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The geometric shape and programming of mesogen alignment are two critical
prerequisites for the effective actuation of liquid crystal elastomer (LCE)
actuators. However, existing alignment programming approaches inevitably
impose limitations on the geometric design of LCEs. In this study, we introduce
a controlled radical diffusion mechanism that enables geometrically insensi-
tive programming of actuation. Our findings show that LCEs can be deformed
into complex structures via soft-elasticity and achieve the required mesogen
alignment by simply soaking the LCE in an aqueous solvent of a free-radical
initiator. The process requires no external assistance (maintained force, fix-
ture, heating, or light) and the omnidirectional radicals” diffusion enables
precise implementation of actuation across arbitrary geometries, including
those produced through 3D printing, molding, embossing, and origami tech-
niques. This “deform-and-go” strategy allows for scalable and versatile fabri-
cation of advanced LCE actuators, representing a significant advancement in

soft robotics engineering.

Soft actuators offer a broader range of actuation motion compared to
rigid counterparts, owing to their significant advantages in terms of
lightweight design, miniaturization, and user-friendliness'>. As a
result, they have garnered increasing attention in extensive applica-
tions such as biomedical*, sensors’®, and environmental exploration®.
Among various types of materials applicable for soft actuators, liquid
crystal elastomers (LCEs) are particularly noteworthy due to their rapid
response and high actuation strain’ ', Their special actuation behavior
is determined by both geometric design and programming of meso-
gen alignment, with the former dictating their application scenarios
while the latter governs their ability to undergo reversible actuation
under external stimulation™.

The precise alignment of mesogens therefore has become a fun-
damental requirement in the design and synthesis of LCEs®. Various
strategies have been developed to achieve this, including surface

anchoring interactions'®®, electric/magnetic fields'**°, shear

extrusion” %, and mechanical stretching”. However, these methods

encounter significant challenges when applied to intricate geometries
due to their inherent reliance on specific shapes. Surface anchoring
interactions provide an elegant approach for controlling alignment at
the pixelated level but are limited to thin-film LCEs, as their effec-
tiveness diminishes with increasing thickness. Electric and magnetic
fields, while effective for inducing alignment, require sophisticated
equipment and operate volumetrically, limiting their ability to achieve
precise spatial control over complex geometries. Combining shear
extrusion with direct ink printing offers the potential to fabricate
intricate 3D shapes, but this method constrains the versatility of LCE
actuation, as the shape and alignment are simultaneously determined
during the fabrication process.

Mechanical stretching stands out as a particularly attractive
approach due to its simplicity and broad applicability to most
LCEs*®7°, This technique typically requires an additional molecular
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fixation mechanism to stabilize the mesogen alignment® >, A widely
adopted method involves the two-stage curing protocol, where par-
tially crosslinked gels** or polymers® containing unreacted functional
groups are initially prepared, followed by complete curing through
thermal or light exposure after stretching. In the case of thermal cur-
ing, LCEs must be heated above their nematic to isotropic phase
transition temperature. At this stage, the material exhibits elastomeric
behavior, requiring sustained external force to maintain alignment and
prevent shape recovery. This necessity for mechanical fixtures
throughout the stretching process limits its applicability to complex
geometries. In contrast, light-induced crosslinking can utilize the soft
elasticity of LCEs to fix temporary folded shapes without the need for
fixtures. This soft elasticity arises from the robust m-mt stacking inter-
actions of reoriented mesogens during deformation. However, light-
induced crosslinking encounters challenges in accessing shadow areas
within complex 3D shapes. Other alignment-fixing mechanisms, such
as dynamic bond exchange®?, crystallization®®, and solvent
evaporation®, also show promise. Yet, most of these methods require
heating above the phase transition temperature for programming. An
alternative, more elegant strategy involves inducing dynamic bond
exchange at room temperature*’, Nevertheless, this approach faces an
inherent trade-off: achieving rapid and complete alignment fixation
necessitates highly active dynamic bonds, which can compromise the
stability of thermal-induced actuation. Consequently, developing a
simple and universally applicable method for programming mesogen
alignment that enables both geometric versatility and stable actuation
in LCEs remains an unmet challenge.

