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Twirlbot: Tumbleweed-inspired rolling robot
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Wenhao Hou', Ximin He'*

Omnidirectional locomotion offers superior adaptability and maneuverability over uni-/bidirectional movement,
with spherical structures being ideal due to their zero turning radius and geometric stability on complex terrains.
However, existing spherical robots rely on embedded control components and onboard power sources, inevitably
increasing design complexity, weight, and cost. Herein, we developed a tumbleweed-inspired rolling robot (Twirlbot)
to achieve the hollow spherical architecture by weaving photoactive/passive bilayer strips. The Twirlbot demon-
strated autonomous rolling under constant light, enabling multiple functionalities, including omnidirectional
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locomotion, slope climbing, trampling resistance, cargo transport, self-correction, wind resistance, and adapta-
tion to diverse terrains and environments. These features endowed the Twirlbot with great potential for real-world
applications, such as self-sustained seed-sowing, daylight-driven commuting, and autonomous underwater wir-
ing. Notably, the structural design was generalizable to other systems, including commercial materials, enabling
substantial cost reduction (less than one-tenth that of existing autonomous untethered robots) and thereby pre-
senting a promising route toward next-generation untethered, self-sustained robotic systems.

INTRODUCTION
Unidirectional movement is the most fundamental locomotion in na-
ture and robotics. Rolling, an efficient motion mode with low friction,
is widely used in toroidal/cylinder-shaped designs (I1). However, effec-
tive navigation across complex real-world terrains requires steering
capability and thus necessitates multidirectional rotary motility, which
is typically achieved through elaborate control systems (e.g., differen-
tial drive) (2) or specialized structures (e.g., Mecanum wheels) (3). As
an ultimate goal, omnidirectional rolling with a minimal turning
radius becomes particularly powerful, offering high flexibility and
maneuverability when the vehicle encounters obstacles, especially in
narrow spaces. Compared with wheel-shaped structures, spherical
rollers, especially those constructed from soft materials, are intrinsi-
cally free from turning radius, enable infinite rolling directions, and
exhibit geometric stability that prevents them from tipping over or get-
ting stuck on obstacles (4). Moreover, with the entire system enclosed
within its shell, the spherical architecture not only protects its inner
components but also leverages material compliance and structural de-
formation to enlarge the contact area and reduce the ground pressure,
while its continuous curvature lowers shear forces and enhances lift
in granular media (e.g., sand, snow, and vegetation) (5). These effects
minimize the damage to soft substrate surfaces and enable locomotion
on delicate terrains (6). Nevertheless, the existing spherical robots are
almost exclusively driven by internal multicomponent systems, in-
cluding motor, processor, and tethered power (7). This results in high
design complexity for maintaining dynamic balance and increased
difficulty in replacing malfunctioning components. Consequently, the
miniaturization, cost efficiency, and long-term operational robustness
of such omnidirectional robots can be extremely challenging.
Stimuli-responsive polymers—including liquid crystal polymers
(LCPs), liquid crystal elastomers (LCEs), and materials with high co-
efficients of thermal expansion—represent a class of physically intel-
ligent materials capable of large, reversible deformations, offering a
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promising solution at the material level (8, 9). Such intelligence en-
ables seamless integration of sensing, decision-making, and actuation
within a monolithic material and eliminates the need for a tethered
power, which substantially reduces the system complexity and en-
hances robustness (10-12). For instance, carefully designed LCP ac-
tuators can harness the untethered light to perform self-continuous
locomotions, including unidirectional rolling (13), undulatory mo-
tion (14), and oscillation-driven movement (15). However, these de-
signs are limited to one or a few locomotive directions due to limited
alignment orientation within their twisted ribbon, cylinder, or wheel-
like structure (16-18). In the meantime, a light-powered tensegrity
robot, composed of rigid rods as the exoskeleton and LCEs as actua-
tors, has achieved multidirectional locomotion based on its polyhedral
geometry, which enables a greater diversity of alignment orienta-
tions and corresponding deformation directions. Nevertheless, man-
ual control of light incidence is required to guide its direction, as each
step necessitates readjusting the incidence angle of illumination to
selectively activate different LCE fiber-like actuators (19). To date, au-
tonomous omnidirectional rolling has remained elusive in existing
soft robotic designs, as the limited alignment orientations of highly
deformable stimuli-responsive materials persist, and a symmetrically
spherical configuration has yet to be achieved in such systems.
Tumbleweed, an organism that relies on rolling as the primary
moving mode, inspires us in both kinematics and geometric fabrica-
tion. Before reaching maturity, the tumbleweed grows in a rounded
skeleton of a shrub, while a specialized layer of cells allows the plant
to detach from its roots when the humidity falls below the surviv-
able level. Owing to the hollow spherical geometry, it can harness
the wind force from the surrounding environment to disperse up to
250,000 seeds across wide areas (6), with dispersal distances exceeding
1 kilometer (Fig. 1A) (20). To fabricate such a symmetric spherical
structure, we hypothesize that the weaving method using photoac-
tive strips can be used (21). In this approach, each strip is indepen-
dent yet physically interlaced to support the others, resembling the
hollow architecture of tumbleweeds formed by interlocked branch-
es. As a result, actuation of the irradiated region would also trigger
motion in neighboring strips through mechanical interlocking,
which leads to the total moment change for falling over and thereby
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Fig. 1. Fabrication and rolling mechanism of the Twirlbot. (A) The life cycle of a natural tumbleweed and its rolling movement by harnessing the wind. (B) The Twirlbot
capable of autonomous omnidirectional rolling fueled by constant light across various terrains. (C to F) The fabrication process of Twirlbot into an interwoven hollow
sphere, based on (G) six identical active/passive bilayer strips. (H to K) Self-sustained rolling process and mechanism under constant near-infrared (NIR) irradiation.

generates rolling motion. Because the rolling motion exposes new
regions to the constant light, autonomous continuous locomotion
could be achieved. Moreover, such woven structures with mechanical
entanglement of weft and warp strips have demonstrated outstanding
payload-to-weight ratios. For instance, a polyethylene terephthalate-
based soft gripper has achieved a ratio of ~770 times (22), highlight-
ing their high load-carrying capacity and lightweight properties of
these designs (23).

