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Responsive shape-changing materials with driven and spontaneous transitions have wide applications in
biological systems, soft robots, artificial muscles, and consumer products. Among different shape-
morphing materials, liquid crystal elastomers (LCEs) have recently emerged as a promising type of material
for their ability to undergo large, reversible strains and to generate programmable deformation modes in
response to external stimuli, such as temperature change, light stimulation, or humidity change. Existing
research on LCE deformations usually assume a flat or an undeformed shape as the initial configuration,
which morphs into a targeted nontrivial shape when external stimuli are applied. Here, we use continuum
simulation to explore the deformation of pre-shaped LCE strips to analyze how the initial shape geometry
can be used to tune the shape-morphing behaviors of LCEs. We first validate our simulation method by
successfully reproducing the deformations of a thin strip of LCE with two well-studied director fields, i.e., a
splay-bend director and a twist director along the thickness direction, respectively. We next consider
nontrivial combinations of different pre-shapes and different director fields to study the thermo-
mechanical response of an LCE strip. Specifically, we pre-bend an otherwise flat LCE strip along its short
axis, long axis, and an off-axis direction, and study its deformations assuming a twist director field. We find
that pre-bending along the short axis can facilitate the LCE strip to transition from a helicoid into a spiral
ribbon, and an off-axis pre-bent LCE strip can form a tubule more easily than its flat counterpart. For a
Received 2nd April 2025, pre-twist LCE strip, we find that its deformed shape preserves the handedness of the initial twist. For a
Accepted 8th July 2025 constrained pre-bent LCE strip, it can spontaneously break the symmetry of the initial shape by bending
toward one side. Taken together, we have systematically studied the interplay between the initial shape
and the director field of an LCE strip, and our work implies that pre-deformation can be an effective
rsc.li/molecular-engineering parameter to control the shape-morphing behaviors of LCEs.

DOI: 10.1039/d5me000469g

Design, System, Application

Liquid crystal elastomers (LCEs) are a highly programmable functional material, whose material response can be designed via the control of their
microstructure, namely the director field. Therefore, in silico design of the shape-morphing behavior of an LCE is important for its applications in, for
example, sensors, actuators, and soft robots. In this work, therefore, we use continuum simulation to combine different pre-shapes of an LCE strip and
various director fields to investigate the possible shape-morphing modes. This LCE system, as a function of its microstructure and initial shapes, exhibits
rich, highly tunable deformation modes.

1 Introduction environmental stimuli or use ambient energy to morph their
shapes, thereby realizing desirable functionalities without the
need of tethered or heavy on-board devices. Both
experimental and theoretical efforts have been recently
devoted to responsive materials, such as hydrogels,'*"" liquid
crystal polymers,'> shape memory alloys,'”> and shape
memory polymers.'* Here, we focus on responsive liquid
crystal elastomers (LCEs). LCEs are slightly crosslinked liquid

. o : crystalline polymer networks.””™” This type of material
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Responsive, deformable structures are widely used in soft
functional materials for diverse applications, including
propulsive motors in granular media," soft grippers,>”’
microswimmers,” artificial muscles,” camouflage materials,®
and autonomous robots.””® These structures can respond to
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generating large, programmable deformations. This is
because the degree of the orientational order of the
mesogenic groups in LCEs can change in response to stimuli,
such as temperature and photothermal reactions, and yield
large and anisotropic deformations. The orientational
ordering of an LCE, namely the director field, can be
designed in the experiment via various methods. These
remarkable features of LCEs, or more general, LCPs (liquid
crystal polymers), have led to a range of promising
applications, such as sensors,” energy harvesting,*
actuators,>*>” and soft robots.>*™°

The basic deformation modes for a shape-morphing
material are bending and torsion (twisting). Bending mode is
of great use in terms of soft actuators,*"*> wave guides,** and
motors.>**® Torsion mode, on the other hand, is one of the
most common structural motifs in biomaterials and
supramolecular systems, such as tendrils on climbing
plants,**?” elastic bi-layer strips,*®*° and minimal surface
films.*

The basic deformation mode for an LCE is that it can
contract along its optical axis and elongate in the other two
orthogonal directions upon heating or via photothermal
effect, and vice versa on cooling or on recovery in the dark
state.*! To realize bending and torsion in an LCE, a spatially
varying director field"*™” or a non-uniform external stimulus
(e.g., light),*>*® is required.

