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ABSTRACT: Three-dimensional (3D) mesostructures are gaining rapidly growing
interest due to their potential applications in a broad range of areas. Despite intensive
studies, remotely controlled, reversible, on-demand assembly and reconfiguration of 3D
mesostructures, which are desired for many applications, including robotics, minimally
invasive biomedical devices, and deployable systems, remain a challenge. Here, we
introduce a facile strategy to utilize liquid crystal elastomers (LCEs), a soft polymer
capable of large, reversible shape changes, as a platform for reversible assembly and
programming of 3D mesostructures via compressive buckling of two-dimensional (2D)
precursors in a remote and on-demand fashion. The highly stretchable, reversible shape-
switching behavior of the LCE substrate, resulting from the soft elasticity of the material
and the reversible nematic−isotropic transition of liquid crystal (LC) molecules upon
remote thermal stimuli, provides deterministic thermal−mechanical control over the
reversible assembly and reconfiguration processes. Demonstrations include experimental
results and finite element simulations of 3D mesostructures with diverse geometries and material compositions, showing the
versatility and reliability of the approach. Furthermore, a reconfigurable light-emitting system is assembled and morphed between its
“on” and “off” status via the LCE platform. These results provide many exciting opportunities for areas from remotely programmable
3D mesostructures to tunable electronic systems.

KEYWORDS: liquid crystal elastomers, reversible 3D assembly, mechanics-guided buckling, remote actuation, reconfigurable electronics

1. INTRODUCTION

Three-dimensional (3D) mesostructures are attracting increas-
ing attention due to their potential applications in a wide range
of fields, including micro-electromechanical systems
(MEMS),1−3 photonics,4−6 biomedical devices,7−9 soft ro-
botics,10−13 and metamaterials.14−16 A number of techniques,
including 3D printing,1,4,17 self-assembly,18−20 and controlled
folding/rolling,15,21,22 have been developed for the formation
of 3D mesostructures of various materials and geometries.
Recently, a mechanically guided 3D buckling technique is
reported to provide a powerful means for deterministic
transformation of planar precursors into 3D geometries of
diverse material compositions and configurations at length
scales from nano to macro.19,23−25 In this technique, the
release of a prestrained elastomer as an assembly platform
exerts compressive forces to induce translational and rotational
transformations of two-dimensional (2D) patterns into 3D
configurations. Furthermore, manipulating the releasing time
sequences of the elastomer platform allows the formation of
morphable 3D mesostructures.24−26 Despite intensive studies,
most existing works based on this approach rely on mechanical
stages to initiate the assembly process, which lacks the ability
to achieve remotely triggered, on-demand assembly of
structures and programmed shape reconfiguration. Such

limitation prevents potential applications of 3D structures in
areas such as robotics and biomedical devices, where
deployment and automated shape programming in enclosed
or delicate environments are required.
Remote, on-demand actuation usually relies on the use of

stimuli-responsive materials, including shape memory poly-
mers,19,27−29 liquid crystal elastomers (LCEs),30−35 dielectric
elastomers,36−38 hydrogels,39−43 magnetic composites,12,44−46

and a combination of those materials.47,48 Such materials can
actively change their shapes under external stimuli such as
heat,19,27,49 light,50,51 humidity,41,52 and electric37,53 and
magnetic fields.12,45,46 Recently, a bilayer of shape memory
polymers and soft elastomers is utilized as an assembly
platform to achieve the remotely triggered formation of 3D
structures and aquatic systems via controlled mechanical
buckling of 2D precursors.27 The one-way shape change
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behavior of SMPs, however, prevents further shape program-
ming of the as-assembled 3D mesostructures. In addition, the
need for integration with the elastomer into a bilayer for high
stretchability complicates the processibility of the assembly
platform.
In this work, we present a facile strategy for realizing

remotely triggered, reversible 3D assembly and shape
reconfiguration using liquid crystal elastomers (LCEs) as the
assembly platform for mechanical buckling of 2D precursors.
LCEs are a type of stimuli-responsive materials that are capable
of large, reversible shape changes due to the combination of
the soft elasticity of polymer networks and the self-organization

of liquid crystal (LC) phases.30,31,50,54−65 The macroscopic
shape-switching behaviors of LCEs are driven by the reversible
nematic−isotropic transition of LC mesogens upon thermal
stimuli.50,54−56,66 Uniaxially stretched LCE substrates, which
undergo reversible elongation−contraction deformations upon
cyclic heating and cooling, are utilized to drive the compressive
uniaxial buckling of 2D precursors into 3D mesostructures and
subsequent shape reconfiguration. Three-dimensional struc-
tures of diverse material compositions and geometries and
their reversible shape morphing behaviors are presented. The
assembly of more complicated 3D configurations via biaxial
buckling is also achieved by utilizing reconfigurable 3D LCE