Herein, we proposed a general strategy for developing a
tumbleweed-inspired rolling robot (Twirlbot) through the weaving
method of fabricating six identical photoactive/passive bilayer strips
[e.g., LCE/polydimethylsiloxane (PDMS)]. Free from additional con-
trol and power components, the resulting symmetrically spherical
Twirlbot was capable of light-fueled self-sustained omnidirectional
locomotion and exhibited distinct elastic deformability and robustness,
which were highly advantageous for practical applications (Fig. 1B).
Specifically, it achieved climbing, trampling resistance, cargo trans-
portation, self-correction, wind resistance, and autonomous rolling
across multiple terrains, with its capabilities even extending to aquatic
environments. Moreover, the Twirlbot reproduced the seed-dispersal
behavior of tumbleweeds, guided by light with greater controllability
than random natural wind. In the meantime, it executed cyclic recip-
rocal rolling in response to the circadian variation of sunlight direc-
tion and performed self-sustained underwater wiring for potential
applications. Last, the weaving method and Twirlbot structural de-
sign, coupled with photo-driven omnidirectional rolling, could be
extended to other material systems, albeit with potential trade-offs in
locomotive speed and some functionalities. Notably, highly cost-
effective commercial options, such as polypropylene (PP)/cellulose
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with black marker, offer excellent scalability and substantially re-
duced cost, over an order of magnitude lower than existing autono-
mous untethered robot designs. Overall, these features position the
multifunctional and multiterrain Twirlbot as a promising advance-
ment in autonomous robotics.

RESULTS

Design rationale for autonomous rolling

The hollow sphere was constructed by weaving six geometrically iden-
tical loops, formed from aligned strips (Fig. 1C), which were further
divided into two groups: one closed loop (blue) and the other five
physically interlaced strips (Fig. 1D and fig. S1 in Detailed Methods
1.1). In the interlaced group, each strip crossed over all remaining
four, forming four overlapping nodes. Notably, it was essential to en-
sure that each intersection followed an alternating over-under relation-
ship with its adjacent ones so that each loop remained independent yet
interlaced to provide mutual structural support (22). Exemplified by
the purple strip (Fig. 1D), it sequentially passed through the orange,
gray, red, and green strips from left to right horizontally. Specifically, it
lay above the first (orange) and third (red) strips while it passed be-
neath the second (gray) and fourth (green) strips, which generated an
alternating pattern of over-and-under positions, and thereby resulted
in a mutually supportive plane. Next, the individual closed loop (blue)
sequentially passed through the five outermost intersections of the
previously formed plane, constructing a self-supporting hemispheri-
cal structure (Fig. 1E). Last, by connecting the corresponding ends
of each of the five strips, a centrosymmetric tumbleweed-like struc-
ture of Twirlbot was assembled (Fig. 1F). Therefore, each strip was
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physically interlaced with the others without any chemical bonding or
adhesion that could hinder deformation continuity and was fabricated
based on an active/passive bilayer (Fig. 1G). To achieve pronounced
reversible deformation, we selected a LCE doped with an efficient
photothermal nanoparticle, candle soot (CS) (fig. S6), for the outer
active layer and constructed the inner layer from passive PDMS
(12, 15, 24). Meanwhile, a designed lateral misalignment (matching
the width at 2.5 mm) between the two layers was introduced to en-
hance interfacial adhesion within the bilayer, ensuring a seamless loop
closure and avoiding overlap at the connecting region.

With such a bilayer sphere (Fig. 1H), collimated light illumina-
tion from the right side heated the exposed region of the bottom
outer LCE layer, causing thermal-induced contraction (fig. S7). As
the local temperature increased, the resulting deformation was am-
plified, which reduced the support area and caused a leftward shift
of the right support point (purple point), thereby enhancing the to-
tal moment (Fig. 1I and Supplementary Text 2.1). When the total
moment exceeded the stabilizing limit set by the decreasing contact
area with the substrate, Twirlbot fell over to regain stability (Fig. 1]
and fig. S8) (19). At this moment, the previously irradiated region
was no longer exposed to light, resulting in rapid cooling for shape
recovery and a new contact surface for the restoration of the total
moment (Fig. 1K), thereby completing one fundamental step/cycle
in the rolling process. Simultaneously, the new region facing the
constant incident light became irradiated, which triggered the next
cycle for self-sustained autonomous rolling.

Governing parameters of rolling behavior

By tracking the behavior of Twirlbot, its continuous rolling could be
considered as successive steps of deformation-falling-recovery driv-
en by the self-shadowing mechanism (Fig. 2A and movie S1) (10, 25).
During the recovery process, the passive PDMS rapidly released the
elastic energy accumulated during the photothermal deformation
process, thereby facilitating the shape recovery (15, 26). Consequent-
ly, the recovery process occurred much faster than the deformation
process and exhibited an overshoot beyond the equilibrium state, fol-
lowed by a damped return to equilibrium (Fig. 2B) (27). Meanwhile,
infrared (IR) visualization revealed that the movement of Twirlbot at
the peak temperature during each falling action was essential to gen-
erate the highest displacement velocity, which enabled continuous
pulsed rolling (Fig. 2C and fig. S9).

