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ABSTRACT: In nature, biological systems can sense environmental
changes and alter their performance parameters in real time to adapt to
environmental changes. Inspired by these, scientists have developed a
range of novel shape-morphing materials. Shape-morphing materials are a
kind of “intelligent” materials that exhibit responses to external stimuli in
a predetermined way and then display a preset function. Liquid crystal
elastomer (LCE) is a typical representative example of shape-morphing
materials. The emergence of 4D printing technology can effectively
simplify the preparation process of shape-morphing LCEs, by changing
the printing material compositions and printing conditions, enabling
precise control and macroscopic design of the shape-morphing modes. At
the same time, the layer-by-layer stacking method can also endow the
shape-morphing LCEs with complex, hierarchical orientation structures,
which gives researchers a great degree of design freedom. 4D printing has
greatly expanded the application scope of shape-morphing LCEs as soft intelligent materials. This review systematically reports the
recent progress of 3D/4D printing of shape-morphing LCEs, discusses various 4D printing technologies, synthesis methods and
actuation modes of 3D/4D printed LCEs, and summarizes the opportunities and challenges of 3D/4D printing technologies in
preparing shape-morphing LCEs.
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1. INTRODUCTION
Additive manufacturing, commonly referred to as 3D printing,
stands as a revolutionary manufacturing technology that
constructs objects layer by layer utilizing digital models and
specialized materials.1 Compared with the traditional sub-
tractive manufacturing process, it has the superiorities of high
efficiency, flexibility and environmental protection, and can
achieve the goals of complex structures, personalized custom-
ization and functional integration. Additive manufacturing
technology spans various disciplines, including machinery,
materials, computer vision, software, electronics and so on. Its
core is the manufacturing of 3D printers, and it also has special
requirements for materials, software, design and so on.
According to the definition provided by the American Society
for Testing and Materials (ASTM), additive manufacturing
technologies can be categorized into seven major groups:
powder bed melting (PBF), directed energy deposition (DED),
binder jetting (BJ), material extrusion (ME), light curing
(VAT), laminate lamination (SLM), and bioprinting (BP).1

3D printing technology has become increasingly popular since
the 1980s. The structures fabricated by 3D printing technology
are usually static and stable, but lack changeable features.

Therefore, 4D printing technology has emerged. In 2013, MIT
scholar Skylar Tibbits first put forward the concept of 4D
printing in a TED talk titled “The Emergence of 4D Printing”.2

4D printing introduces the dimension of time on the basis of 3D
printing, which can be simply described as ″3D printing + time”
or ″3D printing + smart materials”.3 In the 4D printing process,
people employ the principles of 3D printing but enhance the
process by utilizing intelligent materials with various stimuli-
responsive characteristics.3 Based on the printed models
digitally built by software, the initially 4D printed structure
will undergo properties change over time according to the
programming settings, under exposure to external stimuli (such
as water,4,5 light,6 heat,7 magnetic fields,8 pH,9 etc.). Compared
with traditional 3D printing, the manufacturing concept of 4D
printing has evolved from fixed structure to dynamic variable
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structure design and manufacturing. The emergence of 4D
printing not only makes it possible to construct macroscopic and
complex 3D structures but also imparts unique intelligence to
the printed structures. The 4D printed materials can respond to
external stimuli and alter their structure or function. Therefore,
4D printing has promising application prospects in the fields
such as biomedicine,10,11 robotics,12,13 military,14 architecture,15

and others. As illustrated in Figure 1, it is evident that the

quantity of research papers on the subject of 4D printing has
consistently risen since the inception of the concept in 2013.
However, in comparison to traditional 3D printing, 4D printing
is still in its early stage of development. As Prof Qi emphasized,
4D printing will develop rapidly in the next decade after its
inception.16 Now is the time.
The increasing demand for 4D printing has significantly

promoted the development of 4D printed materials. While
conventional materials such as plastics are suitable for 3D
printing, the majority of 3D printed materials are not well-suited
for 4D printing because these materials cannot respond to
external stimuli. 4D printed materials should possess two
characteristics: printability and intelligence. If the materials
cannot be printed with existing printing techniques, then the 4D
printed structures will not be fabricated. For example,
thermosetting resins cannot be applied to fused deposition
modeling (FDM), which requires the materials to be melted. On
the other hand, if the materials lack intelligence capacity and
cannot change over time under external stimuli, they could not
be regarded as 4D printed materials. Therefore, the most
straightforward method to accomplish 4D printing is the 3D
printing of a smart material. Smart material is a novel
multifunctional material capable of sensing changes in the
external environment and proactive responsiveness.17 The
fundamental approach of 4D printing involves precise control
of local internal stress within the printed structure, and
predictable triggering of shape changes upon subsequent release
of the internal stress.
As a prominent representative of shape-morphing materials,

LCE can undergo reversible, large and rapid shape changes
under external stimuli because of both the anisotropy of liquid
crystal and the soft elasticity of elastomer.18 The LCEs exhibit a
reversible phase transition in themildly crosslinked liquid crystal
polymer network, enabling a typical bidirectional shape memory

effect. Upon heating, the liquid crystal mesogens oriented along
a specific direction become isotropic, resulting in contraction of
the bulk material. After cooling, the liquid crystal mesogens can
return to their original ordered state and enable the recovery of
the initial shape of the LCE, leading to a macroscopic reversible
shape change. Compared with other stimuli-responsive
polymers, the rapid and reversible shape change of LCEs and
the versatility of reprogramming temporary shapes make LCEs
ideal materials for fabricating soft smart devices.19,20 To achieve
deformations of LCEs, it is necessary to orient and fix the liquid
crystal mesogens through crosslinking. Traditional preparation
methods such as the “one-step method” and “two-step
crosslinking method” are relatively complicated, and have
some limitations on the selection of materials and structural
design, so how to prepare LCEs with complex deformation
modes by simple methods is still a challenge.21 4D printing of
LCEs not only streamlines the preparation process of LCEs, but
also endows them with complex deformation modes by
programming.22

With the rapid development of 4D printed LCEs, several
excellent reviews of 4D printed LCEs have emerged.18,22−26 In
this review paper, from the perspective of materials chemistry,
we comprehensively introduce the structural characteristics of
liquid crystal molecules, and the orientation methods of LCEs.
Furthermore, we summarize and analyze the 4D printed LCE
techniques, including the printing principles, ink composition,
orientation, resolution, advantages, and disadvantages of various
printing methods in detail. Additionally, we discuss the
applications of 4D printed LCEs in the field of biomimetic
soft robots, micro-mechanical devices & bionic actuators, optical
applications, LCE lattice structures and dissipators. We
summarize the printing techniques, printing structure, actuation
mode and deformation mode of various 4D printing shape-
morphing LCEs in detail. Finally, we discuss the challenges faced
by 4D printing of shape-morphing LCEs and envision the
possible future development trends. We have summarized the
whole review topics of this review in Figure 2.

Figure 1. Trend chart showing the number of publications on 3D and
4D printing between 2013 and 2023 counted from Web of Science
(Source: webofscience.com; the data were collected until April 2024).

Figure 2. Overview of this review.
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2. LIQUID CRYSTALS
Liquid crystals were discovered in the late 19th century by
Reinitzer, an Austrian plant scientist, when he used amicroscope
to observe the melting of the compound cholesteryl benzoate.
More than 100 years after the discovery, people have not
stopped the studies of liquid crystals. O. Wiener et al. developed
the birefringence theory of liquid crystals; E. Bose proposed the
phase state theory of liquid crystals; V. G. Jean et al. studied the
molecular orientation mechanism and texture of liquid crystals;
and so on. It is worth mentioning that de Gennes was awarded
the Nobel Prize in Physics in 1991 for recognition of his
exceptional contributions to the field of liquid crystal research.
In nature, condensed matter can be classified into liquid state,
crystalline state, liquid crystal state and plasma state according to
the different order degree of its microstructure. Among these,
liquid crystal state is a kind of special form of matter between
liquid state and crystalline state, it possesses the fluidity and
continuity characteristic of an isotropic liquid state while
concurrently exhibiting the typical anisotropy of a crystalline
state.19 Liquid crystals can make reversible transitions between
ordered and disordered states. In the ordered state, the liquid
crystal molecules are arranged in a well-defined manner,
resulting in anisotropy. In the disordered state, the liquid crystal
units are randomly distributed and become isotropic, and the
temperature at which this transition occurs is referred to as the
liquid crystal order-disorder phase transition temperature
(TLC‑Iso). The liquid crystal materials can be small molecules
or macromolecules, but their liquid crystal units are generally

composed of rigid, rod-like or long strip molecules (Figure 3a).
The core units R1 and R2 are usually aromatic or aliphatic rings
connected by bridging bonds -X- (−COO-, -N�N(O)-, etc.),
which can provide the required anisotropy of liquid crystal
molecules. Nonetheless, only a rigid framework is not sufficient
to induce the liquid crystal phase, and it is necessary to attach the
flexible chain segments or the polarizable groups R or R′ at its
ends, which is usually composed of branched alkyl or alkoxy and
other structures, thus a low melting point liquid crystal molecule
can be obtained and the molecular arrangement of the
mesophase structure is stable.
Based on the molecular weight, liquid crystals can be

categorized as small molecule liquid crystals, oligomers, low
molecular weight polymers, liquid crystal polymers. In terms of
their origin, liquid crystals can be categorized into natural
polymer liquid crystals (such as celluloses, polypeptides,
proteins, nucleic acid macromolecules) and synthetic polymer
liquid crystals (including polyamide, polyaryl ester, poly(methyl
methacrylate), and silicone). Depending on the conditions of
their formation, liquid crystals can be classified into two main
categories: thermotropic liquid crystals and lyotropic liquid
crystals. Specifically, thermotropic liquid crystal is heated to the
liquid crystal state, while lyotropic liquid crystal state is achieved
by adding solvent. According to the features of the chain
structure, liquid crystal polymers can be classified into main
chain LCPs (with the liquid crystal cores incorporated in the
main polymer chain) and side chain LCPs (featuring liquid
crystal cores attached to the side chain) (Figure 3b).

