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Curved cylinders, if rigid, cannot roll on a surface like straight cylinders, but soft cylinders bent by
specific stimuli can! Studying the autonomous locomotion of these soft robots and their interactions
with the environment using finite element analysis is challenging due to the complex multiphysics of
stimuli-responsive soft materials and nonlinear contact mechanics. In this pioneering work, we simulate
the rolling of stimuli-bent cylinders on a surface using contact finite elements and introduce a simple
yet effective pseudo-thermal field method. Our approach successfully reproduces several modes of
autonomous locomotion observed experimentally, including phototropic locomotion, phototropic

Received 23rd January 2025,
Accepted 3rd March 2025

climbing on a slanted surface, steering under partial illumination, and backward rolling under alternating
heat-light stimuli. Parametric analysis demonstrates strong agreement between the experiments and our
DOI: 10.1039/d5sm00080g numerical results, validating the effectiveness of our approach. This study reveals the intriguing and

highly nonintuitive dynamics of photo- or thermally bent cylindrical soft robots, and serves as a
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1 Introduction

Soft actuators made from stimuli-responsive soft gels'® or liquid
crystals (LCs)'*™ have been widely studied due to their potential
to enhance production efficiency and reduce human exposure to
hazardous environments.'® Liquid crystal elastomers (LCEs), in
particular, exhibit remarkable responses to stimuli such as force,
heat, and light'*'**® making them ideal candidates for developing
diverse structures capable of various motions'”?”~*' and for use in
soft robotics.*>™*® Recent groundbreaking discoveries in continu-
ous autonomous rolling of soft cylindrical robots on surfaces
composed of photothermal or humidity-sensitive materials have
opened up new possibilities for smart actuation controlled by

“ Department of Foundational Mathematics, Xi’an Jiaotong-Liverpool University,
Suzhou, 215123, China. E-mail: Chen. Xuan@xjtlu.edu.cn

b Department of Physics, Xi’an Jiaotong-Liverpool University, Suzhou, 215123,
China

¢ Department of Mathematical Sciences, University of Liverpool, Liverpool L69 3BX,
UK

4 Soft Condensed Matter & Biophysics group, Debye Institute for Nanomaterials
Science, Utrecht University, Princetonplein 1, 3584 CC Utrecht, The Netherlands

¢ School of Engineering, University of Liverpool, Liverpool L69 3BX, UK

SXJTLU-JITRI Academy of Industrial Technology, Xi’an Jiaotong-Liverpool University,
Suzhou 215123, China

¢ Advanced Materials Research Center, Department of Chemistry and Materials
Science, School of Science, Xi’an-Jiaotong Liverpool University, Suzhou, 215123,
China

t Electronic supplementary information (ESI) available: Videos are attached. See

DOI: https://doi.org/10.1039/d5sm00080g

3480 | Soft Matter, 2025, 21, 3480-3491

paradigm for modelling and simulating such rolling robots.

light, heat, or humidity.">*"~*° For instance, previous studies have
shown that a cylindrical monodomain LCE rod can continuously
roll on a flat surface (up to 6 mm s ') under uniform light
illumination or elevated temperatures.”’” The rolling motion can
be further controlled by combining thermal and optical stimuli.
Similarly, controlled movements, such as phototropic locomotion
on both flat and inclined surfaces, have been demonstrated with
fiber-based actuators (reaching a speed up to 1.7 mm s~ with
greatest work density of 0.179 k] kg™' and power density of
24.28 W kg™ '), highlighting their extraordinary actuation capabil-
ities for advanced applications."® Distinct rolling behaviours have
also been observed when nylon and polydimethylsiloxane (PDMS)
fibers (4 mm s~ ) are placed on a heated plate (while storing elastic
energy density of 300 k] m™2).***° Other works on soft actuators
investigate rectilinear motion, such as the curling of polyurethane
(PU) hydrogel strips,” the crawling of LC network films®" and the
squeezing of arc-shaped robots made from LCE-carbon
nanotubes® using “bow-shaped” bimorph actuators that bend
or “ring-shaped” actuators that roll. These experiments lay a solid
foundation for designing and fabricating multi-functional soft
robotic vehicles.