However, structure with same geometries, specifically in diameter
and strip width, made from LCE monolayers, PDMS monolayers, or
LCE/paper bilayers was unable to achieve self-continuous motion
due to various reasons (fig. S10): (i) For pure LCE Twirlbot, the re-
covery time of the active layer was longer than the deforming time,
preventing complete recovery before the next cycle and ultimately
leading to the structure collapse step by step; (ii) for pure PDMS
Twirlbot, the material was unable to respond to stimuli; and (iii) for
LCE/paper Twirlbot, the deformability of the passive layer was insuf-
ficient, which restricted the active layer from generating adequate
deformation before it was burned at high temperature. These phe-
nomena indicated that the interplay between active and passive lay-
ers governed both the deformation and recovery performance, which
played a decisive role in achieving autonomous rolling.

Building upon this conclusion and to further investigate the roll-
ing behavior of the entire structure, we introduced two geometric
parameters associated with each bilayer loop, the thickness ratio of
passive to active layer (dppms/dice) and the width of each bilayer
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strip, while keeping the length of each strip fixed at 60 mm. These two
parameters would substantially influence the deformability at the
knots, each of which was constructed by three intersecting strips
(fig. S4), and thus determined the overall photo-driven behavior of
Twirlbot. Under different parameter combinations, Twirlbot exhibited
three distinct modes of motion (Fig. 2D and fig. S11): (i) It collapsed
after completing a limited number of cycles when the proportion of
passive layer (i.e., dppms/dicr) was low and the width was narrow,
indicating sufficient deformability but limited recovery capability;
(ii) self-sustained continuous rolling was achieved with appropriate
dppms/dice and width when the knots had both excellent deform-
ability and recovery performance; and (iii) it remained stationary
when dppms/dice or width was too large, as it only had adequate
recovery capability without sufficient actuation performance.

The reason lies in the bending stiffness of each bilayer strip and
the interlaced architecture. For each bilayer strip, an increased
dppms/dice reflected a higher fraction of the passive layer, which in-
creased the bending stiffness and therefore reduced photoinduced
bending performance (fig. S12). On the other hand, both dppms/dice
and strip width demonstrated similar effects in suppressing knot
mobility, as larger values of either parameter amplified the effective
compression between intersecting strips (fig. S5 in Supplementary
Text 2.2). This reduced mobility led to a corresponding drop in roll-
ing speed, primarily due to the decreased step frequency while the
step length remained comparable (Fig. 2, E and F, and fig. S13). In
the meantime, such increases facilitated the accumulation of elastic
energy and promoted its release, which was beneficial for the shape
recovery during rolling. The reason was elucidated through the com-
pression tests (Fig. 2G). For example, when compressed to the same
extent (e.g., 50% strain), the hollow spherical structure with higher
dppms/dicg or width generated greater compressive force, an indica-
tor of deformation resistance. Next, when the compressive force was
removed and the structure recovered naturally, it was observed that
increasing dppms/dice or width enhanced the recovery rate (fig. S14).
Specifically, the dpppms/dice influenced the deformability of the knots
along the thickness direction, where a thicker passive layer in-
creased the effective modulus (28) and reduced length variation of
the bilayer, which, in turn, elevated the temperature to trigger bend-
ing and thereby resulted in a higher level of accumulated elastic en-
ergy (fig. S15).

Meanwhile, to further illustrate our observations, a multiphysics
finite element analysis (FEA) model using COMSOL Multiphysics
was developed to simulate the behavior of a knot structure. This struc-
ture was composed of three interwoven bilayer strips, each consisting
of an active LCE layer and a passive PDMS layer. The strips were fixed
at both ends, initially forming a convex spherical node (fig. S4 and
Supplementary Text 2.2). We assumed that the overall structure of
Twirlbot remained constant, with its falling being triggered once the
irradiated knot reached a predefined deformation displacement (d).
The applied photothermal temperature profile, derived from IR cam-
era measurements, initially increased from room temperature to in-
duce a concave deformation with a displacement of 2 mm, followed by
gradual cooling to restore the original shape (Fig. 2H, top). This simu-
lation enabled us to evaluate how variations in the dppys/dicE ratio
and strip width influenced the knot’s stress distribution and kinematic
behavior during each irradiated cycle. For example, with dppms/dicr
increased, the resistance to deformation in the knot enhanced accord-
ingly, which required a longer irradiation time to reach a higher actua-
tion temperature (fig. S16). This change subsequently caused a higher
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Fig. 2. Rolling process and influence of geometric parameters. (A) Displacement profile during the continuous rolling process and (B) zoom-in view of a single rolling
cycle, where X denotes the horizontal displacement of the Twirlbot, normalized by its diameter. (C) Relationship among temperature, displacement, and velocity during
self-sustained rolling. (D) Effect of varying dppms/dice and widths in determining the three motion modes of Twirlbot under constant light with an intensity of ~600 mW/
cm?: limited-cycle rolling, continuous rolling, and stationary. (E) Mapping of rolling speed and (F) step frequency (i.e,, falling frequency) for Twirlbot to the same param-
eter variations under constant light with an intensity of ~600 mW/cm?, with BL representing body length. (G) Compressive force measured at 50% strain for Twirlbot with
varying dppms/dice and widths. (H) Modeling results showing the light-induced deformation at each knot for different dppms/dice (width fixed at 2.5 mm) and (1) different
widths (dppms/dice fixed at 2), where d, 6,, and U represent actuation strain, actuation stress, and elastic energy density, respectively.