Figure 1. Reversible assembly and reconfiguration of 3D mesostructures via contraction−elongation deformations of a prestretched LCE substrate
upon remote thermal stimuli. (A) Schematic illustration of the reversible assembly and shape reconfiguration processes for 3D structures. (B)
Design phase diagram for the 3D assembly based on LCE platforms. Three-dimensional configurations corresponding to points (a−i) denoted in
the diagram are shown. Scale bars, 2 mm. (C) Engineering stress−strain curve of LCEs. (D) Cyclic strain and recovery of the LCE upon heating
and cooling across 62 °C via a heat gun. (E) Shape storage ratio of a ribbon structure over many assembly cycles based on LCE substrates.
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structures as the assembly platform. In addition, we present a
reconfigurable light-emitting system via the reversible morph-
ing of the LCE substrate responding to remote thermal stimuli.
Such facile and versatile strategy for remotely controlled,
reversible, and on-demand 3D assembly creates many
opportunities for applications ranging from robotics to tunable
3D functional devices.

2. RESULTS AND DISCUSSION

2.1. Remotely Controlled, Reversible 3D Assembly
and Reconfiguration via Uniaxially Stretched LCE
Substrates. Figure 1A illustrates utilizing LCEs as a platform
for remotely controlled, reversible assembly and reconfigura-
tion of 3D mesostructures. The LCE used in this work is
synthesized via a two-stage thiol−acrylate Michael addition
reaction (TAMAP) methodology,67,68 where mesogen 1,4-bis-
[4-(3-acryloyloxypropyloxy)-benzoyloxy]-2-methylbenzene
(RM257) is mixed with a crosslinker 2,2-(ethylenedioxy)
diethanethiol (EDDET) and monomer pentaerythritol tetrakis
(3-mercaptopropionate) (PETMP) to form an initial lightly
crosslinked LCE polydomain network. To enable the
subsequent photopolymerization capability, a photoinitiator
(2-hydroxyethoxy)-2-methylpropiophenone (HHMP) is added
to the solution (see details in the Materials and Methods
section). Uniaxially stretching the lightly crosslinked LCE film
(1.4 mm thick) induces elongation of the film and, therefore,
mechanically aligns the LC molecules along the elongation
direction (X-direction). The resulting ordered LC phases
(nematic state) are permanently fixed under exposure to
ultraviolet light (UV) (wavelength: 365−405 nm) via the
second-stage photopolymerization reaction. Two-dimensional
precursors consisting of thin-film materials are then transferred
onto the stretched LCE substrate, with an ultrathin layer of
superglue applied between the 2D precursor and the LCE

substrate at selective locations (bonding sites: strong interface)
to form strong adhesion. The interfaces at all of the other
regions (weak interface) are governed by relatively weak van
der Waals forces.
Heating the LCE substrate above its isotropic clearing

temperature (62 °C)68 induces the transition from its nematic
state into the isotropic state, which drives macroscopic
contraction of the LCE into its original (nonstretched)
shape. The mechanical contraction of the LCE substrate
induces large compressive forces at bonding sites, which leads
to in- and out-of-plane deformations of the 2D precursors into
3D configurations. Upon cooling to room temperature, the
LCE substrate undergoes an isotropic−nematic transition,
causing the elongation of the LCE and the geometrical
transformation of the 3D buckled structure into its 2D
configuration. It is worth noting that different prestrains of
LCEs are required for buckling 3D structures of different
geometries and materials. To achieve a well-controlled 3D
assembly based on LCE substrates, we investigate the effects of
key design parameters, including the thickness and the
prestrain of LCEs, on the assembly of 3D mesostructures
using a ribbon structure as an example. The LCE substrates of
different thicknesses (200−2000 μm) are used to buckle the
2D precursors of polyimide ribbons (9 μm thick) under
various prestrains (0−100%). As shown in Figure 1B, the
configurations of the buckled structures can be divided into
four regimes (I−IV). When the thickness of the LCE substrate
is small (<500 μm), the LCE substrate itself is deformed after
the assembly process (points a, b, and c in Figure 1B)
especially under a large prestrain, indicating that this range of
LCEs is too thin for the 3D assembly of the ribbon structure.
As the thickness of the LCE increases, the configurations of the
assembled 3D structures can be grouped into three categories:
(1) partial delamination (regime II), (2) full delamination of

