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Abstract Bioinspired active pillar structures, known for their large surface area, mechanical compliance, and diverse deformation modes, have
garnered extensive research interest. Among various active pillar structures, liquid crystal elastomer (LCE) pillar arrays are capable of exhibiting
significant and reversible anisotropic deformation under cyclic heating and cooling, showing great potential in tunable adhesion, soft robots, and
biomedical devices. However, scaling up LCE pillar manufacturing remains challenging, limiting its practical applications. In this work, a solvent-
free LCE resin is developed with unique features including simple operating procedure, short fabrication time, and tunable responsive tempera-
ture, enabling rapid and large-scale production of LCE pillar arrays. The LCE resin allows for the preparation of complex 3D shapes in addition to
film or specimen. The fabrication time can be as short as 4 h, without the need to evaporate solvent. Moreover, the LCE resins can be adjusted
with a variable phase transition temperature range from 49.4 °C to 97.7 °C by incorporating non-liquid crystal acrylate chains. The resulting active
pillar array structure can undertake sequential actuation upon heating with the tunable actuation temperature. Finally, the application of these
pillar arrays in multi-level information encryption is demonstrated. The LCE pillar structure introduced here offers a new strategy for constructing

advanced active LCE structures with tunable responsive behavior.
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INTRODUCTION

Various creatures have evolved microstructural surfaces with
specialized functions for self-cleaning, dry adhesion, and struc-
tural coloration."! For instance, lotus leaves exhibit superhy-
drophobicity and exceptional self-cleaning abilities because of
their microscale papillae structure and hydrophobic epidermal
wax on their surfacel? Geckos possess remarkable climbing
ability owing to the micro- and nanostructures on their toe sur-
faces, which allow them to attach to and detach from nearly any
surface via van der Waals forces.3¥ Inspired by nature, re-
searchers have developed a variety of bioinspired active pillar
structures capable of performing complex and precise tasks
through dynamic and reversible deformation in response to ex-
ternal stimuli, highlighting their broad application prospects in
fields such as haptic sensors, tunable adhesion, and biomedical
devices.”~ These active pillar array structures can be fabricated
from various soft active materials, including shape memory
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polymers (SMPs),l'® magnetic soft materials (MSMs),!"" hydro-
gels,'2"3 and liquid crystal elastomers (LCEs).l'4-%2

Among these active materials, LCEs have garnered signifi-
cant interest owing to their large reversible actuation,
anisotropic deformation, and versatile programmable actua-
tion modes.[23-29) | CEs consist of liquid crystal mesogens and
polymer networks, combining the anisotropic properties of
mesogens with the elasticity of the polymer networks.[30-37]
When heated above the nematic-isotropic phase transition
temperature (7), the LCEs undergo macroscopic and
anisotropic deformation.38-44 The actuation is fully re-
versible. Once the heat is removed, the LCEs return to their
original shapes.[*5-521 Cui et al. developed an LCE pillar struc-
ture using a pair of permanent magnets to align mesogens
along the pillar direction.53! The pillar arrays can switch re-
versibly between adhesive and non-adhesive states in re-
sponse to temperature changes. However, the size of the
platform between magnets with a high field strength is limit-
ed, making the preparation of large arrays of pillar structures
significantly challenging. Additionally, mechanical stretching
typically requires removal of the solvent after the initial poly-
merization step, which makes it difficult to maintain the ge-
ometry of the pillar.>4-571
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In this work, we fabricate LCE pillar array structures using
solvent-free LCE resins with a simple operating procedure,
short fabrication time, and tunable response
temperature.l58-601 Compared to conventional two-step poly-
merization methods, the fabrication time in this work can be
as short as 4 h (Table S1 in the electronic supplementary in-
formation, ESI). This is because the solvent-free fabrication
process allows the pillar arrays to retain their as-prepared
shapes without the need for solvent evaporation, thereby sig-
nificantly shortening the production time. The active pillar
structures show tunable phase transition temperature T; with
a range from 49.4 °C to 97.7 °C with the incorporation of non-
liquid crystal acrylate chains. The T; of the LCEs is found to be
highly dependent on the molecular weight and content of
the flexible acrylate backbones. The resulting structures can
exhibit multiple actuation modes through different program-
ming methods and undergo sequential and multiple shape
changes upon heating. Finally, we integrate LCE pillar arrays
with varying T; for information encrypting, allowing decryp-
tion at specific temperatures and providing multi-level pro-
tection of information security.