actuation stress (c,) and elastic energy density (U) (Fig. 2H and Sup-
plementary Text 2.3). It was observed that, when dppms/dicg was 1:1,
the heating rate exceeded the cooling rate, which was the reason for
undissipated heat accumulation and the gradual collapse of samples
during repeated cycles. As dppms/di cg further increased, the tempera-
ture difference between the triggered region and the ambient envi-
ronment increased, resulting in an enhanced cooling speed. This, in
turn, promoted the cooling-induced recovery and energy release in
the knot and, ultimately, gave rise to the self-continuous rolling of
Twirlbot. A similar trend was observed across groups with varying
strip widths (Fig. 2I). As the width increased, samples with the same
dppms/dice required longer irradiation time, which led to greater en-
ergy accumulation, elevated triggering temperature, and enhanced ,.
In addition, the thermal effective modulus (E,,.), defined as the ratio
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of thermal stress to effective strain, characterized the overall stiffness
of the composite structure under internal stresses induced by ther-
mal expansion or contraction, thereby quantifying its resistance to
deformation during the photothermal cycle (Supplementary Text
2.4). The calculated trend of E,;, was consistent with the experimen-
tally measured compression results (Fig. 2G), which showed that
both increased dppys/dice and width contributed to a higher modu-
lus (fig. S17).

In addition, the strip number fundamentally determined the
structural stability of the Twirlbot (table S1). When the strip num-
ber was less than or equal to 3, a closed surface could not be formed,
and the architecture disassembled under illumination. Although the
deformation of the individual strip could be recovered, the overall
structure could not reset for sustained motion. Increasing the strip
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number to four or five introduced additional intersection knots;
however, their sparse distribution on the spherical surface still re-
sulted in large openings and insufficient stiffness, leading to irre-
versible collapse during irradiation. Only when the strip number
reached 6, corresponding to 20 intersecting knots, did the architec-
ture achieve sufficient structural stiffness and recovery capability
to sustain continuous deformation-recovery cycles. On the other
hand, strip length also influenced the rolling performance. Increas-
ing the strip length alone reduced the overall structural stiffness, ren-
dering the architecture insufficient to sustain continuous motion.
In contrast, proportionally scaled-up Twirlbots, in which the width,
length, and thicknesses of both the LCE and PDMS layers of each bi-
layer were increased simultaneously, could maintain self-sustained
rolling performance (fig. S18 and movie S2). However, their step
frequency decreased under the same light intensity because the
thicker PDMS layer introduced greater deformation resistance and
slower thermal diffusion. Meanwhile, because the illumination area
remained identical and consistently covered the bottom half of
the Twirlbot, the deformation region and the resulting step length
changed marginally. As a result, the normalized rolling speed gradu-
ally decreased with increasing Twirlbot size.

In addition to the geometric parameters, the constant light, serv-
ing as the sole energy input, played a critical role in governing the
rolling behavior. Herein, the optimal spot width should cover the
entire width of Twirlbot to prevent too narrow illumination from
passing through structural gaps and to avoid nonuniform irradia-
tion on the outer surface (fig. S19). Thus, a laser was used for testing,
with its beam width spanning the full diameter of the Twirlbot and
its height W set to the radius of the Twirlbot (subsequent experi-
ments were conducted with dppms/dice = 2:1, strip width of 2.5 mm,
strip length of 60 mm, with a diameter of ~18 mm unless otherwise
specified) (Fig. 3A). Therefore, the distance Y between the bottom of
the laser spot and the ground determined the irradiation area. As Y
decreased from 0 to negative values, the irradiation area gradually
diminished, resulting in a decreased deformation area accordingly.
Under such conditions, the frequency did not vary notably, and the
decreasing Y rendered a proportional decrease in step length and
the corresponding rolling velocity (Fig. 3B, left). On the other hand,
an increase in Y within the range greater than 0 altered the illumina-
tion position without affecting the irradiation area. Consequently,
the deformation range and step length remained unchanged, where-
as the frequency of the total moment change was decreased accord-
ingly. When normalized Y exceeded '/,, the center of the illumination
position shifted above the center of the sphere, which resulted in in-
sufficient deformation of the bottom hemisphere to reduce the sup-
porting area and generate a sufficient total moment for falling over,
and, thus, no displacement occurred (Fig. 3B, right). Similar trends
were observed in Twirlbot with different strip widths, where Y =0
consistently yielded the maximum rolling speed. The different widths
primarily affected the time for energy accumulation to produce suf-
ficient deformation, i.e., the frequency; the constant step length was
due to the same irradiation area for the identical deformation range
(fig. S20). In addition, when the irradiated area remained constant,
an increase in light intensity only promoted the accumulation of elas-
tic energy for deformation, which, in turn, proportionally facilitated
the rolling velocity by raising the frequency (Fig. 3C).

In conclusion, the rolling velocity of Twirlbot, governed by step
length and frequency, can be effectively modulated by manipulating
the light in three aspects: (i) Increasing the illumination area enhances
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deformation, thus increasing step length, regardless of structural pa-
rameters (e.g., strip width); (ii) adjusting the illumination position
regulates the total moment for frequency variation, with no dis-
placement occurring if the light center is above the center of the
spherical structure; and (iii) increasing light intensity proportion-
ally elevates actuation frequency, leading to higher rolling speed.