Figure 2. Experimental and finite element simulation results of 3D and 2D configurations over one reversible assembly/reconfiguration cycle. R.T.
refers to room temperatre. Scale bars, 2 mm.
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the weak interface (regime III), and (3) delamination of the
strong interface (regime IV), similar to those reported for the
typically used elastomer substrate for 3D assembly.69 When the
prestrain is small (regime II), releasing the prestrain in the
LCE substrate causes partial delamination of the week interface
(nonbonding site region) between the ribbon and the substrate
(points d and g in Figure 1B). As the prestrain increases, the
delamination propagates and induces full delamination of the
weak interface but no delamination of the strong interface at
the bonding sites (points e and h in Figure 1B), which
represents the desired state for 3D assembly. Further increase
in the prestrain leads to the delamination at the bonding sites
and thereby undesired assembly (points f and i in Figure 1B).
Such a design phase diagram provides important guidelines for
the selection of LCE thicknesses and the appropriate prestrain
for desired 3D assembly within regime III based on LCE
platforms.
To evaluate the reliability of the reversible shape morphing

behaviors of the LCE substrate, we further characterize the
engineering stress−train curve of the LCE, as shown in Figure

1C. The maximum strain before the fracture is determined to
be 256%, which is sufficiently large for the mechanically guided
assembly of 3D structures via compressive buckling, where the
prestrain is usually within 100%.19,70 Furthermore, the cyclic
shape morphing behavior of LCEs is measured by recording
the strain and recovery of the stretched LCE substrate along
the direction of the LC molecular alignment (X-direction)
while heating (via a heat gun at 90 °C) and cooling (via natural
convection) across the isotropic clearing temperature (62 °C)
for 10 cycles. Figure 1D shows the strain as a function of time
for the first three shape-switching cycles, indicating highly
consistent and repeatable elongation−contraction behaviors of
the LCE substrate. In addition, to quantitatively investigate the
repeatability of structure formation using the LCE substrate,
we measure lateral dimensions of the buckled ribbon structure
over 10 assembly cycles via the elongation−contraction
deformation of the LCE substrate. Based on the measured
dimensions, we further compute the shape storage ratio (εc) of
the ribbon structure, which is defined below (Figure S1).

Figure 3. Formation of 3D mesostructures at room temperature via a prestretched LCE substrate. (A) Schematic illustration of the reversible
assembly and shape reconfiguration process for a 3D structure driven by the elongation−contraction deformation of the LCE substrate in the
direction perpendicular to the LC alignment. (B) Experimental results of 3D structures fabricated from various materials. Scale bars, 2 mm.
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ε = − | − | = −L L L n1 / , 2 10nc 1 1 (1)

where L1 and Ln represent the distance between the two
bonding sites of the ribbon structure after being buckled for
the first and nth time, respectively. As shown in Figure 1E, εc is
determined to be above 99.4% for all of the tested cycles,
which demonstrates the reliability of using LCEs as a platform
for reversible assembly and reconfiguration of 3D meso-
structures.
Figure 2 shows a collection of experimental results and finite

element simulations of 3D structures formed from 2D
precursors of polyimide (9 μm thick), polydimethylsiloxane
(PDMS) films (130 μm thick), and ferromagnetic PDMS
composites71 patterned using a CO2 laser (VLS 3.50,