EXPERIMENTAL

Materials
1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylben-
zene (RM257, 98%), poly(ethylene glycol) diacrylate (PEGDA, Al-
addin, average molecular weight ~200, 400, and 600, contains
400-600 ppm 4-methoxyphenol as an inhibitor), 2,2"-(ethylene-
dioxy) diethanethiol (EDDET, Aladdin, 97%), pentaerythritol
tetra (3-mercaptopropionate) (PETMP, Innochem, 90%),
dipropylamine (DPA, Alfa, 99%), (2-hydroxyethoxy)-2-methyl-
propiophenone (Irgacure 2959, Aladdin, 98%), and methylene
chloride (CH,Cl,) were used as received without further purifica-
tion.

Synthesis of Solvent-free LCE Resin

Component A: A solvent-free LCE resin containing PEGDA with a
molecular weight of 200 and molar ratio of 5% was used as an
example. First, liquid crystal mesogen RM257 (13.42 g, 22.8
mmol), non-liquid crystal PEGDA200 (0.24 g, 1.2 mmol), and ex-
tender EDDET (2.19 g, 12 mmol) are dissolved in CH,Cl, (20 mL).
Then, catalyst DPA (0.06 g, 0.6 mmol) is added into the mixture
dropwisely. The resulting solution was stirred overnight at room
temperature. Finally, the mixture was placed in an oven at 80 °C
for 24 h to allow the complete evaporation of the solvent. Com-
ponent A is in an opaque polydomain state at room tempera-
ture.

Component B: The crosslinker PETMP (1.02 g, 2.1 mmol),
extender EDDET (0.88 g, 4.8 mmol), catalyst DPA (0.04 g, 0.4
mmol) and photoinitiator Irgacure 2959 (0.09 g, 0.4 mmol) are
mixed at 80 °C to form a homogeneous solution.

Preparation of Pillar Arrays Using Solvent-free LCE
Resin

First, components A and B of the LCE resin were mixed at 80 °C,
and the mixture was degassed under vacuum and poured into a
customized mold. The mixture was then filled into the holes of
the mold under vacuum. After curing at 80 °C for 3 h, the poly-
domain LCE pillar arrays were obtained. Finally, the polydomain
LCE pillars were programmed into different shapes under exter-

nal forces and further fixed under 365 nm UV light for 30 min.

Characterizations

Thermogravimetric analysis (TGA) was performed on a TG-DSC
3+ (Mettler) instrument in a nitrogen atmosphere. The tempera-
ture range of the TGA measurements was from 25 °C to 800 °C,
and the heating rate was set at 5 °Cmin~". "H nuclear magnetic
resonance (NMR) spectroscopy measurements were conducted
on an AV600M spectrometer at room temperature using chloro-
form-d (CDCly) as the solvent. Differential scanning calorimetry
(DSC) measurements were performed using a DSC250 calorime-
ter (TA Instruments) in a nitrogen atmosphere. The temperature
range of the DSC measurements was from -50 °C to 150 °C, and
the heating and cooling rates were set at 5 °C:min~', The DSC
curve of the second heating run was used to remove the ther-
mal history of the samples. The dynamic modulus and tan delta
of the LCEs were recorded using a DMA Q800 (TA Instruments)
in frequency-strain mode. The dimensions of the measured
samples were 10 mm x 3 mm X 1 mm. The temperature was in-
creased from -50 °C to 150 °C, and the heating rate was set to
5 °C:min~". The other test parameters were selected as 0.01 N
preload force, an oscillating strain of 0.2% at 1 Hz, and a force
track of 125%. The temperature dependence of the length
changes of the LCEs was measured using a DMA Q800 (TA In-
struments). A sample size of 10 mm X 3 mm X 0.5 mm is used.
The temperature was increased from -50 °C to 150 °C at a heat-
ing rate of 5 °C:min~". Uniaxial tensile tests of the LCEs at room
temperature were performed on a Universal Mechanical Test-
ing System (WANCE) with a 100 N loading cell. The LCEs were
cut into rectangular shapes with dimensions of 30 mm x 10 mm
x 0.5 mm. The strain rate was varied from 0.2 min~'. Optical im-
ages were captured using a digital camera (Nikon Z5).