Embodied multifunctionality

To explore the functionality of Twirlbot, we first demonstrated that it
was able to perform autonomous rolling and ascend/descend a verti-
cal height (H) on inclined glass surfaces with tilting angles ranging
from 6° to —6°, providing sufficient friction to prevent it from falling
(Fig. 3D and movie S3) (29). Due to the gravity, the rolling speed
was calculated to be inversely proportional to the inclination angle
(fig. S21). Moreover, the material combination of LCE and PDMS en-
dowed Twirlbot with excellent robustness. The individual bilayer strip
exhibited minimal fatigue in both actuation stress and adhesion over
100 actuation cycles (fig. S22), resulting in negligible deterioration in
deformation capability and near-complete recovery of the Twirlbot
with no residual stress after repeated actuation cycling (Fig. 3E). As a
result, Twirlbot retained its spherical architecture for rolling even after
being trampled (fig. S23 and movie S4). Meanwhile, the strong elastic
recovery of the strip allowed for easy stretching to insert cargo into
Twirlbot’s body. The cargo size substantially influenced the rolling
speed (Fig. 3F and movie S5). When the cargo diameter approached
that of Twirlbot (such as tissue paper shown in fig. S24A), its deforma-
tion capability was constrained by the contact force between the cargo
and the inner wall under full-volume conditions. Such forces in-
creased with the mass of the cargo, leading to a corresponding
decrease in the overall rolling speed. In contrast, for cargo with a
diameter smaller than that of Twirlbot (such as aluminum foil shown
in fig. S24B), Twirlbot was able to carry loads exceeding its own mass
while maintaining a certain speed before its operational limit. More-
over, this cargo-carrying capability could be extended to inclined
planes, although its transport performance gradually decreased as the
inclination angle increased (fig. S25 and movie S5).

Owing to its symmetric structure, Twirlbot was capable of achiev-
ing omnidirectional, self-sustained rolling toward the light. When it
passed through the central region, the manual adjustment of the in-
cident light direction did not affect the Twirlbot’s ability to consis-
tently reorient toward the light source (movie S6). The results showed
that Twirlbot exhibited a negligible turning radius and could achieve
continuous 360° azimuthal movement (Fig. 3G). Consequently, the
Twirlbot enabled arbitrarily reconfigurable trajectories guided by
a human-controlled incident light source, allowing programmable
paths such as the letter “n” (Fig. 3H). Notably, this omnidirectional
rolling was achieved without compromising rolling speed, represent-
ing an important advancement toward the development of autono-
mous soft robots (fig. S26 and table S2). Moreover, the omnidirectional
behavior enabled positive phototaxis, which served as an intelligent
behavior observed in living organisms such as Euglena and Navicula
(30). Specifically, when encountering a second and stronger light,
the Twirlbot spontaneously corrected its rolling direction through
the larger photoinduced deformation, exhibiting positive phototaxis
(Fig. 31 and movie S7). Furthermore, this light-guided sustained rolling
can be maintained even under crosswinds with a velocity of 2.9 m/s,
corresponding to a Beaufort scale of 2 (light breeze) (fig. S27 and
movie S8). By contrast, under stronger wind conditions, the Twirlbot
lost directional control and transitioned to a passive tumbleweed-like
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Fig. 3. Autonomous rolling controlled by light and multifunctionality of Twirlbot. (A) Schematic illustration and (B) rolling performance under constant light from
different irradiation positions, where Y is defined as the distance between the lowest point of the laser spot and the substrate surface, normalized by the diameter/body

length (BL) of the Twirlbot. (C) Rolling performance under varying light intensities.

(D) Rolling behavior on inclined planes, where H denotes the vertical height ascended

by the Twirlbot, normalized by its diameter. (E) Cyclic performance of elastic deformation. (F) Cargo transportation capability, with BL representing body length. (G) Om-
nidirectional turning behavior. (H) Light-guided rolling with an arbitrarily reconfigurable trajectory. (I) Self-correction for positive phototaxis.

rolling behavior. These multifunctional characteristics, integrated
within a single-component system, underscore Twirlbot’s promising
potential for real-world applications.

Potential for real-world applications

In real-world environments, surfaces are often complex and may in-
clude obstacles. To assess the terrain adaptability of Twirlbot, we eval-
uated its rolling performance across a variety of surfaces. The results
demonstrated that Twirlbot maintained stable locomotion over a
broad range of surface roughness values (R, from 1073 to 10* pm),
including paper, metal, and acrylic board, glass (Fig. 4A, fig. S28, and

Chenetal., Sci. Adv. 12, eaeb8948 (2026) 29 April 2026

movie $9), and even when these surfaces were tilted (fig. $29). Further-
more, due to its crawling capability and inherent elasticity, Twirlbot
was able to effectively roll over the obstacles with a maximum height
equal to 0.11 of its diameter (fig. $30). Meanwhile, the scaled-up
Twirlbot could overcome obstacles of larger absolute dimensions.
Thus, small natural obstacles such as gravel and wood debris that were
within its deformation range would not impede its self-sustained loco-
motion (fig. S31). As a result, it successfully navigated across complex
real-world terrains, such as gravel, sand, leaves, and soil in forest trails.

In nature, the tumbleweed rolls passively under random wind and
relies on physical contacts with the ground and friction to achieve
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Fig. 4. Potential real-world applications of Twirlbot. (A) Self-sustained rolling across multiple terrains with adaptation to a broad range of surface roughness levels.
(B) Autonomous selective seed-sowing behavior. (C) Autonomous daily commuting vehicle with reversible rolling between sunrise and sunset. (D) Underwater locomo-

tion and (E) self-sustained wiring.

seed detachment. In addition to such passive sowing, Twirlbot was
further capable of actively pursuing sunlight to controllably dis-
perse seeds from its internal cavity, triggered by vibrations gener-
ated during the falling-over motion (movie S10). This capability
enabled self-sustained and orderly sowing of a substantial quantity
of seeds, 179.9 mg of bell pepper seeds carried by the Twirlbot with
a mass of 354.6 mg, along the illuminated path within a few min-
utes (Fig. 4B). When the sowing process was completed, Twirlbot
autonomously departed from the site, avoiding interference with
the natural germination and growth of the seeds. This fully autono-
mous operation demonstrated the feasibility of autonomous seed

Chenetal., Sci. Adv. 12, eaeb8948 (2026) 29 April 2026

dispersal, extending beyond the seed quantity and distance pre-
sented in the current demonstration. Theoretically, scaling up the
Twirlbot and ensuring continuous, unobstructed light irradiation
would enable the transport of a seed payload exceeding half of the
Twirlbot’s body weight across unlimited distances until all seeds are
fully dispersed.

