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Liquid crystal elastomers (LCEs) are emerging as compelling materials for soft actuators, sensors, and
artificial muscles, due to their reversible and anisotropic deformation upon external stimuli. Incorporating
(xLCEs) reconfigurability and enables
programmable actuation through stimuli-activated reversible bond exchange reactions. However,

dynamic covalent bonds into LCE networks introduces
traditional programming approaches typically require large pre-strains at elevated temperatures to
induce sufficient mesogen orientation and network rearrangement for large actuation strains, which
imposes significant processing constraints. Here, we

monodomain xLCE actuators with large actuation strains using small pre-strains (as low as 10%). By

report an efficient method to fabricate

tuning thermal programming parameters such as temperature and time, we demonstrate that high and
tunable actuation can be achieved through the cooperative orientation of mesogens and network
rearrangement via bond exchange. Comparative studies with non-liquid crystalline dynamic polymer

Received 15th October 2025 networks and LCEs without dynamic covalent bond exchange allow us to further understand how large
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1. Introduction

Liquid crystal elastomers (LCEs) are a class of polymers with
bidirectional shape-memory effects in response to external
stimuli such as heat, light, or electric and magnetic fields,
making them highly promising for soft robotics, smart textiles,
and other applications.® Their actuation behavior fundamen-
tally relies on the orientation of mesogens and the reversible
transition between liquid crystal (LC) and isotropic phases. In
polydomain LCEs, where LC domains are randomly oriented,
only local ordering occurs upon phase change, resulting in
negligible macroscopic actuation. By contrast, aligning the
mesogens into a monodomain state via methods such as
mechanical stretching, surface anchoring, or shear extrusion,
enables pronounced and reversible macroscopic actuation.**
Recently, dynamic LCEs (XLCEs) incorporating exchangeable
bonds have offered new method to monodomain fabrication
and structure reprogramming.® These dynamic bonds allow
stress-induced mesogen orientation to be fixed via stimuli-
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minimal mechanical deformation. Moreover, spatial

programming of actuation strain is realized by local control over bond exchange kinetics, enabling
complex and heterogeneous deformation modes within a monolithic xLCE film.

activated bond exchange reactions, while also enabling network
topology rearrangement, repair, welding, and reprocessing.®’

Despite the prospects of XLCEs, challenges remain in their
processing and performance control. The conventional mono-
domain LCE method, involving sequential mechanical orien-
tation and photo or thermal crosslinking processes,
necessitates elongation close to the fracture strain to achieve
mesogen orientation.*** Even when programming XLCEs via
post- orientation after polymerization, large pre-strain is still
typically needed to achieve sufficient orientation." Most ther-
mally activated dynamic networks require heating above the
isotropic transition temperature (7;) to initiate bond exchange,
where the material softens and becomes mechanically fragile,
making it more susceptible to failure under large strains.™
Beyond these processing limitations, the actuation strain in
existing XLCE systems is largely determined by chemical
formulation (for example: type and content of mesogen,”*
crosslinking density,'**® reaction between monomers*>* etc.),
demanding careful and complex molecular design to tailor
actuation strain. This reliance on “composition-defined
performance” poses barriers to achieving spatially heteroge-
neous or gradient actuation within a single film.

In this study, we report the unexpected but reasonable
finding that applying remarkably small pre-strains (as low as
10%) during programming enables XxLCEs to achieve large
actuation strains far exceeding the initial deformation, yielding

© 2026 The Author(s). Published by the Royal Society of Chemistry
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highly oriented monodomain LC actuators. This approach
effectively circumvents material fracture and programming
failures, challenging the conventional paradigm that large pre-
strains are prerequisites for significant actuation. As the
programming parameters (temperature, time, and pre-strain)
affect both the extent of network rearrangement and the
resulting actuation strains, spatially patterned programming of
differential actuation strains is achievable within a single XLCE
film. This strategy provides a straightforward yet effective route
for manufacturing large scale, complex-shaped LC actuators
with tunable and programmable performance.