A gentle alignment-fixing approach capable of achieving on-
demand stable actuation for LCEs with arbitrary geometries is highly
desirable. Most reported LCEs are synthesized through acrylate-thiol
Michael addition and acrylate radical polymerization, where residual
acrylate groups can undergo further crosslinked via radicals to fix the
mesogen alignment*. We envision that if radicals could be generated
at ambient temperatures without the need for heat or UV exposure,
while maintaining the structural integrity of LCEs, the desired out-
come can be attained. However, this presents significant challenges:
the direct introduction of room-temperature initiators often com-
promises network stability, while solvent-mediated initiator intro-
duction leads to undesirable swelling. Unexpectedly, we discovered
that immersing LCEs in an ammonium persulfate (APS) aqueous
solution enables the generated radicals to effectively permeate the
LCEs. Simultaneously, the inherent hydrophobicity of LCEs prevents
water-induced swelling, thereby preserving the deformed structure.
Following this treatment, the LCE exhibits high stability and rever-
sible actuation capabilities. This strategy is broadly applicable and
holds substantial potential for the personalized customization and
production of complex LCE actuators.

Results

The alignment fixing of LCE based on radical diffusion
Conventional alignment fixing methods generally rely on light or
thermal stimuli, but they are limited by the presence of shadow areas
and the requirement for continuous external force, respectively
(Fig. 1a and detailed summary shown in Table S1). As such, the fabri-
cation of intricate shapes of LCEs is constrained. In contrast, this work
allows for the efficient construction of complex 3D structures that are
unattainable by traditional alignment methods due to the unrestricted
diffusion of free radicals. The specific programming procedure is
illustrated in Fig. 1b, c. The as-cured LCE film can be cut into a “star”
shape, which is well-suited for origami. Subsequently, this structure
can be manually deformed into a “crane”. To fix the shape and the
orientation, the folded LCE is then placed in an aqueous solution
containing 10 wt% APS. The sulfate radicals in the water can diffuse into
the LCE network, initiating the radical polymerization of residual
acrylates, as depicted by the chemical structures in Fig. 1d. Finally, the

LCE exhibits a “crane”-like structure and reversible actuation in
deformed regions.

The available LCE precursors, as depicted in Fig. le, encompass
various liquid crystal monomers, chain extenders, and crosslinkers
that can be utilized (more detailed information is shown in Table S2).
These different systems can be polymerized through either thermal-
induced Michael addition or photo-induced radical polymerization.
We note that it is not necessary to precisely control both the compo-
sition and degree of polymerization in the system. Even a minimal
amount of residual acrylate after complete polymerization can be
utilized for subsequent shape and alignment fixing. In contrast, the
alignment cannot be achieved in LCE systems lacking acrylate func-
tional groups (Fig. S1). Hereafter, we first select a specific model system
for investigation unless otherwise notified. The bis-[4-(6-acryloylox-
yhexyloxy) benzoyloxy]-2-methylbenzene (RM82) is used as the liquid
crystal monomer, combined with the chain extender 1,3-propane-
dithiol (EDDET) and the crosslinker pentaerythritol tetra(3-mercapto-
propionate) (PETMP) in a 1:1 molar ratio of thiol to acrylate. The
content of crosslinker is initially fixed at 20 wt%. The LCE can be
obtained after being thermally cured under triethylamine catalysis.
The swelling ratio of the LCE in different solvents is shown in Fig. S2,
with a 1.6 wt% swelling ratio observed in water. The low swelling rate of
LCE ensures its shape remains virtually unchanged in water, even after
seven days (Fig. S3).