University Laser System, Norman, OK) (see details in the
Materials and Methods section). Furthermore, the 3D buckled
structures are shown to reversibly morph between their 2D and
3D configurations upon heating and cooling the LCE substrate
across 62 °C using a heat gun. Such results show the
immediate application of the approach to the reversible
assembly and reconfiguration of diverse 3D structures of
various materials. In addition, compared with the one-way
assembly platform using a bilayer of SMP and elastomer,27 3D
assembly based on LCEs only requires a single layer of LCEs
and can achieve reversible assembly and reconfiguration,
providing a facile approach for remotely triggered, on-demand,
reversible, and tunable 3D assembly. The processability of the
LCE substrates using laser cutting and the compatibility of 2D

Figure 4. Reversible assembly and reconfiguration of diverse 3D mesostructures via the shape morphing of 3D LCE structure platforms. (A)
Schematic illustration of the assembly and reversible shape reconfiguration process. (B) Polarized Fourier transform infrared spectroscopy (FTIR)
trace of an LCE sample stretched by 12% engineering strain. The light polarization direction is parallel to the stretching direction. (C) Absorption
peaks of the C−S bond when the polarization direction is, respectively, parallel and vertical to the stretching direction. (D) Order parameters of
LCE at different amplitudes of tensile strain and the finite element analysis (FEA) modeling of the 3D LCE structure. (E) Diverse assembled 3D
mesostructures and their reconfiguration upon heating and cooling the LCE structure. Scale bars, 2 mm. (F) Mutistable states of a 3D
ferromagnetic PDMS composite structure under magnetic actuation. Scale bars, 2 mm.
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precursor fabrication with conventional planar techniques
(photolithography and laser cutting) create a variety of design
opportunities.
In addition to initiating the formation of 3D structures upon

heating (above 62 °C) the LCE substrate, the reversible shape
morphing of LCEs also allows initiating the assembly at room
temperature (R.T.), serving as a complementary approach.
Figure 3A schematically illustrates the assembly process. An
LCE substrate (1.4 mm thick) is uniaxially stretched in the X-
direction, which leads to the mechanical alignment of
mesogens along this direction. Subsequent photopolymeriza-
tion fixes the stretched configuration. Laser cutting the LCE
substrate forms the assembly platform. Upon heating, the
ordered mesogens undergo a nematic−isotropic transition,
causing the substrate to contract in the X-direction and to
elongate in the Y-direction. A 2D pattern is then transferred
onto the LCE substrate with bonding sites aligned along the Y-
direction using an ultrathin layer of superglue between the 2D
pattern and the LCE substrate. Cooling the LCE substrate to
room temperature allows the mesogens to transition from its
isotropic state into the nematic state, leading to the contraction
of the LCE substrate in the Y-direction (perpendicular to the
LC molecule alignment direction), thereby generating large
compressive forces at bonding sites. Such forces induce
translational and rotational deformations to geometrically
transform the 2D pattern into a 3D shape. Heating the LCE
substrate above 62 °C allows the LCE to transition from the
nematic state into the isotropic state, morphing the 3D buckled
structure into its 2D configuration.
Figure 3B and Movie S1 show a collection of reconfigurable

3D structures consisting of polymers including ferromagnetic
PDMS composite (130 μm thick), polyimide (9 μm thick),
LCE (200 μm thick), and metals like copper (9 μm thick),
with geometries that resemble arcs, butterflies, bridges, and
windmills. A thicker LCE substrate (1.9 mm thick), which
provides larger actuation forces, is used for the formation and
reconfiguration of the 3D copper structure (structure e). The
diversity in constitutional materials and geometries demon-
strates the wide applicability and versatility of this reversible
assembly and reconfiguration strategy. In addition, compared
to the initiation of 3D assembly at a high temperature (above
62 °C), 3D structures assembled using this strategy are formed
at room temperature, which is easy to maintain and therefore
advantageous for deployment environments where stable 3D
structures are required under room temperature.
2.2. Three-Dimensional Assembly and Shape Recon-

figuration via the Reversible Shape-Switching Behav-
iors of 3D LCE Structures. The reversible 3D assembly and
shape reconfiguration strategy enabled by the uniaxially
stretched LCE substrate introduced above allows uniaxial
compressive buckling, due to the mechanical alignment of LCE
molecules along the stretch direction. Previous studies show
that biaxial compressive buckling can enable the assembly of
more diverse 3D mesostructures.19,23,26 To achieve remotely
triggered, reversible assembly and reconfiguration of 3D
mesostructures via biaxial buckling, we utilize a 3D LCE
structure with spatially patterned LC molecules as an assembly
platform. Figure 4A schematically illustrates the reversible 3D
assembly and reconfiguration process, where 3D LCE
structures fabricated via the compressive buckling of 2D
LCE precursors (400 μm thick) serve as the assembly
platform. The LC molecular orientations in such 3D LCE
structures undergo spatial patterning during the compressive