To uncover the underlying mechanism, we systematically
investigated the conditions under which this phenomenon
arises and compared different crosslinking systems. These
include non-liquid crystalline dynamic polymer networks
(DPNs) and LCEs without dynamic covalent bond exchange. The
preparation of monodomain XLCEs involves stretching the
material to induce mesogen orientation, followed by dynamic
covalent bond exchange that permanently fixes this orientation
through network topology rearrangement. Experiments show
that it takes sufficiently long time for the exchange reaction to
fully fix the orientation state. This is the premise of obtaining
large actuation strain through small pre-strain. Otherwise,
small pre-strain can only obtain small actuation strain because
the exchange reaction is not sufficient and the orientation state
can only be partially fixed. This is also why small pre-strains can
only produce small actuation strains in previous reports. In
LCEs without dynamic covalent bonds, the orientation states
generated by pre-strain are fixed through secondary cross-
linking. While small pre-strains can produce actuation strains
exceeding their magnitude, significant large actuation strains
still require substantial pre-strain. This differs from XLCEs,
presumably due to their pre-crosslinked network architecture
and excessive fixation of polymer chain topology by the
secondary crosslinking during programming, which restricts
the effective reorientation of mesogens, thereby diminishing
the achievable actuation strain. In comparison, XLCEs utilize
dynamic network rearrangement to preferentially fix mesogen
alignment, avoiding excessive polymer chain rearrangement
and enabling large actuation strain even under small pre-strain.

2. Results and discussion

2.1. Preparation and basic characterization of XLCEs

To provide a model system for investigation, a self-catalyzed xXLCE
(SXLCE) was selected (Fig. 1a). The liquid crystal oligomer (LCO)
was synthesized via an efficient aza-Michael addition reaction
between n-butylamine (n-BA) and the LC mesogen 1,4-bis-[4-(3-
acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM257). By
adjusting the molar feed ratio of acrylates to amines, the
molecular weight of the resulting LCO could be controlled.
Specifically, a higher acrylate excess led to lower molecular
weights. For optimal actuation and mechanical performance,
a molar ratio of 7: 6 (acrylates to amines) was employed. Subse-
quently, photopolymerization of the acrylic double bonds was
initiated using the photo initiator 2,2-dimethoxy-2-phenyl-
acetophenone (DMPA), yielding the crosslinked S-xLCE network.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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This system was chosen due to the presence of residual n-butyl-
amine in the final network, which acts as an iz situ tertiary amine
catalyst. Previous studies have demonstrated that tertiary amines
can catalyze transesterification reaction (Fig. 1b), enabling effi-
cient network topology rearrangement without the need for
externally added catalysts while ensuring uniform catalyst
content throughout all samples.”

The reaction process was monitored by Fourier Transform
Infrared Spectroscopy (FTIR, Fig. 1c and d). The characteristic
IR signals of amines (-NH, asymmetric and symmetric
stretching at 3366 cm ' and 3291 cm ') disappeared after
oligomerization, while the signal of acrylates (=C-H bending at
810 cm ') was significantly reduced. The resulting LCO
exhibited an average molecular weight of approximately 4700 g
mol ', as determined by proton nuclear magnetic resonance
("H NMR, Fig. S1). Following photopolymerization, the
complete disappearance of the acrylate signals confirmed
a high conversion of monomers. Swelling experiments further
demonstrated the formation of the structural integrity of the
network with a high gel fraction of 93.5% (Fig. S2).

Differential scanning calorimetry (DSC, Fig. 1e) revealed
a glass transition temperature (T,) of 9.4 °C and a T; of 87.9 °C,
respectively. The S-XLCE showed excellent stability with a 1%
weight loss temperature of 215 °C (Fig. S3). Rheological studies
were performed to evaluate the dynamic properties of the
material (Fig. 1f). Stress relaxation curves were measured at
temperatures ranging from 120 °C to 160 °C, with the charac-
teristic relaxation time (t*) defined as the time required for the
stress to decay to 1/e of its initial value. Increasing temperature
accelerated the relaxation rate and decreased t*, with the
Arrhenius analysis of In t* versus 1/T confirming a temperature-
dependent exchange behavior typical of vitrimer-like systems
(Fig. 1g).”* The activation energy (E,) for the transesterification
reaction was calculated to be 99.9 k] mol™'. The topology
freezing transition temperature of the S-XxLCE (7,) was deter-
mined via dilatometry to be 162 °C (Fig. 1h). The combined
rheological and dilatometry results provided compelling
evidence of the self-catalyzed transesterification behavior in the
S-XLCE, supporting its role in enabling subsequent thermal
programming and the formation of monodomain LC actuators.

