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Abstract

Liquid crystal elastomers (LCEs), as a class of smart materials, have attracted significant
attention across soft robotics, biomedical engineering, and intelligent devices because of
their unique capabilities to undergo large, reversible, and anisotropic deformations under
external stimuli. Over the years, fabrication methods have advanced from conventional
molding and thin-film processing to additive manufacturing, with 4D printing emerging as
a transformative approach by enabling time-dependent, programmable shape transforma-
tions. Among the available methods, direct ink writing (DIW) and vat photopolymerization
are most widely adopted, with ink chemistry, rheology, curing, and printing parameters
directly governing mesogen alignment and actuation performance. Recent advances in LCE
actuators have demonstrated diverse functionalities in soft robotics, including bending,
crawling, gripping, and sequential actuation, while biomedical applications span adaptive
tissue scaffolds, wearable sensors, and patient-specific implants. This review discusses
the conceptual distinction between 3D and 4D printing, compares different additive man-
ufacturing techniques for LCE, and highlights emerging applications in the field of soft
robotics and biomedical technologies. Despite rapid progress in LCE, challenges remain in
biocompatibility, long-term durability and manufacturing scalability. Overall, innovations
in 4D printing of LCEs underscores both the promise and the challenges of these materials,
pointing toward their transformative role in enabling next-generation soft robotic and
biomedical technologies.

Keywords: liquid crystal elastomer; 4D printing; DIW; vat photopolymerization; actuators;
soft robotics; biomedical technology

1. Introduction
Liquid crystal elastomers (LCEs) can be defined as stimuli-responsive polymers which

are capable of large, reversible, and anisotropic shape changes under thermal, optical, or
other stimuli [1–3].Their unique properties arise from the coupling of the orientational order
of liquid-crystal mesogens with the elasticity of lightly cross-linked polymer networks [4,5].
Research at the very initial stage anticipated an elastic solid with internal nematic or-
der, and the first LCEs were realized in the 1980s when Finkelmann et al. cross-linked
liquid-crystalline polymers into elastic networks. Their two-step crosslinking produced
monodomain LCEs with globally aligned mesogens [6]. These breakthroughs established
LCEs as “smart” polymer actuators, advancing research into applications such as artificial
muscles and soft actuators in robotics and biomedical devices [7].
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In this broader framework, the 4D Printing Roadmap by Bodaghi et al. provides
a comprehensive vision for the evolution of additive manufacturing, emphasizing how
smart materials are advancing from single-function to programmable, time-responsive
systems [8]. Within this roadmap, shape-memory polymers (SMPs) are identified as the
foundational class that introduced the principle of encoded shape recovery, which marked
the onset of 4D printing. Building upon that conceptual base, (LCEs) represent the next
evolutionary step: combining anisotropic molecular alignment with reversible actuation to
overcome the one-way limitations of SMPs. Earlier fabrication methods used to produce
thin films or uniformly aligned sheets, thus limiting deformation to extension or contraction
only. 4D printing extends conventional 3D printing by incorporating stimulus-responsive
materials: instead of manufacturing static objects layer by layer, it adds a time dimension
so that printed structures can alter shape or function in response to the applied stimuli [9].
In LCEs, this derives from the nematic–isotropic phase transition: mesogens are aligned
and cross-linked during printing; heating causes contraction along the director, and cooling
restores the shape. Early 4D-printed LCEs utilized temperature gradients during printing
to create orientation gradients within each filament, resulting in bending, twisting, and
linear actuation [10]. Later approaches go on to decouple printing and shape programming,
enabling more complex architecture.Figure 1 provided a overall schematic of the entire 4D
printing processes and applications.

 
Figure 1. Schematic diagram of 4D printing of Liquid crystal elastomers (LCEs), applications,
and properties.

4D printing greatly expands the design space for LCE actuators compared to conven-
tional fabrication methods in existence. It enables spatial control of mesogen alignment
and the creation of complex 3D architectures that were unattainable by casting. Multi-
material printing allows rigid fibers or passive polymers to be embedded within an LCE
matrix, and by adjusting parameters like local orientation gradients, print speed, and
cross-linking sequence, researchers can tune actuation strain, stress, energy dissipation,
and sequential deformations [11,12]. The resulting actuators display bending, twisting,
folding, and multistep motions, which are beyond the one-dimensional actuation of simple
LCE films. These capabilities help to enable sophisticated applications across multiple
scales. At the centimeter scale, LCE-based actuators exhibit lifelike motion under thermal
or optical stimulation. By programming the local alignment of mesogens, a single part can
bend, curl, twist, or oscillate sequentially. At micro- and sub-micrometer scales, one of
the 4D printing techniques, two-photon polymerization (TPP), has produced LCE micro-
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actuators for adaptive optics, micromechanics, and tunable photonic structures [13]. 4D
printing, combined with dynamic covalent chemistry, yields self-healing, reprogrammable
actuators [13]. The ability to program shape changes in both dry and wet environments
makes LCEs attractive for biomedical applications, such as tissue engineering scaffolds,
minimally invasive tools, and wearable therapeutic devices. LC-based biosensors are laying
the foundation for research in LCE-based biosensing techniques, although it is still in its
early stages of development [14,15].

To gain an understanding of how 4D printing influences the advanced manufac-
turing process worldwide, a bibliographic search was conducted using the Scopus
database, spanning from 2014 to October 2025. Only peer-reviewed published articles
containing the keyword “4D printing” were considered for this analysis. However,
if the keywords “4D printing” and “Liquid Crystal Elastomer” are considered, then
it reflects that this specific domain of research, which integrates 4D printing with
the manufacturing of LCEs, is emerging, and there is immense potential for further
research on diversified interests. During the last 10 years, since the first application of
4D printing, research has progressed by 10-folds as shown in Figure 2. However, when
it comes to works that incorporate both 4D printing techniques and the manufacturing
of LCEs, the number of publications is significantly lower than the broader scope. Even
in 2025, it is still less than one-twentieth of the total number of publications related to
4D printing. Hence, it is evident that there is sufficient scope for this field to grow and
novel ideas to be introduced.