The strategy of director variation to obtain bending for
a thin trip of LCE can be achieved by applying a step-wise
or continuous splay-bend configuration along the
thickness direction*™*® (Fig. 1A). A strip film with a so-
called “L-geometry” or “S-geometry” can morph into a
torsional or twisted shape upon a change in the nematic order
(Fig. 2). The nematic director of the two geometries changes
smoothly by 90° along the thickness direction with the
director at the midplane parallel to the long (L-geometry) or
short (S-geometry) axis of the film®® (Fig. 2). Upon
temperature change, the films twist around their central lines
and form helicoids. When the width-thickness ratio of a
sample exceeds a threshold value, the central line of the film
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curves into a helix and the strip forms a spiral ribbon.?*>?
For a wider strip, spiral ribbons can even transform into
tubules.®***> Under the existence of the temperature gradient
(or illumination gradient), the non-uniform shrinkage and
extension of the tubule shape generate unbalanced forces and
torques, which can provide the tubule with self-rolling
motions.”*° These motion dynamics can utilize environment
interactions and physical intelligence, and can work as a new
paradigm towards autonomous soft robots.”"*°

Helicoid or spiral-shaped ribbons play many functional
roles. Recent studies show they can (i) deliver compact
torsional actuation, such as melt-extruded helical LCE spring
contraction®* and function as miniature torsion motors and
grippers,®> (ii) weave into fiber meshes to create
multifunctional textiles that twist, lift, and bend on demand,
offering architected artificial-muscle fabrics,*® and (iii) act as
self-sensing elements: cholesteric helical ribbons shift the
structural colour with strain or humidity, enabling colour-
readout strain gauges and health monitoring in various
systems.®> These demonstrated functions illustrate that
helical LCEs provide a versatile platform for power-dense
rotary  actuation, intelligent  soft  robotics, and
mechanochromic sensing well beyond the classic self-rolling
showcase.

To the best of our knowledge, though existing studies have
explored the effect of certain non-flat shapes of LCE films to
some extent, a systematic and quantitative investigation of
how different pre-shaped LCE strips deform remains largely
unexplored. Comparing to flat LCE films, pre-shaped
geometries have more morphing geometries and functional
properties. For example, a pre-bent LCE with twist alignment
was proposed for continuous and programmable jumps,®*
showing the experimental realization and great application
potential of pre-shaped structures. To explore a greater space
of the shape formation of LCEs, in this work, we use
continuum modelling to examine pre-shaped LCE strips and
characterize their shape-morphing processes. Firstly, we
validate our simulation method by comparing it with the
existing theories of bending deformation,*’ and then with
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Fig. 1 A flat LCE strip with a continuous and step-wise splay-bend director field. (A) Schematics of the deformation of a strip with splay-bend

alignment. (B) A comparison of our simulations and theories.**

This journal is © The Royal Society of Chemistry and IChemE 2025

Mol. Syst. Des. Eng., 2025, 10, 906-921 | 907


https://doi.org/10.1039/d5me00046g

Published on 10 July 2025. Downloaded on 5/10/2026 9:28:23 PM.

Paper

Twist geometry

e

D-geometry S-geometry L-geometry

g '
X
w
C 1 —— L-geometry simulation
- - L-geometry theory eL-geometry experiment
o 05 B
|
:
= 0r
Sh
~
—
—0.5¢
S-geometry simulation
1.0 - - S-geometry tpeory m S-geometry expf:n'lnent
0.8 085 09 095 1. 105 1.1

T/T~1

View Article Online

MSDE

D 2 ===

L-geometry theory

1.5F 05 __

. T
g g
2t g
S 2
- —

0.5} 5

L-geometly simulation

L geometry expemnent

Y8 085 09 005 1
T/ TNt

105 1.1

Fig. 2 Flat LCE strips with twist director fields. (A) Schematics of a strip with three kinds of twist alignments. The directors in the mid-layer (z
direction) of D-geometry, S-geometry, and L-geometry are along the 45°-direction, the short axis, and the long axis, respectively. (B) A schematic
showing the definition of helical pitch p and helical diameter d. (C) A comparison of simulation, experiment,®® and theory®® for a helicoid

deformation of a 0.2 mm strip (narrow strip). (D) A comparison of simulation, experiment,

mm strip (wide strip).

the existing theory and experiments of LCE strip twisting
into helices and spiral ribbons.’® After that, we provide
systematic results of the shape formation process under
temperature change. We consider two kinds of initial
shapes, namely pre-bend and pre-twist; and we harness a
twist alignment and a bend alignment as director
alignments to induce two types of deformations. For pre-
bend shapes, we investigate pre-bend along the short axis,
along the long axis, and along an off-axis direction. We
find that pre-bend along the short axis can be used to tune
the state boundary between the helicoid state and spiral
ribbon state; interestingly, a narrow strip with a pre-bend
curvature is able to morph into a spiral ribbon. Pre-
bending a strip along an off-axis direction results in a
helical shape as the initial configuration. When the initial
shape is flat, only very wide strips can form tubular
structures, which are essential for the steady self-
propulsion of LCE robots.® However, our results challenge
this limitation: we demonstrate that even a narrow strip
can be transformed into a tubular shape. Furthermore, by
fixing both ends of a pre-shaped (sine-shaped) strip, we
observe tunable, anti-symmetric deformations. These
findings suggest that pre-shaping offers a new strategy for
programming 3D morphologies in LCE sheets upon
activation, and provide valuable insights for designing
shape-morphing LCE structures for diverse applications.