2.2. Preparation of monodomain XLCEs with large actuation
strains from small pre-strain

In polydomain LCE, the disordered orientation of mesogens
hinders reversible actuation. This limitation can be overcome
by programming XLCEs into a monodomain state.” In our
programming procedure (Fig. 2a), the sample was subjected to
a pre-strain, fixed at both ends with tape, and heated on a hot
stage to facilitate dynamic bond exchange, thereby permanently
locking the mesogen orientation. Following this programming
step and subsequent cooling, the sample spontaneously elon-
gated. Upon tape removal, it exhibited reversible actuation
between heating and cooling. Conventional two-stage method
typically requires large pre-strains (50-200%) to achieve suffi-
cient mesogen orientation. Interestingly, we found that
applying significantly smaller pre-strains, combined with
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Fig. 1 Synthesis and characterization of the S-xLCE. (a) Synthesis and composition of the S-xLCE. (b) An illustration of the catalyst-free
transesterification of the S-xLCE. (c and d) FTIR spectroscopy of the monomers, LCO and crosslinked S-xLCE film. (e) DSC curve of the S-xLCE. (f)
Normalized shear stress relaxation curves of the S-xLCE at different temperatures. (g) Arrhenius plot depicting the measured characteristic

relaxation time of the S-xLCE. (h) Dilatometry test of the S-xLCE.

controlled heating, was sufficient to fabricate monodomain
XLCE actuators with large actuation strains. For the S-XLCE,
programming at 150 °C for 80 min with a 20% pre-strain yielded
a high actuation strain of 84%. Under the same conditions,
a significantly smaller pre-strain of only 10% still achieved
a nearly identical actuation strain of 80% (Fig. 2b).

To further validate the generality of our approach, we
synthesized a biphenyl XLCE (BP-XLCE, Fig. S4 and S5) with
ester free mesogens, which corresponds to the earliest reported
XLCE system.™ BP-xLCE films were programmed under 10% or
20% pre-strains at 180 °C for varying durations. As expected,
a pre-strain as low as 10% yielded a high actuation strain of 73%
(Fig. S6 and S7), while a 20% pre-strain resulted in a larger
actuation strain of 79% (Fig. S8 and S9). These findings confirm
that large actuation strains can be reliably achieved in XLCEs
even under minimal pre-strain.

The experiment of BP-XLCE also excludes the possibility of
an ester exchange reaction in the mesogen being the reason for
large actuation strains achieved from small pre-strain in the S-
XLCE. Prior studies have demonstrated that both aromatic and

1678 | Chem. Sci, 2026, 17, 1676-1687

aliphatic ester bonds are susceptible to exchange mediated by
strong base catalysts at elevated temperatures, potentially
leading to degradation of mesogenic structures, reduced T;, and
compromised actuation performance.”> However, heterolytic
transesterification of these ester bonds typically requires higher
activation energy than homolytic exchange. Given that the
catalyst employed in the S-XLCE is an intramolecular tertiary
amine and that the programming durations are relatively short,
the occurrence of undesired exchange within the mesogenic
units is presumed negligible under the current conditions.

2.3. The behavior of the S-XLCE under mechanical stretching
without the involvement of transesterification: stretch
induced macroscopic orientation