Furthermore, by placing concentrator lenses horizontally on both
sides (fig. S2), Twirlbot was able to harness the periodic movement of
sunlight and functioned as an autonomous daily commuting vehicle
with reversible locomotion (Fig. 4C and movie S11). At sunrise, sun-
light passed through the left lens, and the focused beam (with an
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intensity of about three times that of ambient sunlight) activated the
Twirlbot’s phototropic response, which triggered autonomous rolling
from the initial position (right) to a designated working position
(left). Once the solar elevation angle increased beyond the focal range
of the lens, the light intensity and incidence position on the Twirlbot
surface became insufficient to sustain locomotion, leaving it station-
ary at the designated location for potential resupply or reloading. As
the day progressed toward sunset, the focused light passing through
the right-side lens reactivated the Twirlbot and enabled it to autono-
mously return to its initial position. This was achieved owing to the
symmetric positioning of the lenses and comparable illumination
duration, thereby completing the reciprocal cycle. With both short-
duration (minute-scale) autonomous sowing and daily reciprocal
movement successfully demonstrated, Twirlbot can be considered a
promising candidate for sunlight-fueled, autonomous agricultural
robots in real-world environments.

Given the stability of LCE and PDMS in water, the application
scope of Twirlbot could be extended to aquatic environments, where
it also exhibited self-sustained rolling under constant irradiation
(Fig. 4D and movie S12). Due to the higher thermal conductivity
of water, Twirlbot required a longer duration to accumulate suffi-
cient photothermal energy to initiate locomotion. However, this en-
hanced thermal conductivity also facilitated faster recovery after
each deformation process and generated greater thermal gradients
between the irradiated and nonirradiated regions, which led to more
effective asymmetric deformation. In addition, buoyancy partially
supported the structure and reduced ground friction during rolling
compared with the identical terrain in air, enabling the same Twirlbot
to achieve more than twice the speed observed on land (Vynderwater =
5.69 BL/min; vjyng = 2.78 BL/min). This multienvironmental adapt-
ability broadens the application potential of Twirlbot for control-
lable underwater release or deployment, such as self-sustained
underwater wiring that extends its functionality beyond locomo-
tion (Fig. 4E and fig. S32).

Material extension toward ultralow-cost system

The structural design of Twirlbot is not limited to LCE-driven sys-
tems. As previously discussed, as long as the fabrication approach is
consistent and the active/passive bilayer strips exhibit appropri-
ate deformation and recovery capabilities, a wide range of material
combinations—including even the most inexpensive, commercially
available materials—can be used to develop Twirlbots. For instance, we
selected cellulose weighing paper and adhensive polypropylene (PP)
tape to directly construct the bilayer structure (Fig. 5A and fig. S33A),
which has been proven to exhibit appreciable reversible macroscopic
deformation under modest temperature variations (31). Meanwhile,
a black marker was used to paint the cellulose paper black for photo-
thermal conversion as a substitute for embedded CS (fig. S33B). Asa
bilayer strip, the PP layer expanded while the cellulose layer under-
went contraction under moderate heating (<65°C) (fig. S33C), simi-
lar to the thermal response observed in PDMS and LCE bilayers
(fig. S10). This mismatch induced asymmetric deformation of each
PP/cellulose bilayer at the locally heated region, which resulted in a
bending angle that decreased from 180° to 90° at 48°C and further to
30° at 69°C (Fig. 5B).

Following the same fabrication method, PP/cellulose-based
Twirlbots were assembled with each bilayer intersecting the other
five, exhibiting scalable diameters from ~8.37 mm to ~9.63 cm,
which could be easily extended to larger ranges if permitted by larger
papers and wider tapes (Fig. 5C). Consequently, they effectively con-
verted constant light irradiation into a directional heat to power con-
tinuous rolling locomotion and relevant functional behaviors like
climbing, trampling resistance, cargo transport, omnidirectional lo-
comotion, and self-correction (Fig. 5D and fig. $34). Admittedly, the
rolling velocity, step frequency, and step length of the PP/cellulose
Twirlbot were relatively lower than those of the LCE/PDMS counter-
part (fig. S33D), primarily due to the smaller heat-induced strain dif-
ference and the lower maximum delamination temperature of the
PP/cellulose bilayer. Meanwhile, this material system compromised
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Fig. 5. Twirlbot constructed from commercial materials. (A) Raw materials used for preparing bilayer strips. (B) Thermal response of the PP/cellulose bilayer. (C) Fabri-
cated PP/cellulose Twirlbots with scalable geometry. (D) Continuous rolling under constant irradiation with an intensity of ~600 mW/cm?. (E) Cost comparison of unteth-
ered autonomous robots, with H1 and G1 indicating the humanoid robot models developed by Unitree (1, 13-15, 25, 39-68).
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some of the additional functionalities, such as climbing capability,
load capacity, underwater locomotion, and wind resistance (fig. S35).
Nevertheless, these results demonstrated that the fabrication method
and structural design of Twirlbot could be extended to a wider range
of material systems beyond the laboratory-synthesized materials, in-
cluding commercially available options that are both cost-effective
and accessible to nonspecialists. Specifically, the average cost of each
PP/cellulose Twirlbot could be reduced to the order of 107> USD
(~0.002 USD per 18-mm-diameter unit) based on the average mate-
rial cost of ~0.02 USD/g, which is at least one order of magnitude
lower than that of existing untethered robot designs (Fig. 5E and
table S3). This distinct cost advantage, together with scalability from
millimeter to decimeter level, offers a promising route toward scal-
able manufacturing and real-world deployment, particularly in light
of its light-guided autonomous omnidirectional locomotion and
multifunctional capabilities.