908 | Mol Syst. Des. Eng., 2025, 10, 906-921
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2 Methods and validation

2.1 Methods

Previously, several theoretical and simulation approaches
have been used to investigate LCEs.®®> Commonly used
strategies to elucidate the physics of LCEs include but
are not limited to finite element method,’®® Monte
Carlo method®”’® and molecular dynamics (MD).”"”*> Our
simulations use finite element modelling via Abaqus/
Standard software. We perform 3D simulations using the
C3D8 brick element (8-node 3D element). We apply
implicit calculation and turn NIgeom on to account for
the geometric nonlinearity. Structured meshing is
adopted. We use a linear thermo-elastic material with a
Young's modulus of 11 MPa and Poisson's ratio of
0.3.77°

Let Q, C R® and Q C R’ be the reference (initial) and the
deformed (final) configuration, respectively. A material point
in the undeformed state is X, X € €, The deformation
transforms 5)( into ¥ in the deformed state, Te Q. Further,
the deformation tensor is A, the elements of which are
defined as 4; = 0x;/0X;. LCEs are anisotropic due to the
intrinsic nematic ordering. The director field in a nematic
LCE can be represented by a double-headed unit vector n (ﬁ
= —Z). The tensorial nematic order parameter Q represents
the microstructure of the nematic, Q; = S(nn; — 1), where S

This journal is © The Royal Society of Chemistry and IChemE 2025
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is the scalar order parameter. We assume that when the
external temperature changes, the order parameter S also
varies while the director is kept fixed in the body frame.
Parameter o is a coupling constant to account for the
change of S in response to the change of temperature.
Assuming that the director n is along the z axis, the
extensional strain along the director is 4, = /1 + 2adS/3.
The relationship between /,, and temperature 7T can be
measured from the experiment and aS can be expressed
empirically in terms of T:

s 3.3(1.01-T/T\)*?, if T <1.01Ty;

where Ty is the nematic-isotropic transition temperature®®

(we apply this fitting rule in all simulations except in sec.
2.2). In this way, we import the anisotropic and thermal-
dependent expansion coefficient. To account for the light-
induced actuation, we can incorporate the light intensity
and find a modified rule for the coupling of the order
parameter (aS) and temperature 7.”*

Except for sec 2.2 (the theoretical frameworks*"”> didn't
specify thickness), we simply adopted the strip thickness ¢ =
0.0352 mm reported by ref. 50 in all the simulations. This
value has been proven to yield robust shape-morphing in
experiments, so using this value we can easily compare with
existing experiments and also make meaningful predictions
for future experiments to confirm.

Physically, the choice makes sense because bending and
torsional rigidities of a solid, thin ribbon scale as t°.7°
Therefore, a sufficiently small ¢ reduces both stiffnesses
cubically, allowing the modest spontaneous strain of an LCE
to drive the large twists and bends we target. Therefore, the
thickness we choose is practical for its potential applications
(e.g., actuation).

In the FEM, a perfect continuous director field cannot be
achieved. We cannot apply a continuous director field in
the FEM and our simulation more easily works with the
discrete variation of the director field over the film
thickness. Simulation results in Fig. 1(B) are from discrete
director fields in the FEM. We did not simulate a
continuous director field in our FEM simulation but
instead, we compared it with a theoretical expression for
the continuous director field.*" Layer-by-layer control is
indeed challenging to achieve in the experiments. According
to our literature search, methods like direct ink writing”’
can match our discrete FEM alignment.

2.2 Benchmarking simple bend deformation

To validate our model, we first compare our results with the
theory of weakly deformed LCEs.*"”> As shown in Fig. 1A, we
consider a strip with a length of 15 mm, a width of 1.5 mm,
and a thickness of 1 mm. A splay-bend nematic field with 7
= (cos §(z), 0, sinf(z)) varies from the bottom boundary (z =
~h) to the top (z = k), where 6(z) is the angle that the director

This journal is © The Royal Society of Chemistry and IChemE 2025
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. . nZ w .
makes with the x-axis, 6(z) =—+—. Upon a change in
temperature, the total bending curvature along the long axis
x becomes:*'

Kyx = —% (8|‘—8L), (1)

where ¢ is the strain along the director 7 and &, is the
strain perpendicular to 7. & is the current strain and
increases linearly from 0 to g along the x-axis. Fig. 1B
shows the normalized thermal strain. For a bi-layer
cantilever with the director 7 along the x-direction in the
thickness interval (-A, 0) and along z within (0, &), the
bending curvature becomes®'

Kxx = —%(eu—q), (2)

Given that our simulation more easily works with the
discrete variation of the director field over the film thickness,
we model a multi-layer strip, in which the director is uniform
within a layer but varies from layer to layer to approximate
the continuous splay-bend configuration. For an n-layer strip,
the ith layer has 6 = ;;_11;, i=1,2-n (Fig. 1A). Our n = 2
(bi-layer) and n = 8 simulation results agree well with theory
(Fig. 1B). Interestingly, the bi-layer beam has the largest
bending curvature, whereas an LCE beam with a continuous
splay-bend director alignment has the smallest bending
curvature. As we divide more layers along the z-axis (8 layers),
the obtained bending curvature is closer to the continuous
case in eqn (1).