The characterization of alignment fixing mechanism
To verify the diffusion of sulfate radicals into the LCEs, we design a
monitoring system as illustrated in Fig. 2a. The indicator consists of an
acrylamide hydrogel containing xylenol orange sodium salt (XO) and
Fe?" ions for the detection of radicals. A 0.6 mm thick LCE film is placed
on top of the hydrogel indicator, followed by a drop of APS aqueous
solution on the LCE film. Over time, radicals generated from the APS
solution can permeate through the LCE film and reach the surface of
the hydrogel. These radicals will react with Fe* ions in the hydrogel,
resulting in the transformation of Fe?* to Fe* that triggers a color
change reaction. Consequently, the initially orange XO changes into a
purple complex, producing a visible purple spot on the orange
hydrogel indicator. The results of the diffusion test are shown in
Fig. 2b. To prevent the hydrogel from losing water, the radical mon-
itoring system is placed in a controlled environment with a constant
temperature of 15°C and humidity of 90%. After 16 h, a faint purple
spot can be observed, indicating that radicals have fully diffused
through the LCE film. After 24 h, the obvious purple spot is visible on
the hydrogel indicator. The hydrogel-based radical monitoring system
confirms that the radicals could indeed diffuse into the LCE network.
As a well-known radical initiator, APS is widely used in the radical
polymerization of hydrogels, most of which are composed of acrylic
acid or acrylamide. To determine if the sulfate radicals produced by
APS can induce chemical crosslinking for acrylate groups in the LCE
network, we prepare a liquid crystal precursor containing RM82 and
EDDET. Upon adding two drops of APS solution to the precursor, we
observe clear gelation of the liquid crystal precursor after 1min
(Fig. 2c). Fourier-transform infrared (FTIR) spectroscopy results show
that the characteristic infrared signals of residual acrylate groups in
the prepared LCE (C-H bending at 8llcm™, C=C stretching at
1637 cm™) almost completely disappear after soaking in APS solution
for 24 h (Fig. 2d, e). Amongst, the content of double bonds gradually
decreases with the increase in soaking time (Fig. S4), indicating that
the radicals generated by APS can induce reactions with residual
acrylate groups. Differential scanning calorimetry (DSC) analysis
shows that the diffusion of radicals has a negligible effect on the phase
transition temperature of the LCE samples (Fig. S5). Furthermore, the
mechanical properties of the LCE show slight changes (Fig. S6), with an
increase in modulus attributed to the higher degree of cross-
linking (Fig. S7).
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Fig. 1| Alignment and actuation of LCEs enabled by radical diffusion.

a Conventional alignment fixing methods. For the light curing method, as shown in
the figure, the geometric structure creates shadow area where alignment fixation
cannot be achieved. b The process for alignment fixing of this work through

controlled radical diffusion. ¢ The network illustration of the mechanism for
mesogen alignment. d Chemical reaction structure formulae of acrylate free radical
polymerization. e The available LCE compositions.

After confirming that radicals can diffuse into the LCE network
and initiate the crosslinking of acrylate functional groups, we further
investigate the diffusion kinetics and the underlying mechanisms dri-
ven by radical concentration gradients. Fig. S8-S10 indicate that as the
sample thickness increases, the diffusion time correspondingly

increases. The derivation and calculation results (see Supplementary
Information) are consistent with Fick’s law, indicating that the time
required for complete diffusion is proportional to the square of the
sample thickness, with an apparent diffusion coefficient of
1.41x10™* m*s™,
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adding the APS solution. LCE precursor is composed of 1g of RM82 and an equi-
molar amount of EDDET dissolved in 1g of N, N-dimethylformamide. d, e FTIR
spectroscopy of LCE film before and after soaking in APS solution. All scale bars
arelcm.