 

Figure 2. 4D printing publications trend over the period (2014–2025) and comparison between
keywords—“4D Printing” only and “4D printing + LCE”, based on Scopus database.

Table 1 provides an overview of the global 4D printing research landscape and
identifies the most significant contributors over the years from 2014 to 2025. China
occupied the leading position in this sector, with 507 peer-reviewed articles published
during this period, more than double the number of articles published by the second-
place country, the USA (207 articles). Among European countries, the UK is the
highest contributor in this sector. India and Singapore are also advancing 4D printing
research around Asia. This table outlines how the manufacturing infrastructure is
expected to evolve in the future by integrating 4D printing globally and identifies the
leading inventors. Major contributing affiliations of the top ten countries were also
listed to gain an understanding of how research has progressed globally and across
various institutions.
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Table 1. Most contributing countries and leading affiliations from those countries based on the Scopus
Database during the period (2014–2025).

Country/Territory Number of Publications Most Contributing Affiliations Number of Publications

China 507 Ministry of Education of the
People’s Republic of China 77

United States 211 Georgia Institute of Technology 40
United Kingdom 132 Nottingham Trent University 59

India 87 National Institute of Technical
Teachers Training & Research 11

Singapore 67 Nanyang Technological
University 39

Germany 61 Universität Heidelberg 11

France 60 CNRS Centre National de la
Recherche Scientifique 28

Iran 59 University of Tehran 34
South Korea 57 Seoul National University 14

Australia 52 Deakin University 26

In light of the rapid advances in this field, the motivation for this review is to examine
the most recent developments in 4D-printed LCE actuators and discuss their applications,
with a focus on soft robotics and biomedical technology. We begin by introducing the
material synthesis strategies used to prepare LCEs suitable for 4D printing, including
formulations and alignment techniques that would enable programmable shape change.
This section also examines how alignment and shape programming of LCEs are achieved,
covering methods to orient liquid crystal domains by applying techniques such as me-
chanical stretching, magnetic or electric fields, and shear alignment during printing, as
well as methods to fix programmed shapes via curing. In the next section, an overview of
the additive manufacturing techniques employed for the 4D printing of LCEs is provided,
emphasizing primary techniques such as direct ink writing and vat photopolymerization.
The section also describes how processing conditions influence mesogen alignment and
actuation behavior. Following this, the typical actuation behaviors and performance metrics
of 4D-printed LCE actuators are discussed, highlighting improvements in reversible strain
output, response times, and multimodal deformation compared to conventionally manu-
factured LCEs. Finally, a range of emerging applications of 4D-printed LCE technology,
from soft robotic devices such as grippers and artificial muscles to locomotion robots and
biomedical applications, including tissue-engineering scaffolds, smart medical implants,
and wearable sensors, are analyzed. The conclusion outlines current challenges and future
opportunities for LCE-based soft actuators in these areas.

2. Synthesis and Shape Programming of LCE
2.1. Fundamentals of Liquid Crystal Elastomers

As a shape-morphing material, LCEs combine the elastic properties of rubber with the
anisotropic, stimuli-responsive characteristics of liquid crystals (LCs) with synergy [16].
This specific structure allows LCEs to undergo significant, reversible shape changes when
exposed to external stimuli such as heat, light, or electric and magnetic fields. This concept
was first predicted over 50 years ago by Pierre-Gilles de Gennes, who envisioned that
polymeric materials retaining liquid crystallinity would exhibit a significant stimulus
response comparable to the cooperative expansile–contractile response of a muscle fiber [17].
The subsequent synthesis of these materials confirmed his predictions, establishing LCEs
as a compelling field of research for applications ranging from soft robotics and optics [18]
to healthcare [19] and consumer goods [20].
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The LCE unit structure consists of a lightly cross-linked polymer network into which
rigid, rod-like mesogens are integrated [21]. These mesogens can be incorporated either di-
rectly into the polymer backbone (main-chain LCEs) or attached as pendant-like shapes via
flexible spacers (side-chain LCEs), as illustrated in Figure 3. The intermolecular interactions
between these mesogens (e.g., π-stacking, dipole–dipole interactions) are retained within
the polymer network, which allows the formation of liquid crystalline phases, commonly
referred to as the nematic phase. A critical distinction in LCEs is their macroscopic meso-
gen alignment. Without an aligning field during synthesis, the mesogens form randomly
oriented, localized domains, resulting in a polydomain LCE. It does not undergo signifi-
cant, coherent shape changes upon activation [22]. To achieve the large-scale, cooperative
actuation, a global, uniform alignment must be imparted, creating a monodomain LCE
where the mesogens are collectively oriented along a single director, n [21].

 

Figure 3. Detailed demonstration of side-chain and main-chain architectures for LCEs, the definition
of the nematic order parameter, and how actuation arises from the nematic–isotropic transition.
Reproduced with permission from Springer Nature [7].

An order-disorder phase transition drives the actuation mechanism of a monodomain
LCE. In its nematic, i.e., ordered state, the polymer chains adopt an anisotropic conforma-
tion, generally a prolate (elongated) ellipsoid. When a stimulus like heat is applied, the
orientational order of the mesogens is disrupted, causing the polymer chains to transition
to a more disordered, spherical configuration [7]. This microscopic variation in chain con-
formation translates into a macroscopic contraction along the director n and consequently
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an expansion happens in perpendicular directions. This reversible strain can be substantial,
with deformations up to the level of 400% reported for thermally responsive LCEs [23].
The process is fully reversible when stimulus is removed, since the elastic memory of
the cross-linked network re-establishes the original network configuration and mesogen
order [22]. This large-strain response is a key feature that distinguishes LCEs from more
densely cross-linked and glassy liquid crystalline networks (LCNs), which exhibit actuation
strains of 5% or less due to their limited polymer chain mobility [7].