Figure 3. (a) Structure diagram of liquid crystal molecules. (b) Schematic illustrations of the formation of main chain LCPs and side chain LCPs. (c)
Structure diagram of common liquid crystal phases.
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Additionally, liquid crystals can be further categorized based on
their phase characteristics into nematic liquid crystals,
cholesteric liquid crystals and smectic liquid crystals (Figure 3c).
The nematic phase is the most prevalent liquid crystal phase,

characterized by a relatively low degree of order, specifically one-
dimensional orientational order. In this phase, molecules do not
form layers but align themselves in parallel, with their long axes
roughly pointing in the same direction. The molecular
arrangement in the nematic phase is characterized by its
irregularity, allowing for sliding movements in various
directions, back and forth, left and right, up and down.
Consequently, this phase exhibits low viscosity and significant
fluidity. The smectic phases exhibit higher degrees in ordered
molecular arrangements, displaying a two-dimensional order.
The molecules are organized in a layered structure parallel to
each other, and the long axes of the molecules in the layer are
parallel to each other, arranged neatly, and perpendicular to the
layer (smectic A phase) or form a certain angle (smectic C
phase). Under certain conditions, the smectic A and smectic C
phases can undergo a reversible phase transition.27 While these
molecules maintain lateral mobility within the layer and exhibit
fluidity, their viscosity remains significantly high. Nonetheless,
these molecules are unable to traverse between the layers,
leading to a high degree of order, which is typically observed at
lower temperatures. The cholesteric phase can be regarded as a
special nematic liquid crystal. In cholesteric phase, molecules are

organized into layers, with each layer exhibiting parallel
alignment of its constituent molecules. However, the long-axis
orientation of the molecules between layers is systematically
twisted at a certain angle. These twisted layers stack on top of
each other, resulting in a spiral structure, and this arrangement
imparts its unique optical properties and behaviors.

3. LIQUID CRYSTAL ELASTOMERS
Since Finkelmann first reported the preparation of LCEs by
secondary crosslinking method in 1981, research in the field of
LCEs has entered a new era.28 Liquid crystal polymers (LCPs)
are obtained by connecting small liquid crystal molecules
through covalent bonds. Liquid crystal networks (LCNs) can be
obtained by high cross-linking LCPs. In contrast, LCEs are
obtained by slight cross-linking of LCPs (Figure 4a). LCEs are a
class of special elastomers that exhibit elasticity in both isotropic
and liquid crystal states. Because they combine the rubbery
elasticity of polymer network and the anisotropy of liquid
crystal, they have29 good external responsiveness, molecular
coordination, and elasticity.29,30 They can produce a large
macroscopic shape change by changing the arrangement of the
liquid crystal elements under external stimuli. This reversible
bidirectional memory of the stimuli-responsive shape changes
makes LCEs have good stability,31 rapid response,32 large
deformation,33 good mechanical properties,19 and other
characteristics, and enables their wide use in the field of smart

Figure 4. (a) Structure diagram of LCPs, LCEs, and LCNs. (b) Structure diagram of the mechanism of reversible deformation of LCE actuators.
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materials such as soft robotics & actuators,31,34−40 artificial
heliotropic devices,41 rotating micro engines,42 bionic implant-
able devices,29,43−48 microfluidic devices49 and so on.
3.1. Deformation Mechanism of LCEs. Firstly, LCEs that

are cross-linked but lack a specific orientation are referred to as
multi-domain or polydomain LCEs. In these elastomers, the
liquid crystal elements lack a macroscopic and uniform
arrangement and orientation, leading to random and limited
deformations. As a result, the whole sample cannot effectively
manifest a macroscopic change in shape. By orienting the liquid
crystal mesogens in a specific direction, a monodomain LCE is
obtained.50 During the transition from the liquid crystal phase to
the isotropic phase, the mesogens switch between order state
and disorder state, resulting in a consistent change in their
orientation. This phenomenon can be observed macroscopically
throughout the entire sample.
Since LCEs are generally formed by thermotropic liquid

crystals, thermally responsive deformation usually occurs.51−56

Under external thermal stimulation, when the temperature of
the LCE actuator rises above its phase transition temperature,
the molecular chain orientation disappears, the degree of order
decreases significantly, and the liquid crystal mesogens change
from anisotropic to isotropic state, resulting in the material
shrinking along the orientation direction. Upon cooling, the
material undergoes an opposite process, extending along the
orientation direction and returning to its original form (Figure
4b). LCEs functioned with photothermal dyes,57−63 magnetic
thermal fillers64−66 and electric thermal fillers38,67−69 are also
essentially thermoresponsive LCEs. For intrinsic photosensitive
LCEs, the cis-trans isomerization of photosensitive dyes affects
the orientation of the LC mesogens, ultimately resulting in the
macroscopic deformation of the LCEs36,37,70−72 (Figure 4b). In
addition, the external electric field can induce the rearrangement
of LC mesogens, which subsequently facilitates the macroscopic
contraction of LCEs73−76 (Figure 4b). Further studies have

Figure 5.Orientation methods of LC mesogens. (a) Brushed surface-enforced alignment.83 Reproduced with permission. Copyright 2014, American
Physical Society. (b) Photopatterned surface-enforced alignment.52 Reproduced with permission. Copyright 2015, American Association for the
Advancement of Science. (c) Inscribed surface-enforced alignment.51 Reproduced with permission. Copyright 2016, John Wiley & Sons, Inc. (d)
Magnetic field assisted alignment.43 Reproduced with permission. Copyright 2014, John Wiley & Sons, Inc. (e) Electric field assisted alignment.90

Reproduced with permission. Copyright 2007, John Wiley & Sons, Inc. (f) Mechanical alignment.91 Reproduced with permission. Copyright 1991,
John Wiley & Sons, Inc. (g) Rheological alignment.94 Reproduced with permission. Copyright 2017, American Chemical Society.
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found that LCEs can also be stimulated by chemical solvents,77

and humidity78−80 and make corresponding deformation.
3.2. Orientation of LCEs. The orientation of the LC

mesogens and the formation of cross-linked anisotropic
structures are critical factors for the preparation of LCEs with
reversible deformation. In general, the preparation of LCE
actuators can be categorized into twomain approaches: the two-
step cross-linking method and the one-step cross-linking
method.81 For the former, the pre-crosslinked LC gel is initially
oriented through mechanical stretching or 3D printing, and the
orientation is then retained by additional cross-linking to
stabilize the aligned structure. For the latter, LCE is formed by
direct polymerization of low molecular weight liquid crystal
monomers after ordered alignment. While each orientation
method possesses distinct characteristics, several common
challenges must be addressed. The first is that during the
process of orientation, the material needs to be in the liquid
crystal phase. Additionally, the cross-linking reaction must be
conducted under conditions that preserve the alignment of the
LC elements.
3.2.1. One-Step Cross-Linking Method. The one-step cross-

linking method is to directly obtain a monodomain LCE by
initiating the cross-linking reaction of the ordered liquid crystal
elements. In this method, polymerizable LC elements, multi-
functional crosslinker, and photoinitiator are blended in specific
proportions and directly added to the liquid crystal cell, or
subjected to magnetic field or electric field. The polymerization
reaction is then triggered through either ultraviolet irradiation or
heat, resulting in the formation of LCEs.

(1) Brushed surface-enforced alignment. Brushed surface-
enforced alignment is a standard technique in the liquid
crystal display (LCD) industry to control large surface
area alignment,82 and friction creates microgrooves in
glass substrates coated with planar anchored polyimide
(PI)83 or poly(vinyl alcohol) (PVA) (Figure 5a). Using
this orientation method can prepare thin monodomain
LCE films whose thickness is less than 100 μm.84,85

However, it is difficult to control the resolution of liquid
crystal orientation within a micron scale by friction.

(2) Photopatterned surface-enforced alignment. Ware et al.
reported direct photopatterned surface-enforced align-
ment of multi-domain LCEs.52 Based on the optical
graphization method, they successfully prepared pro-
grammable topological shape changes for a variety of
complex directional profiles (Figure 5b). The optical
alignment technology allows alignment control within the
optical resolution, and the LCE film thickness cannot
exceed 50 nm. White et al. also use this technology to
successfully prepare LCEs with topological structure.53

(3) Inscribed surface-enforced alignment. In 2012, Yu et al.
prepared oriented LCEs by using highly oriented carbon
nanotubes to induce the arrangement of LC mesogens.86

They initially constructed a carbon nanotube sheet with a
specific structural arrangement. Then, they introduced
small liquid crystal molecules into this microarray,
aligning the small liquid crystal monomers along the
array structure. They subsequently triggered polymer-
ization and cross-linking through ultraviolet light
illumination, leading to the immediate formation of a
monodomain LCE. In 2016, Yang et al. also successfully
prepared oriented LCEs by using PDMS with a special
groove structure as a template51 (Figure 5c). In particular,

grooves were first fabricated by stereolithography with
high resolution. Later, liquid crystal molecules can easily
be orientated in the groove. It is worth mentioning that
the resolution of LCEs fabricated in this way can reach the
level of several microns.

(4) Magnetic\electric field assisted alignment. Based on the
anisotropic permittivity and diamagnetization of the
liquid crystal elements, external stimuli such as electric
and magnetic fields are suitable for aligning the liquid
crystal arrangement. The polarity of the LCE monomer
can be changed by introducing polar groups such as nitrile
or ester which exhibit positive dielectric anisotropy.87−89

Zappe et al. successfully designed a liquid crystal actuator
by using an optimized, custom-designed radially oriented
100 mT magnetic field.43 This liquid crystal actuator is
electrically actuated to produce highly miniaturized, fully
integrated apertures whose behavior can mimic the
movement of the human pupil (Figure 5d). Inspired by
the electric field alignment of LCEs, Yu et al. fabricated
azobenzene LCE films under an electric field90 (Figure
5e). LCEs prepared in this technology exhibit a relatively
high degree of orientation. The film can be reversibly
actuated under 366 nm UV and visible light irradiations.

Different from the two-step cross-linking method, the one-
step cross-linking approach directly polymerizes low molecular
weight liquid crystal monomers to prepare the LCE networks,
omitting the pre-cross-linking, resulting in improved preserva-
tion of the oriented structure. Nevertheless, the oriented
structure is typically obtained through surface induction, and
the degree of orientation tends to decrease as the thickness
increases. Therefore, the LCEs prepared by one-stepmethod are
usually thin films and require the use of low-viscosity liquid
crystal monomers (reactive mesogens). Although the one-step
method is simple and easy, with a high success rate, it can flexibly
realize parallel or vertical orientation, and has a good control of
crosslinking degree by changing the content of the cross-linking
agent. However, there are some small molecules such as liquid
crystal elements and cross-linking agents remain due to
incomplete reactions in the LC cell, which affect the perform-
ance of the materials. Due to the limitations of surface
alignment, most of the LCEs are small thin films, which have
limitations in the design of the LCEs actuator.
3.2.2. Two-Step Cross-Linking Method. Finkelmann et al.

developed the two-step cross-linking method to fabricate
monodomain LCEs in 1991.91 The two-step method refers to
the synthesis of some liquid crystal prepolymers with special
functional groups, whose orientation of the liquid crystal
components is achieved through mechanical stretching or 3D
printing, enabling subsequent cross-linking to obtain highly
oriented mono-domain LCEs.
(1) Mechanical alignment. A straightforward two-step cross-

linking approach is based on organosilicon chemistry.91

Silyl hydrogen addition reaction is frequently used in the
synthesis of side-chain LCEs.92 Linear polysiloxane chains
are blended withmonovinyl functionalized LCmonomers
and multifunctional vinyl crosslinkers. Since the vinyl
group reacts faster than the methacryloyl group, the cross-
linking process can be carried out in two steps. The first
reaction step generates low crosslinked polymers, with the
molecular chains being aligned through mechanical
stretching. Under the condition of maintaining the stress,
the second stage polymerization reaction generates a
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strongly crosslinked polymer network and permanently
fixes the orientation structure. This relatively straightfor-
wardmethod can be used to prepare highly oriented LCEs
(Figure 5f). This method also can be extended to other
systems with different liquid crystal monomers and
crosslinkers. However, a potential issue with this method
is the presence of low molar mass materials resulting from
incomplete reactions, which could affect the material’s
performance. Main-chain LCEs can be prepared by a two-
step acrylate Michael addition reaction and photo-
polymerization (TAMAP) reaction. Yakacki et al. first
prepared a multidomain LC prepolymer by a sulfhydryl-
acrylate “click” reaction.93 After aligning the multidomain
LC prepolymer by stretching, excess acrylate groups can
undergo further cross-linking by photopolymerization.