The actuation performance of LCE actuator fabricated through
radical diffusion

We hereafter investigate the actuation performance of the LCE. As
shown in Fig. 3a, the uniaxially stretched LCE film (with a pre-stretched
strain of 120%) exhibits nearly 110% reversible strain after soaking in
APS aqueous solution for 24 h. In contrast, the same LCE film soaked in
deionized water shows no actuation capability. This further confirms
that the reversible actuation of the LCE originated from the diffusion of
radicals generated by APS. The chemically crosslinked nature of our
LCEs ensures high actuation stability even at elevated temperatures up
to 140 °C (Fig. 3b, more heating-cooling cycles are shown in Fig. S11),
whichis in stark contrast to the limited stability observed in LCEs fixed
through dynamic bond exchange. To ensure long-term thermal stabi-
lity, the LCE samples are subjected to thermal treatment at 140 °C for
72h (Fig. S12). The actuation strain shows only a minor change,
decreasing from 106 to 100%. In addition, the actuation performance
of samples stored for approximately one year is assessed (Fig. S13,
S14), revealing negligible changes in their behavior and thereby con-
firming the storage stability of the LCEs. Typically, the initially pre-
pared LCE films are isotropic, as confirmed by the two-dimensional
wide-angle X-ray diffraction (WAXD), which shows a uniform ring
(Fig. 3c). After stretching and soaking, two distinct arcs are observed in
the WAXD, indicating that the reversible actuation of LCE films origi-
nates from the anisotropy generated in the network. This is further
supported by polarized optical microscopy images (Fig. 3d), which

show alignment consistent with the direction of the applied pre-
stretching.

Several factors would affect the actuation behaviors during the
programming. It can be estimated by the actuation strain, with the
definition shown in the Experimental Section. We select an LCE film
with a length of 20 mm, a width of 4 mm, and a thickness of 0.6 mm as
the test sample. Since the crosslinking process of the LCE is highly
dependent on radical diffusion, we first explore the correlation
between APS concentration, soaking time, and the resulting actuation
strain with the same pre-stretch strain of 100%. As illustrated in Fig. 3e,
the actuation strain of the LCE sample progressively increases with
soaking time until it reaches a plateau. It is evident that at low APS
concentrations, the fixing effect on the alignment of mesogens is
positively correlated with the concentration of APS. This indicates that
achieving the same actuation strain requires longer soaking times in
lower concentration APS solutions. However, we found that when the
APS concentration exceeds 24%, the solution loses its ability to effec-
tively fix the alignment. This is because APS tends to decompose and
produce oxygen at high concentrations, reducing the efficiency of
radical generation. It can be supported by the observation of notice-
able bubble formation in high-concentration APS solutions. The opti-
mal orientation fixing effect is achieved when the LCE sample is soaked
in a 4 wt% APS solution. Therefore, this soaking condition is used for
subsequent investigations. In addition, at this concentration, the
minimal oxidizing property of APS does not lead to any degradation in
the actuation performance or mechanical properties of the LCE
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Fig. 3 | The actuation performance of LCE. a The results of LCEs soaked in APS
solution and deionized water. b Cyclic actuation behavior of the LCE sample upon
heating and cooling. ¢ WAXD patterns before and after the programming.

d Polarized optical micrographs of aligned LCE. e The relationship between
actuation strain, APS concentration, and soaking time. f The dependence of
actuation strain on the crosslinker content and soaking time. g The effect of

residual acrylate content on the actuation strain. h The dependence of actuation
strain on the soaking time. i The relationship between actuation strain and pre-
stretch strain. The sample in (h) and (i) exhibits a 4:1 ratio of EDDET to PETMP, while
the molar ratio of acrylate to thiol is maintained at 1:1. All error bars correspond to
the s.d. (n=3).

(Fig. S15, S16). This observation is consistent with the FTIR results,
which indicate that the material’s characteristic peaks remain virtually
unchanged after 48 h of soaking (Fig. S17).

The alignment fixing effect is also influenced by the LCE network
composition. As shown in Fig. 3f, both excessively high and low
crosslinking densities (i.e., the molar ratio between the chain extender
EDDET and crosslinker PETMP) are detrimental to the mesogen
alignment fixing. This phenomenon may be attributed to the fact that a
high crosslinking density hinders the diffusion of free radicals, whereas
a low crosslinking density results in excessive spacing between resi-
dual acrylate groups, leading to unfavorable chemical crosslinking.
Consequently, there is an optimal crosslinker ratio for this thermally
polymerized LCE network, specifically when the chain extender EDDET
to crosslinker PETMP ratio is 4.