2.3 Benchmarking simple twist deformation

We further validate our simulations by comparing them to
theories and experiments of LCEs with a twist director field
across the film thickness (z) direction. As schematically
shown in Fig. 2A, we consider three types of twist director
fields: a D-geometry, where the director continuously rotates
from the long-axis direction on one side of the film to the
short-axis direction on the other side; an S-geometry, where
the director points to the short-axis in the midplane of the
film and points at a 45° angle with respect to the major axes
on both sides of the film; and an L-geometry, where the
director points to the long-axis in the midplane of the film
and at a 45° angle relative to the major axes on both sides of
the film. In all three cases, the director rotates by 90° across
the z-direction. In the following studies, we fix the strip
thickness at ¢ = 0.0352 mm and the strip length at / = 6 mm,
while investigating two strip widths: w = 0.23 mm and w =
0.76 mm.”® We set the initial temperature of the strip to 7/
Ty = 0.96.%°

Upon a change in temperature 7, the D-geometry can lead
to a bend deformation, similar to the splay-bend alignment.
In what follows, we focus on the L- and S-geometry, for which
a temperature-induced gradient in strain along the film
thickness direction due to the twist of the director can give

Mol. Syst. Des. Eng., 2025, 10, 906-921 | 909
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rise to an overall, reversible shape twist with respect to the
z-direction. As shown in Fig. 2, the L- and S-geometry strips
can swell or de-swell into either a helicoid shape or a spiral
ribbon shape, depending on their width.”*>* In both cases,
the configuration and the chirality of the deformed strip
change with 7. To characterize the deformed shape, we
introduce p, the helical pitch for both shapes, and d, the
diameter of the spiral ribbons (Fig. 2B). Following Sawa et al.,
we choose the sign of p to be negative and positive for the
right- and left-handed configuration, respectively.”® During a
cooling process, when T/Ty; < 0.96, L-geometry strips become
right-handed while S-geometry strips become left-handed
(Fig. 2C). During a heating process as T/Tx; > 0.96, this trend
is reversed (Fig. 2C). Upon transition from a helicoid to a
spiral ribbon, the diameter d jumps from 0 to a finite,
maximum value, after which d gradually decreases (Fig. 2D).
This is because the spiral ribbon, once formed, will roll into
a more tubule-like structure as the strip twists more,
rendering a decreasing diameter. There is also a good
quantitative agreement between our simulation and the
reported experiment by Sawa et al®® as shown in
Fig. 2C and D, further validating our simulation method. The
L-geometry and S-geometry can both induce twist
deformations but the deformations are not exactly the same:
the L-geometry can wind more tightly.”® For conciseness and
without loss of generality, we focus on the L-geometry
configuration in the following discussion.

View Article Online
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To further quantify the deformed shape of the strip, we
measure its profiles of Gaussian curvature x and mean
curvature H. Specifically, we calculate x = xyx, and H = (k; +
Kk,)/2 of the middle layer of the strip, where x; and «, are its
two main curvatures.”® As shown in Fig. 3A, the helicoid
shape has a saddle-like negative Gaussian curvature and
exhibits a vanishing mean curvature, and its central-line
region has a more negative « than the edge region, indicating
that the temperature change induced internal stress is more
localized in the central region. This also suggests that the
shape-morphing of a helicoidal shape is primarily due to
twist deformation. Note that the cooling shape, state-I at 7/
Tni = 0.85, and the heating shape, state-II at 7/Tx; = 1.05, with
approximately the same temperature change |AT/|Ty; = 0.1
are not symmetric with respect to each other (Fig. 3A). This
asymmetry is due to the fact that the change in the order
parameter &S is not symmetric with respect to AT.>°

For a wide strip (w > 0.3 mm), the initial helicoidal shape
can transition into a spiral ribbon when the temperature
change is beyond a certain threshold®® (Fig. 3B and C). The
difference between the helicoid and the spiral ribbon is
depicted in Fig. 3C: the central line of a spiral ribbon is a
helical line with a nonzero diameter d, and the central line of
a helicoid shape is roughly a straight line with d = 0. In
Fig. 3B, before the transition, the strip in the helicoid regime
has a vanishing mean curvature H = 0, and a nonpositive
Gaussian curvature x. The dashed lines in Fig. 3B give the
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Fig. 3 Characterization of helicoids and spiral ribbons formed from flat strips. (A) A narrow L-geometry strip (w = 0.2 mm): Gaussian curvature «
and mean curvature H for the helicoid shape at state-1 (T/Ty, = 0.85) and state-1l (T/Ty, = 1.05). (B) Temperature dependence of H and « of a wide
strip with w = 0.76 mm. (C) Snapshots during the deformation of a wide strip (w = 0.76 mm).
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Table 1 Shape selections of strips with different pre-shapes and director alignments