Experiments with autonomous rolling in soft robots, driven
by light, heat, or humidity, vividly demonstrate various locomo-
tion mechanisms, drawing the attention of theorists who
analyse these behaviours analytically or numerically. A coupled
photo-chemo or thermo-mechanical model has been developed
to account for the contributions of photo-chemo-mechanical
actuation to the overall deformation, implemented through

This journal is © The Royal Society of Chemistry 2025
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specific temperature settings in ABAQUS.>>** The untethered
rolling of ring-shaped soft machines subject to light illumination
is reproduced through finite element analysis (FEA) showing how
the illumination angle affects inhomogeneous deformation and
rolling torque.>® Simulations of light-induced locomotion with
complex geometries such as 6-lobed LCE loops™ and articulated
soft robots,”” explore multimodal patterns and reveal intricate
interactions between the soft robots and their surrounding
environment.”®*® The deformation and stress distributions have
been numerically analyzed for thick-walled cylindrical rods®® and
hollow torus motors.®* Based on these theoretical models,*®* the
lateral curvature, out-of-plane bending moments, and the effective
driving moments resulting from inclined illumination, are
numerically calculated, allowing the prediction of the rolling
velocity of LCE rods under specific resistance moments and light
intensities. However, a full understanding of the rolling dynamics
of stimuli-responsive cylinders in contact with a surface is still
lacking. While analytic models have been explored the steady-state
rolling of cylinders*®*6* finite element analysis (FEA) of robot-
substrate contact, has not yet been conducted, leaving a gap in
understanding the entire dynamical process—from the initial
bending of a straight cylinder to the onset of rolling and subse-
quent motion. Simulations using contact FEs of stimuli-responsive
cylinders rolling on a surface are still lacking yet it is a necessary
approach for advancing our understanding of animal locomotion
and rectilinear crawling via proprioception.** Nonetheless, the
inherent complexity of stimuli-responsive materials presents sig-
nificant challenges for FE simulations in studying the rolling
dynamics of such soft robots.

Inspired by the seminal experimental and theoretical work
in ref. 15, 47-49, 62 and 63, this paper investigates nonmecha-
nically induced locomotion of soft cylinders through FE simu-
lation. The approach involves both robot-substrate contact and
the complex nonlinear transient response of soft actuators to
their external environment. To the best of our knowledge, no
previous studies have simulated the rolling of nonmechanically
bent cylinders on a surface using contact finite elements.
Furthermore, this work is the first to achieve stimuli-
responsive bending due to an eigenstrain gradient through
spatially differential thermal expansion coefficients in FEA. In
our FEA, the nonmechanical load is implemented using an
Eulerian implementation that applies a transient eigenstrain
gradient while tracking the moving robot, resulting in contin-
uous locomotion. Our approach shows a paradigm for model-
ling and simulating such rolling soft robots.

The remaining sections are organized as follows. Section 2
introduces our modeling approach for nonmechanically
induced responses and the corresponding FE implementation.
Section 3 shows our FE simulation results of various locomo-
tion modes of photo- or thermally bent soft cylindrical robots,
which qualitatively reproduce the experimental observations.
Section 4 performs a parametric study and compares our FEA of
the above photo- or thermally induced locomotion with experi-
mental results in a quantitative manner, capturing some key
features in the parameter space to aid in the control of rolling
motion. Finally, Section 5 presents our conclusions.

This journal is © The Royal Society of Chemistry 2025
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2 Modelling of nonmechanically
induced response and

FE implementation

2.1 Modelling of nonmechanically induced response

Fig. 1a illustrates a stimuli-bent soft cylindrical robot. A global
(x, y, 2) coordinate system is established, with the contact surface
defined as the x-y plane. Here, x aligns with the longitudinal
direction of the initially undeformed straight cylinder, and z is
the coordinate normal to the x—y plane, with the deflection curve
of the central line of the cylinder denoted by y(x). Additionally, we
use t, n, b to represent the unit basis vectors of a local coordinate
system where t is tangent to the local longitudinal direction of the
cylinder, n represents the in-plane normal, and b indicates the
out-of-plane normal. As shown in Fig. 1b, we take a stimuli-bent
differential element to conduct a free-body diagram, with the
bending moment along n acting on the top end of the differential
element M, and on the bottom end of it M,, + dM,,. The local
bending moment M,, on a cylindrical cross-section is calculated
as a lever arm-weighted integral of the stress component o along
t over its cross-section

M, = JLatb dA, @)

where b is the lever arm along b from the centroid. Due to the
curvature of the bent differential element shown in Fig. 1b, the
misalignment of the bending moments at both ends creates a
torque along —t, causing the differential element to roll in the
direction of its local n. The rolling of the entire cylinder is the
collective behaviour of each differential element rolling along its
respective local n.