(2) Rheological alignment. Ware and colleagues have
fabricated oriented LCEs through DIW printing.94

Specifically, during the DIW printing process, the
orientation of LC mesogens is induced by the rheological
field (Figure 5g). The DIW printing method allows the
fabrication of LCEs along any desired path, an
unparalleled capability compared to other methods.
This approach imposes a high viscosity requirement on
the ink, which should be effectively extruded through the
nozzle before being cured.95

The two-step method has been widely used by researchers
since its development; however, the procedure is relatively
tedious, and the inherent conflict between the degree of
orientation and the degree of cross-linking imposes a significant
limitation on this reaction. To obtain better actuation
performance, it is essential to achieve higher orientation.
Although good orientation can be achieved under high
elongation, if the crosslinking degree of the first step is reduced,
the gel’s strength becomes weaker and more susceptible to
tensile fracture. However, if the crosslinking degree of the first
step is increased, the movement of the liquid crystal elements is
restricted and a higher orientation cannot be obtained.
LCEs with dynamic bonds offer a solution to address the

above problems.96 Inspired by the properties of Vitrimer, Pei et
al. proposed amethod to fabricate monodomain LCE vitrimer in
2013.97 They initially prepared LCEs containing dynamic cross-
linked ester bonds. Subsequently, dynamic ester bonds are
activated at high temperatures to orient the liquid crystal
mesogens by mechanical stretching. The rapid transesterifica-
tion reaction induces a reconfiguration of the crosslinked LCE
network. This LCE network can fix the orientation upon
cooling, resulting in a monodomain LCE. Furthermore, they
introduced carbon nanotubes (CNTs) into this system to
prepare LCE/CNTs composites containing dynamic cross-
linked ester bonds.61 By utilizing the photothermal effect of
CNTs to activate dynamic ester bonds at high temperatures, the
actuator is endowed with photoactivated remodeling properties
to meet various complex environmental requirements. Up to
now, dynamic bonds such as transesterification, Diels-Alder
bonds, disulfide bonds, andmetal coordination bonds have been
incorporated into LCEs, and the rapid development of dynamic
LCEs has largely broadened the applications of deformable
LCEs.98

To sum up, the orientation methods of liquid crystal elements
mainly include brushed surface-enforced alignment, photo-
patterned surface-enforced alignment, inscribed surface-en-
forced alignment, magnetic field-assisted alignment, electric

field-assisted alignment, mechanical alignment and rheological
alignment. For different applications, it is essential to judiciously
select the suitable orientation method of LC mesogens based on
the chemical structures of the LCmonomers and the dimensions
of the LCE actuators. Here, the characterization of different
alignment methods of LCEs is summarized in Table 1.

4. 4D PRINTING OF LIQUID CRYSTAL ELASTOMERS
As mentioned above, there are certain limitations in the
fabrication of LCEs using the traditional “one-step” or “two-
step” method. On the one hand, it is necessary to prepare liquid
crystal cells or introduce electromagnetic fields to induce the
orientation of LC mesogens. On the other hand, the obtained
monodomain LCEs are mostly sheet or membrane, which
restricts the structure of the actuator. The emergence of 4D
printing technology can not only simplify the preparation
process of the LCEs, but also afford the actuators with complex
structures and unique orientation modes. The fabrication of
LCE actuators through 4D printing technology offers
advantages such as precise control of the orientation structure
of LC elements and the convenient design of macroscopic
shapes. This not only simplifies the preparation process of
traditional LCE actuators but also allows for the creation of
complex, multi-level orientation structures through layer-by-
layer stacking, which provides the researchers with great design
freedom. 4D printing has become a research hotspot in the field
of LCEs.22,24,99,100 However, the higher controllable degrees of
4D printing also present increased demands on the orientation
of LC mesogens. The most important 4D printing method for
LCE is DIW,MEWhas advantages in the fabrication of ultra-fine
LCE fibers, while 2PP-DLW and DLP have gradually attracted
researchers’ interest because of their submicron control ability.
Figure 6 illustrates the schematic diagram of the principles for
the above four printing methods.
4.1. Printing Method. 4.1.1. DIW. DIW is the most

commonly employed technology for LCE printing owing to its
wide material compatibil ity and printing flexibil-
ity.35,94,95,101−104 The inks used in DIW are usually liquid

Table 1. Summary of Strategies for Orientation of Liquid
Crystal Elastomers

Orientation method of
liquid crystal elastomers Advantages and disadvantages

Brushed surface-enforced
alignment

· Simple process
· The resolution does not reach the micrometer-
scale

Photopatterned surface-
enforced alignment

· Micrometer resolution
· High ink viscosity requirements

Inscribed surface-enforced
alignment

· Micrometer resolution
· The film thickness is less than 100 μm

Magnetic field-assisted
alignment

· Suitable for preparing microcolumn array
structure

· Difficult to manufacture on a large scale
Electric field-assisted
alignment

· Suitable for polar liquid crystal mesogens
· Difficult to manufacture on a large scale

Mechanical alignment · Simple process and can fabricate large-scale
LCEs

· Difficult to fabricate LCEs with different
molecular orientations

Rheological alignment · Print along any path with the utmost degree of
freedom

· The ink should be effectively extruded through
the nozzle before being cured
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crystal oligomers with typical shear-thinning characteristics.
These oligomers are produced by the addition reaction of LC
monomers with chain extenders or single-component LC
oligomers. Shear-thinning property facilitates the extrusion of
viscous ink from the nozzle under the influence of airflow or
screw pressure. In the extrusion process, the ink undergoes shear
force to form anisotropic filaments, which are subsequently
deposited on the printing platform, aligning liquid crystal
elements in a predetermined printing path. Therefore, the spatial
arrangement of liquid crystal orientation can be designed by
adjusting the movement trajectory of the nozzle. Filaments
extruded through shear force can temporarily maintain their
shape and ordered structure and be fixed in the subsequent step
through photo-cross-linking. Ware et al. first used the HOT-
DIW technique to fabricate the first 3D structured LCE
actuators with aligned molecular orientation in 201794 (Figure
7a). They prepared DIW-printable inks, which were sub-
sequently extruded and ordered along the printing path and then
cross-linked by UV irradiation. The oriented filament could
undergo 40% reversible contraction and extension upon heating
and cooling, respectively. They printed LCE structures with
regions of opposite Gaussian curvature that can reversibly and
rapidly deform upon heating and cooling. For DIW printing, the
actuation performance of LCE is highly related to the printing
materials and printing parameters. Wang et al. prepared DIW-
printable inks and systematically investigated the influence of
printing temperature, nozzle size, and the nozzle-to-substrate
distance on the actuation characteristics.102 The results showed
that higher printing temperature, larger nozzle diameter, and
larger gap lead to smaller actuation strain. Higher printing
temperatures and larger gaps also resulted in reduced actuation

stress. Furthermore, their research revealed that the printing
speed had no significant impact on the actuated strain.
In the previously mentioned example, cross-linking was

achieved by self-polymerization of excess acrylate under UV
irradiation after the completion of printing. Apart from the
conventional photo-cross-linking method, two-stage amine-
acrylate Michael addition reaction105 have been used to
maintain the printed shape and oriented structure. Zou et al.
used a combination of RM82 and 1,5-diaminopentane to
prepare inks for 4D printing of LCEs. In the first reaction stage,
primary amines are completely consumed and acrylates are still
in excess, crosslinking is achieved by Michael addition between
secondary amines and acrylate-ended oligomers105 (Figure 7b).
It should be noted that the viscosity of the ink and the optimum
printing time can be adjusted by adjusting the amount of
diamine and solvent. In general, it is easier to obtain highly
oriented LCEs with a lower amount of solvent. In addition, by
eliminating the need for light to initiate the second stage of the
cross-linking reaction, this strategy has great advantages in the
preparation of azobenzene-containing LCEs, since azobenzene
molecules usually have strong absorption of light that affects the
second stage of photo-crosslinking reaction.
The flexibility of DIW printing technology allows for more

design space to achieve adjustable performances and multiple
functions of LCEs through the improvement and upgrading of
printing equipment and the integration of multifunctional
materials. The improvement of DIW printing equipment mainly
focuses on the processing of nozzles and extruded filaments.
These improvements include the utilization of nozzles with
core-shell structures103 and the implementation of rotatable
substrates,106,107 which enable the preparation of three-dimen-

Figure 6. Schematic diagram of the printing methods of LCEs. (a) DIW, (b) DLP, (c) TPP-DLW, and (d) MEW.
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sional LCE tubes or long fibers. In addition, the combination of
DIW and DLP108 through hybrid additive manufacturing has
recently been reported. An effective strategy to improve the
mechanical properties of LCEs and to endow themwithmultiple
stimuli responsiveness, such as optical, magnetic or electrical
functions, is to introduce functional fillers into LCEs, such as
carbon nanotubes,109 gold nanorods110 and titanium-based
nanocrystals,111 which endow LCEs with photothermal
actuation and photochromism properties. The incorporation
of liquid metals facilitates joule heating and self-induction

properties of LCEs, whereas the incorporation of magnetic
particles enables the LCEs to be magnetically and thermally
actuated. However, it is also difficult to develop composite inks,
because DIW has certain requirements for the rheological
properties of the ink, and nano-fillers tend to aggregate owing to
their extensive specific surface area. Therefore, it is an effective
solution to print LCE ink and functional filler independently,
such as using a nozzle with a core-shell structure to isolate the
extrusion of LCE ink and LM ink, rather than preparing a mixed
LM/LCE ink. Recently, Wang et al. have developed a DIW

Figure 7. LCEs fabricated by DIW printing. (a) DIW-printed LCE structures with regions of opposite Gaussian curvature can reversibly and rapidly
deform upon heating and cooling.94 Reproduced with permission. Copyright 2017, American Chemical Society. (b) Two-stage Michael addition
reaction to prepare LCEs.105 Reproduced with permission. Copyright 2021, John Wiley & Sons, Inc. (c) DIW printing strategy for continuous fiber-
reinforced LCE composites.112 Reproduced with permission. Copyright 2023, Springer Nature. (d) High-temperature DIW printing of LCE inks with
high viscosity.56 Reproduced with permission. Copyright 2019, American Chemical Society. (e) DIW printed LCEs capable of maintaining long-term
retention of a deformed state.71 Reproduced with permission. Copyright 2020, John Wiley & Sons, Inc. (f) The combination of active LCE materials
and inactive support materials to realize DIW 3D printing.108 Reproduced with permission. Copyright 2022, John Wiley & Sons, Inc.