buckling process, which is permanently locked via the
subsequent photopolymerization reaction. Heating the 3D
LCE structure above 62 °C induces the transition from its
nematic state into the isotropic state, driving the LCE structure
to return to its 2D configuration. Target 2D precursors are
then laminated onto the 2D LCE substrate with an ultrathin
layer of superglue applied between the precursor and the LCE
substrate at their overlapping bonding sites. Cooling the 2D
LCE substrate to room temperature allows it to transition from
the 2D configuration into the 3D shape due to the isotropic−
nematic transition, thereby inducing large compressive forces
at bonding sites and leading to in- and out-of-plane
deformations to transform the target 2D precursor into a 3D
structure. Heating the 3D LCE structure above 62 °C allows it
to recover its 2D state and therefore induces the target 3D
structure to morph into the 2D configuration.
Due to the complicated strain distributions in 3D LCE

structures, their LC orientations can be very complex. The
alignment of mesogens and polymer chains in LCEs is usually
characterized via wide-angle X-ray scattering (WAXS)72 and
Fourier transform infrared spectroscopy (FTIR).73 Both
techniques, however, require 2D thin-film samples for testing,
which prevents their applications to characterize the molecular
alignment in 3D LCE structures. Since the mesogens and
polymer chains tend to align in the direction of maximum
principal strains, to explore the chain alignment in 3D LCE
structures induced by compressive buckling, we perform FEA
modeling on maximum principal strain distributions within the
3D structure (inset in Figure 4D) and then conduct polarized
FTIR measurements of stretched LCE thin-film samples (450
μm thick) with strain levels corresponding to those from FEA
modeling. The functional groups on the chain backbone have
the greatest light absorption when they are parallel to the
polarizer and the weakest absorption when they are
perpendicular. By comparing the height difference of
absorption peaks in these two directions, the degree of
alignment of various functional groups can be determined,
which can be used to estimate the alignment degree of polymer
chains. Polarized FTIR tests are first performed on LCE
samples stretched by 12% engineering strain, which is close to
the maximum principal strain within the deformed structure as
revealed in the FEA results, using a Nicolet 6700 FTIR
spectrometer (Thermo Scientific, Waltham, MA). The FTIR
traces are collected in both the parallel direction and the
vertical direction of stretch. The absorption of C−S groups,
which are on the backbone of polymer chains, is used to
evaluate the chain alignment degree. Since the alignment of the
polymer chains and the mesogen units are inherently linked,
this peak is used to characterize the overall sample alignment.
However, since the C−S bonds are not on the mesogen, the
alignment degree of the mesogen cores may be higher.
The FTIR trace of the LCE sample in the parallel direction

of stretch is shown in Figure 4B, where the absorption peak at
∼2770 cm−1 is identified as the C−S peak. Please note that C−
S bonds typically have an absorption peak at 710−570 cm−1.74

Since the FTIR sample is relatively thick, a peak is not detected
in this region. On the other hand, the thiol S−H bond, which
is located at the tail of the spacer EDDET and PETMP, has an
absorption peak around 2770 cm−1.74 During the LCE
synthesis, the S−H bonds are fully consumed and transformed
to C−S bonds after the thiol-ene reaction. However, a small
peak is still observed at the same wavenumber. Similar
observations are reported previously,68,75 wherein the LCEs
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are synthesized using the same chemistry. This suggests that in
addition to an absorption peak at 710−570 cm−1, the newly
formed C−S bond can still absorb energy at 2770 cm−1. As
seen from Figure 4C, the C−S group has a greater absorption
peak when parallel to the polarizer and a weaker peak when
perpendicular. The alignment degree of C−S groups is
quantified using a scalar order parameter, S. The peak height
of the C−S group at different polarizations is used to calculate
the dichroic ratio, D, which is determined as73

=D
H
H

max

min (2)

where Hmax is the maximum absorbance in the parallel
direction and Hmin is the minimum absorbance in the vertical
direction. The order parameter S is determined as73