Pre-twist Pre-bend
Strip director field
Short edge Long edge In-between
Twist deformation:
L-geometry Spiral ribbon,
y &\% Helicoid Section 3.1 Section 3.1, Spiral ribbon
- x Fig. 8
é’ (or S-geometry)
& | Bend deformation:
Sp1ra¥ ribbon, In-plane In-plane Tubule,
SeCt?On 33, bending bending Section 3.2
Fig.12
el
5
E, The same as D-geometry
=2,
N

curvatures of the central line. After the strip transitions into
a spiral ribbon, as T deviates from the original temperature,
the Gaussian curvature x of the central line region starts to
increase, while x on the edge region decreases. As a result,
the spatial variation of x also increases further. The mean

A Flat strip

L-geometry

1

X

Pre-bend along the

curvature H also increases from zero after the transition as
the strip is wound with a bending dominated deformation.
The helical diameter d peaks at the transition and then keeps
decreasing. The spatial pattern of the local curvature shows
that the torsional deformation is concentrated near the

Strip with pre-bend

short edge

1

Spiral Ribbon

Flat strip 4
eeememey =225 |
mmmey =45
===y =060 1

T 02 03 04 05

06 0.7 08 09 1.0

w (mm)

Fig. 4 Pre-bend along the short axis facilitates a spiral ribbon shape for a narrow strip. (A) Schematics of a strip with pre-bend along its short axis.
(B) State diagram for a flat strip and three pre-bend strips (along the short axis at different angles) with w = 0.2 mm.
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center line region, and the Gaussian curvature exhibits a
larger spatial variation than the mean curvature. These
details will be potentially useful for the future design of
relevant applications based on helicoids and spiral ribbons.

3 Pre-shapes and deformations

Next, we explore the principles of shape morphing of pre-
shaped LCE strips. Table 1 gives a brief summary of how
different pre-shapes (one type of pre-twist and three types of
pre-bends) with different director fields (two types of twists
and one type of splay-bend) along the sample thickness
direction can give rise to different deformation modes.

3.1 Pre-bend tunes the shape transition

We first focus on an L-geometry LCE strip with a pre-bend
along its short axis (Fig. 4A). In this context, the parameter w
represents the arc length, and the angle of the arc is denoted
by y. For an initially flat strip, y = 0° and its width coincides
with w. For a given temperature 7, there exists a critical width
W, beyond which the strip can transition from the helicoid
shape to the spiral ribbon shape.’® This critical width w,
varies with temperature 7. By minimizing the total elastic

energy, the relationship reads
A
7=22.5°
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T 3 3

narrower than 0.32 mm, the deformed strip remains in the
helicoid state for the temperature range considered in this
work, T/Tx; = 0.8. The solid lines in Fig. 4B represent the
state boundaries between the helicoid and the spiral ribbon
for initially flat strips reported in ref. 50.

The state boundaries of pre-bent strips
simulations are presented as the two dashed lines in Fig. 4B.
Clearly, some amount of pre-bending along the short axis
can facilitate the state transition, especially for narrow strips.
As T deviates from the initial value, narrow strips can first
form a helicoid and then become a spiral ribbon. The
transition happens earlier for strips with a larger pre-bend
angle (y = 60°) than those with a smaller pre-bend angle (y =
45° and y = 22.5°) (Fig. 4B). This can be understood by the
fact that spiral ribbons have nonzero mean curvature H
compared to helicoids (Fig. 3). Therefore, the pre-bend strip
having nonzero H can favor spiral ribbon shapes against the
helicoidal shape.

We further study the effect of the pre-bend angle
(Fig. 4(A)) on a narrow strip (w = 0.2 mm) as shown in Fig.
and 6. For a small pre-bend angle, y = 22.5°, state-I (7/Tn;
0.85) and state-II (7/Tn; = 1.05) in Fig. 5A are both in the
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helicoid regime (d = 0) and are similar to the flat strip shown
in Fig. 3A. The only difference is the mean curvature
(Fig. 5C), which increases from 0.75 to 1.18 (decreasing T)
and 1.02 (increasing 7T), while that of a narrow flat strip
remains zero (Fig. 3A). For y = 45°, the transition from a
helicoid to spiral ribbon occurs and the helical diameter d
escalates at the transition points (Fig. 5B and D). Unlike d,
the curvatures of the pre-bend strips change smoothly during
the transition (Fig. 5D).