To simplify the initial preparation of the LCE network, we have
fixed the molar ratio of acrylate to thiol at 1:1, thereby enabling APS-
initiated chemical crosslinking to occur among the few remaining
acrylate groups. This leads us to question whether a substantial pre-
sence of acrylate functional groups in the network could significantly
enhance the efficiency of alignment, thereby reducing the soaking
time needed to reach maximum actuation strain. Indeed, as shown in
Fig. 3g, the efficiency of alignment fixing is much higher when the
acrylate is in excess (i.e., the molar ratio between acrylate and thiol is

1:0.9). The maximum strain is reached after 1h of soaking in the APS
solution. When the acrylate content is further increased (i.e., the
acrylate to thiol molar ratio is 1:0.8), alignment fixing could still be
completed in a short time, but the actuation strain decreases with
prolonged soaking. This decrease is due to excessive chemical cross-
linking which would restrict the actuation of LCE. The observed slight
enhancement in the mechanical properties of the LCE samples after
soaking can be attributed to an increase in the crosslinking density of
the material resulting from the crosslinking of residual acrylate func-
tional groups. Additionally, the actuation strain of the optimized LCE
sample increases with the increase of soaking time and the pre-
stretched strain (Fig. 3h, i). After soaking for one hour, the LCE sample
achieved 100% actuation strain. We expand the range of water-soluble
free radical initiators for generating the necessary radicals (Fig. S18),
and it is observed that nearly all the selected radical initiators can
achieve effective liquid crystal mesogen alignment fixing, but APS
provided the best results.

The fabrication of LCE 3D structure

The arbitrary spatial diffusion of free radicals allows us to impart
actuation capabilities in a diverse range of 3D structures. Digital light
processing (DLP) 3D printing offers a flexible method for custom
forming 3D structures of LCE. This printing method typically exhibits
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enhanced printing speed and heightened printing accuracy compared
with typical direct ink writing (DIW). The liquid crystal precursors for
DLP 3D printing are commonly cured in an isotropic state. Therefore,
directly printed structures lack actuation capability and usually require
post alignment to impart actuation to the 3D structures, such as
crystalline®® or solvent evaporation®. The actuation stability achieved
by these methods is not as good as that of chemical crosslinking. As
shown in Fig. 4a, we select commonly used photo-curable LCE pre-
cursors for DLP 3D printing. It is worth noting that despite the utili-
zation of radical polymerization in both DLP 3D printing and our
alignment programming technique, these two processes do not
interfere with each other. The printed complex 3D models exhibited
stable thermal responsive reversible actuation after programming
(Fig. 4b, c, Movie S1), demonstrating the applicability of this method to
3D printing.

Additionally, 3D structures can also be achieved through molding
by utilizing thermal curing LCE systems, as outlined in Table S1.
Complex structures like a “crocodile” and a “starfish” can be molded
and programmed to achieve the actuation (Fig. 4d, Movie S2).
Embossing technology offers a versatile approach to customizing
arbitrary visual patterns on LCE films. When subjected to applied
pressure, the thickness of the LCE material undergoes alteration,

resulting in orientation in these domains (Fig. S19). After fixing, these
patterns exhibit a reversible transition between visible and invisible
states (Fig. 4e and S20). This method further enables the embossing of
complex patterns onto 3D macroscopic shapes formed by folding.
Notably, the shape transitions in multiscale occur independently, a
capability that is challenging to achieve with other alignment methods.
Other techniques, such as kirigami, can also be employed. The locally
cut LCE 2D sheet can transform into 3D shapes under external tensile
forces. After programming, the kirigami structures possess the ability
to reversibly transform back into 2D shapes (Fig. S21).

The fabrication of LCE origami

Origami is a traditional art form that creates beautiful 3D structures by
folding paper into various shapes and patterns®. It is not only an
artistic expression but also has found widespread application in fields
such as structural design and mechanical engineering, including fold-
able architectural structures*?, medical devices*, and shape-morphing
soft robots*. LCE films can be utilized as origami materials to fabricate
various 3D structures with reversible actuation, offering numerous
potential functions. The early application of origami techniques in the
preparation of LCEs is primarily observed in dynamic chemistry
systems*®. However, these bond exchanges are either induced by
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thermal or light stimuli during the alignment process, which imposes
limitations on fabricating intricate shapes as depicted in Fig. 1a. In
contrast, our LCEs can be easily folded or crumpled into origami
structures at room temperature, without exhibiting the typical elastic
rebound observed in conventional elastomers. This enables us to
effortlessly fabricate origami LCEs.