The soft robot in question is assumed to follow a linear
constitutive relation with the stress tensor &

6 =C: (& — &), 2)

where C denotes the 4th order elastic stiffness tensor, ¢ repre-
sents the geometric strain, and &°® is the eigenstrain tensor. We
assume the above linear constitutive relation is sufficient under
applied stimuli, though nonlinear models could be needed for
higher accuracy in future work. This paper provides a model-
ling framework for materials with (an)isotropic response, fibre-
reinforced materials and those with microstructural alignment,
say LCEs, from which some of the following experiments we
compare with are made. Our approach of modelling the rolling

a) y() ; b)

M, 1,

"Il’ﬁn+mw,

Fig. 1 Illustration of a stimuli-bent soft cylindrical robot. (a) Entire soft
cylindrical robot under global (x, y, z) and (t, n, b) local coordinate systems.
(b) Bending moments M, and M, + dM, acting on a bent differential
element of the cylinder.

b X
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of LCEs is representative of how similar materials with aniso-
tropic response can be studied. For LCEs, the eigenstrain tensor
is diagonal, with a scalar eigenstrain ¢¢ along LC director d
(locally aligned with t in Fig. 1a), and with —u*® along the
orthogonal directions 1 and m,

8 = £ Bd®d - vl®1 — vym@m), (3)

where the effective stimuli Poisson’s ratio v can be considered a
material constant in our model, such as v5 = 0.5 for volume-
preserving stimuli responsiveness. A similar eigenstrain tensor,
with ¢ and v, as the adjustable parameters, applies to fibre-
reinforced materials or those with other anisotropic response and
degenerates to an identity tensor for materials with isotropic
response (v = —1). For typical slender structures, the bending
moment M, can be computed using the stress component along t,
which is approximately given by g, = E(e, — ¢°€), where & is the
geometric strain along t and E is the longitudinal Young’s mod-
ulus, in the limit of a nearly uniaxial stress state under bending
dominated deformation. For LCEs, the scalar eigenstrain is nega-
tive, ¢ < 0, indicating contraction along the LC director. This
contraction occurs either due to a reduction in the order parameter
at high temperatures under thermal stimuli, or as a result of a
trans—cis photo reaction® or direct photothermal conversion under
photo stimuli. To focus on modelling rolling with robot-substrate
contact, we consider heat or light actuation separately in this
paper. The photo response considered in this paper excludes heat
transfer within the solid material, leaving mixed photothermal
processes as a potential research area for future work. LC director
rotation relative to the solid matrix is ignored under the assumed
Beer weak light limit. This paper serves as a modelling framework
and is not restricted to LC solids alone.

Light absorption within the solid material can be modelled
using exponential decay according to Beer’s law, although
deviations from Beer’s law may need to be considered under
strong illumination. When light is shone on any circular cross-
section of the cylinder, as shown in Fig. 2, it produces a
complex distribution of light intensity throughout the cross-
section due to the angular dependence as well as the propaga-
tion depth &, associated with non-perpendicular illumination.

Incident light with
// angle 0
(¢=R) Cx A =0)
R
0\ ---------------
(€=R)
(€=2R)D )

Fig. 2 Illustration of light incident on a circular cross section of the
cylindrical robot of radius R. 0 is the angle between the incident light
and the horizontal. The light propagation depth ¢ through the material is
measured along the direction of the incident light.
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Except for the line AD, which lies precisely along the incidence,
the entire cross-section is oblique to the incident light. As the
simplest possible spatial distribution assumption, the light
intensity propagating through can be considered to decrease
geometrically based on a simple decomposition of the local
Poynting flux (referred to hereafter as cosine angular depen-
dence). Under the Beer’s law limit, the photo-induced strain
(eigenstrain) is directly proportional to the light intensity,
therefore exhibiting the same depth profile as the light inten-
sity. It turns out that this eigenstrain profile with the above
cosine angular dependence results in an effective photo bend-
ing moment that is very close to that arising from an angularly
independent eigenstrain profile (identical to an angularly inde-
pendent light intensity profile after scaling), where the light
intensity only decays exponentially with ¢. That these two
models nearly coincide numerically is not surprising, as the
bending moment is minimally affected by the regions around
the line BC, which contribute the most to the angular depen-
dence (Fig. 2). For simplicity, we adopt an eigenstrain profile
that decays exponentially with ¢ for the cylindrical robot, as it
brings little noticeable quantitative differences in rolling
behaviour.