For larger pre-bend angles, y = 90° and y = 270°, the
helicoid regime barely exists (Fig. 6). The trend of the mean
curvature is mainly controlled by the initial curvature, and y
= 270° is the most curled with the largest mean curvature
before the deformations (Fig. 6B). Among the four pre-bend
angles, the y = 90° strip shows the largest helical diameter at
state-I and state-II. As the pre-bend angle of a 0.2 mm strip
keeps increasing, the swelling process has a weaker effect on
its change in diameter. The helical diameter of the y = 270°
strip is nearly constant, d =~ 0.1 mm, and is independent of T
due to the large barrier energy induced by the pre-curvature.
The embedded elastic energy from the initial shape can be
expressed using the Kirchhoff Rod model

1
U= I‘l’i (Bexe® + Byky” + Ct*)ds, where B, By, and C are

bending and torsional moduli, and x, x,, are two curvatures

This journal is © The Royal Society of Chemistry and IChemE 2025

along the curve and orthogonal to the curve, respectively, and
7 is the torsion.””®" In the case of pre-bending along the
short axis, the initial shape has 7 = x, = 0, and a nonzero x,
from pre-bending. For a large enough pre-bend angle (e.g., y
= 270°), the bending energy and curvature x;, is large, and
therefore the strip remains curled during the deformation
with a nearly constant d as shown in Fig. 6B.

Next, we study an LCE strip pre-bent along its long axis.
To distinguish, we introduce y, as the pre-bend angle
(Fig. 7A). The difference between the pre-bent long-axis and
pre-bent short-axis is that under initial conditions, the
central line is straight with d = 0 in the pre-bent short-axis
scenario, but is curved with d # 0 for the pre-bent long-axis
scenario (Fig. 7B and C). The behaviors of the two curvatures
are similar between the two pre-bent cases: as T deviates
from its initial values, the Gaussian curvature x will decrease
from 0, while the mean curvature H increases (Fig. 7D).

To compare the two types of pre-bending shapes more
carefully, we further characterize the shape morphing process
of a 0.4 mm strip during temperature variation in Fig. 8,
including a flat strip (Fig. 2A), a strip pre-bent along its short
axis (Fig. 3A, y = 45°), and a strip with pre-bending along its
long axis (Fig. 7A, y; = 45°). The three strips with the same
width and director alignment share the identical amount of
thermal-induced twist and therefore show the same evolving
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trend of the helical pitch p. The main difference among the
three types of strips lies in the thermal behavior of the
central line diameter d. For flat and short-axis pre-bent strips,

d remains 0 in the vicinity of the initial temperature,
indicating that the strip has a helicoidal shape. To trigger a
transition from the helicoid to the spiral ribbon, a higher
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temperature change |AT| is required for flat strips than for
short-axis pre-bent strips (Fig. 8A and B). For long-axis pre-
bent strips, d decreases as T deviates from its initial value,
and the shape is always a spiral ribbon (Fig. 8C). Comparing
the change in d in the spiral ribbon regime between the two
pre-bent strips, the long-axis pre-bent strip exhibits a much
wider range of d, roughly spanning [1 mm, 8 mm) in the
temperature range we have considered here (Fig. 8C).
Whereas for the short-axis pre-bent strips, d covers a much
narrower range, (0.35 mm, 0.5 mm] (Fig. 8B).

Comparing the mean curvature, H increases from 0 for flat
strips but increases from ~1.8 for short-axis pre-bent strips
and increases from ~0.1 for long-axis pre-bent strips (Fig. 8).
Upon cooling, H increases continuously, with long-axis pre-
bent strips exhibiting the largest increase compared to the
other types of strips (Fig. 8C). Upon heating, H increases
abruptly for flat strips (Fig. 8A), while continuously for the
two types of pre-bent strips (Fig. 8B and C). Interestingly,
short-axis pre-bent strips exhibit a larger change in H upon
heating (Fig. 8B), which is in contrast to long-axis pre-bent
strips, which exhibit a higher change in H upon cooling
(Fig. 8C). All strips exhibit a continuous decrease from 0 in

This journal is © The Royal Society of Chemistry and IChemE 2025

the Gaussian curvature x during the temperature change.
Among the three types of strips, flat strips exhibit the largest
variation in x (Fig. 8A). These detailed comparisons revealed
by our simulation provide helpful insights into the interplay
of the distorted director field and the pre-shape during
thermal responses of LCEs.

3.2 Off-axis pre-bend and tubule shape

Besides pre-bending along the short-axis and along the long-
axis, we also consider a strip pre-bent along an axis that is
within the xy plane, making an angle ¥ with the x-axis. As
shown in Fig. 9A, we pre-bend a flat strip along the dashed
gray line direction, and obtain a spiral ribbon shape as the
initial configuration. Let ¥ = 45° and the turning angle o to
be 2r (Fig. 9A). The inner side and outer side of the spiral
ribbon are labeled. Note that the initial shape of the pre-bent
spiral ribbon is different from the “imperfect” spiral ribbon
shape formed after the temperature change, as the former
has zero Gaussian curvature throughout the strip, whereas
the latter has a negative Gaussian curvature as shown in
Fig. 3C.