Although LCEs and shape-memory polymers (SMP) are both stimuli-responsive poly-
mer networks, their mechanisms and material properties are different in some fundamental
aspects. LCEs integrate orientationally ordered mesogen units within an elastomeric net-
work on a nematic-to-isotropic transition, which is triggered by heat, light or electric field.
The mesogens could lose alignment, causing anisotropic contraction along the original
director and expansion perpendicular to it. Hence they would enable large, reversible
deformations tied to liquid-crystalline order and rubber elasticity [24]. In contrast, SMPs
consist of cross-linked networks with permanent net-points and distinct switching domains
(e.g., segments above Tg or Tm): the material is deformed into a temporary shape when
the switching domain is soft, fixed upon cooling, and then recovers its original shape upon
reheating thanks to the stored entropic elasticity of the network [25,26].

Although both classes rely on cross-linked polymeric networks and exhibit large
strain responses to stimuli, LCEs are inherently anisotropic and rely on the coupling of
mesogenic orientation and network deformation, enabling reversible actuation [27], while
SMPs are largely isotropic, dependent on shape-fixing and recovery mechanisms, and
generally exhibit one-way shape change unless engineered specifically [26]. From a struc-
tural viewpoint, LCEs represent liquid-crystalline phase behavior embedded in elastomeric
matrices [24], whereas SMPs utilize phase transitions (glass or melt) of switching segments
embedded in an elastic matrix [26]. These intrinsic distinctions shape their mechanical
responses, reversibility, and design strategies in smart polymer systems.

2.2. Synthesis of LCEs

The synthesis of functional LCEs is intrinsically linked to alignment of mesogens
before the polymer network is permanently fixed [22]. Several chemical strategies have
been developed to achieve this, often involving multistep or dynamic reaction schemes
to accommodate different alignment techniques. However, there can be practical obstacle
to implement synthesis strategies. For example, thermally induced polymerizations often
require solvents to ensure reactant mobility, but undesirable deswelling and deformation
can happen for the subsequent removal of these solvents. Conversely, photocuring with
UV light helps to avoid high temperatures but is limited to thin samples (several hundred
micrometers) due to the limited penetration depth of light [28]. Different synthesis processes
are demonstrated in Figure 4.

“Finkelmann method” is one of the pioneering synthesis reactions. It involves a two-
step hydrosilylation process where a partially cross-linked polysiloxane network is formed
first [6]. This network is then mechanically stretched to align the mesogens. Then, the
polymerization is completed to lock in the monodomain structure. This approach typically
relies on kinetic differences between two crosslinkers: the faster-reacting one forming the
initial weak network and the slower one completing the reaction under load [7].

Recently, chain-extension reactions have gained popularity due to their use of com-
mercially available materials. These type of reactions are also compatible with a broader
range of alignment methods [7]. Among them, aza-Michael addition enables diacrylate
LC monomers to react with primary amines and form oligomers that are subsequently
photopolymerized. The low initial viscosity and slow kinetics of this reaction make it a
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suitable option for surface-enforced alignment [29]. Similarly, thiol-Michael addition [30]
and thiol-ene reactions [29] are used to create LCEs from readily available precursors,
offering accessible and versatile routes to programmable materials.

 

Figure 4. Synthetic approaches for the preparation of crosslinked liquid crystalline polymers: (a) A
photoinitiated acrylate homopolymerization to prepare LCNs (b) Synthesis of LCNs, (c) Aligned
liquid crystalline elastomers are prepared by the two-step ‘Finkelmann method’, comprising a
platinum-catalyzed hydrosilylation, and followed by a photoinitiated radical crosslinking polymer-
ization, (d) aza-Michael oligomerization and successive photo, (e) thiol-Michael chain extension and
subsequent crosslinking photopolymerization of residual groups (stretch and rheological alignment),
and (f) a radical chain transfer reaction (surface and field alignment). Reproduced with permission
from Springer Nature [7].

The direct ink writing printable LCE inks are generally synthesized by applying aza-
Michael or thiol-Michael addition reactions. Formulation steps are as follows: (1) bifunctional
reactive mesogens forming the polymer backbone, (2) chain extenders or isotropic cross-
linkers tuning cross-link density, (3) photoinitiators to trigger curing, and (4) catalysts
accelerating thermal reactions. Thiol-Michael chemistry is essential in 4D printing of LCEs,
since it provides precise control of the nematic–isotropic transition temperature (TNI), cross-
link density, and overall actuation performance. These chemical routes give researchers
fine control over rheology and curing kinetics, ensuring the printability of the ink while
enabling the desired mechanical and thermal properties [31–33].

An emerging synthetic approach involves Dynamic Covalent Chemistry (DCC), which
incorporates reversible covalent bonds, such as disulfide, boronic esters, or those involved
in transesterification, into the LCE network [34]. Applying DCC, a polydomain LCE can be
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synthesized in a single step and then reprogrammed. By applying a stimulus like heat or
light to dissociate the dynamic bonds, the mesogens can be mechanically realigned, and
upon removal of the stimulus, the bonds reform, fixing the new orientation [7]. This method
not only facilitates alignment but also imparts desirable properties such as reprocessability,
self-healing, and the ability to weld material pieces together [35–37], greatly improving
the material’s versatility and applicability. This reprogrammability is significant since it
overcomes the limitation of being fixed to a single programmed geometry by allowing the
final actuated shape to be modified as needed.

2.3. Orientation and Shape Programming Mechanism

During material synthesis, LC alignment is programmed, and it dictates the complex-
ity level of actuation. This is an essential step since it involves creating a specific mesogen
orientation (director profile) before full cross-linking of the polymer network, thereby pre-
determining the material’s shape-morphing behavior [22]. The process is accomplished in
three steps: (1) partial crosslinking to create an elastic network of orientable polymer chains,
(2) applying an orientational field (e.g., mechanical stress) to align the mesogens into the
desired or required configuration, and (3) a final crosslinking step to permanently preserve
the aligned network topology, as shown in Figure 3. Shape programming ensures that
the same structure is reestablished after each stimulus, enabling consistent and reversible
shape variation.