Chem & Bio Engineering pubs.acs.org/ChemBioEng Review

https://doi.org/10.1021/cbe.4c00027
Chem Bio Eng. 2024, 1, 488−515

496

https://pubs.acs.org/doi/10.1021/cbe.4c00027?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.4c00027?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.4c00027?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.4c00027?fig=fig7&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.4c00027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


strategy for continuous fiber-reinforced LCE composites, where
continuous fibers are extruded by a chamber structure with
eccentric channels and coated with LCE ink112 (Figure 7c). The
incorporation of continuous fibers not only improves the
mechanical properties of LCE, but also serves as a support
structure during the printing process, enabling the direct 3D
printing of structures. By selecting the eccentric position of the
continuous fibers in the extruded filament, the direction of
bending deformation in the composite can be controlled.
For DIW extrusion technology to prepare LCEs, in addition

to the need for the ink to possess shear thinning characteristics,
suitable ink viscosity is also required. The ink needs to be able to
pass through the nozzle at a low temperature to form an oriented
structure that can temporarily maintain its shape and orientation
after extrusion. The orientation can be regulated by adjusting the
printing parameters and printing path. Smaller nozzle diameter

and higher printing speed generally result in better molecular
alignment, but this also places higher demands on the
rheological properties of the LCE ink. To overcome the
challenges mentioned above, our group has introduced a novel
strategy to achieve 4D printing at temperatures exceeding the
TNI of LCE.

56 Different from the commonly employed Michael
addition strategy, we utilized biphenyl liquid crystal as the
printing monomer. Initially, we synthesized a biphenyl liquid
crystal prepolymer through molecular structure design, which
incorporated phenyl side groups and cinnamic acid groups. The
rheological experiment shows that the ink viscosity decreases at
200 °C, which can be extruded smoothly. The extruded liquid
crystal ink could effectively maintain its printed shape because of
the supramolecular interaction (π−π stacking) of the phenyl
side groups. Finally, the cross-linking was completed by the
photo-crosslinking reaction of cinnamic acid groups, and the

Figure 8. LCEs fabricated by TPP-DLW printing. (a) LCE structures with submicron resolution fabricated by TPP-DLW printing.115 Reproduced
with permission. Copyright 2014, JohnWiley & Sons, Inc. (b) Spiral coil structure fabricated by TPP-DLW.77 Reproduced with permission. Copyright
2020, John Wiley & Sons, Inc. (c) LCE cubes fabricated by TPP-DLW enabling complex shape transformations.116 Reproduced with permission.
Copyright 2021, Springer Nature. (d) SEM images of AuNR/LCEs composite materials fabricated by TPP-DLW.117 Reproduced with permission.
Copyright 2019, American Chemical Society. (e) SEM images of CNT/LCEs composite materials fabricated using TPP-DLW.118 Reproduced with
permission. Copyright 2020, Walter de Gruyter.
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4D-printed LCEs were successfully obtained. These 4D-printed
LCE splines could be cyclically and reversibly changed between
various shapes, demonstrating good actuation performance
(Figure 7d).
Furthermore, dynamic bonds enhance the deformability of

4D printed LCEs.71,98,100,113 For example, Lu et al. used UPy
supramolecular interactions, dynamic Diels-Alder (DA) cross-
linking, and azobenzene to achieve the 3D printing of optically
controlled LCE structures, which could maintain long-term
retention of a deformed state71 (Figure 7e). Upon heating to 130
°C, the UPy dimer dissociates and the furan-maleimide adduct is
activated, resulting in the de-cross-linking of the LCE and the
decrease in viscosity. This allows the liquid crystal ink to be
extruded through DIW and aligned in the printing direction.
Subsequently, with the re-formation of DA and hydrogen bonds,
the oriented structure is fixed. The UPy supramolecular cross-
linked structure is temporarily disrupted under UV light
irradiation and rapidly re-formed after UV light removal,
resulting in the “locking” of the deformed structure, which can
be recovered after heating.

Currently, most of the LCE structures printed with DIW
technology are still mainly 1D fibers or 2D films, while the
fabrication of more complex 3D actuator structures remains a
significant challenge, this is primarily attributed to the
limitations in z-axis orientation. Nonetheless, the combination
of active LCE materials and passive support materials offers a
promising approach for the construction of 3D LCE actuators108

(Figure 7f). Recently, the preparation of 3D LCEs has also been
achieved by extruding the LCE ink into the gel matrix usingDIW
printing.114

4.1.2. TPP-DLW. Due to its nonlinear absorption process of
two-photon polymerization in direct laser writing, the polymer-
ization will only occur at the two-photon focus area, providing
the highest printing accuracy among all printing methods. This
approach allows for a wide range of scales, from the nanometer
to the micrometer, making it a potent technique for fabricating
structures with arbitrary geometry and high resolution. LCEs
with microstructure can be produced by the TPP-DLWmethod,
and their molecular arrangement can be controlled at the
submicron scale by the surface templating method. The LC

Figure 9. LCEs fabricated by DLP printing. (a) Multi-responses of an LCE robotic arm.119 Reproduced with permission. Copyright 2019, American
Chemical Society. (b) Biomimetic petal-like LCE structure exhibiting reversible actuations.121 Reproduced with permission. Copyright 2021, John
Wiley & Sons, Inc. (c) DLP printed LCE actuator with topological structure.122 Reproduced with permission. Copyright 2021, JohnWiley & Sons, Inc.
(d) DLP printed LCE origami actuator.123 Reproduced with permission. Copyright 2022, John Wiley & Sons, Inc.
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elements can be adjusted in any direction by moving the laser
focus position. Nevertheless, the preparatory steps before
printing and the orientation process of the LC usually extend
the overall printing duration. Zeng et al. fabricated LCE
structures with submicron resolution by TPP-DLW printing,115

and the alignment of the liquid crystal elements was achieved
through surface friction (Figure 8a). The materials utilized in
TPP-DLW comprise photopolymerizable acrylate LC mono-
mers, azobenzene dyes, crosslinkers, and photoinitiators.
Following the injection of the ink into the uniaxial friction
polyimide-coated glass, orientation is achieved by surface
friction and polymerization is subsequently initiated by laser
scanning.
Then, to create miniature LCE actuators, the research team

used micro-grating patterns instead of unidirectional friction
surfaces to align the mesogens, achieving control at the
molecular scale. The printed structures can be deformed in
various directions according to the micrograting orientation,
resulting in complex actuation modes. In addition, continuous
and discontinuous pixelated channels can be produced with the
advantage of the high-resolution characteristic of TPP-DLW
printing, therefore enabling the creation of 2D and 3D oriented
structures with resolutions up to 5 μm.77 Using selective
photopolymerization, microstructures with identical geometries
can exhibit distinct deformation behaviors, due to different
orientation fields (Figure 8b). Guo et al. presented an interesting
illustration of LCE microstructure fabrication using the TPP-
DLW technique.116 Using surface friction, they fabricated LCE
cubes with arbitrary mesogen orientation. These cubes are
subsequently assembled into 3D structures such as lines, grids,
or skeletal frameworks to obtain diverse geometries with
different orientation structures, enabling complex shape trans-
formations and anisotropic physical properties (Figure 8c).
Moreover, gold nanorods,117 multi-walled carbon nanotubes,

and graphene oxide118 have also been incorporated into the
printable LC inks, thus providing LCEs with enhanced
versatility, such as improved mechanical properties and light
responsiveness (Figure 8d & 8e).
4.1.3. DLP. DLP technology employs a digital micromirror

device (DMD) to project the 2D cross-section pattern of the
printed model on the surface of a liquid resin in the form of
ultraviolet light to induce polymerization, enabling the gradual
layer-by-layer curing of the resin upon exposure to the light. The
resolution of DLP can reach micron level. Compared to the
TPP-DLW relying on surface treatment orientation, DLP has a
broader range of orientation modes. Tabrizi et al. combined a
rotatable magnetic field with DLP to regulate material
composition and molecular orientation at each solidified layer,
thereby building hierarchical properties of structure and
function.119 The thermal and light-responsive LCEs were used
to construct a multi-response robotic arm, and various segments
of the arm exhibited distinct orientation characteristics and
response capabilities (Figure 9a). Li et al. used the shearing
action generated by the cyclic rotation of the resin tray to induce
the orientation of liquid crystal elements throughout the layer-
by-layer printing process.120 This approach significantly reduces
the printing time compared to DIW, and the prepared
photocuring actuator can bend in response to thermal
stimulation. By combining the micro-photoelectric element
with the bending actuator, the bending deformation of the
actuator can be detected by the optical sensor. In addition to
orienting mosegen units during the printing process, evapo-
ration of unreacted monomers or solvents can also be used for

the alignment of mosegen elements. When DLP is used to print
thicker samples, there will be unreacted monomers with a
gradient content in the printed product due to the attenuation of
light. During the process of removing these monomers at high
temperatures, the difference in volume contraction of the object
will induce the production of the original alignment, resulting in
reversible bending motion121 (Figure 9b). Similarly, Jin et al.
reported that solvent evaporation under stress can be used for
mesogen unit arrangement in isotropic LCN gels, which may be
related to the micropores generated during the volume
shrinkage process.122 The LC orientation can be repeatedly
established and erased through the process of solvent
evaporation and subsequent re-swelling (Figure 9c). Recently,
Chen et al. reported a strategy for reversibly locking and
unlocking orientation after printing using physical phase
transitions (crystallization and melting).123 Similar to the
process of solid-state shaping, they designed a liquid crystal
network with two phases where orientation can be induced
through mechanical forces at high temperatures and then
secured through crystalline formation. Subsequently, a rever-
sible shape change occurred due to the liquid crystal phase
transformation (Figure 9d). The orientation of the LCEs could
be erased bymelting the crystalline region to enable a new round
of programming.
4.1.4. MEW. High-precision manufacturing of programmable

LCE microfibers has always been a challenge. MEW printing
technology is a low-cost, large-scale, and high-resolution
manufacturing technology that has advantages in the prepara-
tion of ultra-fine LCE fibers.124 The MEW printing technology
employs a high-voltage (2 to 3 kV) electric field applied between
themetal needle and the substrate to generate LCETaylor cones
and microfibers, which are then deposited onto the substrate to
fabricate various cross-scale 3D structures. Due to the high shear
force inside the Taylor cone, the LC mesogens undergo
orientation within the structure and the LCEs are obtained by
photo-crosslinking. This technique was first reported in 2022 by
Carlos et al, who fabricated LCE fibers with a diameter of tens of
microns using this method124 (Figure 10a). After that, Lu’s
research group used this technique to fabricate a range of LCE