As the mechanical stretching is very important for the mono-
domain preparation, two different ways of mechanical stretch-
ing were investigated. The first one is the stress-strain response
of the SXLCE at room temperature, which is the same as the
LCEs without dynamic covalent bonds, since bond exchange is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Stress—strain curve of the S-xLCE, with an inset showing a zoomed-in view of the 0-200% strain region. (b) Photographs of elastic

recovery behavior of the S-xLCE after removal of tape. (c) Curves of residual strain of the polydomain S-xLCE after removal of tape. (d)
Photographs of the spontaneous elongation behavior of spontaneous elongation of polydomain LCE without dynamic bond. (e) Curves of final
strain after elongation versus pre-strain of the polydomain S-xLCE. (f) Curves of net elongation strain versus pre-strain of the polydomain S-xLCE.
Scale bars: 1 cm.
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corresponding to the gradual reorientation of LC domains
along the loading direction.** Completion of this reorientation
process marked the end of the plateau and resulted in increased
nonlinearity in the stress-strain curve. Further deformation
induced strain hardening as the network chains progressively
oriented with the applied strain. After being stretched to
a specific strain and unloaded, the material partially recovered
its elastic deformation (Fig. 3b), with the residual strain in all
cases being lower than the applied pre-strain (Fig. 3c).

The second one is similar to the monodomain preparation of
the S-XLCE. S-XLCE films were subjected to 10% pre-strain using
tape fixation and shortly heated at 110 °C (above Tj), followed by
cooling to room temperature. Owing to the relatively low
temperature and short heating time, dynamic bond exchange is
negligible. Upon cooling from the isotropic to the nematic state,
the samples spontaneously elongated and buckled, and after
tape removal their final length exceeded the initially applied
pre-strain (Fig. 3d(i-iii)). The sample with 10% pre-strain
spontaneously elongated to 123% of its original length after
cooling. This elongation behavior is attributed to stress-induced
orientation of mesogens along the loading direction, confirm-
ing the successful induction of temporary orientation, which is
a phenomenon common to all LCE systems. Polarized optical
microscopy (POM) confirmed the well-defined orientation
within the S-XLCE before elongation (Fig. S11 and S12). Spon-
taneous elongation occurred across a pre-strain range of 10—
100%, with larger pre-strains yielding larger final elongation
(Fig. 3e). The net elongation strain, defined as the difference

View Article Online
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between the elongated and pre-stretched lengths, reached
a maximum of 26% at 30% pre-strain (Fig. 3f). However, when
the pre-strain exceeded 100%, further increases suppressed
elongation and even reversed to contraction upon tape removal,
yielding a negative net strain. These observations are consistent
with the soft plateau (30-100%) in the stress-strain curve of the
S-xLCE (Fig. 3a).

S- XLCE under the above condition that suppress bond
exchange is equivalent to a fully crosslinked, non-dynamic LCE.
Therefore, once the constraint was removed, the sample no
longer elongated and exhibited no actuation during subsequent
heating-cooling cycles (Fig. 3d(vi and v)). In other words, LCEs
cooled under small pre-strain applied in the isotropic phase can
spontaneously elongate upon transitioning to the nematic
phase. The key to achieving reversible actuation lies in the
permanent fixation of the oriented state. In the S-xLCE, such
fixation is achieved by topology rearrangement through
dynamic bond exchange. In LCEs without dynamic covalent
bonds, the fixation is done by the secondary crosslinking (like
the two-stage method®).

2.4. Fixation of pre-strain induced mesogen orientation

The permanent fixation of mesogen orientation induced by pre-
strain is a prerequisite for actuation, and the degree of fixation
directly determines the magnitude of actuation strain.
Programming time is a key factor affecting the fixation. We
observed a trend in XLCEs programmed under small pre-strains,
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Fig. 4 (a) Photographs of the S-xLCE with 20% pre-strain after heating at 150 °C for 40 and 80 min. (b) The variation in actuation strain of the S-

XxLCE over programming time, with a heating temperature of 150 °C and the pre-strain controlled at 20%. (c) Actuation strain of the S-xLCE was
obtained at different temperatures, with the pre-strain controlled at 20% and a heating time of 60 min. (d) The variation in actuation strain for the
S-xLCE with different pre-strains, under various heating times at a controlled temperature of 150 °C. (e) The maximum actuation strain obtained
by applying different pre-strains to the S-xLCE. (f) Time range required to obtain the maximum actuation strain by applying different pre-strains

to the S-xLCE. Scale bars: 1 cm.