RESULTS AND DISCUSSION

Preparation of Pillar Arrays Using Solvent-free LCE
Resin

Fig. 1(a) schematically depicts the pillar array preparation pro-
cess using a solvent-free LCE resin. Component A consists of lig-
uid crystal oligomers with acrylate moieties as the end groups,
synthesized through a thiol-acrylate Michael addition reaction
involving a liquid crystal mesogen (1,4-bis-[4-(3-acryloy-
loxypropyloxy)benzoyloxy]-2-methylbenzene) (RM257), non-lig-
uid crystal poly(ethylene glycol) diacrylate (PEGDA), and the
chain extender 2,2"-(ethylenedioxy) diethanethiol (EDDET). The
molar ratio of acrylate to thiol groups is set as 2:1. The mesogen
RM257 is partially replaced by flexible PEGDA, allowing the tun-
ing of the phase transition temperatures T; in the resulting LCEs.
Component B contains the crosslinker pentaerythritol tetra (3-
mercaptopropionate) (PETMP), extender EDDET, catalyst
dipropylamine (DPA), and photoinitiator Irgacure 2959 (Fig. 1b).
Components A and B of the LCE resin are mixed and poured in-
to a customized mold. After curing at 80 °C for 3 h, a polydo-
main LCE pillar array (Shape A) is formed via a first-crosslinking
reaction. Subsequently, the polydomain LCE pillars can be pro-
grammed into various shapes under three types of external
forces (mechanical stretching, compressing, or bending) with-
out the need for solvent evaporation, thereby significantly
shortening the production time. The alignment of mesogens in
these programmed shapes is further fixed by a second-

https://doi.org/10.1007/s10118-025-3322-x


https://doi.org/10.1007/s10118-025-3322-x
https://doi.org/10.1007/s10118-025-3322-x
https://doi.org/10.1007/s10118-025-3322-x
https://doi.org/10.1007/s10118-025-3322-x
https://doi.org/10.1007/s10118-025-3322-x
https://doi.org/10.1007/s10118-025-3322-x
https://doi.org/10.1007/s10118-025-3322-x

1014 Liu, C. Y. etal./ Chinese J. Polym. Sci. 2025, 43, 1012-1021

a
4

‘
/r e

: H Pouring into

the mold

st Crosslinking
Thiol-acrylate Michael
addition reaction

(0}
\)j\o{/ R]\OJ\/\S/\R /\S/\)J\O/ R1}OJ\¢
X

~SHG

\/‘fo/\/]/n n=2,6,and 10

/\o/\/o\/

Component A

&2 W
o
Polydomain

nd Shape B

2

Demoldmg Stretchlng Crosslmkmg
Photo—

polymerization

Shape A
e (@) reaction
/77,0/,@&
55
//79

Irgacure 2959

HS \/\O/\/O\/\ SH

EDDET

Fig. 1 Preparation of active pillar arrays using solvent-free LCE resin. (a) Schematic illustration of the process of preparing pillar array structure
by solvent-free LCE resin. (b) The structures of chemicals in component A and component B.

crosslinking reaction under ultraviolet (UV) illumination. De-
tailed preparation procedures are provided in the electronic
supplementary information. The aligned LCE pillars exhibit three
distinct actuation modes when subjected to cyclic heating and
cooling: contraction, elongation, and bending.