Figure 10. LCEs fabricated byMEW printing. (a) MEW printing LCEs
3D structures.124 Reproduced with permission. Copyright 2022, John
Wiley & Sons, Inc. (b) Multifunctional LCEs fabricated by MEW
printing.125 Reproduced with permission. Copyright 2024, American
Association for the Advancement of Science.
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Table 2. Overview of the 4D Printed LCE Methods: Printing Types, Alignment Methods, Reaction Mechanism, Ink
Compositions, and Referencesa

Printing
type Alignment methods Reaction mechanism Ink components References

DIW Rheological alignment Radical polymerization RM: BHHBP 56
Chain extender: 6HCA
Cross-linker: PSA
Photoinitiator

DIW Rheological alignment Amino Michael Addition RM: RM82/BIP 42
Cross-linker: 1,5-diaminopentane

DIW Rheological alignment Amino Michael Addition RM: RM82 71
Chain extender: 5-Aminopentanol/
Furan-2-ylmethanamine
Cross-linker: Bismaleimide/Upy-NCO
Photoinitiator

DIW Rheological alignment Amino Michael Addition RM: RM82 94, 95, 99, 103, 109, 126, 127
Chain extender: n-butylamine
Photoinitiator

DIW Rheological alignment Amino Michael Addition RM: RM257 101, 128−130
Chain extender: n-butylamine
Photoinitiator

DIW Rheological alignment Amino Michael Addition RM: RM82 & RM257 131
Chain extender:
N,N-dimethylpropane-1,3-diamine
Photoinitiator

DIW Rheological alignment Thiol-Michael addition RM: RM82 35
Chain extender: n-butylamine
Cross-linker: TATATO

DIW Rheological alignment Thiol-Michael addition RM: RM82 & RM257 104
Chain extender: GDMP/EDDET/PDT
Cross-linker: TATATO

DIW Rheological alignment Thiol-Michael addition RM: RM257 102, 106, 111, 132, 133
Chain extender: EDDET
Photoinitiator

DIW Rheological alignment Thiol-Michael addition RM: RM82 105
Chain extender: 1,5-diaminopentane
Cross-linker: 1,5-diaminopentane
Photoinitiator

DIW Rheological alignment Thiol-Michael addition RM: RM257 107, 134
Chain extender: EDDET
Cross-linker: PETMP

DIW Rheological alignment Thiol-Michael addition RM: RM82 & RM257 108
Chain extender: EDDET
Photoinitiator

DIW Rheological alignment Thiol-Michael addition RM: RM82 & RM257 112
Chain extender: BDMT
Photoinitiator

DIW Rheological alignment Thiol-Michael addition RM: RM82 & RM257 135, 136
Chain extender: EDDET
Photoinitiator

DIW Rheological alignment Thiol-Michael addition RM: RM257/LC756 137
Chain extender: EDDET
Photoinitiator

DIW Rheological alignment Thiol-Michael addition RM: RM82 138
Chain extender: EDDET
Photoinitiator

DIW Rheological alignment Thiol-Michael addition RM: RM82 & RM257 139
Chain extender: n-butylamine
EDDET
Cross-linker: TATATO

DIW Rheological alignment Thiol−isocyanate reactions RM: RM82 & RM257 100, 113
Chain extender: HDI/EDDET
Photoinitiator
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soft actuators frommicrometer to centimeter scale through layer
deposition.125 The LCE fiber actuator is applied to temperature
field detection, and an environmental temperature field sensor
that integrates machine vision and deep learning models is
developed for the first time (Figure 10b).
As mentioned above, we have briefly illustrated the equip-

ment, the principle and the latest advances in 4D printing of
LCEs. To achieve a reversible shape change, the orientation of
the LC elements needs to be aligned before the cross-linking
process. For DIW and MEW printing, LC orientation is
primarily achieved through the shear stress and tensile stress
applied during the extrusion and printing processes, while for
2PP and DLP printing, the LC alignment is mainly achieved by
the magnetic field and the surface orientation. In general, the 4D
printing ink of LCEs mainly focuses on the Michael addition
reaction between amine or thiol with acrylate. Therefore, in
Table 2 and Figure 11, we summarize the printing method,
orientation method and ink composition of 4D printed LCEs.
The chemical structures of the monomers and other

compounds in Table 2 are shown in Figure 11.
4.2. The Relationship among the LCEs, the Printing

Methods, the Orientation/Structure, and the Shape-
Morphing Properties. In summary, the type and the printing
method of 4D printed LCEs determine the orientation and
structure of the LCEs and then affect the deformation
characteristics of the LCEs. Here, the relationship among the
LCEs, the printing methods, the orientation/structure, and the
shape-morphing properties were discussed in detail.

(1) Based on the stimulation, 4D printed LCEs can be
classified into thermoresponsive, light-responsive, elec-

tric-field-responsive, magnetic-field-responsive, and mois-
ture-responsive LCEs. From the perspective of materials
chemistry, thermoresponsive LCEs are fabricated by
radical polymerization, amino-Michael addition, thiol-
Michael addition and thiol-isocyanate reaction. Radical
polymerization is completed by direct polymerization of
acrylate groups. Amino-Michael additions and thiol-
Michael additions between acrylate monomers and
amines or thiols afford the LC oligomers, which are
further cross-linked by heat or light to form the LCEs.
LCEs based on thiol-isocyanate reaction are obtained by
cross-linking with after chain extension. Light-responsive
LCEs can be divided into two types, the one is formed by
incorporating photo-switches into the LCE network
structure, and the other is obtained by adding photo-
thermal dyes/particles into polymer matrix. Electrically
and magnetically responsive LCEs are fabricated by
functionalization with conductive and magnetic fillers,
respectively. Moisture-responsive LCEs are fabricated by
incorporating hygroscopic groups into the LCE networks.

(2) The orientation structure or profile of the mesogens in
LCE actuators is most important because it determines
the deformation of LCEs. Traditional orientation
methods for LCEs, such as mechanical alignment or
surface friction, typically can only produce uniform
orientation structures, showing simple shrinkage or
bending deformation. Although the external field (light,
electric field and magnetic field) assisted orientation can
create more complex orientation structures, the prepared
actuators are usually limited to thin films. 4D printing
enables precise and convenient control of the orientation

Table 2. continued

Printing
type Alignment methods Reaction mechanism Ink components References

TPP-DLW Photopatterned surface-enforced alignment Radical polymerization RM: C6BP & RM257 77, 115, 116, 118, 140
Photoinitiator

DLP Magnetic field-assisted alignment Radical polymerization RM: RM257/Azo-2 119
Photoinitiator

DLP Rheological alignment Thiol-Michael addition RM: RM82 & RM257 120
Chain extender: EDDET
Cross-linker: TATATO
Photoinitiator

DLP Solvent evaporation Radical polymerization RM: RM82 121
Photoinitiator

DLP Solvent evaporation Thiol-Michael addition RM: RM82 122
Chain extender: PDT
Photoinitiator

DLP Mechanical alignment Thiol-Michael addition RM: RM82 123
Chain extender: PEGDA/EDDET
Cross-linker: PETMP
Photoinitiator

DLP Mechanical alignment Thiol-Michael addition RM: RM82 141
Chain extender: EDDET
Cross-linker: TATATO
Photoinitiator

MEW Rheological alignment Amino Michael Addition RM: RM82 124
Chain extender: n-butylamine
Photoinitiator

MEW Rheological alignment Amino Michael Addition RM: RM257 125
Chain extender: EDDET
Photoinitiator

aPhotoinitiators are not specifically categorized in this review. RM: reactive mesogens.
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of liquid crystal units and the macro shape of the actuator,
resulting in complex and changeable deformation
patterns.
The four common printing methods have their own

applications and inherent limitations. For DIW printing
technology, the mesogen units will be oriented along the

printing path, and a same shape may have different
deformation modes due to different printing paths.
However, this method has certain requirements for the
rheological properties of the ink, and the orientation is
typically constrained to the x-y axis plane. Therefore,
LCEs prepared by DIW are usually 1D fibers or 2D planar

Figure 11. Chemical structures of the compounds involved are in Table 2.
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films, and it is difficult to print LCEs with complex 3D
structures by this method. The photocuring printing
method DLP requires the photosensitive resin to have a
low viscosity and the capacity for rapid crosslinking under
ultraviolet light irradiation. TPP-DLW which has high
resolution and can fabricate arbitrary 3D shapes and
alignment in the Z-axis direction, is an ideal way to
manufacture micro-actuators, but the orientation and
fabrication of microstructures will be time-consuming,
and the manufacture of actuators with high precision and
large size also needs further exploration. MEW printing
has advantages in the preparation of ultrafine LCE fibers
but needs specifically home-designed equipment. Despite
various challenges and issues, 4D printing has promoted
the manufacturing and application of LCE actuators to a
new level.
In addition, the 4D printing method can also make

LCEs easily composite with other materials, such as LCEs
with different TNI or response characteristics, or inorganic
carbon materials like carbon nanotubes, carbon fibers, or
metal fillers like gold nanorods, ferromagnetic particles,
etc. Special printing methods can also be used to achieve
the combination of different materials within spatial
structures, such as core-shell structures or hinge
structures. Undoubtedly, these advancements signifi-
cantly enhance the deformation capabilities of LCE
actuators, expanding their range of potential applications.

(3) Shape-morphing properties. In Figure 12, we have
summarized the deformation mode of 4D printed LCEs
based on 1D, 2D, and 3D LCE structures.

The deformation mode of the printed 1D structure LCE fiber
is depended on its cross-section structure. LCE fiber with
symmetric circular cross-section tends to display bending
deformation143 while the fiber with asymmetric cross-section
tends to show spiral deformation42 (Figure 12a). Based on this,
LCE fibers have been reported to mimic soft robots. In addition,
more complex deformation is often generated by combining
LCE fibers with mechanical devices, such as robotic arms. The
deformationmodes of planar LCEs include in-plane contraction,
out-of-plane bending, and 2D-3D deformation (Figure 12b). In-
plane contraction usually occurs in structurally symmetric LCEs,
while out-of-plane contraction often takes place in structurally
asymmetric LCEs or bilayer composites composed of LCEs and
other materials.144 In addition, LCEs with specially designed

mesogen orientation can undergo 2D-3D deformation when
subjected to external stimuli.71 3D LCE structures are often
fabricated by DLP printing or TPP-DLW printing. LCE lattice
structures often exhibit overall shrinkage when stimulated.145,146

The LCE microactuators often undergo deformation such as
bending or rotation upon exposure to stimuli147 (Figure 12c).
In conclusion, 3D and 4D printed shape-morphing LCEs have

been significantly developed over the past decade. By
introducing functional dopants, the responses of LCEs have
been expanded from the initial thermal responsiveness to
optical, electric, and magnetic responsiveness.142 The printing
methods also include DIW, DLP, TPP-DLW, and MEW. The
structures of 4D printed LCEs have developed from single-layer
structures to multi-layer structures, and from flat 1D arrange-
ments to intricate 3D topologies. These advancements have
greatly increased the range of applications of 4D printed LCEs.
In summary, the printing method of 4D printed LCEs
determines the orientation and structure of the LCEs and then
affects the deformation characteristics of the LCEs. Here, we
summarize the applications of 3D and 4D printing of shape-
morphing LCEs in Table 3, which include the printing methods,
function dopants, printing structures, stimuli, and actuation
modes.