By programming non-uniform director profiles, complex 3D shape transformations
can be constructed from 2D sheets. For instance, a simple uniaxial alignment can result
in linear contraction, while through-thickness transformations, such as twisted nematic
or splayed alignments, can create bending and twisting actuations. Applying stimulation,
more sophisticated patterns, such as an azimuthal director profile with a + 1 topologi-
cal defect, can program a flat sheet to morph into a 3D cone. While traditional shape
programming inhibits the material from morphing between its initial and programmed
shapes, techniques such as fusing differently programmed LCE pieces or utilizing dynamic
bonds for reprogramming are expanding the versatility and complexity of achievable shape
changes [37]. For example, using a photomask during photo-crosslinking as shown in
Figure 5, regions of aligned and non-aligned materials are patterned within a single sample,
creating internal mechanical inhomogeneities that drive complex deformations.

 

Figure 5. Schematic of the shape programming method for LCE [22].

Monodomain alignment of mesogens is achieved through several distinct strategies,
depending on the level of control over complexity and the final output scale. Planar, 2D
formats are conventional formats, and the material synthesis process puts constraints on
alignment techniques due to the shape and size [22].

Mechanical alignment is one of the most frequently performed methods. In this
method, a cross-linked LCE gel is deformed by stretching, bending, or twisting it to ori-
ent the mesogens along the stress axis, and a final crosslinking step fixes the alignment.
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Effective for uniaxially aligned samples in bulk volume and capable of substantial linear
actuation, it is challenging to precisely modulate the mesogen alignment over the material’s
volume or create complex, spatially varied director profiles [7]. More sophisticated geome-
tries can be achieved by applying non-homogeneous stress fields, for instance, compressing
LCE sheets against a mold [38].

Surface-enforced alignment as shown in Figure 6, is suitable for preparing thin LCE
sheets with intricate, high-resolution mesogen patterns. LCE precursors are confined within
an “alignment cell” composed of substrates coated with a command layer (e.g., rubbed
polyimide or photoalignment materials), which indicates the mesogen orientation. In situ
polymerization locks this surface-induced order, and the propagation of this order occurs
through the materials. Surface-enforced alignment allows high-resolution patterning of
director profile, which can be complex and can vary through thickness, but dimension
is limited to thin films (up to several hundred micrometers), and can be a time-intensive
process requiring specialized equipment [7,39].

 

Figure 6. Alignment of LCEs by mechanical, surface-enforced, magnetic, and field-assisted methods.
Reproduced with permission from Springer Nature [7].

Field-assisted alignment applies external electric (E-field) or magnetic (B-field) fields
for mesogen orientation by leveraging their dielectric or diamagnetic anisotropy [7]. Before
polymerization, low-viscosity LCE precursors are aligned by the field. While E-fields
are limited to thin samples (up to 100 µm) due to the requirement of high field strength,
B-fields can align larger and thicker specimens, making this a viable option for producing
substantial monodomain LCEs [40]. The primary advantage of this non-intrusive method
is its potential for integration with additive manufacturing to achieve complete 3D control
over mesogen orientation, although up-scaled manufacturing remains a challenge [41,42].

Finally, rheological (shear-flow) alignment utilizes the shear and extensional forces
generated during material extrusion to orient mesogens, obtained by DIW printing. While
using DIW, as a viscoelastic LCE ink is extruded through a nozzle, the flow aligns the
mesogens along the printing path. This alignment is immediately fixed by in situ curing.
This approach uniquely enables the simultaneous programming of mesogen alignment
and 3D geometry, allowing for the fabrication of intricate structures with locally controlled
director profiles [31]. While this technique has gained popularity for its versatility, mesogen
alignment is currently achievable only within the parallel plane of deposition, necessitating
advanced printing strategies to achieve out-of-plane actuations [22].

3. Additive Manufacturing Mechanisms of LCE
Additive manufacturing brought a revolution for the manufacturing of diversified

materials in the past decades, creating customized production for a specific scope. With
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the help of 3D printing techniques, the LCEs could not only be manufactured in desired
3D structures but also they can have director fields that are controllable. The actuated
shape morphing obtained by 2D transitions to 3D transitions by applying external stimuli
could also be precisely controlled. The printing techniques of the LCE have gained much
attention and are regarded as one of the most important breakthroughs in diverse fields of
research [43]. To achieve the actuation performance that is desirable, both the director fields
and the shapes of the LCEs are required to be precisely controlled. Thus, the alignment of
mesogens should be incorporated into the 3D printing processes, which often adds new
challenges. Based on the solidification process, 3D printing of polymeric materials can
be classified into the following categories: materials extrusion, vat photopolymerization,
powder bed fusion, material jetting, etc. [44].

Unlike LCEs produced through traditional fabrication techniques, 4D-printed LCEs
can be manufactured with intricate geometries, diverse functionalities, and tunable sizes
ranging from the microscale to the macroscale. Additionally, they enable the seamless
integration of various active and passive materials. As a result, 4D-printed LCEs exhibit
more sophisticated pre-programmed actuation modes and higher actuation energy output,
supporting applications that span from centimeter-scale energy-dissipating devices to sub-
micrometer micro actuators [45]. In this section, different major additive manufacturing
processes are discussed. Their unique features, complexity of implementation, and how
they are advancing the LCE manufacturing process are highlighted.

3.1. Direct Ink Writing (DIW)

Among the available material extrusion-based additive manufacturing methods, direct
ink writing (DIW) is a preferred candidate for manufacturing LCEs. DIW uses viscoelastic,
shear-thinning inks that flow under pressure but, after deposition, rapidly recover to retain
their shape. This unique property of the inks makes DIW the only feasible extrusion-based
approach for printing LCEs. Since curing can fix both the 3D geometry and molecular
alignment, the fabrication of LCEs with programmable stimuli-responsive behavior and
complex centimeter-scale geometries is possible [31–33]. DIW-printed LCEs can deliver
amplified actuation strains and diverse property changes under external stimuli than the
thin films produced by FFF or other methods, making them highly attractive for diversified
applications [45].

In a DIW setup, as shown in Figure 7a, the ink is extruded through a nozzle and
deposited layer by layer along predetermined paths to build up a 3D structure [46]. The
viscoelastic LCE inks are formulated to display shear-thinning for smooth extrusion and
rapid recovery for shape retention. To prevent collapse or deformation, rapid solidification
is essential. Thus, DIW printers are often equipped with auxiliary devices such as heaters
(to accelerate solvent evaporation) or UV lamps (for in situ curing). Inside the nozzle, the
shear and elongational stresses promote mesogen alignment, an effect that has been widely
observed in other processing methods such as electrospinning and fiber drawing [47,48].
This alignment mechanism is particularly advantageous for LCEs, as it couples material
flow with director orientation during printing.