= −
+

S
D
D

1
2 (3)

Here, S = 0 means no alignment and the chains are randomly
distributed; S = 1 means perfect alignment of polymer chains.
The measured order parameters at different strain levels are
shown in Figure 4D. It is observed that the order parameter
increases with the strain level, with S values determined to be
0.195 and 0.377 for strains of 9% and 12%, respectively,
suggesting a notable alignment of polymer chains within the
LCE sample. Please note that during the shape changes, the
actuation strain increases with the order parameter of polymer
chains.
Figure 4E presents representative 3D structures that are

assembled from ferromagnetic PDMS composite (130 μm
thick), pure PDMS (130 μm thick), polyimide (50 μm thick),
and shape memory polymer (SMP, 70 μm thick) thin films via
the shape morphing of 3D LCE structures (see details in the
Materials and Methods section). It is worth noting that the
magnitude and the nature of the strain induced by the 3D−2D
shape morphing of the LCE platform provide deterministic
control over the assembly and reconfiguration processes. The
same LCE assembly platform can be used to form various
target 3D mesostructures (structures a and b in Figure 4E). In

addition, the number and the size of the bonding sites of the
2D precursors can be different from those of the underlying
LCE substrate (structure c and d in Figure 4E), which allows
more flexibility for the assembly of a diversity of 3D
mesostructures. Interestingly, the buckled 3D mesostructure
can be further reconfigured into multiple stable states via
additional external stimuli. For example, Figure 4F presents
three stable configurations of the 3D ferromagnetic PMDS
composite structure (structure a in Figure 4E) under magnetic
actuation applied via a portable magnet (D8Y0, K&J
magnetics). While this work focuses on the reversible and
remotely triggered assembly of 3D structures enabled by LCE
platforms, the results in Figure 4F suggest that multistable and
multistimuli responsive composite structures could be of great
interest in applications such as soft robotics and deserves our
future study.

2.3. Remotely Controlled, Reconfigurable Light-
Emitting System. The reversible shape morphing and soft
elasticity properties of LCEs enable the use of LCEs as a
powerful platform for remotely triggered, reversible assembly
and reconfiguration of 3D mesostructures. In addition, such
characteristics are also desired for a lot of applications such as
in soft robotics and tunable electronic devices. As an example,
we assemble a reconfigurable light-emitting system driven by
the elongation−contraction behavior of the LCE substrate
under heating and cooling. Figure 5A schematically illustrates
the design principle, where a 2D precursor of copper (9 μm
thick) in spiral geometries is connected to a light-emitting
diode (LED) and laminated onto a prestreched LCE substrate
(1.4 mm thick) that is uniaxially stretched in the X-direction.
Heating above 62 °C causes the LCE substrate to contract in
the X-direction and to elongate in the Y-direction, buckling the
2D copper precursor into a 3D structure. Upon 3D assembly,
the copper ribbons are brought into contact and thereby form
a closed circuit to turn the LED on. Cooling the LCE substrate
to room temperature leads to the contraction of the LCE
substrate in the Y-direction and recovers the 3D structure to its
2D state, where the copper ribbons are separated, turning the
LED off. Figure 5B shows experimental results of the

Figure 5. Reconfigurable light-emitting system. (A) Schematic illustration of the assembly and reconfiguration of a light-emitting system via the
LCE platform. (B) Experimental results of the 2D (LED off) and 3D configurations (LED on) of the light-emitting system under cooling and
heating of the LCE substrate. Scale bars, 3 mm.
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reconfigurable light-emitting system upon heating and cooling
the LCE substrate using a heat gun. Such a remotely tunable
electronic system demonstrates the capability of the LCE
platform for the on-demand, reversible shape morphing of 3D
functional devices.

3. CONCLUSIONS
To sum up, this work introduces facile strategies for remotely
controlled, reversible assembly and programming of 3D
mesostructures via the highly stretchable, shape-switching
behavior of LCE substrates. Integrated FEA modeling and
experiments of diverse 3D mesostructures assembled from
various materials (polymers, metals, and composites) and their
reversible shape reconfiguration illustrate the versatility of the
approach. Furthermore, the processibility of LCEs and the
compatibility of the approach with conventional planar
techniques (laser cutting, molding, and photolithography)
present a variety of design opportunities. The fabricated light-
emitting system shows reversible 2D and 3D reconfiguration
under remote thermal stimuli to achieve the control of the “on”
and “off” status of the LED, creating many opportunities for
applications in tunable 3D functional devices and many others.
In addition, the developed strategy for reversible 3D assembly
and shape reconfiguration also provides important insights for
the design of other programmable 3D structures and systems
including origami/kirigami and deployable devices.