Among various origami patterns, Square-Twist origami represents
a type with fourfold rotational symmetry (Fig. 5a). Its folding pattern
consists of alternating squares and rhombus panels, where the internal
edges are all either mountain or valley creases (Fig. S22). An analysis of
the geometric constraints reveals that the crease pattern has zero
degrees of freedom (DOF) and therefore it should not be foldable (see
Supplementary Information). However, based on the fact that real
materials can be folded, this origami pattern can be achieved by
exploiting the bending deformation not explicitly indicated in the
crease, thereby providing additional DOF*. The bending DOF of these
hidden panels generates an energy barrier. By releasing the bending
DOF, the non-rigid foldable Square-Twist origami structure stores
elastic energy, primarily in the form of bending energy in the panels
and folding energy at the creases during the folding/unfolding pro-
cess. We perform an energy analysis on the Square-Twist LCE origami
(detailed information is provided in the Supplementary Information).
The results show that the bending-to-crease energy ratio (ky/k.) of our
LCE is 0.6. For ky/k. <1, the geometric configuration of the material

formed through folding is stable and will not readily deform under
unstimulated conditions®’. Furthermore, during the unfolding and
folding processes, the additional DOF provided by ky/k.<1 helps
eliminate the hysteresis behavior caused by changes in the stable state.
This strongly demonstrates the good compatibility of LCEs with this
origami structure. We therefore fold LCE films according to the
Square-Twist pattern, this structure demonstrates the expected
reversible expansion and contraction upon heating and cooling after
programming (Fig. 5b, Movie S3). Additionally, we fabricate reversible
deployable structures formed using other folding patterns. These
types of non-rigid foldable origami structures hold promise for
designing mechanical energy storage devices and deployable space-
craft structures.

Beyond deployable structures, we also demonstrated classic ori-
gami based on paper folding. As shown in Fig. 5c, the origami “crane”
and origami “airplane” can revert to 2D sheets when heated above the
nematic-isotropic transition temperature, and they can reversibly
return to their folded 3D shapes upon cooling (as shown in Movie S4).
These two types of foldable structures share a similar folding
mechanism with the deployable folding pattern, exhibiting a reversible
transformation from 2D to 3D shapes. The diffusion mechanism of
radicals allows for alignment locking at any crease, enabling us to
design LCEs into complex and diverse artistic structures. As demon-
strated in Fig. 5d, LCEs are folded multiple times to form structures
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resembling “shrimp” and “moths”. Due to the interlocking of the ori-
gami structures and the thermal conduction effects, these 3D struc-
tures can undergo local deformation upon heating, demonstrating a
reversible transformation from one 3D shape to another 3D shape
(Fig. 5e, Movie S5). The attainment of these intricate 3D origami
structures is beyond the capabilities of currently reported program-
ming methods.