A DIW printer used, in general, for LCEs includes an XYZ direction motion-controlled
platform, an extrusion nozzle, and a photocuring setup. A heater is added around the
ink barrel to reduce viscosity without altering solidification kinetics for some specific
applications [31]. During printing, extruded filaments are deposited line by line with
controlled X–Y movements, while simultaneous UV curing locks in the shear-induced
alignment at each step.

The printing parameters also have a vital role in determining mesogen alignment
and actuation. By precisely tuning ink composition, process conditions, and toolpath
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design, DIW enables the creation of highly versatile LCE architectures with complex,
programmable actuation behaviors. The printing temperature has a strong influence on
viscosity and director ordering. Higher temperatures provide better extrusion, but they
would also weaken alignment. In the mesophase stage (10–20 ◦C below TNI), printing yields
higher-order parameters and larger actuation strains [49]. Printing speed can also locally
tune molecular alignment and contraction strain, ranging from 0.5 to 28 mm s−1 [5,50].
Nozzle diameter further affects resolution and alignment. Smaller diameters (150–1400 µm)
yield stronger orientation, but it would require higher pressures [5,51,52]. Above all,
the programmed printing path dictates the functional actuation response: uniaxial paths
result in in-plane contraction, whereas orthogonal paths induce bending or twisting, and
+1 azimuthal patterns generate conical deformations [53].

Figure 7. Schematic diagrams of (a) DIW printing; (b) DLW-TPP system; (c) VP system;
(d) DLP system.

3.2. Vat Photopolymerization (VP)

The growing demand for miniaturized and high-resolution LCE-based devices has
driven extensive research into their integration in diversified fields spanning micro pho-
tonics, microfluidics, and micro robotics [48,54,55]. For manufacturing such applications,
fabrication methods with the ability to generate precise microscale features are required.
Vat photopolymerization (VP) has been considered as a promising approach, offering well-
established capabilities for constructing three-dimensional objects with micrometer and
even sub-micrometer resolution [56–58]. This high spatial accuracy allows the direct fabri-
cation of functional LCEs with complex geometries and arbitrary architectures, positioning
VP as a key method for translating LCEs into next-generation microdevices.

VP utilizes light irradiation for selective polymerization of resins in a layer-by-layer
manner, as shown in Figure 7c [59]. In this process, the inks are composed of polymerizable
mesogens with low viscosity in the LC state. Before curing, these mesogens are aligned
by external fields such as surface templates, electric fields, or magnetic field [60]. Once
alignment is established, photopolymerization is triggered within selected regions, shaping
the 3D structure while fixing mesogen orientation layer by layer. Through this approach,
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director fields can be precisely tuned by modifying the design of the surface template or
adjusting the applied external field.

Two VP printing strategies are commonly employed: the first one is two-photon
polymerization (TPP). It is a direct laser writing process in which a focused laser beam scans
through the resin to define aligned thin layers [61]. TPP provides the highest resolution
among all LCE printing techniques, which is less than 200 nm, and uniquely enables the
continuous alignment of mesogens along the z-axis, a feature not achievable by extrusion-
based printing methods like DIW. However, the alignment thickness of the liquid crystal
layer is typically limited to approximately 100 µm, which imposes a constraint on the
maximum size of printed structures. The second one is digital light processing (DLP),
which constructs 3D shapes by exposing each layer to a patterned light field [62–64]. In
this method, substrate movement during layer-by-layer printing can disrupt mesogen
alignment, thus making it necessary to restore order by applying magnetic fields or shear
forces. Furthermore, when different alignment patterns are required across successive
layers, the printing time may increase rapidly.

3.2.1. Two-Photon Polymerization (TPP)

Direct laser writing process based on Two-Photon Polymerization (DLW-TPP) has
emerged as one of the most precise additive manufacturing (AM) strategies, achieving
spatial resolutions down to around 40 nm, which is significantly beyond the reach of
most conventional AM methods [13]. For photonic and soft matter applications, the
ability to construct free-form three-dimensional (3D) architectures with sub-micrometer
accuracy has made DLW-TPP a perfect candidate. For LCE manufacturing, this resolution
is advantageous because nanoscale or microscale surface morphologies provide strong
anchoring energies to dictate mesogen orientation. As a result, DLW-TPP has been widely
utilized to create 2D or 3D structures with spatially defined molecular alignment, and
it is applied in adaptive microlenses, tunable displays, and other reconfigurable optical
elements [65–68]. The first demonstration of DLW-TPP applied to LCEs was reported by
Sungur et al., where thermally responsive gratings with features below the diffraction limit,
close to 50 µm were fabricated, exhibiting reversible step contractions of up to 20% under
heating and cooling cycles [69].Their research demonstrated the potential of DLW-TPP in
coupling nanoscale structural fidelity with stimuli-responsive polymer systems.

In general, the DLW-TPP system, illustrated in Figure 7b, employs a top-down configu-
ration consisting of a femtosecond laser source, optical scanning and focusing components,
a resin vat, and a platform [13,58]. To facilitate the mesogen alignment, the vat is often
replaced with an LC cell containing micropatterned or conductive substrates. During
printing, ultrashort laser pulses are focused into the resin, where simultaneous absorption
of two photons triggers localized polymerization on a voxel-by-voxel basis(Figure 7b).
Followed by laser writing, the unreacted resin is removed through development, which
leaves behind a highly resolved polymer network. Here, the resolution is defined not by
the optical diffraction constraint but by the laser focal volume.