Mol. Syst. Des. Eng., 2025, 10, 906-921 | 915


https://doi.org/10.1039/d5me00046g

Published on 10 July 2025. Downloaded on 5/10/2026 9:28:23 PM.

Paper
3 T 45
A 0.2 mm strip
2.5
i 3
g 2 I
g
815 Tubule 115
=3
‘l ks
10
05
0 : . -15
0.85 0.9 0.95 1
T/Tx1
3 T T 4.5
C 0.6 mm strip
2.5
13
G- 2 I
g
215 Tubule {15
3
'I L
10
05¢
0 . : ' -1.5
0.85 0.9 0.95 1
T/Txt

View Article Online

MSDE

.4 mm strip

T
2
Tubule {155
Y
\
i

0.85 0.9 0.95 1

099102 03 04 05 06
w (mm)

Fig. 10 Varying strip width w in strips with prebend along the ¥ = 45° axis. Temperature dependence of d and p for a 0.2 mm strip (A), a 0.4 mm
strip (B) and a 0.6 mm strip (C). (D) Normalized formation temperature of the tubule shape as a function of strip width.

Experimental results indicate that the helicoid shape
cannot lead to a stable and sustained rolling motion of the
strip, which can only occur when the sample is wide enough
to form a tubule shape.® In our simulation setup, with a fixed
strip length / = 6 mm, the critical width for a flat strip to
transform into a tubule is 1 mm, which happens at 7/Tw; = 1
(Fig. 9B). A tubule can only form when the strip width w
satisfies w € [1 mm, 1.5 mm] and cannot be wider, otherwise
the shape becomes a 2D flat plate and cannot go through a
global twisting. Generally speaking, it is trickier for the LCE
strip to deform into a tubule than to form a helicoid or a
spiral ribbon. Compared to flat strips, pre-bent strips can
form a tubule shape with a narrower width and with a
smaller temperature change (Fig. 9C)—this suggests the
advantage of using pre-shape strips for the design of certain
shape-morphing modes.

Next, we study the thermal behaviors of off-axis pre-bent
strips of different widths. We focus on three widths: w = 0.2
mm, 0.4 mm, and 0.6 mm and measure their characteristic
lengths d and p when the temperature changes from the
initial value 7/Tn; = 0.96 (Fig. 10). Strip shapes at different
temperatures for two wider w are also provided in Fig. 11.
During cooling, the three strips behave similarly in terms of
their pitch p, as they will de-wrap and stretch (Fig. 10A-C).
This is because during cooling, the director field of the strip
will impose an extension along the long-axis on the inner
side and an extension along the short-axis on the outer side.

916 | Mol Syst. Des. Eng., 2025, 10, 906-921

However, their size d varies very differently. As temperature
T/Ty drops from 0.96, the two thiner strips will first undergo
a flip of side, as the wrapped strip turns inside out. This
happens when d drops to 0. Upon further cooling, the strip
will bend and d will start to increase correspondingly. For the
thinnest strip, w = 0.2 mm, it can further wrap into a more
compact spiral ribbon as the temperature continues to drop,
as d starts to decrease when 7/Tx; ~ 0.93 (Fig. 10A). For the
thickest strip, w = 0.6 mm, it never flips its side (Fig. 11B).

The heating behaviors of the three strips are more similar
to each other. A wider strip deforms into a tubule at a lower
temperature than a narrower strip (Fig. 10D). For a not too
large deformation, the geometry of the tubule dictates its
helical diameter d and pitch d according to

1 1 1

7_74,7’
w2 n2d2 pz

where w is the width of the strip at the initial temperature.

While the initial d and p are the same among the three strips,
it will be the easiest for the widest strip to satisfy the above
equation by bending, resulting in a lower transition
temperature. Besides the difference in transition
temperatures, a wider strip turns to have a smaller pitch and
slightly larger diameter (Fig. 10 and 11). Because the bending
angle w and the off-axis pre-bending angle ¥ can be also
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changed, our approach provides a rich parameter space to
design and optimize tubular shapes.

3.3 Pre-twist

Next, we incorporate a pre-twist to an otherwise flat strip
as its initial shape (Fig. 12). The strip is a right-handed
twisted helicoid as its initial shape. We consider the
D-geometry director alignment. We choose two colors to
distinguish the two sides of the strip: the director 7 on the

A Pre-twist strip (initial)

D-geometry

Y.