Our eigenstrain modelling approach can be applied to ther-
mally, humidity, and photo-driven response in both isotropic and
anisotropic materials, with the eigenstrain ¢ and effective stimuli
Poisson’s ratio v adjusted accordingly. For thermal actuation, the
response depends on the sign of the thermal expansion coefficient,
with £ < 0 for materials such as nylon fibers and ¢ > 0 for
materials like PDMS rods, as reported in ref. 48 and 49. In the case
of humidity-driven actuation, the response depends on the relative
chemical potential between the gel and the surrounding liquid,
with % > 0 for uncooked spaghetti placed on a water surface, as
reported in ref. 48 and 49. Since heat transfer in thermal actuation
and solvent migration in humidity-driven actuation are both
diffusion processes, it is reasonable to adopt an exponential depth
profile for the eigenstrain, similar to photo actuation. The only
limitation is that this exponential depth profile is assumed to be
static, as the heat or solvent diffusion is considered negligible in
terms of time to affect the deformation profile during the fast
rolling of each cross-section with a continuously varying contact
area on the surface.

2.2 FE Implementation with the pseudo thermal field method

In a typical FE software package, including ABAQUS, there is no
module that directly implements photomechanical response.
In this paper, we propose a pseudo-thermal field method,
where photo-induced strains, such as those resulting from a
trans—cis photo reaction, are implemented as pseudo-thermal
strains under pseudo-temperature rise AT

%8 = AT, —vse® = 0, AT = 0, AT, (4)

where o, o, and oy, = o, are the photo-effective pseudo-thermal
expansion coefficients along the local longitudinal direction t, the
in-plane normal n and the out-of-plane normal b, respectively.
Unlike the common practice usually seen in thermo-stationary
modelling, where a gradient in the pseudo-temperature T is

This journal is © The Royal Society of Chemistry 2025
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introduced to create a gradient in eigenstrain %, leading to a
photo-induced bend, we introduce a gradient in the thermal
expansion coefficient «; (in o, and oy, likewise) that still produces a
gradient in eigenstrain 8. In this way, unwanted heat transfer
due to any temperature gradients is physically rather than artifi-
cially circumvented, as our pseudo temperature remains spatially
uniform. In our pseudo-thermal field method, the term ‘“field”
refers to the thermal expansion coefficients rather than the
temperature itself. The pseudo-thermal expansion coefficients
incorporate the depth profile of the light intensity, specifically

¢
00=3 0 0_ 0 0
o =ope d, o <0, oy =op = —Vsoy 5)

where d is the characteristic light penetration depth and «f, o, of)
the pseudo-thermal expansion coefficients with no light decay
along the local longitudinal direction t, the in-plane normal n and
the out-of-plane normal b, respectively, with «f < 0 for contraction
and of > 0 for expansion.

Our pseudo-thermal field method also works for thermally
induced actuation with heat processes that are much slower
than rolling. In this limit, heat gives rise to eigenstrain that can
well be approximated by an exponential profile, similar to how
we model photo decay.

All simulations in this paper use surface-to-surface contact and
finite sliding in ABAQUS. Friction between the cylinder and the
substrate is modelled using the Penalty method.*® The cylinder is
meshed with 8-node linear brick (C3D8) elements, while the
substrate is treated as a rigid body. Mesh convergence is verified
for all simulations. Gravity and normal contact force, essential for
rolling, are considered in all simulations throughout. The optical
penetration depth is taken as d = R in all simulations.

To demonstrate typical eigenstrain and geometric strain
distributions within the framework of our modelling approach,
we consider a cylindrical robot that responds to photo illumi-
nation with an incidence angle of 0 = /4 by bending to the right
in the x-y plane. Fig. 3 shows the distributions of eigen- and
geometric strain across several cross sections of the cylinder.
The eigenstrain component along longitudinal direction t
decays exponentially in the light incident direction as shown
in Fig. 3a. This distribution of eigenstrain gives rise to a
phototropic bend. The exact orientation of the cylinder in
response to the light is governed by the geometric and material
parameters of the cylinder, as well as the constraint from the

Fig. 3 (a) Eigenstrain and (b) geometric strain distribution along long-
itudinal direction t when the cylindrical robot responds to photo illumina-
tion of incidence 6 = n/4 by bending to the right in the x—y plane. The FE
parameters are as follows: length 13 mm, diameter 0.58 mm, Young's
modulus E = 10 MPa, density p = 10° kg m~>, axial thermal expansion
coefficient o = —0.19.

This journal is © The Royal Society of Chemistry 2025
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substrate. Here, we focus our attention on bending within the
x-y plane, which is also the case in experiments. The geometric
strain along t (Fig. 3b) shows a gradient predominantly along n
(equivalently y for small deflection bend within the x-y plane)
and is nearly linear in n, indicating that the longitudinal
deformation of the cylindrical robot in response to the photo
illumination closely follows that of a classical vibrating beam
under an approximate uniaxial stress state.