The inks used for DLW-TPP consist of three elements: a two-photon photoinitiator,
monofunctional RMs or isotropic cross-linkers, which can adjust cross-link density and
bifunctional reactive mesogens (RMs) to establish the network [58] Acrylate-based RMs
remain the most common option, but their oxygen sensitivity has prompted exploration
of epoxide and oxetane RMs, which use photo-cationic polymerization [70]. In addition,
to impart light-driven or thermal responsiveness, functional dopants such as azobenzene
chromophores or photothermal nanoparticles have been incorporated when their absorp-
tion profile permits efficient two-photon activation at 720–780 nm with polymerization at
390 nm [58].
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The performance of DLW-TPP-printed LCEs is dependent on processing parameters
like writing speed, energy, and temperature, which govern the polymerization degree,
cross-link density, and mesogen alignment. For instance, higher energy or slower writing
improves conversion but reduces actuation strain, while lower writing temperatures can
suppress resin swelling and improve printing resolution. Conversely, higher temperatures
would decrease resin viscosity but compromise orientational order. Combining DLW-TPP
with patterned substrates or electric-field alignment can ensure additional control, enabling
precisely tuned mesogen orientation and programmable actuation [13]. These advantages
make DLW-TPP a suitable method of manufacturing complex 3D LCE architectures with
tailored anisotropy and microphotonic features. Compared to other methods, such as direct
ink writing (DIW) or stereolithography (SLA), DLW-TPP remains unmatched in terms of
spatial resolution and control over molecular orientation. However, its relatively slow
build rates and high equipment costs limit the scalability. While DIW is better suited for
larger structures, SLA provides higher throughput; neither technique, however, offers
the nanoscale structural precision essential for photonic and biomedical LCE applications.
Thus, DLW-TPP stands out as a critical enabling tool for advancing the design of next-
generation LCE actuators and functional devices.

3.2.2. Digital Light Processing (DLP)

DLP has emerged as an advanced procedure for the fabrication of LCEs, which em-
ploys a digital micromirror device (DMD)-based projector for selective trigger photopoly-
merization of resins in a layer-by-layer manner [63]. However, additional reorientation
steps are essential because the required vertical lifting of the substrate after each layer
could disrupt mesogen alignment. To overcome this challenge, Tabrizi et al. integrated a
rotatable magnetic field (300 mT) into the DLP process, which enabled two things: Firstly,
voxel-by-voxel alignment (Figure 7d) and secondly, allowed complex 3D mesogen patterns
to be programmed within each layer [41]. While this approach extended design flexibility,
the long dwell period, which is around 5 min per voxel constrained speed. Li et al. resolved
these issues by introducing a shear-flow alignment mechanism that performed mesogen
orientation before photopolymerization, and it reduced the entire printing cycle below 10 s
per layer and printing speed in 120 µm/min in z-direction, enabling faster fabrication of
actuators that are capable of reversible grasping, crawling, and weightlifting [71].

Compared with polydomain structures, DLP-printed monodomain LCEs are pre-
ferred because of their anisotropic mechanical response and large actuation strain. Li
et al. achieved this by using cyclic resin tray rotation to generate shear forces, fabricating
actuators with programmable gripping, crawling, and lifting functions. These devices
delivered a specific work capacity of 63 J kg−1 and thermally induced strain of 50%, both
exceeding human muscle performance, which are 40 J kg−1 and 20% [71].

Further advances by Chen et al. introduced reprogrammable dual-phase LCE net-
works with a crystalline melting transition (90 ◦C) above the mesophase transition (58 ◦C),
allowing reversible locking and unlocking of alignment and enabling diverse, reconfig-
urable 3D thermal-responsive actuators [72]. These results underline DLP’s potential to in-
tegrate high resolution, programmable alignment, and multifunctionality into LCE devices.

In comparison with other existing methods, DLP holds a middle ground between
DIW and TPP. DIW offers the fastest printing speed and scalability with shear induced
alignment but it is often limited in resolution and primarily suited for actuators with thicker
dimension approximately in centimeters scale [41]. On the contrary, TPP process ensures
the finest resolution (200 nm) and continuous 3D alignment but printing speed is very slow
and constrained to small volumes [62]. DLP therefore provides a balance: it offers higher
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resolution (50 µm) and more precise 3D alignment than DIW, while being faster and more
scalable than TPP [41,71].

4. Application of LCE-Based Actuators in Soft Robotics
Additive manufacturing transformed liquid crystal elastomers (LCEs) from thin-film

demonstrations into programmable three-dimensional actuators. Using DIW, shear align-
ment during extrusion and ultraviolet curing locked mesogen orientation directly into the
printed structure, which eliminated the need for mechanical pre-alignment. This approach
by Ambulo et al. enabled anisotropy to be defined by the print path itself, producing
filaments with 40% reversible contraction, twisted bilayers, lattices that collapsed vol-
umetrically, and defect-encoded sheets that morphed into cones. The design of shells
combining positive and negative Gaussian curvature underwent snap-through instabilities:
rapid inversion within 16 ms, momentary airborne motion for 64 ms, and recovery on
cooling. These actuators not only supported loads which were several times their mass but
also reached specific powers around 15.5 W kg−1, which demonstrated that coupling pro-
grammed alignment with geometry could produce high-speed, high-power, and reversible
actuation suitable for soft robotics [32].

As proof of rapid actuation established its potential, López-Valdeolivas et al. focused
on achieving thicker, load-bearing LCE bodies through DIW combined with in situ pho-
topolymerization. By maintaining alignment during extrusion and crosslinking, robust
free-standing structures were manufactured, which surpassed the limitations of thin-film
dimensions. Single filaments contracted by 50%, and lightweight multilayer stripes with
a mass of around 0.17 g lifted weights of up to 20 g, corresponding to a specific work of
around 1.44 J kg−1. Orientation control was extended spatially, producing spirals that
curled into cones, slit arrays, auxetic honeycombs with tunable pore shapes, and chiral
frames with rotational capability. Their work also introduced functional integration by
embedding a printed LCE ring into polydimethylsiloxane (PDMS) to create a variable-focus
lens with thermally tunable curvature. Such advances highlighted not just structural scaling
but also multifunctionality, bridging material actuation with device-level applications in
optics and haptics [33].