DISCUSSION

We proposed a Twirlbot, constructed from six interlaced closed loops
using the weaving-based fabrication method. The photoactive/
passive bilayer architecture governed both deformability and recov-
ery ability, enabling self-continuous rolling under constant irradiation,
as supported by our FEA modeling. Owing to its centrosymmetric
hollow sphere structure, Twirlbot exhibited the multifunctionality of
rolling capabilities, such as climbing, trampling-resistance, load-
carrying, and positive phototaxis, all enabled by its omnidirectional
performance. Therefore, Twirlbot was capable of adapting to various
terrains with diverse surface roughness and obstacles, as well as oper-
ating effectively under underwater conditions. These features en-
abled Twirlbot to function as a self-sustained seeder under constant
sunlight, an autonomous commuting vehicle between sunrise and
sunset, and an underwater autonomous cable-laying robot. Further-
more, the structural design and fabrication strategy of Twirlbot were
scalable and compatible with diverse material combinations, includ-
ing commercial materials, enabling ultralow production cost with
broad generality.

Although the material system that we tested still requires a con-
vex lens to focus sunlight, rapidly advancing material systems (e.g.,
dynamic bonding-based bilayer) offer promising potential to en-
able self-sustained motion driven by ambient heat or human body
temperature (32). Such developments would substantially lower
the activation threshold of this architecture and enhance its feasi-
bility for real-world applications, including operation under diur-
nal variations in sunlight orientation or reduced irradiance on
cloudy days. At present, the Twirlbot composed of six strips exhib-
its a zigzag trajectory due to surface gaps, whereas increasing the
number of strips is expected to favor straighter motion. Theoreti-
cally, this interweaving strategy can be extended to more-strip ar-
chitectures by replacing the single closed loop (blue in Fig. 1D)
with one or two additional groups of five interlaced strips, forming
10- or 15-strip structures that more closely approximate a perfect
sphere for enhanced rolling performance (fig. S36 and Supplemen-
tary Text 2.5).

In general, all of these features were achieved within a single-
component system, which opened the way for the next generation of
untethered, autonomous, energy-sustainable, and cost-effective ro-
bots, particularly in the fields of robotics and agriculture.

Chenetal., Sci. Adv. 12, eaeb8948 (2026) 29 April 2026

MATERIALS AND METHODS

Materials

Diacrylate liquid crystal monomer 2-methyl-1,4-phenylene bis(4-
(3-(acryloyloxy)propoxy)benzoate) (RM257) was obtained from
Shijiazhuang Sdyano Fine Chemical Co. Ltd. Pentaerythritol tetrakis
(3-mercaptopropionate) (PETMP), 2,2’-(ethylenedioxy)diethanethi-
ol (EDDET), 1,6-hexanedithiol (HDT), I-2959, dipropylamine (DPA),
tetraethyl orthosilicate (TEOS), ammonia solution (30%), hexane,
and toluene were sourced from Sigma-Aldrich. Sylgard 184 PDMS
kits were purchased from Ellsworth. In addition, silicone glue
(Permatex 82194), candles (Missyo), PP tape (TESA transparent 60 m
by 55 mm), cellulose weighing paper [VWR; 2.4 inches (6.096 cm)
by 2.4 inches (6.096 cm)], and black markers (Sharpie) were ac-
quired from Amazon. All chemicals were used as received without
further purification.

Material preparation

CS was used as the photothermal agent, collected by holding an alu-
minum foil above a candle flame and then scraping off the soot with a
clean blade (33). The LCE/CS preparation followed our previously
developed procedure involving a two-step thiol-acrylate click reac-
tion (15, 34). First, 250 mg of RM257 and 2.5 mg of I-2959 were dis-
solved in 77.5 mg of toluene at 80°C. The 1.6 mg of CS was then
uniformly dispersed in the mixture through sonication for a mini-
mum of 2 min. Afterward, 9.6 mg of PETMP, 38.4 mg of HDT, and
34 pl of diluted DPA solution (2 wt % in toluene) were added to the
235 mg mixture in sequence at 80°C with vigorous stirring. After a
3-min reaction, the mixture was cast between two tape-covered glass
slides with a spacer and cured at 60°C for at least 48 hours. The result-
ing LCE film was then carefully peeled from the mold, uniaxially
stretched to 100% strain, and subjected to photocrosslinking under an
ultraviolet (UV) lamp (UVGO, 365 nm) at an intensity of 35 mW/ cm?
for 2 hours on each side. The PDMS film was prepared by mixing the
base and curing agent in a 5:1 ratio. After vacuum defoaming for at
least 5 min, the mixture was poured into glass molds with predefined
spacers and cured overnight at 80°C, followed by careful demolding.