3 Locomotion of rolling cylindrical
robots induced by photo or thermal
stimuli

In this section, various locomotion modes of a cylindrical robot
are simulated using FEA based on the technical details from the
previous section and compared with experimental results

3.1 Phototropic locomotion on a horizontal plane

As observed in the experiments,'® a soft LCE cylindrical fibre can
exhibit quick and flexible locomotion toward light under steady
illumination. As illustrated in Fig. 4a, when the incident light is
imposed at a certain angle, the cylinder can be activated to roll
toward the light as soon as it is illuminated, because its light-
induced inhomogeneous deformation causes the cylinder to
bend towards the light. As the cylinder rolls forward, its unex-
posed side becomes illuminated while the originally exposed area
is shaded. With the light source moving along with the cylinder,
the cylinder continues its phototropic movement.

The FEA model uses the same geometry and material para-
meters as those in the experiment. A cylindrical robot with a
diameter of 0.58 mm, and a length of 13 mm is simulated. Mesh
convergence for the cylinder is achieved with 12 080 elements. In
this simulation, the incident light is assumed to be diffusive and
sufficiently large to expose the entire length of the cylinder.
Fig. 4b presents snapshots from the simulation of the continuous
rolling process under moving light. The contour plot shows the
distribution of longitudinal eigenstrain in contrast to the original
shape and position of the cylinder, which is shown in grey. In this
simulation, the material is assumed to contract under light,
generating eigenstrain that results in a net photo rolling torque
to the right. Consequently, the entire cylinder rolls in the concave
direction, in accordance with the experiments.'>*

3.2 Phototropic locomotion on an inclined surface

An LCE cylindrical fibre can climb on a slope under light
illumination,"® proving excellent locomotion and flexible adapt-
ability to different environments controlled by light, as shown in
Fig. 5a. In our simulation, we also successfully reproduce this
phototropic climb on a slanted surface, as shown in Fig. 5b. The
longitudinal eigenstrain follows an exponential distribution
across each cross-section, with the exposed surface experiencing
the largest contraction and the shaded area the smallest contrac-
tion, similar to what is observed in phototropic locomotion on a
horizontal plane. This eigenstrain again leads to a net photo
rolling torque directed upwards along the slope, strong enough to

Soft Matter, 2025, 21, 3480-3491 | 3483
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Fig. 4 Phototropic locomotion on a horizontal plane. (a) Photographs captured during the locomotion from the experiments in ref. 15; (b) FE simulation.
The experimental and FE parameters are: length 13 mm, diameter 0.58 mm, E = 10 MPa, p = 10°® kg m~>. See also the supplementary animations (ESI).

a)

Fig. 5 Phototropic locomotion on an inclined surface. (a) Photographs from the experiments in ref. 15; (b) FE simulation. The experimental and FE

parameters are: length 13 mm, diameter 0.58 mm, E = 10 MPa, p = 10° kg m~>. See also the supplementary animations (ESI¥).

overcome gravity and allow the cylinder to climb up the slope.
These motions indicate the great potential of this soft actuator
working as a transportation vehicle.

3484 | Soft Matter, 2025, 21, 3480-3491

3.3 Steering under partial illumination

Unlike the aforementioned motions, where the locomotion is
rectilinear, a cylinder undergoes steering movements while

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Steering under partial illumination. (a) Photographs when only one end is exposed to light from the experiments in ref. 15; (b) FE simulation. The
experimental and FE parameters are: length 7 mm, diameter 0.58 mm, E = 10 MPa, p = 10° kg m~>. See also the supplementary animations (ESI+).

rolling on a surface under partial illumination,"® as shown in
Fig. 6a. To reproduce this effect, we expose only a part of the
cylinder to light in Fig. 6b, meaning the unexposed part does
not respond to light at all. In our FEA model, only two thirds of
the cylinder is illuminated. The exposed part bends towards the
light while the unexposed part would remain straight where there
no internal stress exerted by the exposed part. The +x symmetry
seen in phototropic locomotion on a horizontal or slanted surface
is no longer present, causing the entire cylinder to rotate clock-
wise. A tangent line, as shown in (ii) of Fig. 6b, can be drawn to
measure the rotation angle. The supplementary animations
(ESIY) also suggest that with two thirds illuminated, the cylinder
can rotate by 45 degrees clockwise, successfully demonstrating its
controllability to achieve steering motion.