Hybrid fabrication strategies merged printing with assembly to integrate electrical
control directly into LCE systems. By combining DIW of conductive silver wires, and
pick-and-place assembly of pre-aligned LCE strips, Yuan et al. produced laminated hinges
that bent more than 150◦ when Joule-heated above 87 ◦C, then recovered on cooling. These
hinges acted as modular building blocks for active architectures, enabling demonstrations
like a morphing airplane, a miura-ori sheet, a sequentially folding box with addressable
heating, and a crawler that would advance 10% body length per cycle. This hybrid method
demonstrated that LCE actuators can be integrated into deployable and reconfigurable
robotic systems by combining printed electronics with responsive strips. Unlike the previ-
ous works focusing on high-speed instabilities [32] or emphasis on scalable thickness and
multifunctionality [33]. Their work provided that electronics and thermal actuation could
be integrated into modular assemblies, pointing directly toward robotics and deployable
devices [73].

Taken together, these efforts established three critical directions: direct encoding of
alignment for fast and powerful response [32], structural scaling for load-bearing and
multifunctional use [33], and hybrid integration of heaters and actuators for programmable,
system-level function [73]. These complementary advances formed the technological basis
for the subsequent expansion of LCE printing into gradient design, property grading,
multimodal actuation, and functional feedback.
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Zhang et al. achieved the ability to design orientation gradients within printed
LCEs. They accomplished this by extruding a single-component LCE ink in the isotropic
state at 200 ◦C onto a cryogenic stage held at 10 ◦C (Figure 8a). Cooling during
the deposition process could induce nematic alignment while the nozzle’s drawing
force generated gradients across the filament thickness. Photodimerization provided
stability, and then these gradients enabled bending coupled with contraction rather
than uniaxial stroke. Printed strips curled into hollow cylinders with radii near 1 mm,
recovered upon cooling, whereas lightweight double-layer strips (0.02 g) lifted 12.56 g,
which was about 600 times their mass. Porous sheets transformed into cylinders
within 0.1 s and relaxed within 1.75 s, and hybrid structures demonstrated “9-type”
and “B-type” multimodal actuation. These findings indicated that orientation could
be designed as a field variable, expanding LCE actuation beyond contraction into
programmable morphing [5].

 
Figure 8. (a): (i) Photograph of reversible bending deformation process of a printed strip
upon heating and cooling. During heating and cooling processes between 50 and 75 ◦C,
bending−extension deformation behavior was observed. Scale bar: 4 mm. (ii) Photograph
of weight-lifting of a printed double-layer strip (0.02 g). A weight of 12.56 g attached to the strip
can be lifted up for 7 mm reversibly upon heating and cooling. Scale bar: 10 mm. Reprinted with
permission from [5]. 2019, American Chemical Society. (b) Multilegged controllable deforma-
tion soft robot: Physical image of the soft robot moving on a 20◦ inclined plane in single-foot
actuation mode [74].

The idea of printing properties as fields was extended by Wang et al., by fabricating
functionally graded LCEs using DIW printing. By tuning the printing temperature, nozzle
gap, and nozzle size, they controlled the balance between aligned shells and polydomain
cores in each filament. This directly mapped process to performance: strains up to 61% and
stresses near 300 kPa were obtained under optimized conditions. Functionally graded disks
were warped into distinct 3D shapes, bilayer petals were bent and twisted in programmed
ways, and auxetic lattices exhibited switchable Poisson’s ratios. Graded LCE tubes bonded
to rigid glass mitigated stress and avoided delamination that plagued homogeneous con-
structs. Their contribution showed how manufacturing parameters could be connected not
only to prescribe motion but also to design durability and load-bearing capacity into LCE
systems [49].

Apart from DIW, digital light processing (DLP) also advanced the manufacturing
process with higher precision and new functions. Luo et al. employed a photocurable
LCE resin to print periodic foams with porosities of 62–85%. Unlike conventional foams,
they dissipated energy not only through viscoelasticity but also through mesogen rotation,
yielding 1.8 to 4.8 times greater energy absorption than non-LCE foams at room temperature



J. Compos. Sci. 2025, 9, 633 16 of 29

and up to 81% at 40 ◦C. Stretching-dominated lattices (Z = 12) were especially efficient, and
the foams protected fragile objects such as eggs during drop tests. This reframed LCEs as
impact-mitigating and protective materials, expanding their role beyond actuation into
energy dissipation and cushioning [75].

Self-sensing was introduced to make LCE actuators more autonomous. One approach
exploited the phase-dependent optical transition of LCEs, where opacity in the nematic
state and transparency in the isotropic state provided a built-in strain signal. This enabled
actuators with high work output that could bend, grasp, crawl, and lift loads over 700 times
their mass, combining versatility with exceptional strength [71]. A complementary strategy
used by Kotikian et al. implemented a core–shell direct ink writing method to print coaxial
fibers with liquid-metal cores encased in aligned LCE shells. These innervated structures
combined heating and resistance-based sensing in the same body, producing contractions
of nearly 50%, lifting more than 200 times their weight, and enabling closed-loop control of
programmed deformations [76]. Together, these optical and electrical pathways showed
how sensing could be seamlessly integrated into LCE actuators to achieve regulation in
real-time level.

Together, these contributions demonstrate how printing progressed from defining
orientation to programming gradients, grading mechanical properties, and adding new
functions such as energy dissipation and intrinsic sensing. Orientation gradients expanded
the actuation repertoire) [5]; functional grading linked process with durability and load
handling [49]; foams reframed LCEs as protective materials [75]; and self-sensing actuators
integrated feedback with actuation [71]. These initiatives influenced LCE printing toward
multifunctional, feedback-enabled systems suitable for robotics, biomedical devices, and
adaptive structures.