4. MATERIALS AND METHODS
4.1. Synthesis of LCE Films. In this study, the two-stage thiol−

acrylate Michael addition-photopolymerization (TAMAP) reaction
was used to synthesize the liquid crystal elastomer (LCE).67,68 1,4-
Bis-[4-(3-acryloyloxypropyloxy)-benzoyloxy]-2-methylbenzene
(RM257) was purchased from Wilshire Technologies and used as
received without further purification. 2,2-(Ethylenedioxy) diethane-
thiol (EDDET, a di-thiol monomer), pentaerythritol tetrakis(3-
mercaptopropionate) (PETMP, a tetrafunctional thiol crosslinking
monomer), (2-hydroxyethoxy)-2-methylpropiophenone (HHMP, a
photoinitiator), dipropylamine (DPA), and toluene were purchased
from Sigma Aldrich and used as received. Forty weight percent (40 wt
%) of toluene was added to the RM257 powder, and the mixture was
heated to 62 °C to dissolve RM257. After the solution was cooled to
room temperature, PETMP and EDDET were added with a molar
ratio of 85:15. This is followed by dissolving 0.38 wt % of HHMP into
the solution to enable the second-stage photopolymerization reaction.
One mole percent (1 mol%) of diluted DPA in toluene was then
mixed into the solution using a planetary mixer (AR-100, Thinky) at
2000 rpm for 30 s, followed by deforming air bubbles for 30 s. The
solution was immediately coated onto a high-density polyethylene
(HDPE) mold to form LCE films. After curing at room temperature
for 12 h, LCE gel samples were obtained, which were then placed in a
vacuum oven at 80 °C for 12 h to evaporate the toluene.
4.2. Remotely Triggered, Reversible 3D Assembly and

Shape Reconfiguration via Uniaxially Stretched LCE Sub-
strates. The formed LCE film substrate (thickness: 1.4 mm) was
uniaxially stretched via a mechanically controlled stretcher, followed
by exposure to ultraviolet light (UV; wavelength: 365−400 nm) for
3−4 min to fix the stretched configuration. Two-dimensional
precursors patterned with a CO2 laser (VLS 3.50, University Laser
System, Norman, OK) were transferred onto the permanently
stretched LCE substrate. An ultrathin layer of superglue was applied
between the 2D precursor and the LCE substrate at bonding sites to
form strong adhesion. Heating the LCE substrate above 62 °C
induced the contraction of the elongated shape into its original
configuration and initiated compressive buckling of the 2D precursor
into a 3D structure. After cooling to room temperature, the LCE
substrate elongated, leading to the recovery of the 3D buckled
structure to its 2D configuration.

To enable the initiation of 3D assembly at room temperature, the
LCE substrate was first uniaxially stretched (strain: εx) using a
mechanically controlled stretcher. Due to the Poisson effect of LCEs
(Poisson’s ratio: υ = 0.45), such elongation caused contraction (εy =
−υεx) in the direction (Y-direction) perpendicular to the stretched
direction (X-direction). The stretched LCE substrate was exposed to
ultraviolet light (UV; wavelength: 365−405 nm) for 3−4 min and was
then patterned into a rectangle shape as the assembly platform using a
CO2 laser. Upon heating, the LCE substrate elongated in the Y-
direction. Two-dimensional patterns were then laminated onto the
LCE substrate with the application of a thin layer of superglue at the
bonding sites. Upon cooling to room temperature, the LCE substrate
contracted in the Y-direction and compressively buckled the 2D
pattern into a 3D structure. Upon further heating above 62 °C, the
LCE substrate elongated and morphed the 3D structure into its 2D
configuration.