3.4 Symmetry breaking: rolling to the left or right?

When photo or thermal illumination is oblique to a horizontal
substrate surface, the cylindrical robot on the substrate is able
to roll spontaneously, with the rolling direction determined by
the angle of illumination. However, when the illumination is
normal to the surface, the cylinder bends straight up or down
and may not be able to roll to the left or right unless there is
something to break the symmetry. As reported in experiments,*”
symmetry breaking can rely on initial imperfections, such as a
slight curvature introduced during fabrication or simply a
gentle push, as shown in Fig. 7a.

In our FEA for thermal actuation, the pseudo thermal expan-
sion coefficients are assigned flipped exponential profiles to
mimic thermal strains. As a result, an initially straight cylinder,
as shown in (i) of Fig. 7b, responds to heat applied vertically from
below, leading to a longitudinal eigen contraction that is largest

This journal is © The Royal Society of Chemistry 2025

at the bottom and smallest at the top, deforming the cylinder into
an arc, as shown in Fig. 7c. When given a slight push from an
instantaneous (rapidly removed) external force to the right, the
cylinder drops to the right and continues rolling in that direction.
Unlike the photo illumination from above in Fig. 4-6, where rolling
occurs toward the concave direction, heat from a hot surface below
causes the cylinder to roll toward the convex direction. The steady
distributions of eigenstrain shown in Fig. 7b and d allow the
cylinder to keep rolling without any sustained external force. This
FE simulation shows that rolling under illumination normal to the
surface may rely on symmetry breaking, such as a gentle push,
efficiently reproducing the commonly practised experimental
approach to break symmetry.

3.5 Backward rolling under heat-light alternating
illumination

An interesting case of light-induced reverse rolling of an LCE-CNT
composite rod on a hot plate is shown.”” As shown in Fig. 8a, when
placed on a heated plate, the rod can roll continuously toward its
convex direction to the right. However, when illuminated by light
from the right, the rod slows down while reversing its concavity and
finally back-rolls to the left. During this 2nd stage, the light, which is
immediately turned on, inverts the eigen curvature, and the residual
heat from below provides a driving bending moment across all
cross sections, resulting in a rolling torque to the left.

To apply a thermal load on the cylinder from the hot surface
below in our FEA, the eigenstrains, effectively the thermal
expansion coefficients, are assigned flipped-over exponential
profiles to mimic thermal strains, as shown in (i)-(ii) of Fig. 8b.
With heat imposed from below, the rolling direction is toward
the convex direction, in contrast to rolling toward the concave

Soft Matter, 2025, 21, 3480-3491 | 3485
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Fig. 7 Rolling while heated from below. (a) Photographs of a straight rod with negative thermal expansion coefficients rolling on a hot plate after an initial push to
the right from the experiments in ref. 47; (b)—(d) FE simulation of a cylinder heated from below whose rolling direction is dictated by a slight push exerted after (c)
which shows the initial thermally induced upward bend before the symmetry is broken by the slight push. (d) Takes a view different from those of (i)—(iii). The
experimental and FE parameters are: length 70 mm, diameter 2.6 mm, £ = 5 MPa, p = 10° kg m~>. See also the supplementary animations (ESIF).

a)

Fig. 8 Under heat-light alternating illumination: (i) and (ii) heat induced rolling to the right and (iii) and (iv) light induced rolling to the left (a) An LCE-CNT
composite rod on a hot surface from the experiments in ref. 47; (b) FE simulation. The experimental and FE parameters are: length 70 mm, diameter
2.6 mm, E = 5MPa, p = 10° kg m~3. See also the supplementary animations (ESI¥).

side observed under photo illumination from above, as seen in  heat from below, photo-induced eigenstrains in (iii) and (iv) of
Fig. 4-6. During the 2nd stage of this simulation, light is Fig. 8b are imposed, resulting in a net rolling torque to the left.
applied from the right, however, to also account for the residual The reversal of rolling demonstrated in this simulation

3486 | Soft Matter, 2025, 21, 3480-3491 This journal is © The Royal Society of Chemistry 2025
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provides a feasible way to produce rolling patterns by combin-
ing light irradiation with a heated substrate.

The FEA results show good qualitative agreement with
experimental observations, showcasing the effectiveness of
our simple modelling approach and FE implementation in
reproducing various locomotion patterns observed in experi-
ments. This approach will serve as an excellent tool for pre-
dicting other locomotion behaviours in future work.