Fabrication of the bilayer strip

The prepared LCE and PDMS monolayers were pretreated to enhance
adhesion before assembly. First, the LCE film was cut to dimensions of
25 mm by 2.5 mm by 120 pm and immersed in ethanol overnight as the
surface treatment. Simultaneously, the PDMS film was cut to the same
length and width dimensions, with the thickness according to the de-
sign (120, 240, 360, and 480 pm), and washed with hexane. Both the
cleaned LCE and PDMS monolayers were treated with oxygen plasma
for 3 min, followed by the deposition of a thin silica coating through
chemical vapor deposition using TEOS and ammonia solution for
6 hours and 90 min, respectively. Next, the LCE and PDMS films were
then assembled into a bilayer strip using silicone glue (10 wt % in hex-
ane) (11). After assembly, the bilayer strip was placed in an oven to
evaporate the hexane and cure the glue at 60°C for at least 3 days. PP/
cellulose bilayer strips were first prepared by directly attaching commer-
cial PP tape onto the surface of cellulose weighing paper. A glass slide
was used to remove air bubbles and ensure sufficient adhesion and uni-
form surface. The exposed side of the cellulose paper was then uniform-
ly painted by a black marker and dried in air. The PP/cellulose bilayer
was subsequently cut into strips of the desired length and width for
use in Twirlbot fabrication (detailed in the Supplementary Materials).
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Setup for rolling tests

The setup for rolling tests consists of an acrylic board and an 808-
nm laser (LSR808NL, DPSS Laser) positioned in parallel. The rect-
angular light spot was expanded using a horizontally placed diffuser
to cover the entire diameter of the Twirlbot. The safe operating win-
dow was from 240 to 810 mW/cm?, as the LCE/PDMS bilayer began
to delaminate when the light intensity reached 860 mW/cm®.

Alllocomotion was captured and recorded by a camera (EOS 70D,
Canon) at 60 fps for at least five rolling cycles per trial. The omnidi-
rectional turning tests were recorded by a fixed overhead camera, with
a fixed laser and a rotating stage used to tune the incident angle be-
tween the light and the Twirlbot, whereas arbitrarily reconfigurable
trajectories were achieved using a handheld solar simulator.

Each parameter was tested at least three times to calculate the aver-
age value. The standard deviation is indicated by the colored pattern
beneath each data point. The software Tracker was used to track se-
lected points for positions and displacements, which were then used
to calculate the frequency and speed of locomotion.

Mechanical characterizations
For the compression test, each Twirlbot was characterized using a dy-
namic mechanical analyzer (DMA850, TA Instruments) equipped
with a disk compression clamp and subjected to a preload of 0.01 N.
The compressive force was recorded at 50% strain (i.e., half of the di-
ameter) under a strain rate of 10%/min at room temperature. Three
specimens were tested for each formulation to ensure reproducibility.
The adhesion force was measured by peel testing using the same
dynamic mechanical analyzer (DMA850, TA Instruments) equipped
with a rectangular film clamp at room temperature. Two different lay-
ers were fixed separately in opposing clamps at a 180° configuration
and pulled apart at a rate of 2 mm/min under a preload of 0.01 N.
Cyclic elastic deformation tests of each Twirlbot were performed
using a CellScale Univert mechanical tester equipped with a 4.5-N
load cell and a compression module. The preload and strain ampli-
tude were set to 0.01 N and 75%, respectively, at room temperature.
Each loading cycle comprised a 30-s compression phase followed by
a 30-s recovery phase, with no hold time between cycles.

Thermomechanical characterizations

All the samples were annealed at 180°C for 5 min and then cooled to
room temperature to eliminate thermal history. The moduli, stress-
es, and lengths were measured using a dynamic mechanical analyzer
(DMAS850, TA Instruments) under a preload of 25 kPa, an oscilla-
tion frequency of 1 Hz, and a heating rate of 5°C/min.

Differential scanning calorimetry (DSC250, TA Instruments)
was conducted to measure the phase transition of LCE and the ther-
mal properties of PDMS. Specifically, a 10 mg sample was sealed in
an aluminum pan, heated to 200°C at a rate of 10°C/min, and held
for 2 min. The sample was then cooled to 0°C at the same rate of
10°C /min, followed by a second heating ramp to 200°C at 10°C /min.

Cyclic actuation stress tests were performed using an Instron 68SC-1
mechanical tester in isostrain mode, with both ends of the bilayer strip
fixed. Actuation was triggered by periodic irradiation from an 808-nm
laser at a light intensity of 810 mW/cm?, with each cycle consisting of
25 s of illumination followed by 25 s of relaxation without irradiation.

Other characterizations
The particle size of the CS was measured by dynamic light scat-
tering using a Zetasizer Pro (Malvern Panalytical). CS particles

Chenetal., Sci. Adv. 12, eaeb8948 (2026) 29 April 2026

were dispersed in toluene at a concentration of 0.1 mg/ml before
measurement.

Optical images were captured by a microscope (Leica DM5000 B)
to offer high-resolution visualization of the LCE/PDMS bilayer. The
photothermal process and thermographic images were captured using
an IR camera (TiX 580, Fluke) and analyzed with the Fluke Connect
software. UV-visible spectra were measured to investigate the absorp-
tion or transmittance by a spectrometer (UV-3101PC, Shimadzu).

For the wind-resistance test, wind was generated by a small elec-
tric fan (NISSYO.AM F06) positioned directly facing the stage, while
a fixed camera was placed above the setup to record the motion.
Wind speed was measured using a digital anemometer (BTMETER
BT-100), which was set directly facing the fan and positioned adja-
cent to the stage where the Twirlbot was rolling. Measurements were
taken at 2-cm intervals along the airflow direction.

The surface roughness of commercial paper, metal, acrylic, and
glass was measured using the surface roughness tester (AMT220),
while the roughness of real-world terrain was obtained from litera-
ture, including gravel (35), soil (36), sand (37), and leaves (38).

Supplementary Materials
The PDF file includes:

Detailed Methods

Supplementary Text

Figs.S1to S36

Tables S1to S3

Legends for movies S1to S12
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