The thermo-responsive properties of LCE resins can be fine-
ly adjusted by replacing RM257 with non-liquid crystal acry-
late chains. In the following section, we study the influence of
the molecular weight and content of PEGDA on the phase
transition temperature of the obtained LCEs.

Influence of the Molecular Weight of PEGDA on the T;
of LCEs

Replacing mesogen RM257 with non-mesogenic PEGDA seg-
ments effectively lowers the isotropic temperature (T;) of the
LCEs. We investigate the impact of the molecular weight and
content of PEGDA segments on the phase transition tempera-
ture of the LCEs in detail. First, we prepare a solvent-free LCE
resin using PEGDA with a molecular weight of 200 and molar ra-
tio of 5%, defined as n(PEGDA)/(n(PEGDA) + n(RM257)). Compo-
nent A appears as opaque at room temperature, indicating that
it is in a polydomain state (Fig. S1 in ESI). The degree of poly-
merization (DP) of the oligomer in component A is character-
ized by "H-NMR spectroscopy (Fig. S2 in ESI). The DP can be cal-
culated as 1.07, which is consistent with the feed ratio between
the acrylate groups and thiol groups. The thermal decomposi-
tion temperature (Ty) at 5% weight loss is 329 °C, indicating that
component A remains stable in the temperature range of our
experiment, which is below 200 °C (Fig. S3 in ESI). The glass tran-
sition temperature Ty and phase transition temperature T; of the

oligomer, determined by differential scanning calorimetry
(DSC), are -23.0 and 77.6 °C, respectively (Fig. S4 in ESI). TGA
measurement shows that the mass loss of the oligomer is less
than 1% when the temperature rises to 100 °C (Fig. S3 in ESI),
confirming that component A is solvent-free. Detailed synthetic
procedures are provided in the ESI.

Using solvent-free resins, polydomain LCEs with residual re-
active groups are obtained through a first-crosslinking reac-
tion. Photographs of component A, component B, and the
mixture before and after curing are shown in Fig. S5 (in ESI).
The influence of the molecular weight of PEGDA on T; is ex-
plored using LCEs with a PEGDA molar ratio of 5%. Three
types of LCEs containing PEGDAs with molecular weights of
200, 400, and 600 are denoted as LCE-200, LCE-400, and LCE-
600, respectively. The T; and T, values of the polydomain LCEs
are characterized using DSC, as shown in Fig. 2(a). The results
indicate that both T; and T, decrease when increasing the
molecular weight of PEGDA (Fig. 2b). Specifically, T; decreases
from 62.9 °C for LCE-200 to 47.0 °C for LCE-600. This reduc-
tion is attributed to the increased length of the flexible acry-
late backbones in the polymer network, which facilitates
chain segment mobility, thereby lowering T;. Corresponding-
ly, all LCEs exhibit a soft elasticity plateau in their stress-strain
curves at room temperature, indicating their polydomain
state (Fig. 2¢).

Additionally, the polydomain LCEs are stretched and fixed
into monodomain states through a second-crosslinking reac-
tion of the residual reactive groups. The T, and T, of the mon-
odomain LCEs are characterized by dynamic mechanical anal-
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Fig.2 The influence of the molecular weight of PEGDA on the phase transition temperature T, of LCEs. (a) DSC curves of three kinds of
polydomain LCEs containing PEGDAs with different molecular weights of 200, 400, and 600. (b) The phase transition temperature T; and
glass transition temperature T of the polydomain LCEs as a function of the molecular weight of PEGDA. (c) The uniaxial tensile curves of
LCE-200, LCE-400, and LCE-600. The strain rate is 0.2 min~'. (d) The T, and Ty of the monodomain LCEs as a function of the molecular
weight of PEGDA. (e) The relative length changes (L/L,) versus temperature curves of LCE-200, LCE-400, and LCE-600. (f) Actuation rate of

three kinds of LCEs determined by the first derivative of the length change with respect to temperature.