4 Parametric analysis in comparison
with experiments

The qualitative comparison in the last section shows the feasibility
of our FE simulation to reproduce experiment observations and
predict other behaviours of a photo- or thermally induced rolling
rod. In order to show the accuracy of our approach and obtain more
insightful understanding, we explore the parameter space and
quantitatively compare the simulation results with existing experi-
mental data. Since stress and strain are hard to measure experi-
mentally, researchers focus on the relationship between the rod’s
rolling velocity and the curvature of its deformed shape.*’*° They
also compare the effects of the illumination angle, rod radius, and
length. In this section, we will conduct parametric analysis in
comparison with the experimental results.

4.1 Relation between heat-induced rolling velocity and
curvature

Fig. 9 presents the radius of curvature against rolling velocity
for thermally induced rolling of LCE rods with three different
diameters, compared with the experiments.?” Our simulations,
which adopt the same material parameters, show that rolling
velocity decreases monotonically with curvature, a trend con-
sistent with most data points from experiments.?” To reach the
same rolling velocity, a smaller rod’s radius yields a smaller
radius of curvature, hence a large curvature. That is because the
thinner the rod, the more eigenstrain gradient arises, leading to
a large bending curvature.

Apart from the experiment,*” involving the autonomous
rolling of LCE rods on a hot plate, similar self-propulsion has

1400 1 T 1
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“v-2.7 mm experiment q
-#-2.7 mm simulation
1000 - . b
-¥-4.2 mm cxperiment
-0-4.2 mm simulation 4
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S

-#-5.4 mm simulation

0 1 1 1 1 1
0 0.5 1 1.5 4 45 5 55
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25 3 35
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Fig. 9 Comparison between experiment*” and simulation: on the relation
between rolling velocity and radius of curvature for thermally induced
rolling LCE rods. The experimental and FE parameters are as follows:
length 70 mm, E = 5 MPa, p = 10° kg m~3; the diameter is 2.7 mm, 4.2 mm,
5.4 mm respectively.
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Fig. 10 Comparison between experiments*®4° and simulations on the
relation between heat-induced rolling velocity and curvature of a nylon
fibre. The experimental and FE parameters: length 130 mm, diameter
0.6 mm, E = 100 MPa, p = 1.1 x 10% kg m~>.

been studied in linear fibers made of nylon.***° In this research,

a nylon-6 fibre on a hot plate is observed to undergo rapid self-
propulsion by rolling orthogonal to the fibre’s long axis. Since
nylon exhibits negative axial thermal expansion similar to LCEs,
it can also undergo similar rolling behaviour when placed on a
heated plate. In the FE simulation, we adopt the same nylon
properties as those used in the experiment. The rolling direction
is toward the cylinder’s convex curvature, as seen in LCE rods
under thermal actuation, due to the nylon’s negative axial
thermal expansion. The experimental and FEA results are plotted
in Fig. 10, showing that the rolling velocity increases monotoni-
cally with curvature. This is in good agreement with our theore-
tical expectations, as curvature increases due to eigenstrain, the
bending moment over the local cross-sections increases, result-
ing in a larger net rolling torque. Apart from the above materials
with negative thermal expansion,*®*° also conduct similar experi-
ments on materials with positive thermal expansion, such as
polydimethylsiloxane rubber (PDMS), where rolling occurs
toward the concave direction, as seen in photo-induced rolling.
Possible dissipation factors, including rolling friction and other
effects, could explain why the rolling velocities in our FEA, as
shown in Fig. 9 and 10, appear faster than those observed in the
experiments.*’ ™’

4.2 Relation between light-induced rolling velocity and
incident light angle

In photo-induced rolling, it has been found that the incident
light angle plays a significant role in determining the rolling
velocity and whether rolling occurs at all.*’ In this section, our
FE simulations, which adopt the same geometry as in ref. 47
present our FE data alongside with the experiment data in
Fig. 11. It is found from both our FE simulations and experi-
ments that the rolling velocity is maximised at a moderate
illumination angle. When light is imposed at an angle around
60 degrees in the FEA, the mean rolling velocity can reach up to
1.35 mm s~ ', which is also found to be the optimal angle for
maximizing the rolling velocity in the experiments.”” In con-
trast, when the incident light is directed vertically onto the
cylinder, i.e., 0 = n/2, there is no noticeable movement of the
cylinder, except for the two ends being lifted up slightly. For 0 =

Soft Matter, 2025, 21, 3480-3491 | 3487
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Fig. 11 Comparison between experiment®” and simulation on the relation
between light-induced rolling velocity and incident light angle. The
experimental and FE parameters are: length 13 mm, diameter 0.58 mm,
E =10 MPa, p = 1.1 x 10° kg m~3; the incident light angle is 30 degree, 60
degree, 90 degree respectively.

n/2, the gradient of the eigenstrain is vertical, causing the
centre of mass (CM) to rise only a little along the z-axis,
preventing rolling from starting due to the lack of asymmetric
deformation needed to shift the CM and cause the cylinder to
drop to either side.