Discussion

In summary, we have discovered an LCE programming mechanism
through radical diffusion-induced chemical crosslinking in aqu-
eous conditions. This strategy can effectively fix the mesogen
alignment and impart actuation capability of LCEs, maintaining
their macroscopic structural integrity. The resulting actuation
strain exhibits a high magnitude and demonstrates exceptional
stability in actuation. By applying localized external forces,
regionally controlled and customized alignment patterns can be
designed, thereby endowing LCEs with spatially controlled
actuation behaviors. The geometric insensitivity of the radical
diffusion enables the creation of intricate 3D structures by inte-
grating molding, embossing, and kirigami strategies, in conjunc-
tion with the utilization of DLP 3D printing to achieve highly
complex designs. In addition, the maintained soft elasticity of
LCEs allows them to be deformed into various foldable and
deployable structures, akin to the art of origami. Theoretically, by
spatiotemporally controlling the alignment of mesogens through
strategies such as regulating the kinetics of radical diffusion and
designing heterogeneous network structures, it is possible to
further enhance the complexity of LCE actuation. This represents
a promising research direction for future investigation. We fur-
ther note that the use of the APS solution may raise concerns
regarding waste disposal and environmental impact. Therefore, in
industrial production, eco-friendly initiators hydrogen peroxide
solutions, can be used as a substitute, which are also capable of
achieving effective alignment fixation. To ensure the stability of
this method for large-scale production, both the soaking time and
the initiator concentration should be carefully controlled. A suf-
ficiently long soaking time, along with real-time monitoring of
initiator consumption and timely replenishment, can help ensure
consistent alignment performance. Our approach is broadly
applicable to most acrylate LCE systems and facilitates large-scale
programming of actuators and soft robots.

Methods

Materials

The liquid crystal mesogen with terminated acrylate groups 1,4-bis-[4-
(6-acryloyloxy-hexyloxy) benzoyloxy]-2-methylbenzene (RM82, purity:
97%) and 1,4-bis-[4-(3-acryloyloxypropyloxy) benzoyloxy]-2-methyl-
benzene (RM257, purity: 97%), epoxy liquid crystal mesogen 4,4-
bis(2,3-epoxypropoxy)biphenyl (purity: 98%) were purchased from
Beijing Bayi Space LCD Technology Co., Ltd. The 2,2-(ethylenedioxy)
diethanethiol (EDDET, purity: 97%), glycol di(3-mercaptopropionate)
(purity: 99%), acrylamide (AAm, purity: 99%), tetrakis(allyloxy)ethane
(purity: 99%), and sebacic acid (purity: 99%) were obtained from Sigma-
Aldrich. The pentaerythritol tetra(3-mercaptopropionate) (PETMP,
purity: 95%) was procured from Rhawn. 2,2-dimethoxy-2-phenylaceto-
phenone (DMPA, purity: 98%), triazobicyclodecene (TBD, purity: 98%),
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU, purity: 99%), ammonium
persulphateand (APS, purity: 99%), 1,3-dimercaptopropane (purity:
98%), 1,10-decanedithiol (purity: 96%), ferrous sulfate (purity: 99%) and
1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (purity: 98%) were pur-
chased from TCI. The N,N-methylene diacrylamide (purity: 98%), xyle-
nol orange sodium salt (XO, purity: 99%), hydrochloric acid, 2,2-
azobis[2-(imidazolin-2-yl)propane] dihydrochloride (purity: 98%), and
triethylamine (TEA, purity: 99%) were purchased from Macklin. The

photo-initiator Irgacure 2959 (purity: 98%) was obtained from Aladin.
All the chemicals were used as received.

Synthesis of LCE samples through Michael-addition

Taking the selection of EDDET as the chain extender as an example, the
synthesis of the LCE network via Michael addition was demonstrated.
For systems employing different chain extenders, equimolar amounts
of thiol and liquid crystal monomer were used, while maintaining a
fixed molar ratio of chain extender to crosslinker at 4. In the case of the
LCE system with an ngpper/npemp ratio of 4, where the molar amounts
of thiol and acrylate were kept equivalent, the synthesis was carried
out as follows: RM257 (1g), EDDET (0.2063 g), and PETMP (0.1382 g)
were dissolved in DMF (1g) at 80 °C. Subsequently, 0.05 g of triethy-
lamine (TEA) was added to the mixture. After thorough mixing and
degassing, the solution was cast between two glass slides separated by
a silicone rubber spacer and cured in an oven at 80 °C for 12 h. Upon
completion of the reaction, the resulting sample was dried in a vacuum
oven at 70 °C for 12 h to completely remove residual DMF and TEA.