ysis (DMA) (Figs. S6-S8 in ESI). T, is determined as the temper-
ature at which the tané value reaches its maximum, whereas
T; is determined where the storage modulus (E) has a mini-
mum value. As the molecular weight of PEGDA increases,
both T; and T, decrease (Fig. 2d). We further investigate the
actuation behavior of monodomain LCEs by measuring the
length changes upon heating. The contraction ratio is calcu-
lated as (Ly-L))/Ly, where Ly and L; represent the lengths of the
LCE specimen at -50 and 150 °C, respectively. LCE-200
presents a maximum contraction ratio of 43.8% in the ranges
from -50 °C to 150 °C. The change in length is defined as L/L,,
where L and L, correspond to the length of the LCE specimen
at a given temperature and -50 °C, respectively. As the molec-
ular weight of PEGDA increases, the length change (L/Ly) of
the LCEs decreases, which is attributed to the relative reduc-
tion in the liquid crystal mesogen content (Fig. 2e). The actua-
tion performance of the LCEs is stable, cycling 20 times be-
tween -15 and 150 °C without any loss in length change (Figs.
S9-S11 in ESI). We calculated the actuation rate by taking the
first derivative of the length change with respect to the tem-
perature. Notably, the temperature at which the maximum
deformation rate occurs is 15 °C lower than T, owing to their
different testing and calculation methods, yet showing simi-
lar trends to those observed for T; (Fig. 2f).

Influence of PEGDA Content on the T; of LCEs

Given the excellent actuation performance of the LCE contain-
ing PEGDA200, we investigate the effect of PEGDA content on T;
by preparing a series of LCEs with varying PEGDA molar ratios,
referring to as LCE-200-x, where x represents the PEGDA molar
ratio. As shown in Fig. 3(a), the T; and T values of the polydo-
main LCEs are measured by DSC. T; decreases significantly from
62.9 °C for LCE-200-5% to 29.1 °C for LCE-200-20%, primarily due

to the reduced content of liquid crystal mesogens in LCEs (Fig.
3b). In the stress-strain diagram at room temperature, as the
PEGDA content increases, the span of the stress plateau of the
LCEs notably shortens, reaching almost zero for LCE-200-20%
(Fig. 3c). Upon gradual heating from room temperature to 65 °C,
the LCE sheets with varying T; exhibit a sequential transition
from opaque polydomain states to transparent isotropic states,
consistent with the experimental results mentioned above (Fig.
3d).

The T, and T values of the monodomain LCEs are further
characterized by DMA (Figs. S12-515 in ESI). As the PEGDA
content increases from 5% to 20%, T; decreases from 97.7 °C
to 49.4 °C, attributed to the decrease of liquid crystal meso-
gen content (Fig. 3e). Al monodomain LCEs with varying PEG-
DA contents exhibit contraction along the longitudinal axis
upon heating, with length changes (L/L,) decreasing as the
PEGDA content increases (Fig. 3f). Additionally, the tempera-
ture at which the maximum actuation rate occurs also de-
clines with increasing PEGDA content (Fig. 3g). The LCEs
demonstrate excellent reversible actuation behavior, main-
taining a stable actuation performance after 20 cycles be-
tween -15 and 150 °C (Figs. S16-519 in ESI). As the tempera-
ture gradually increases from room temperature to 100 °C,
the monodomain LCE specimens sequentially achieve maxi-
mum contraction. The contraction ratio decreases from 41%
for LCE-200-5% to 26% for LCE-200-20% (Fig. 3h).