1680 | Chem. Sci., 2026, 17, 1676-1687

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc07967e

Open Access Article. Published on 26 November 2025. Downloaded on 22/02/2026 08.52.37.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

where the actuation strain initially increased with heating time
to a maximum, followed by a gradual decline upon prolonged
programming (Fig. 4a). This time-dependent behavior is clearly
demonstrated in S-XLCE films programmed at 150 °C under
20% and 10% pre-strains. For the film under 20% pre-strain, the
actuation strain peaked at 84% after 80 min before decreasing
(Fig. 4b). A similar time-dependent trend was observed in
samples with 10% pre-strain (Fig. S13). Actuation strain
increased initially but decreased after prolonged heating. The
maximum actuation reached 80%, slightly lower than that of
the 20% pre-strained samples and required a longer heating
time (100 min) to achieve.

The dependence of actuation strain on programming
temperature further confirms that the magnitude of actuation is
governed by the degree of orientation fixation.*® To investigate
this, S-xLCE films were pre-strained by 20% and heated for 60
min at temperatures ranging from 120 to 170 °C. As shown in
Fig. 4c, actuation strain was limited at lower temperatures (120-
130 °C), which we attribute to slow transesterification kinetics
and insufficient network rearrangement, consistent with the
stress relaxation behavior observed in Fig. 1f. As temperature
increased, actuation strain rose significantly, reaching 61% at
140 °C and peaking at 82% at 150 °C. However, further
increasing the temperature to 160-170 °C resulted in reduced
actuation, likely due to excessive network rearrangement and
stress relaxation. Given that 150 °C yielded optimal actuation
strain with moderate relaxation Kkinetics, we selected this
temperature for all subsequent S-XLCE programming
experiments.

The dependence of actuation strain on pre-strain and time
explains why the small pre-strain did not lead to large actuation
strain in the past. Previous studies typically used short
programming durations, which we identify as a limiting factor.
We investigated the influence of varying pre-strains (30-100%)
and heating times (10-30 min) on the resulting actuation
strains. As shown in Fig. 4d, under short programming times
(10 min), actuation strains increase with pre-strains, consistent
with conventional reports.*** In contrast, after longer
programming (30 min), actuation strains across 30-100% pre-
strain reach comparable values. For different pre-strains, the
time necessary for the maximum actuation strain is different.
Fig. 4e summarizes the maximum actuation strains under
different pre-strains. Below 30% pre-strain, the maximum
actuation gradually increases with pre-strain. Beyond this
threshold, however, the strain plateaus at ~86%, indicating that
once sufficient mesogen orientation and chain rearrangement
are established, further pre-strain does not enhance the final
actuation. Fig. 4f further shows that the time required to reach
maximum actuation strain decreased significantly with
increasing pre-strain: ~120 min for 10% pre-strain compared
with ~10 min for 100% pre-strain. This can be understood by
considering the accessibility of reactive sites of dynamic bond
exchange. Since the transesterification rate is primarily gov-
erned by temperature and remains constant under isothermal
programming conditions, the key variable becomes the spatial
accessibility of dynamic exchange sites. At small pre-strains,
bond exchange is restricted to local regions due to limited chain

© 2026 The Author(s). Published by the Royal Society of Chemistry
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extension, requiring longer times to fix sufficient mesogen
orientation. On the contrary, larger pre-strains lead to greater
chain extension, expanding the spatial accessibility of dynamic
bonds and facilitating exchange over longer distances involves
distant partners and reducing the time needed to reach peak
actuation (Fig. S14). Although large pre-strains enable faster
programming for the maximum actuation, they are not strictly
necessary. With optimized heating times, similarly large actu-
ation strains can also be realized at small pre-strains, providing
greater versatility, and reducing mechanical demand. These
results not only highlight the coupled yet distinct roles of pre-
strain and programming time, but also explain why previous
studies, which typically employed shorter programming dura-
tions, did not observe large actuation at small pre-strains.