5. APPLICATIONS OF 4D PRINTING OF LIQUID
CRYSTAL ELASTOMERS

LCEs have great application potential as soft smart materials
because of their remarkable ability to achieve substantial and
reversible deformations. However, to realize the shape trans-
formation, it is essential to orient the liquid crystal units and fix
the orientation structure through crosslinking to prepare
monodomain LCEs. As mentioned above, the traditional
preparation methods, such as the “one-step method” and the
“two-step method”, have some inevitable limitations, due to not
only the complexity of the preparation process but also the
difficulty in designing the oriented structure and deformation
structure. The emergency of 4D printing not only streamlines
the manufacturing process of LCEs but also expands the
application range of LCEs in the field of soft smart materials. 4D-
printed LCEs offer more possibilities for creating new LCE
devices that are programmable, stimuli-responsive, and possess
ideal geometries. As a result, it has great application prospects in
soft robots, bionic actuators, energy dissipators, microfluidic
devices, light-responsive devices, cell culture and so on. In this

Figure 12. Shape-morphing modes of 4D printed LCEs with (a) 1D structure, (b) 2D structure, and (c) 3D structure.
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Table 3. Summary of the Applications of 3D and 4D Printed Shape-Morphing LCEs

Printing
methods Functional dopants Printing Structures Stimuli Actuation modes References

DIW Fumed silica Bilayer hinge structure Heat Folding and unfolding 35
DIW Bilayer controllable orientation gradient structure Heat Bending 56
DIW LCE artificial tendril and flagellum Heat Spiral deformation 42
DIW Flower-like and braille-like actuators UV light Bending 71
DIW Layered spiral disk actuator, mesh porous actuator and conical

array actuator
Heat Shrinking and bulging 95

DIW LCE-PDMS variable focus lens Heat Shrinking and bulging 99
DIW One-layer archimedean chord print pattern, bilayer

rectangular
Heat Shrinking and bulging 94

LCE film and porous structure
DIW Liquid metal Monolithic structures Electricity and

NIR light
Bending 101

DIW Liquid metal Coaxial LCE (shell)-LM (core) fiber Electricity Shrinking and bulging 103
DIW Disk and alternate porous structures Heat Shrinking and bulging 104
DIW Flower-like actuators and active auxetic lattice structures Heat Twisting, bending and

shrinking
102

DIW Helix of the disc structure Heat Twisting and bulging 105
DIW Honeycomb and spiral director structures Heat and UV

light
Shrinking, bulging, and
twisting

100

DIW Stipes structure Heat Bending 113
DIW Soft pneumatic actuators Gas Elongation, bending,

and twisting
106

DIW LCE fiber Heat Shrinking and lifting 107
DIW 3D spatial LCE lattices Heat Shrinking 108
DIW MWCNTs Fully soft robotics NIR light Twisting and

swimming
109

DIW TiNC Origami-inspired structure NIR light Bending 111
DIW Aramid fibers Off-center LCEs fiber Heat Twisting 112
DIW NdFeB Four-petal magLCE flower and strip robot Magnetism and

heat
Twisting, crawling,
rolling and twirling

139
microparticles

DIW Liquid metal LCE crawler with an on/off photoresistor Heat Crawling 128
DIW Tubule robot Heat Spiraling and rolling 126
DIW Perylene diimide Bimorph actuators and spiral actuators NIR light Bending and bulging 127
DIW Liquid metal Biomimetic sea turtle actuator Heat Crawling 135
DIW SMP LCE-SMP composite wrench Heat Shrinking 136
DIW Fluorescent dye LCE-PEI bilayer structure 365 nm UV

light
Bending 138

DIW (PQDs) Scroll structure Heat Unfolding 130
TPP-
DLW

Microrings and woodpile structure 115

TPP-
DLW

Cylindrical structure and stripe structure 532 nm blue
light

Twisting 140

TPP-
DLW

Films, rings, and spiral coils Solvent Twisting 77

TPP-
DLW

Cuboid and rectangular LCE frame Heat Folding, unfolding and
bending

116

TPP-
DLW

AuNRs Woodpile structures, hexagonal photonic crystal structures,
frame structures and micro clamp structures

NIR light Shrinking 117

TPP-
DLW

MWCNTs, GO and AuNRs Woodpile structure, regular dodecahedron, octahedron,
pentagon cylinder, and micro-clamps

UV Light Shrinking 118

DLP Pyramid structure, hatch-patterned suspensory structure, and
light-responsive array of microstructures

Heat and UV
light

Bending 119

DLP Soft robotic gripper, soft maneuvering robot and
optomechanical self-sensing sensor

Heat Grasping, lifting,
crawling and bending

120

DLP Biomimetic flowers and strips Heat Twisting, curling and
bending

121

DLP Origami crane and kirigami pyramid Heat Folding, unfolding and
bulging

122

DLP Four-pointed star, origami crane and other complex
geometries structures

Heat Bending and flapping 123

DLP Azobenzene dye, IR-780 dye
and sudan blue II dye

Bilayer LCE actuators Heat Bending 141

MEW Ultrafine LCEs fiber Heat Shrink 124
MEW Ultrafine LCEs lattice and flytrap actuator Shrink 125
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section, we provide a comprehensive overview of the current
research landscape surrounding the applications of 4D printed
LCEs, addressing existing challenges, and outlining future
development directions in this field.
5.1. Biomimetic Soft Robots. In recent decades, various

types of soft actuators have emerged, encompassing pneumatic
actuators, hydraulic actuators, ion exchange polymers, metal/
polymer composites, dielectric elastomer actuators, hydrogels,
and LCE actuators.148−150 Compared with traditional robots,
soft robots have potential advantages in improving the safety,
environmental adaptability and continuous deformation for
human-computer interaction.151−153 Because of their large
reversible strain and programmable deformation properties,

LCEs exhibit immense potential in the development of soft
robots.36,59,154−157 To provide soft robots with multifunction-
ality and precise control over complex actions, considerable
research efforts have been dedicated to the exploration of 4D
printed LCEs soft robots.
Heat treatment stands out as the most prevalent stimulus, and

monodomain LCE actuators are prepared by temperature-
controlled thermal transitions between liquid crystal and
isotropic phases of the materials. Since 2017, when the Ware
research group first reported the direct printing of LCEs via
DIW, the inks and methods for printing LCE in 4D have made
significant progress. Zhai et al. fabricated an LCE soft robot
capable of autonomous walking126 (Figure 13a). This robot was

Figure 13. Applications of 4D printed biomimetic LCE soft robots. (a) The LCE-based soft robot is capable of autonomous walking.126 Reproduced
with permission. Copyright 2021, Elsevier. (b) 4D printed nanocrystals/LCE composite actuators.111 Reproduced with permission. Copyright 2023,
JohnWiley & Sons, Inc. (c) LCE-liquid metal (LCE-LM) composite actuators.135 Reproduced with permission. Copyright 2023, John Wiley & Sons,
Inc. (d) AuNR/LCE composite actuators.110 Reproduced with permission. Copyright 2023, John Wiley & Sons, Inc. (e) Magnetic field responsive
LCE strip robots.139 Reproduced with permission. Copyright 2023, John Wiley & Sons, Inc. (f) Multi-wavelength responsive LCE composite
actuators.141 Reproduced with permission. Copyright 2023, John Wiley & Sons, Inc. (g) LCE artificial tendrils showing evolutionary biomimetic
locomotion.42 Reproduced with permission. Copyright 2023, John Wiley & Sons, Inc. (h) Photoresponsive 3D-printed carbon nanotube/LCE
composite soft robotics.109 Reproduced with permission. Copyright 2022, American Chemical Society.
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fabricated by the DIW printing method and capable of thermal
actuation and cordless rolling. Upon heating to above 160 °C,
the printed rectangular LCE transforms into a small tube and
autonomously initiates rolling on the heating plate. The speed of
the robot can be modulated by adjusting the size of the LCEs.
This feature enhances the robot’s tactile perception, enabling it
to navigate and explore obstacles in its advancing path. This
small tubular actuator provides loading space, which can be used
for transportation. Therefore, the robot is expected to be used in
extreme environments, such as high temperatures exceeding 200
°C or tight spaces.
Recently, silver ink,50 carbon nanotubes (CNTs),109 gold

nanorods (AuNRs),110 nanocrystals,111 magnetic nanopar-
ticles,139 and liquid metals128 have been incorporated into
LCE printing inks, significantly enhancing the actuation
performance of LCEs, and the actuation modes have also been
extended to optical and magnetic actuation and so on.85,158 The
representative works are described below. Recently, nanocryst-
als have also been incorporated into 4D-printed LCEs, offering
huge opportunities for creating stimuli-responsive actuators.
This composite ink is capable of reprogrammable photochromic
and photoactivated responsiveness. Chen et al. recently
fabricated titanium dioxide nanocrysts (TiNC)/LCE composite
actuators by DIW printing.111 Under near-infrared light
irradiation, the temperature of the actuators increases rapidly
due to the photothermal effect, exhibiting good actuation ability,
which can imitate mechanical grasper and other movements
(Figure 13b). In addition, they also printed a series of
topological LCE actuators through DIW. This research offers
a new insight for the design of unique and tunable multi-
functional adaptive actuator structures, and has potential
applications in intelligent building engineering, camouflage,
multilevel information storage, etc. Maurin et al. reported a
novel LCE-liquid metal (LCE-LM) composite actuator that is
capable of ultra-fast actuation135 (Figure 13c). This actuator
comprises liquid metal enclosed between two layers of LCEs.
The incorporation of liquid metal endows the actuators with
remote actuation capability. The LCEs actuator is fabricated by
DIW printing, allowing precise control over its actuation mode
by manipulating the printing path. Wang et al. developed a 3D
printed photoresponsive gold nanorods (AuNRs) /LCE
composite that allows photothermal actuation of printed devices
at extremely low AuNRs concentration (0.1 wt %)110 (Figure
13d). Sun et al. developed a magnetic LCE ink by dispersing
ferromagnetic particles within an LCE matrix.139 This magnetic
LCE ink can be printed by a customized DIW printing platform
to create an anisotropic magnetically responsive device. The
magnetic LCE strip robot exhibits complex shape-morphing
capacity, which includes crawling, rolling, twirling, and self-
propelling (Figure 13e).
Visible light-driven LCEs are the future development

tendency. LCEs containing photoresponsive groups have
shown significant potential in remotely controlled soft robots.
However, their implementation primarily relies on azobenzene
groups and requires the use of ultraviolet light, which is, to some
extent, harmful to both human health and the surrounding
environment. Montesino et al. prepared a 4D printed LCE ink
containing green-light absorbing perylene diimide chromo-
phores, enabling the fabrication of a photoactive LCE actuator
through direct ink writing.127 Upon green light illumination, the
LCE undergoes photothermal actuation and simultaneously
generates new absorption bands in the far-red and near-infrared
regions, which can be attributed to the formation of free radicals.