Multimodal Actuation of LCE Pillar Arrays

The LCE pillar array structures can be programmed using vari-
ous actuation modes. First, we prepare polydomain LCE-200-5%
pillar arrays containing reactive acrylate groups. Each pillar has a
dimension of 3.5 mm in height and 2.0 mm in diameter. These
pillars can be programmed into different shapes via mechanical
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Fig.3 The influence of the PEGDA content on the T; of LCEs. (a) DSC curves of polydomain LCEs with different PEGDA contents. (b) The T; and T
of the polydomain LCEs as a function of the content of PEGDA. (c) The stress-stretch curves of four kinds of LCEs. The strain rate is 0.2 min".
(d) The photographs of four kinds of polydomain LCE sheets at different temperatures. (e) The T; and Ty of the monodomain LCEs as a function of
the content of PEGDA. (f) The relative length changes (L/L,) versus temperature curves of monodomain LCEs with different PEGDA contents.
(g9) The actuation rate of four kinds of LCEs by performing the first derivative of the length change over temperature. (h) The contraction of
monodomain LCE specimens with different T; at different temperatures. Scale bars: 6 mm.

stretching, compressing, or bending. They exhibit distinct actu-
ation modes during the heating and cooling cycles following a
second step curing process.

Initially, the polydomain pillar arrays with Shape A are de-
formed into Shape B and fixed by a second crosslinking un-
der UV illumination (Fig. S20a in ESI). When heated to 100 °C,

Shape B transitions into Shape A accompanied by a transpar-
ent isotropic state. This deformation process is fully reversible.
Upon cooling to ambient condition, the pillar arrays revert to
bending shape B (Fig. 4a). In addition to bending, using tape
to adhere the pillar structure to the top and bottom glass
sheets, the polydomain LCE pillars can also be stretched
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along the longitudinal axis and fixed into Shape C under an
external force (Fig. S20b in ESI). Upon heating to 100 °C, the
heights of the pillars contract from 6.0 mm to 3.5 mm, while
their diameters increase from 1.4 mm to 2.0 mm, as illustrat-
ed in Fig. 4(b). Furthermore, polydomain Shape A can be
compressed into Shape D along the longitudinal direction
(Fig. S20c in ESI). The dimensions of the pillars undergo re-
versible deformation, transitioning between 2.1 mm in height
X 2.6 mm in diameter and 3.5 mm in height X 2.0 mm in di-
ameter during cycles between 25 °C and 100 °C (Fig. 4c).

LCE Pillar Arrays with Different T; for Multi-level
Encryption

In addition to various actuation modes, LCE pillar array struc-
tures can also demonstrate temperature-dependent sequential
actuation. The T; values of monodomain LCE-200-5%, LCE-200-
10%, and LCE-200-15% are 97.7, 83.4 and 67.5 °C, respectively.
We fabricate three pieces of LCE material with different actua-
tion temperatures in Shape B and place them in the same heat-
ing environment. At room temperature, all three LCEs remain
below their T;, maintaining their Shape B configurations (Fig. 5a).
As the temperature rises to 70 °C, the LCE-200-15% pillar array

LCE-200-15% LCE-200-10% LCE-200-5%

L

AR RGN, 080N

structure first transitions into isotropic Shape A. The LCE-200-
10% shows a slight shape change owing to its broader temper-
ature response range, while LCE-200-5% exhibits minimal defor-
mation at this temperature (Fig. 5b). As the temperature in-
creases further to 85 °C, the LCE-200-10% pillar array structure
also shifts from Shape B to Shape A (Fig. 5¢). Finally, at 100 °C, all
the LCE pillar structures transform into Shape A, achieving
transparent isotropic states, as shown in Fig. 5(d). This deforma-
tion process is fully reversible. Upon cooling to ambient condi-
tion, all pillar arrays return to their bent shape B.