4.3 Relation between light-induced rolling velocity and rod radius

It was found that the radius of three fabricated LCE rods, each
13 mm in length and with diameters of 0.58 mm, 0.76 mm, and
1.32 mm, affects the photo-induced locomotion.?” In our FEA,
we adopt the same geometry, material properties, and illumi-
nation angle, and a similar correlation is plotted together with
the experimental data in Fig. 12. When these three fibres are
illuminated by light of the same intensity at the same angle, the
rolling distance within the same time period decreases as the
rod’s radius increases. This occurs because thicker rods yield
less photo bend and consequently, less rolling torque under the
same optical penetration depth. The rolling velocity obtained
from the FE simulation is measured by dividing the CM
displacement 6 (marked in Fig. 12) by the time duration. The
rolling velocities obtained in our FEA appear faster than those
observed in experiments, which could again be attributed to
more dissipation in practical applications.

2. T T
-v[xperiment
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R gt L-
§3}
< 71 D=132em
o
>
] |8 B
0.5 L I 1 L I
0.5 0.6 0.7 0.8 0.9 | 1.1 1.2 1.3 1.4
Radius (mm)

Fig. 12 Comparison between experiment*” and simulation on the rela-
tion between light-induced rolling velocity and radius of LCE rods. The
experimental and FE parameters are: length 13 mm, E = 10 MPa, p = 1.1 x
10° kg m~3; the diameter is 0.58 mm, 0.76 mm and 1.32 mm respectively.
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Fig. 13 Comparison between experiment*” and simulation on the relation
between light-induced rolling velocity and length. The experimental and
FE parameters are: diameter 0.58 mm, £ = 10 MPa, p = 1.1 x 10°% kg m~3,
the length is 8 mm, 13 mm and 19 mm respectively.

4.4 Relation between light-induced rolling velocity and rod length

Apart from the influence of fibre radius, the effect of fibre length
has also been analysed. It was found that, with lengths of 8 mm,
13 mm, and 19 mm but the same diameter, a longer cylinder
exhibits a slightly larger moving velocity,”” as plotted together
with our FEA results under the same conditions in Fig. 13. While
the rolling velocities obtained from our FEA are somewhat faster
than those in ref. 47, possibly due to more dissipation in practical
applications, the observed trend of rolling velocity weakly increas-
ing with rod length can likely be attributed to higher light
intensity being imposed near both ends of the rods, which is
particularly significant for longer rods.

In this section, we study the parameter space and conduct
quantitative comparisons with experiments, yielding quantitative
correlations between key quantities that align well with experiments.
We also identify interesting features that match our theoretical
expectations. This strong agreement with experimental data highlights
the effectiveness of our simple modelling approach and contact FE
implementation, demonstrating that it can serve as a reliable tool for
predicting other locomotion behaviours in future work.

5 Conclusions

This paper is the first to simulate non-mechanically induced rolling
of soft cylindrical robots on a surface using FEA involving contact.
Through a pseudo thermal field method and appropriate FEA
techniques, we achieve both qualitative and quantitative agreement
with existing experiments, demonstrating the effectiveness and
reliability of our approach, along with the potential for predicting
and designing rolling robots for future experiments.

We develop a pseudo thermal field FE implementation for
photo-induced deformation that introduces eigenstrain gradi-
ents in pseudo thermal expansion coefficients rather than in
pseudo temperature. This successful FE implementation is
perhaps the most natural way to avoid heat transfer in photo
processes, which are intrinsically beyond consideration. We
also offer room for this pseudo thermal field method to be
applied to heat induced rolling, where heat transfer is much
slower than, say rolling in our context. Additionally, the

This journal is © The Royal Society of Chemistry 2025
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stimulus is automatically implemented in our contact FE
simulations, following the robot wherever it moves.

The contact FE simulation successfully studies the autono-
mous locomotion of photo-, thermally or humidity-induced soft
actuators like LCEs and others. This includes various locomo-
tion patterns such as phototropic locomotion, phototropic
climbing on a slanted surface, steering under partial illumina-
tion, and backward rolling under alternating heat and light
illumination. We conduct a parametric study and quantitative
comparisons to validate our FE approach and results. The
agreement of our FE results with experimental data proves
the feasibility and accuracy of our model and approach, show-
ing great potential for predicting locomotion patterns in future
work on such rolling systems and a paradigm for modelling
and simulating such rolling robots.
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