Synthesis of LCE samples through radical polymerization
Taking tetrakis(allyloxy)ethane as the crosslinker as an example, the
synthesis of the LCE network via radical polymerization was demon-
strated. For systems employing different crosslinkers, the molar ratio
of thiol to acrylate was maintained at 1:1, while the ratio of crosslinker
to chain extender was kept at 1:10. The synthesis procedure was as
follows: RM82 (1g), tetrakis(allyloxy)ethane (0.017g), and 1,10-
Decanedithiol (0.27 g) were dissolved in DMF (1g) at 80 °C. Next,
0.025 g of DMPA was added to the solution. Then, the LCE solution was
immediately injected into the silicone rubber mold, followed by UV
curing (365 nm, 200 mW/cm?) for 3 min. The cured film was then dried
in a vacuum oven at 70 °C for 12 h to remove the DMF.

Synthesis of non-acrylate-containing LCE samples

For the non-acrylate-containing epoxy LCE network, the following
procedure was used: 1g of 4,4-bis(2,3-epoxypropoxy)biphenyl and
0.68 g of sebacic acid were mixed at 180 °C. A triazabicyclodecene
catalyst (5 mol% relative to the carboxyl groups) was then added, and
the mixture was stirred manually until homogeneous. After cooling to
room temperature, the mixture was sandwiched between two glass
slides coated with polytetrafluoroethylene tape. The clamped assem-
bly was subsequently heated at 180 °C for 4 h to complete the reaction.

Fabrication of hydrogel indicator

The first step is to prepare a solution containing a mixture of FeSO4
and XO. Dissolve 1g of FeSO4-7H,0 and 0.05 g of XO in 10 g of deio-
nized water, followed by the addition of 2-3 drops of hydrochloric acid.
Stir the mixture thoroughly. The next step is to synthesize the poly-
acrylamide hydrogel. AAm (1g) and N, N-methylene diacrylamide
(0.01g) were dissolved in 5g deionized water. Then the mixture was
added into a 0.6 mm thick mold, followed by UV curing (365 nm,
200 mW/cm?) for 15s. After polymerization, the PAAm hydrogel was
immediately immersed in a FeSO,4-XO mixed solution and allowed to
reach a state of swelling equilibrium. Afterward, the hydrogel indicator
can be obtained and used immediately.

Orientation fixing process

The APS solution is prepared by dissolving 4 g of APS in 96 g of deio-
nized water. Add a single drop of DBU (0.02 g) to the solution, and mix
thoroughly until achieving homogeneity to promote the formation of
free radicals. Subsequently, the LCE sample was programmed through
the deformation and then immersed in the prepared solution. After
allowing it to soak for a designated period, extract the sample and
gently blot the surface with a paper towel to eliminate any residual
solution. The final LCE actuator will demonstrate reversible deforma-
tion capabilities.
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Actuation characterization of programmed LCE

The actuation strain for the programmed LCE samples was determined
using the formula: actuation strain = (Lcoig—Lneat)/Lhear X 100%. Here,
Leoid and Lyeae represent the sample lengths at 25°C and 120 °C,
respectively.

Characterization

The polarized optical images were collected using a polarized optical
microscope (ECLIPSE E600W POL) at room temperature. The
mechanical property was measured using a Zwick/Roell tensile
machine at a stretching speed of 10 mm/min at room temperature. The
differential scanning calorimetry (DSC) analyses were conducted using
a TA Q200 machine at a heating rate of 10 °C/min. The wide-angle X-
ray scattering instrument (WAXS, XEUSS 3.0, from XENOCS, France)
was employed to determine the orientation of LCE mesogens. The
testing parameters were as follows: 70 kV, 3.5mA, 250 W. The rever-
sible actuation cycle curves were obtained through dynamic
mechanical analysis (DMA, controlled stress mode), with a heating/
cooling rate of 10 °C/min. Fourier transform infrared spectrometer
(FTIR) spectra were conducted using a Nicolet iS50 FTIR spectrometer
(Thermo Fisher, USA) with a scanning range from 4000 to 400 cm™.

Data availability
The authors declare that the data supporting the findings of this study
are provided within the article and its Supplementary Information file.
Additional data are available upon request from the corresponding
author. Source data are provided in this paper. Source data are pro-
vided with this paper.
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