Mechanical actuation is triggered by far-red light radiation, and
notably, the original absorption spectrum can be restored during
this process. This material strategy, which uses green and far-red
light to avoid the harmfulness of ultraviolet light, shows great
potential for the future development of reconfigurable actuators
in biomedical applications. Due to the high spatial resolution,
DLP has recently shown advantages in 4D printing of complex
LCE structures. Mainik et al. reported a general method for the
first time to fabricate a DLP-printed multi-responsive LCE
actuator based on a double-layer structure that exhibited
reversible and complex actuation modes.141 These structures
are composed of an active layer made of LCE and a passivation
layer made of a printable non-responsive elastomer. Multi-
wavelength responsiveness is easily achieved by incorporating
diverse organic dyes that exhibit absorption in different regions,
ranging from visible blue to the near-infrared spectral range.
Finally, they used DLP printing to create a double-layer complex
3D structure composed of four different materials (one passive
material and three different LCE active materials), which was
able to perform three different bending modes on demand by
exposing it to different wavelengths of light (Figure 13f).
Learning from organisms in nature and imitating their

behaviors has been an important research direction for materials
scientists. For example, there are a lot of spiral phenomena in
nature. However, how to simulate this behavior has always posed
a challenge for materials scientists. Our research group has
successfully simulated this behavior by using DIW-printed LCE
fiber actuators.42 Specifically, the DIW-printed LCE fibers
exhibit different orientation degrees between the core and skin.
Upon heating, the spiral actuation occurs naturally due to the
different driving forces on the core and skin of the LCE fiber. To
endow this spiral actuator with versatile actuation behavior, we
introduce the metal-ligand dynamic bond into the system, which
endows the LCE actuators with reconfigurable functions.
Reconfigurable soft actuators can be programmed to respond
differently to the same stimulus, and exhibit significant potential
for enhancing the adaptability of actuation. Through reconfigu-
ration at high temperatures, the helical LCE actuators can
accomplish actions such as left and right rotation. Finally, based
on the dynamic feature of the metal-ligand coordination, we
successfully reprogrammed the LCE fiber actuators capable of
simultaneous rotation and coiling, which can mimic the
movement of flagellar (Figure 13g). Finite element simulations
are well consistent with the experimental results.
Soft robot movements at the liquid-gas interface are becoming

increasingly important for intelligent societies. Nonetheless,
current soft robot motions are constrained to two dimensions.
Because of the imbalanced mechanical conditions, achieving 3D
motions at the liquid-gas interface remains a major challenge.
Inspired by a meniscus reptile, Wang et al. developed a
photoresponsive 3D-printed CNTs/LCE composite soft
robot.109 The robot could be remotely actuated with light,
allowing for precise spatiotemporal control, enabling the
expansion of the application range, for example, a controlled
movement of the LCE robot within a closed tube (Figure 13h).
5.2. Mechanical Devices. LCE actuators can be designed

into various micro-mechanical devices because of their multi-
stimuli response and convenient preparation meth-
ods.149,159−162 The LCE mechanical device is a device that
converts the external input energy to drive the movement of the
device.163 4D printing technology not only simplifies the
manufacturing process of traditional LCE actuators, but also
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has significant advantages in the design of micro-mechanical
LCE devices with complex structures.
LCE fibers fabricated by DIW or MEW printing have played

an important role in robotic arms and intelligent mechanical
devices. For example, White et al. recently prepared LCE fibers
by DIW printing and twisting methods. These LCE fibers can
rotate, contract, and lift heavy objects when stimulated by
heat143 (Figure 14a). Lu et al. fabricated ultra-fine LCE fibers by
MEW printing, and they also fabricated a lattice sensor device
that could monitor the temperature in real-time using these
fibers. When the ambient temperature field changes, the LCEs
mesh in the high-temperature region shrinks and becomes
smaller, while the LCEs mesh in the low-temperature region
expands and becomes larger125 (Figure 14b). By using machine
vision combined with deep learning model training, high-
precision and real-time monitoring of the environmental
temperature field is realized. The detection range is from
-25°C to 110°C, the average accuracy is 94.79%, and the
response time is less than 43 ms. The proposed method is
expected to replace traditional thermocouples or fiber-optic
distributed sensors.
Soft pneumatic actuators (SPAs) are a kind of mechanical

devices that convert gas energy into mechanical energy, and then
generate actuation once they are inflated. LCEs have potential
applications in fabricated SPAs due to their soft elastic
properties. However, conventional method restricts their further
development, because it is difficult to fabricate sealed LCE
actuators. The emergence of 4D printing technology has, to
some extent, solved this problem. With the development of 4D
printing technology, this vision will become a reality. Liao et al.
have reported a novel method for manufacturing SPAs based on
aligned LCEs through improved 3D printing technology.106 By
using a custom-designed 3D printing method equipped with a
rotating substrate, the liquid crystal elements can be precisely
aligned and programmed to generate the inherent anisotropy
with the LCE network. In this way, the LCE-SPA can achieve
various actions such as grasping objects (Figure 14c).
Composite materials made from LCEs and other materials

have unique advantages in complex applications. With the
development of 3D/4D printed multi-materials, new composite

materials are constantly emerging. LCEs can undergo swift and
reversible shape-change; however, they require a consistent
actuation stimulus to preserve their deformed configuration.
Shape memory polymers (SMPs) generally have good capacity
to maintain their temporary shape, but their actuation ability is
not significant. Therefore, it is still a challenge to achieve rapid,
reversible, adjustable deformation with good mechanical
properties. To address this issue, Qi et al. have fabricated an
LCE-SMP composite based on 4D printing.136 The composite
can not only achieve rapid and reversible large deformation, but
also can control the shape and maintain a mechanical stiffness of
approximately 1 GPa after actuation. They took advantage of the
time-dependent distinctions in thermo-mechanical properties
between LCE and SMP to regulate the material’s high-stiffness
structure. Due to the differences in thermal and mechanical
properties between LCE and SMP, the composite’s structure is
fixed by SMP at low temperatures and actuated by LCE at high
temperatures. To make this process more observable, the
researchers also introduced a thermosensitive dye into the SMP
material, giving the SMP different colors at high and low
temperatures (Figure 14d).
In addition, through hybrid additive manufacturing, some

progress has beenmade in combining DIW andDLP. Due to the
limitation that traditional DIW-printed LCEs cannot be cured
immediately, 3D printing of complex LCE structures (such as
spatial lattices with rough motion) remains a challenge. Peng et
al. came up with a one-step 3D printing method to manufacture
an LCE actuator with adaptable stability and a 3D spatial LCE
lattice.108 This process involves a combination of laser-assisted
DIW and DLP methods, with the assistance of a removable
support structure. This approach provides new insight for
applications such as intelligent structures and wearable smart
devices.
5.3. Optical Applications. In nature, organisms often

exhibit a wide range of colors. Many creatures in nature can
change their color in response to danger, when communicating
with other species, or when camouflaging in the environment to
avoid potential predators. For instance, chameleons can rapidly
adjust their skin color to match the background of their
environment, butterflies and zebrafish can alter their coloration

Figure 14. Applications of 4D printed micro-mechanical device. (a) DIW printed LCEs fiber that can lift heavy objects.143 Reproduced with
permission. Copyright 2024, JohnWiley & Sons, Inc. (b)MEWprinted LCEs fiber actuator was applied to temperature field detection.125 Reproduced
with permission. Copyright 2024, American Association for the Advancement of Science. (c) LCE-SPA actuator displaying grasping actions.106

Reproduced with permission. Copyright 2023, The Royal Society of Chemistry. (d) LCE/SMP composite actuator. Reproduced with permission.136

Reproduced with permission. Copyright 2022, John Wiley & Sons, Inc.
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in response to varying light conditions, and beetles can change
color according to changes in ambient humidity. These
interesting natural phenomena have inspired scientists to design
and prepare a series of intelligent LCE soft actuators with color-
changing functions, and the research has greatly promoted the
development of LCEs in the fields of biosensors, visual
detection/display and camouflage. At present, 4D printed
color-changing LCE soft actuators mainly include three
categories: color-changing LCE soft actuators based on
cholesteric liquid crystals, color-changing LCE soft actuators
doped with inorganic color-changing materials and color-
changing LCE soft actuators integrated with other materials.

The principle of the color-changing actuator based on
cholesteric liquid crystals is that the LC molecules self-assemble
into a layered structure, the molecules in the layer are parallel to
each other, and the molecules between the two adjacent layers
rotate at a certain angle to form a periodic spiral structure. It can
not only selectively reflect circularly polarized light with the
same spiral direction as itself, but also exhibit a sensitive
response to external stimuli, which allows for dynamic control of
its structural color. Although the research of biomimetic color-
changing actuators based on cholesteric liquid crystal elastomers
(CLCEs) has made some progress,132,164,165 there is little
research on 4D printing of CLCE color-changing actuators.