2.5. Comparation with LCEs without dynamic covalent
bonds

We carried out comparative experiments using acrylate-rich
LCEs (A-LCEs), a conventional two-stage crosslinking system.®
The A-LCE was synthesized via thiol-acrylate Michael addition,
leaving excess acrylate groups for UV-triggered secondary
crosslinking. This second-stage reaction locks mesogen orien-
tation, enabling monodomain actuator production.”® DSC
confirmed a T; of 75 °C (Fig. S15). The stress-strain curve of the
polydomain A-LCE displayed a soft elastic plateau from 10% to
75% strain (Fig. S16), reflecting LC domain reorientation. When
tested above T; (90 °C), this plateau vanished and the film
behaved as an isotropic rubber, exhibiting a lower elongation at
break than at room temperature, which in turn restricted the
maximum pre-strain applicable during programming (Fig. S17).
To compare its fundamental response with the S-XLCE, we
subjected the polydomain A-LCE to the same experimental
conditions: cooling from the isotropic to the nematic phase
under a pre-strain. This likewise resulted in spontaneous
elongation and film buckling, confirming that this initial
orientation behavior is common to both LCE systems (Fig. S18).

The fixation of mesogen orientation can be done either at
room temperature or at a temperature above T; (Fig. 5a). For
samples UV-cured in the nematic phase, actuation strains
remained below the applied pre-strain (Fig. 5b). The actuation
strain increased rapidly with pre-strain but exhibited a slower
growth beyond 75%. For example, a 12.5% pre-strain led to an
actuation strain of 10.7% (0.86-fold to pre-strain), a 75% pre-
strain led to an actuation strain of 65% (0.89-fold to pre-strain),
while a 200% pre-strain yielded only 86% actuation (0.43-fold to
pre-strain). In contrast, when the A-LCE was UV-cured in the
isotropic phase to simulate XLCE processing conditions, actu-
ation strains can exceed the applied pre-strain at low pre-strains
(Fig. 5¢). For example, a 12.5% pre-strain yielded 30% actuation
(2.4-fold to pre-strain), while a 25% pre-strain produced 40%
actuation (1.6-fold to pre-strain). This behavior, absent in
nematic-crosslinked samples, resembles that of XLCEs.
However, despite exceeding the pre-strain, the absolute actua-
tion strain remained relatively low. Even as the actuation strain
gradually increased with pre-strain, it reached no more than
52% even at 100% pre-strain. This performance is consistent
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with previous reports that large actuation strains generally
require large pre-strains. In sharp contrast, the S-XLCE exhibits
a more pronounced effect, achieving an actuation strain of 80%
(8-fold the pre-strain) under only 10% pre-strain (Fig. 5d).

2.6. Analysis of length changes in different systems

We observed different length change of the sample between the
S-LCE and A-LCE, which may contribute to the reason why
usually large pre-strain is necessary to get large actuation strain
for the A-LCE. For both samples, the final lengths measured at
high temperature and at room temperature after monodomain
preparation had increased relative to the original length. We
use Ly, to refer the length increment of the sample measured
at temperatures above Tj, while L., refer to the length incre-
ment measured at room temperature.

For the S-xLCE, under 20% pre-strain, when heated at 150 °C
for varying durations, with increasing heating time, the sample
length in both the heated and cooled states increased. Specifi-
cally, Lpe increased steadily, reaching 13% after 120 min
(Fig. 6a). In contrast, L., increased rapidly during the first 80
min, peaking at 97%. A slight reduction in L.,, was observed
beyond this point. The increase in Lpe, is attributed to
progressive topology rearrangement because of the polymer
chains instead of mesogen orientation, as confirmed by a non-
LC PEG-DPN reference system (Fig. $S19-S21). In PEG-DPN,
external force and heating induce network topological rear-
rangement through dynamic covalent bond exchange, enabling
permanent fixation of the imposed deformation and exhibiting
plasticity (Fig. 7a). The extent of rearrangement governs the
degree of shape fixation, with more complete rearrangement
enabling the material to better retain the imposed deformation,

1682 | Chem. Sci., 2026, 17, 1676-1687

eventually approaching the applied pre-strain under prolonged
programming.***® After programming, no reversible actuation
was observed in PEG-DPN. Instead, transesterification led to
permanent shape fixation, with L., and Lye,e Femaining nearly
identical. In contrast, XLCEs exhibit a substantial difference
between Lcoo1 and Lpea, Which stems from the presence of
mesogens.** The programming of XLCEs involves not only
polymer chain rearrangement but also strain-induced mesogen
orientation fixation. We therefore attribute the difference
between Lcoor aNd Lyeac (Leool — Lheat) to the progressive orien-
tation fixation of mesogens, which is essential for the resulting
actuation strain (Fig. 7b).