4.3. Synthesis of Ferromagnetic PDMS Composite Films.
NdFeB microparticles (average diameter: 5 μm; MQFP-B-2007609−
089, Magnequench) were mixed with PDMS resin (Sylgard 184, Dow
Corning) at a volume ratio of 1:5. A planetary mixer (AR-100,
Thinky) was used for rigorous mixing (2000 rpm for 2 min), which
was followed by defoaming the solution at 2000 rpm for 1 min to
remove air bubbles. The mixture was then spin-coated onto a planar
glass substrate at 500 rpm for 15 s and cured at room temperature to
form thin films (130 μm thick).

4.4. Synthesis of SMP films. Styrene (ST), butyl acrylate (BA),
poly(ethylene glycol) diacrylate (PEGDA, Mn = 575), and benzoyl
peroxide (BPO) were all purchased from Sigma Aldrich and used as
received. ST (1.21 g), BA (0.8 g), and PEGDA (0.1 g) were weighed
into a bottle and mixed using a planetary mixer (AR-100, Thinky) at
2000 rpm for 1 min, followed by deforming air bubbles for 30 s. BPO
(0.02 g) was weighed and dissolved into the mixture, which was then
poured into a sealed glass mold and transferred into an oven at 80 °C
for curing for 2 h to complete the synthesis. Demolding was
conducted in water to release the SMP films (70 μm thick).

4.5. Remotely Triggered, Reversible 3D Assembly via the
Shape Morphing of 3D LCE Structures. A 3D LCE structure (400
μm thick) was first fabricated following the previously reported
compressive buckling technique.23 The buckled 3D LCE structure
was exposed to ultraviolet light (UV; wavelength: 365−405 nm) for
3−4 min to fix the 3D shape, which was then released from the
substrate to become freestanding by dissolving a water-soluble tape at
the bonding sites. Upon heating, the freestanding 3D LCE structure
was reconfigured into its 2D state, serving as an assembly platform.
Target 2D precursors were transferred onto the 2D LCE substrate
with an ultrathin layer of superglue applied at the bonding sites. Upon
cooling, the 2D LCE substrate morphed into its 3D configuration,
thereby geometrically transforming the target 2D precursors into 3D
structures. Upon heating above 62 °C, the 3D LCE structure
recovered its 2D state and transformed the buckled 3D structures into
their 2D configurations.

4.6. Polarized FTIR Analysis of LC Alignment. Polarized FTIR
tests were performed in the transmission mode at room temperature
on a Nicolet 6700 FTIR spectrometer (Thermo Scientific, Waltham,
MA) with a KRS-5 wire grid polarizer and a custom-built sample
holder. The LCE sample with a dimension of 16.5 mm × 3.9 mm ×
0.45 mm was stretched by 12% engineering strain, which is the
maximum principal strain within the deformed structure as revealed in
the FEA results. The FTIR traces were collected both in the parallel
direction and the vertical direction of stretch. The strain of the LCE
samples during the FTIR measurements was changed from 0 to 12%,
and the abovementioned tests and calculations were repeated.

4.7. Assembly of the Light-Emitting System. An LCE film
(1.4 mm thick) was first uniaxially stretched in the X-direction and
exposed to ultraviolet light (UV; wavelength: 365−405 nm) for 3−4
min to serve as the assembly platform. Thin copper films (9 μm thick)
were patterned into spiral geometries using a CO2 laser, which were
then laminated onto the LCE substrate with the application of a thin
layer of superglue at the bonding sites. An LED was integrated into
the structures, and a power of 3 V was supplied to the circuit. Upon
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heating above 62 °C, the LCE substrate elongated in the Y-direction
and buckled the 2D pattern into a 3D structure to enable two copper
ribbons to contact each other, turning the LED on. When it cooled to
room temperature, the LCE substrate contracted and morphed the
3D structure into its 2D configuration to separate the two copper
ribbons, thereby turning the LED off.
4.8. Finite Element Modeling. Finite element analysis (FEA)

was carried out using the commercial software ANSYS. Four-node
shell elements were used for the simulation of compressive buckling of
2D precursors. To ensure computational accuracy, refined meshes
were adopted. The following elastic moduli (E) and Poisson’s ratios
(ν) were used for the simulation of LCEs, PDMS, and magnetic
PDMS composite: ELCE = 0.126 MPa, υLCE = 0.45; EPDMS = 1.3 MPa,
υPDMS = 0.40; and EPDMS_composite = 1.4 Mpa, υPDMS_composite = 0.40.
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