,.".’ C

blue side and the director on the orange side are along the
short axis and along the central line, respectively (Fig. 12A).
Upon cooling, the strip extends along the director, and
therefore the orange side will be stretched and appear on
the outer side of the deformed ribbon shape (Fig. 12B).
Conversely, as T is increased from the initial helicoid state,
the orange side shrinks and appears on the inner side of
the ribbon. Both states form right-handed spiral ribbons,
and the transition is reversible. Therefore, it can potentially
be utilized to design functional materials with two different

B State-I

INININS

State-11

Fig. 12 Deformations of an LCE strip with pre-twist. (A) The initial twisted shape with the D-geometry. We obtain (B) state-| after T decreases from
T/Tn = 0.96 to T/Ty = 0.85 and (C) state-Il after T increases from T/Ty; = 0.96 to T/Ty, = 1.05.
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sides®®> or soft rollers that are suitable for two kinds of

environments.”

Twisting snap-through is attractive because the ribbon
stores energy in both bending and torsion. The need to
change handedness introduces extra metastable states, so the
energy landscape contains more wells and higher barriers
than that in pure bending snaps. This richer topology can
deliver a larger work output, provide three or more stable
shapes, and supply direct torque for rotary tasks such as
latch-release grippers or jumping wheels. Preliminary
demonstrations of twist-induced multistability in soft
materials, such as PDMS-parylene bilayers®® and responsive
LCE loops,® confirm that the mechanism is experimentally
accessible and not restricted to a single chemistry.

A full investigation would require dynamic finite-element
analysis with rate-dependent LCE parameters plus high-speed
experimental validation. These additions would shift the
paper away from its current focus on quasi-static shape
selection. We, therefore, leave the opportunity in the revised
Discussion and reserve the detailed study for future work.

4 Boundary constraints

In the previous section, all the strips are free to deform.
Here, we consider the effects of mechanical constraints.
Specifically, we fix the positions of the two ends of a strip,
with displacement vector components u, = 1, = u, =0 at x = 0
and L. Because any deformation will have difficulty emerging
in such a constrained, flat strip, here we consider a pre-bent
strip with a D-geometry director field. During the

918 | Mol Syst. Des. Eng., 2025, 10, 906-921

temperature change, the strip with a D-geometry will bend or
de-bend. As schematically shown in Fig. 13A, the strip, facing
in the z-direction, is extended in the x-direction with a one-
period sinusoidal shape. We introduce 2, and £, to represent
the initial magnitude of bending in the +z and -z direction,
respectively (Fig. 13A), and we keep i, = h, = h for the initial
shape. Upon temperature change, the strip will re-shape, and
their magnitudes of bending represented by A and & will
deviate from the initial magnitudes (Fig. 13B).

We keep the length s and the thickness ¢ of the strip as
constants, and simulate strips with different 2 values. The
deformations in terms of ki and %, are shown in Fig. 13B.
For a small bending amplitude, # = 0.25 mm, the strip
becomes flat gradually as T increases; while the temperature
decreases, hy approaches zero and h; keeps increasing, which
breaks the original symmetry (Fig. 13C). For strips with larger
sine amplitudes, the strain from LCE transition is not
enough to eliminate the pre-curvature (increasing 7) or break
the symmetry (decreasing 7). The shape change could
potentially be interpreted as information change and be used
in the design of mechanical logic units.**

5 Discussion

In this work, we have explored the effects of initial-shape or
pre-shape geometries on the deformations of an otherwise
flat LCE strip. We consider three kinds of pre-bend
geometries and a pre-twist geometry as the initial shapes.
And we study how an L-geometry twist director field and a
D-geometry splay-bend director field can induce nontrivial
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shape-morphing in various pre-shaped strips. A summary of
all the explored scenarios is given in Table 1. Some trivial
combinations of director field and pre-shape are not studied
here. For example, if we consider a twist director field on a
helical (twisted) strip, the two twisting modes will be
superimposed and the eventual shape is still a helicoid, with
a smaller or larger pitch than the initial state; similarly, if we
incorporate a splay-bend director field (e.g., a D-geometry) to
a pre-bend strip, we will obtain an enhanced or suppressed
bent shape. Non-trivial deformations are found if we
combine a twist director (L-geometry) in a pre-bend strip.
Depending on the strip width and the change in the order
parameter due to temperature variation, the strip can deform
into a helicoid or a spiral ribbon (Fig. 4B). In contrast to a
flat strip, a strip pre-bent along the short axis can transform
from a helicoid to a spiral ribbon much more easily. For a
strip pre-bent along an off-axis direction, it can deform into a
tubule shape much easier than an initially flat strip. Different
from designing target shapes in 3D using a 2D director field,
our results provide new insights into designing morphing
structures with responsive materials by using pre-shape as a
useful tuning parameter. In this study, we don't consider any
mechanical-induced director field variation, which is “soft
elasticity”.'>%%® Also, in this work, we focus on a single
strip, and therefore exploring the collective motion arrays of
pre-shaped LCE structures should also be of interest.*
Additionally, all shape-morphing processes are continuous,
and any snap-through transformations can be studied in
future work.”'
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