Further analysis is shown in Fig. 6b. The L.../pre-strain
(reflecting total deformation) initially increases with time,
reaching a peak before declining. This time-dependent behavior
can be understood as the outcome of two competing processes
(polymer chain rearrangement and mesogen orientation fixa-
tion) during bond exchange. At the early stage of programming,
dynamic bond exchange primarily acts to fix the stress-induced
mesogen orientation. In this regime, network rearrangement
helps “lock in” the oriented mesogens, resulting in a contin-
uous increase in actuation strain (Fig. 4a). However, as heating
continues, polymer chains gradually undergo more extensive
rearrangement, resulting in a decrease in actuation strain after
reaching its maximum. Correspondingly, Lpe.. gradually
approached the initial pre-strain value of 20% under extended
heating (Fig. 6a). As indicated by the blue curve in Fig. 6b,
relative contribution from polymer chain rearrangement
remained relatively low, generally below 10%.

For the A-LCE, the increase in Ly, is attributed to progres-
sive fixation of aligned polymer chains by secondary

© 2026 The Author(s). Published by the Royal Society of Chemistry
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crosslinking, while the difference in Leool — Lheat 1S also attrib-
uted to mesogen orientation (Fig. 7c). For the A-LCE UV-cured in
the nematic phase, Ly, increased gradually with pre-strain up
to 75%, then accelerated (Fig. 6¢), consistent with the growing
dominance of chain stretching beyond the soft elasticity plateau
(Fig. S16). Conversely, the L.y, increased sharply below 75%
pre-strain and slowed thereafter, highlighting the saturation of
domain reorientation. POM confirmed this transition, showing
enhanced birefringence above 75% pre-strain (Fig. S22 and
S23). In Fig. 6d, analysis revealed that above 75% pre-strain, the
relative contribution from mesogen orientation decreases while
polymer chain crosslinking becomes dominant (Lneat/Leool
increase from 10% to 20%). This saturation of domain

© 2026 The Author(s). Published by the Royal Society of Chemistry

reorientation leads to the deceleration in actuation gain. These
results confirm that in A-LCEs secondarily crosslinked in the
nematic state, the inherent domain structure prevents actua-
tion strain from exceeding the pre-strain, and achieving large
actuation necessitates large pre-strains to engage polymer chain
deformation.

For the A-LCE UV-cured in the isotropic phase, as shown in
Fig. 6e, both Leool — Lheac and Lpeye increased nearly propor-
tionally with pre-strain. Notably, L., consistently exceeded the
applied pre-strains, indicating that UV crosslinking effectively
fixed the stress-induced mesogen orientation (Fig. 6e and f).
POM images revealed uniform birefringence and transmittance
across pre-strain levels (Fig. S24 and S25), confirming well

Chem. Sci., 2026, 17, 1676-1687 | 1683
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orientation. As the blue line shown in Fig. 6f, Lycat/Leool
(reflecting polymer chain crosslinking) in isotropic-crosslinked
samples reached nearly 40% at 100% pre-strain, substantially
higher than the ~21% observed in nematic-crosslinked systems
even at 200% pre-strain. Although isotropic-crosslinked
samples attained larger total deformation, their actuation
strains were lower than their nematic-crosslinked counterparts
at the same pre-strain. This limitation stems from excessive
polymer chain topology fixation during isotropic UV curing,
which restricts the reversible mesogen reorientation essential
for large actuation strains.

Based on the above analysis, the difference in Ly, provides
a clear explanation for why the S-XLCE can achieve high actua-
tion strain under small pre-strains, whereas the A-LCE cannot.
In the A-LCE, Ly, increases significantly with pre-strain (Fig. 6¢
and d). While the pre-crosslinked network is essential for
maintaining mechanical integrity, the critical limitation for
actuation performance comes from the subsequent UV cross-
linking. This process permanently locks the polymer chains
into a new conformation without allowing topological rear-
rangement, resulting in a pronounced rise in Lpe,. In stark
contrast, the S-xLCE exhibits only a minimal increase in Lpeac
across varying pre-strains (Fig. 5a and S$26). XLCEs operate
through a programming mechanism based on stress-induced
mesogen orientation coupled with network rearrangement
mediated by dynamic bond exchange. This synergy allows the
network to adaptively rearrange and fix the oriented mesogen
structure under small pre-strains.