The sequential actuation of the LCE enables the multi-level
encryption of information. To demonstrate this concept, we
prepare polydomain pillar array structures by using LCE-200-
5% and LCE-200-15%. Each pillar has a height of 1.5 mm and a
diameter of 2.0 mm. The two types of polydomain pillar array
structures are compressed along the longitudinal axis and
fixed into flat sheet shapes under external force (Fig. S21 in
ESI). The LCE-200-15% sheets can transform into pillar array
structures when heated to 70 °C, whereas the LCE-200-5%
sheets require heating to 100 °C to undergo shape changes.
Additionally, we prepare flat polydomain LCE sheets by re-
moving the pillars, which do not exhibit any deformation up-

Isotropic shape A

Fig. 5 Temperature-dependent sequential actuation of LCE pillar arrays. (a) Three kinds of pillar structures with different T, maintain
shape B at room temperature. (b) The photographs of three kinds of pillar structures at 70 °C. LCE-200-15% pillar array structure deforms
into isotropic Shape A. The LCE-200-10% exhibits slight shape change due to the wide temperature response range of LCEs, while the
LCE-200-5% has almost no deformation. (c) When the temperature further increases to 85 °C, LCE-200-10% pillar array structure also
transits into isotropic Shape A. (d) All LCE pillar structures deform into Shape A with a transparent isotropic state at 100 °C. Scale bars:

6 mm.
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LCE-200-5% LCE-200-15% Morse code

P @ .

Isotropic pillar

Error message

> @

Isotropic sheet

P> @

Nematic sheet

Error message

Fig. 6 LCE pillar arrays with different T, for multi-level encryption of information. (a) The transparent isotropic pillar and sheet units at high
temperature represent the long signal “—” and the short signal “»” in Morse code, respectively. While the opaque nematic LCE sheets at room
temperature represent the pauses between each letter. (b) The schematic illustration of temperature-based multi-level encryption. When the
temperature rises to 70 °C, the correct message “BUAA" is generated. If the temperature further increases to 100 °C, the fake information “BFLL"
will be identified, which effectively protects the security information. (c) The photographs of changes in the LCE plate upon heating. Scale bar: 6

mm.

on heating. In this setup, we use transparent isotropic pillar
and sheet units to represent the long signal “—” and the short
signal “” in the Morse code, respectively. The opaque nemat-
ic LCE sheets at room temperature represent the pauses be-
tween letters (Fig. 6a). A large plate consisting of 4 x 4 differ-
ent LCE units is fabricated. At room temperature, all the units
appear as opaque flat sheets, resulting in no information be-
ing displayed (Fig. 6b(i)). As the temperature rises to 70 °C, the
LCE-200-15% sheet units transform into transparent isotropic
states and partially deform into pillar arrays, whereas the LCE-
200-5% units remain unchanged in transparency and shapes.
At this temperature, the correct message “BUAA” is revealed
(Fig. 6b(ii)). If the temperature increases further to 100 °C, the
LCE-200-5% sheet units will also deform into pillar arrays with
transparent isotropic states and reveal the incorrect informa-
tion “BFLL", effectively protecting the secure information (Fig.
6b(iii)). Photographs showing the changes in the LCE plate
upon heating are shown in Fig. 6(c). The deformation process
is shown in movie S1 (in ESI). It is worth mentioning that the
changes in shape and transparency of LCE units are fully re-
versible. When the temperature returns to room temperature,
the LCE plate recovers to its initial state and redisplays the er-
roneous message.

CONCLUSIONS

In summary, we present a novel method for the simple and
rapid preparation of pillar array structures using a solvent-free
LCE resin. The fabrication time of the active LCE can be short-
ened to 4 h without the need to evaporate the solvent. By ad-

justing the molecular weight and content of the flexible non-lig-
uid crystal acrylate backbones, we can finely tune the phase
transition temperature T; of the LCE resin. The resulting LCE pil-
lar array structures not only demonstrate various deformation
modes, but also exhibit temperature-dependent sequential ac-
tuation. Furthermore, we fabricate a large plate containing LCE
pillar units with different T;, enabling the display of various pat-
terns at different temperatures and achieving multi-level infor-
mation encryption. The correct message can be decrypted at a
specific temperature. This LCE pillar array offers a new strategy
and extensive design potential for stimuli-responsive materials
and active structures.
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