Figure 15. Optical applications of 4D printing of LCEs. (a) 4D printed hygro-sensitive color-changing CLCE actuators.131 Reproduced with
permission. Copyright 2022, John Wiley & Sons, Inc. (b) 4D printed magnetically responsive CLCE actuators capable of simulating the colorful
appearance andmotion of butterflies.133 Reproduced with permission. Copyright 2021, JohnWiley & Sons, Inc. (c) CLCE-based strain sensor capable
of exhibiting intricate color patterns when subjected to stretching.129 Reproduced with permission. Copyright 2023, John Wiley & Sons, Inc. (d) A
light-actuated, deployable LCE information display.130 Reproduced with permission. Copyright 2023, Elsevier. (e) A lens actuator by incorporating
polydimethylsiloxane (PDMS) into a 4D printed LCE aperture.99 Reproduced with permission. Copyright 2018, John Wiley & Sons, Inc.
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Recently, Debije et al. have fabricated a 4D printed hygro-
sensitive color-changing CLCE actuator.131 They incorporated
hygroscopic ammonium groups into CLCEs for 4D printing.
After the printed materials are treated with acid and protonated,
CLCEs containing hygroscopic ammonium groups are
obtained. When the external humidity changes, the CLCE
actuators will achieve reversible “on” and “off” actuation due to
the different water absorption rates of the hygroscopic
ammonium groups in the inner and outer layers. Simultaneously,
CLCEs can undergo reversible color changes due to the changes
in refractive index caused by water absorption (Figure 15a). The
actuator is expected to find use in future intelligent 4D structural
coloring devices. Furthermore, they investigated the optical
characteristics and actuation performances of CLCE actuators
incorporated with azobenzene.138 Bi et al. fabricated a
magnetically responsive CLCE actuator through DIW print-
ing.133 They have fabricated a bionic butterfly actuator, in which
the CLCE layer contributes angle-dependent rainbow colors,
while the magnetic responsible elastomer (MRE) layer imparts
actuation performance to the bionic robot (Figure 15b). In
addition, Choi et al. have printed a ropy CLC ink and
subsequently photopolymerized the printed pattern to fabricate
a CLCE actuator.129 They used the anisotropic force-induced
chromatism to fabricate a unique CLCE-based strain sensor that
is capable of exhibiting intricate color patterns when subjected to
stretching, demonstrating significant potential for applications
in encryption, anti-counterfeiting, and structural health
monitoring (Figure 15c).
Incorporating inorganic photoresponsive materials into LCEs

to prepare LCE-based optical devices is also an emerging trend
in future developments. The emerging perovskite-polymer
composites possess the combined properties of high lumines-
cence and arbitrary deformation, which is of great significance
for the next generation of flexible wearable optical devices.
Recently, Xiao et al. achieved a development by covalently

bonding polymerizable perovskite quantum dots (PQDs) to a
silanized polymer surface at the organic-inorganic interface.130

They subsequently combined PQDs with a 4D-printed
deformable LCE using DIW printing to fabricate a light-
actuated, deployable information display LCE actuator (Figure
15d).
The integration of 4D-printed LCE with other materials into

adaptive optics is also a future development trend. Lopez et al.
prepared a lens actuator by incorporating polydimethylsiloxane
(PDMS) into a 4D printed LCE aperture.99 By reversibly
controlling the temperature, the LCE aperture can be reversibly
actuated to change the focusing characteristics of the lens. This
actuator has potential applications in adaptive optics (Figure
15e).
5.4. LCE Lattice Structures and Dissipators. The lattice

structure is known for its low density and good mechanical
properties.166 It typically utilizes periodic and porous basic
element arrangements to form a geometric pattern with
regularity and stability. Lattice structures have wide applications
in various fields, including materials science, architecture, and
aerospace engineering, because of their ability to reduce mass,
increase stiffness and impact resistance, while maintaining good
fatigue and deformation recovery properties. Lattice structures
were progressively developed in many studies during the 20th
century. However, the rapid development of lattice structures
can be attributed to the breakthrough of 3D printing technology
in the early 2000s. This technology makes it possible to design
and manufacture complex geometric shapes and topologies.
With the development of 3D printing technology, more and
more research and applications are focused on lattice structures,
enabling a rapid growth of this field. LCE has both the
anisotropy of liquid crystal and the entropic elasticity of rubber
due to its light crosslinked structure. This characteristic feature
makes LCEs possess a large energy dissipation capacity.167−170

In vivo, numerous load-bearing biological tissues display

Figure 16. Applications of LCE lattice structures and dissipators. (a) LCE foam cells exhibiting energy dissipation performance.171 Reproduced with
permission. Copyright 2021, American Chemical Society. (b) Complex LCE lattice devices with high resolution.145 Reproduced with permission.
Copyright 2020, John Wiley & Sons, Inc. (c) LCE energy dissipator with a lattice structure fabricated by DIW.134 Reproduced with permission.
Copyright 2021, Springer Nature. (d) Stent-assisted LCE lattice structure showing regular actuation when heated.136 Reproduced with permission.
Copyright 2022, John Wiley & Sons, Inc.

Chem & Bio Engineering pubs.acs.org/ChemBioEng Review

https://doi.org/10.1021/cbe.4c00027
Chem Bio Eng. 2024, 1, 488−515

509

https://pubs.acs.org/doi/10.1021/cbe.4c00027?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.4c00027?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.4c00027?fig=fig16&ref=pdf
https://pubs.acs.org/doi/10.1021/cbe.4c00027?fig=fig16&ref=pdf
pubs.acs.org/ChemBioEng?ref=pdf
https://doi.org/10.1021/cbe.4c00027?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


intricate layered structures similar to lattice structures.
Consequently, the advancement of 4D-printed LCE with lattice
structures is becoming increasingly crucial. Recently, some
research has achieved significant breakthroughs in this area.
DLP 3D printing possesses a significant advantage in

fabricating lattice structures with specific micro and macro
architectures because of its high resolution and the ability to
fabricate layered complex structures. Luo et al. fabricated LCE
foam cells using DLP171 (Figure 16a). They investigated the
influence of the geometry of the cell and the mechanical
properties of the base material on the energy dissipation of the
soft polymer foam. The results show that the energy dissipation
ratio of LCE lattice structure is 3.9 times higher than that of non-
LCE lattice structure. While temperature has minimal influence
on the energy dissipation performance of the LCE lattice.
Traugutt et al. first prepared a new light-curable mercaptoacry-
late LC ink to 3D print complex LCE lattice devices with high
resolution145 (Figure 16b). Compared to commercially available
LCEs like TangoBlack, this LCE exhibits remarkable perform-
ance, and under dynamic conditions, the energy absorbed by the
LCE lattice is 5-27 times that of the TangoBlack lattice.
Shaha et al. prepared 4D-printed LCEs to mimic interverte-

bral discs. The LCEs can match the anisotropic mechanical
behaviors of the discs. In vivo animal experiments have proved
that LCEs exhibit good biocompatibility when implanted
subcutaneously. In another study, polythene monomer copoly-
merization was incorporated into the system, and the impact of
crystallization properties on the stability of the LCE disc was also
examined.167 Cai et al. used DIW to 3D print an LCE actuator
with gradient characteristics, capable of achieving a maximum
actuation strain of 20%. Mistry et al. utilized layer-by-layer
photocuring DIW to fabricate an LCE energy dissipator with a
lattice structure134 (Figure 16c). They discovered that the
excellent soft elasticity of the single-domain lattice structure
imparted superior energy dissipation properties to the LCEs,
surpassing traditional isotropic elastomers. The single domain
soft elastic LCE could dissipate 45% strain energy, which is
expected to be applied in the field of energy shock absorber.
Recently, Qi and co-workers prepared SMP and LCE composite
lattices through DLP, which possess good load-bearing
capacity136 (Figure 16d). They also integrated DLP with DIW
technology to 3D print a stent-assisted LCE lattice structure,
exhibiting regular actuation upon heating.108

6. PERSPECTIVE AND OUTLOOK
LCEs are composed of anisotropic LC units and elastic polymer
networks, which show rapid and large reversible deformations
under external stimuli, thus exhibiting extensive application
prospects in various fields, including artificial muscles, soft
robots and bionic intelligent devices. In nature, based on their
complex structure-function interrelationships, organisms are
able to make precise and intricate movements in response to
environmental stimuli. This phenomenon has inspired scientists
to develop LCE actuators with hierarchical structures and
intricate deformations. Nevertheless, using traditional methods
to manufacture these LCE actuators with complex structures has
some limitations. 4D printing refers to the additive manufactur-
ing of stimulus-responsive materials, enabling 3D structures to
vary between predetermined shapes. This approach not only
simplifies the manufacturing process of traditional LCE
actuators, but also allows for the preparation of complex LCE
structures with multi-level mesogen orientation, which provides
great flexibility for researchers to design LCE actuators with

sophisticated structures. Nevertheless, there are still some
challenges that 4D-printed LCEs have to face.

(1) For 3D and 4D printing of LCEs, a primary problem that
needs to be addressed is the printing technologies
(printing method, ink formulation, orientation method,
cross-linking method, printing structure, etc.) that need
further improvement. Among these various printing
methods, DIW is the most widely used printing
technology for the preparation of LCE actuators.
However, at present, the types of LC inks suitable for
DIW printing are still relatively few. Inks are mainly LC
oligomers obtained by the Michael addition reaction of
amine-acrylate or thiol−acrylate, and the shape of the
orientation LCE structure needs to be fixed by additional
photo-cross-linking after printing. AlthoughDIW printing
has advantages in fabricating large-size 1D and 2D LCEs,
its resolution is low and it lacks preponderance in
fabricating LCEs with 3D structures. MEW printing has
advantages in the preparation of ultrafine LCE fibers but
also has the problem of high equipment requirements.
TPP-DLW and DLP printing are still in their infancy.
Both printing technologies require further expansion of
the range of inks that can be printed. However, due to the
high resolution of TPP-DLW and DLP, as well as the
significant advantages in preparing LCEs with 3D lattice
structures, these technologies represent a crucial research
direction for future development. In addition, the new
methods of 3D printing are also the future development
directions for LCEs, such as the multi-material spiral
extrusion printing172 and so on.

(2) Reconfigurable 4D printed LCEs are the future research
direction. LCE actuators are usually covalently cross-
linked networks and cannot be changed once they are
formed, which prevents the materials from being recycled
and also limits the deformation diversity. Dynamic bond
is a kind of special chemical bond, including both covalent
dynamic bond and non-covalent dynamic bond, which
can be broken and regenerated under external stimuli.
The introduction of dynamic bonds into LCEs provides
them with a variety of features, such as enhanced
mechanical performance, self-healing ability and reprog-
rammable properties, thus increasingly attracting research
interests.173 Nevertheless, the research of LCEs with
dynamic bonds is still in the early stage, so it is of great
significance to develop new dynamic LCEs suitable for 4D
printing.

(3) The range of applications for 4D-printed LCEs needs
further broadening. At present LCEs have achieved some
practical applications in industrial production. However,
as a kind of intelligent stimuli-responsive soft material,
LCE is expected to be widely used in emerging fields such
as human-computer interaction, intelligent robots,
wearable devices, and health monitoring. Several existing
challenges have hindered the development of LCEs. For
thermally activated LCEs, the high driving temperature
limits their applications. Additionally, for most light-
driven LCEs, the reliance on UV light is a concern due to
its potential harm to the human body. Hence, scientists
need to develop LCEs that can respond to visible light,
and even to near-infrared light. Furthermore, the
development of emerging magnetically and electrically
responsive LCEs is also a future trend to endow LCEs
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with more remote response capabilities. In addition, 4D-
printed LCEs need further broaden their actuation
environment to meet different requirements. Such as
extremely low temperatures,174 chemical solvents,175 and
so on. In addition, 4D printed micro-actuators need to be
further developed.147

(4) Additionally, with the progress of material science, the
development of composite actuators integrating LCEs
with hydrogels, shape memory polymers (SMPs), and
other materials holds practical significance. This approach
leads to new LCE-based composite materials responsive
to multiple stimuli, thereby enriching their practical
applications.

In conclusion, although significant advancements have been
made in 4D printed LCEs, important scientific and practical
challenges remain in fabricating large-scale, high-resolution, and
multi-stimuli-responsive LCEs. It is believed that with the
development of 4D printing technologies, the continuous
evolution of AI modeling technology, and the advancements
in materials science, more and more progress can be made in the
promising research field of 4D printed shape-morphing LCEs.
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