2.7. Spatially programmable actuation in XLCEs

To overcome the limitations of “composition-defined perfor-
mance” and enable spatially heterogeneous actuation within
a single material, we demonstrate a strategy to spatially regulate
actuation strain by locally tuning the degree of topology

1684 | Chem. Sci, 2026, 17, 1676-1687

rearrangement. By systematically modulating programming
parameters such as pre-strain, programming temperature, and
time, a broad range of actuation strains can be achieved
(Fig. 8a).

As a proof of concept, we fabricated monolithic S-xLCE films
in which distinct regions were programmed under different
conditions to yield spatially heterogeneous actuation. In
a representative example, a single S-xLCE film uniformly pre-
strained at 10% and programming for different time, one half
was heated at 150 °C for 60 min, while the other half underwent
extended heating for 100 min (Fig. S27). This simple variation in
heating time resulted in markedly different actuation
responses: 44% actuation strain on the left and 82% on the
right (Fig. 8b). This strategy stands in contrast to previously
reported strategies that relied on irreversible degradation of
mesogens to encode spatial actuation, which compromises
repeatability and structural integrity. In contrast, our method
enables reversible adjustment of actuation strain, solely
through modulation of bond exchange kinetics without
damaging the structure of mesogen.

Furthermore, by spatially varying the programming
temperature, actuation gradients can also be achieved. In
Fig. 8c, a square shape S-xLCE film was uniformly pre-strained
by 20%, but individual edges were programmed at different
temperatures: 140 °C for the top edge and 150 °C for the
remaining sides. Upon actuation, the asymmetry in the strain
response transformed the original square into a trapezoidal
shape, with an actuation strain of 54% for the top edge and 80%
for the other edges.

Finally, we explored the dependence of pre-strain on the
magnitude of applied pre-strain under the same programming
conditions. By selectively applying pre-strains 40, 60 and 80% to
different edges within a single material and programming at
150 °C for 10 min, we generated a spatially heterogeneous

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a) The actuation strain of xLCEs is tunable by adjusting the programming pre-strain, temperature, and time. (b—d) Spatially actuation

strains were achieved by locally tuning the degree of topology rearrangement through modulation of (b) programming time, (c) programming

temperature, and (d) applied pre-strain. Scale bars: 1 cm.

actuator exhibiting diverse actuation strains (Fig. 8d). This
strategy of tailoring actuation strain through multi parameter
modulation provides a robust toolkit for the design of sophis-
ticated soft actuator, enabling programmable and spatially
resolved deformation modes within a single material platform.

3. Conclusion

In this work, we report a previously overlooked programming
method for XLCEs that enables large actuation strains to be
achieved from remarkably small pre-strains. Contrary to the
conventional requirement of large pre-strain, our experiments
reveal that applying a small pre-strain by allowing extended
time for dynamic bond exchange is sufficient to fix stress-
induced mesogen orientation and produce a monodomain
actuator. Critically, the method requires extended program-
ming time, a factor that had been neglected in earlier XLCE
programming studies. Unlike conventional LCEs, where
secondary crosslinking leads to excessive polymer chain fixation
and restricted actuation, XLCEs utilize dynamic network rear-
rangement to preferentially fix mesogen orientation with
minimal chain rearrangement.

Furthermore, by leveraging this programming strategy, we
demonstrate the spatial integration of heterogeneous actuation
domains within a monolithic XLCE film through controlled
variation in pre-strain, programming time, and temperature.

© 2026 The Author(s). Published by the Royal Society of Chemistry

This versatile and composition independent approach offers
a powerful strategy for constructing complex, large scale,
reconfigurable xLCE actuators and significantly broadens the
material design space for adaptive and multifunctional soft
robots.
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