collectively hin-
der rolling motion. Notably, under oblique illumination, the
driving force is insufficient to sustain motion at Tw=81T due to
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the higher frictional resistance in this configuration. These re-
sults collectively highlight the critical role of the configura-
tion in determining the motion mode. To facilitate a clearer
understanding of the relationships among the configurations,
a summary table is provided in the Supporting Information
(Table S1 in ESI) to summarize the stimulation mode, motion
type, and key performance metrics.

Interplay of Geometric and Stimulus Parameters in
Motion Regulation

The above work demonstrates that hydrogel rings with differ-
ent pre-twists Tw exhibit distinct motion modes under laser irra-
diation, ranging from spinning-like deformation under dynamic
scanning irradiation to irregular tumbling and ultimately to sta-
ble rolling under continuous light irradiation. While this work
primarily focuses on the role of the pre-twist in governing con-
figuration and deformation, several additional parameters also

significantly influence the rolling performance. Taking Tw=6TT as
a representative case, the actual twisting density of the ring is
determined by the length of the cylindrical gel from which it is
fabricated (Figs. 6a and 6b). For gel rings with the same built-in
twist, smaller ones are more difficult to actuate. In this regime,
the ring is almost entirely covered by the light spot, and
stronger topological self-constraints further suppress the defor-
mation and subsequent rolling motion.*®! Additionally, as the
hydrogel length is increased to 50 mm, the rolling speed in-
creases markedly, and continuous rolling is achieved. In con-
trast, excessively large rings exhibit diminished rolling perfor-
mance: the increased bulky ends significantly raise the gravita-
tional energy barrier for rolling, while the enlarged contact area
with the substrate increases friction.”®! Based on these consid-
erations, a hydrogel length of 50 mm was selected for the previ-
ous demonstration and subsequent investigation.
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In addition to geometric factors, the photothermal conver-
sion capability of the hydrogel, which is governed by the con-
centration of AuNPs, also plays a critical role (Fig. 6c). In the
absence of AuNPs, no motion is observed. When the AuNPs
concentration is increased to 0.25 wt%, rolling motion
emerges with a speed of approximately 13 (°)-s-!, which fur-
ther increases to about 16 (°)-s! at 0.5 wt%. Increasing the
AuNPs concentration enhances the photothermal conversion
efficiency of the gel ring, enabling a faster response to light
stimulation and thereby improving the rolling performance.

Laser intensity is another key parameter that controls the
motion behavior (Fig. 6d and Fig. S7 in ESI). Under low-inten-
sity irradiation, the gel ring remains largely static due to the
insufficient driving force arising from a weak photothermal
gradient. When the laser intensity is increased to 3.4 W-cm~2,
sustained rolling motion is achieved. However, further in-
creasing the intensity leads to rapid bending followed by a
lateral roll of approximately 0.5, after which the ring comes
to a stop. This behavior is accompanied by excessive dehy-
dration and contraction at elevated temperatures, which sup-
press deformation recovery and prevent the establishment of
a stable deformation-motion feedback loop. Therefore, both
excessively low and excessively high laser power densities are
detrimental to sustained rolling. These results demonstrate
that while the preset twist fundamentally determines the
configurations and accessible deformation pathways, the size
of the gel ring and photothermal conversion efficiency jointly
tune the balance between driving torque and dissipation,
thereby regulating rolling performance.

CONCLUSIONS

In summary, configuration can play a central role in establishing
feedback loops that enable self-sustained motion in soft robots.
This work demonstrates that both the configurations and mo-
tion modes of hydrogel rings can be elaborately tuned by con-
trolling the built-in twist (Tw). As Tw increases, the gel ring un-
dergoes a well-defined configuration evolution from quasi-flat
to saddle-like shapes, followed by figure-of-eight and ultimate-
ly “dough twist” configurations. Different configurations require
different stimulation schemes to realize self-sustained motion.
In gel ring with a quasi-flat shape, dynamic scanning irradiation
is necessary to induce rolling and spinning motions. Upon
adopting a figure-of-eight configuration, either in response to
stimulation or spontaneously, the gel ring exhibits continuous
yet irregular tumbling under constant irradiation. In contrast,
the “dough-twist” configuration displays stable rolling in a fixed
direction under the same conditions. These behaviors originate
from a dynamic, nonequilibrium coupling between fast, re-
versible photothermal deformation of the hydrogel and config-
uration-related self-shadowing, which together establish an ac-
tuation-deformation feedback loop under static light stimula-
tion. Moreover, variations in the preset torsion subtly modulate
the deformation magnitude and the associated feedback loops,
thereby influencing the stability and speed of the resulting mo-
tion. By highlighting the decisive role of configuration in coordi-
nating the stimulation mode and intensity, this work provides a
versatile strategy for achieving diverse self-sustained motion
behaviors within a single soft material system, offering new op-
portunities for the design of multimodal soft robots. Neverthe-
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less, the current system relies on a relatively high laser intensity the corresponding author upon reasonable request. Contact in-
to generate sufficient photothermal deformation and over- formation of corresponding authors: wangzhijian@zju.edu.cn,
come the friction during locomotion. Future efforts aimed at im- Josef.Breu@uni-bayreuth.de, and wuziliang@zju.edu.cn.

proving photothermal efficiency, enhancing material sensitivity,
and optimizing structural design may reduce the required ener-

gy input, enabling similar self-sustained motions under milder ACKNOWLEDGMENTS
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Pre-Twist-dependent Configurations of Hydrogel Rings and Their Distinct Modes of Self-sustained
Locomotion
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Zhejiang University, China; University of Bayreuth, Germany

Programming built-in twist (Tw) in hydrogel rings generates distinct configurations with specific stress distributions, en-
abling multiple self-sustained motion modes: coupled rolling and spinning, irregular tumbling, and stable rolling. This

work demonstrates that internal stress programming provides a versatile strategy for achieving diverse locomotion with-
in a single soft material system.
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