Song et al. demonstrated that optimization of direct ink writing (DIW) parameters
could directly influence actuator performance and robotic locomotion. By control-
ling nozzle size, extrusion pressure, and temperature, they fabricated filaments that
exhibited approximately 42% strain, stresses of 0.33 MPa, and contraction times as
short as 2.5 s. Integrated with PDMS feet patterned with tilted scales for anisotropic
friction, these actuators powered an inchworm-inspired crawler that moved at 4.3 mm
per minute, showing how fine process control at the filament scale could be translated
into efficient system-level performance [77]. Wang et al. extended this concept toward
photothermal actuation by developing a 3D-printable LCE composite ink with only
0.1 wt.% gold nanorods, as shown in Figure 9. This low filler loading delivered a
photothermal response of 27% strain without compromising mechanical properties,
which was a key improvement over earlier composites. Using DIW, they printed a fully
untethered, light-driven walker that was significantly larger and heavier than prior
works. Yet, it was capable of stable locomotion on inclined and complex surfaces. Lo-
comotion speeds up to 0.284 mm s−1 were achieved by adjusting ratchet surface design
and localized light exposure, demonstrating scalable and controllable light-responsive
actuation [78]. While both approaches optimized single-mode actuation, Peng et al.
introduced polymerization sequence control in double-network LCE–polyurethane
composites. Depending on the sequence, actuators displayed either cooling-induced
elongation by 61% or contraction by 15%. Combining these responses, multimodal
behaviors were displayed, such as twisting, kirigami folding, and tug-of-war actuation.
Complex morphing structures including lanterns, towers, and octopuses fabricated
via DLP further highlighted the shift from unidirectional actuators to programmable,
multimodal systems [79].
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Figure 9. Schematic illustrations of the DIW printing of the AuNR/LCE ink: the molecular structures
of the AuNR/LCE ink. Reproduced with permission from [78].

Vinciguerra et al. focused on electrical integration and developed a multimaterial DIW
method to co-print LCEs with conductive composites of gallium–indium alloy, silver flakes,
and elastomer. The printed pathways functioned as both Joule heaters and interconnects,
enabling actuators that powered LEDs, transmitted Morse code through twisting, and
incorporated capacitive sensing within the same body [80]. In parallel, Sgotti Veiga et al.
improved practical applications with UV-assisted DIW, introducing biphasic liquid-metal
conductors and dual-sided curing reduced polymerization time to approximately 90 s.
Their actuators achieved bending angles of 320◦ under only 2.5 V while consuming 620 mW
cm−2, combining low-voltage operation with strong durability across repeated cycles [81].
Together, these studies marked the transition of LCEs from thermally activated devices to
fully printed, electrically integrated actuators.

Kotikian et al. further extended programmability by creating multimaterial lattices
composed of LCE inks with distinct nematic–isotropic transition temperatures of 65 ◦C and
125 ◦C. In triangular lattice architectures, low-transition struts actuated first, followed by
high-transition struts, yielding sequential pathways such as shear morphing or hourglass
contraction. Supported by an inverse-design framework coupling thermoelastic modeling
with optimization, this approach applied predictive control of bilayer bending and star-like
morphing, demonstrating multistage actuation as a design paradigm [82].

Reinforcement strategies addressed mechanical fragility by adding new functionality.
Jiang et al. developed a DIW platform that infused continuous fibers into LCE resin, where
during extrusion, shear flow aligned mesogens. The selection of fiber tailored performance
was due to the reasons that carbon fibers improved stiffness, polyester fibers enhanced flex-
ibility, and conductive fibers enabled Joule heating. These composites produced grippers,
spirals, and flower-like actuators with energy absorption level nine to fifteen times higher
than pure LCEs [83]. Zhang et al. expanded on this approach by co-printing continuous
carbon fibers that both reinforced structures and acted as electrothermal heaters. Their
actuators recorded response time of 20 s, bending curvatures of 0.25 mm−1, and drove
robots capable of climbing 20◦ inclines and lifting objects twenty times their own weight
(Figure 8b). Together, these works overcame fragility while coupling reinforcement with
heating to enable robust, multifunctional actuation [74].

Building on these advances, Xia et al. developed untethered machines by integrating
reinforcement, low-voltage heating, and electronics. Silicone-encapsulated LCE actuators
with embedded polyimide heaters were tuned to lower transition temperatures to approxi-
mately 40 ◦C, allowing operation at 3.7 V. These actuators bent 162◦ within 30 s, remained
stable over 50 cycles, and powered a 9.87 g robot that crawled at 0.28 body lengths per
minute, lifted 1.5 times its weight, and traversed obstacles with a cost of transport of
7: demonstrating the most efficient electrically driven LCE robot reported to date [84].
Yuan et al. complemented this direction by integrating liquid metals to realize multimodal
locomotion. DIW sandwich actuators, embedding an EGaIn–alginate electrothermal layer
between active and passive LCE layers, achieved bending angles of 270◦ under 1.5 V and
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switched between crawling and flipping behaviors depending on the input voltage. An
X-shaped robot crawled at 6.1 mm/min and flipped robustly under higher voltages, illus-
trating how multimodal motion can be integrated into a single actuator architecture [85].

Herman et al. worked on solving the long-standing challenge of molecular alignment
in the VP process by combining a low-strength magnetic field of 100 mT with DLP printing.
This enabled complex free-form geometries with voxelated, through-thickness orientation
control. By programming layer-by-layer alignment, they fabricated LCE objects with
pre-programmed instabilities and complex actuation modes, providing a pathway for
architected devices with high spatial fidelity and functional complexity [86].

5. Applications in Biomedical Technology
The integration of LCEs with 4D printing has extended new horizons in biomedical

engineering by enabling the design of adaptive, stimuli-responsive, and dynamic devices.
Unlike conventional biomaterials, LCEs integrate molecular anisotropy with elastomeric
elasticity, which allows large, reversible shape transformations under stimuli such as heat,
light, or mechanical fields. When paired with additive manufacturing, these unique charac-
teristics translate into programmable objects tailored to patient-specific needs, ranging from
minimally invasive implants to wearable systems. This section highlights key advances,
organized into thematic categories ranging from Bioprinting, Implantable Devices, to Wear-
ables and Artificial Muscles, to provide a structured overview of the diverse biomedical
directions enabled by LCE-based 4D printing.

5.1. Bioprinting

Bioprinting has become a cornerstone in tissue engineering and regenerative medicine,
offering automated, layer-by-layer deposition of bioinks with high spatial resolution, scala-
bility, and reproducibility. Bioinks typically comprise hydrogels, which are derived from
natural, synthetic, or hybrid biomaterials: encapsulating cells that are stabilized by cross-
linking during or after printing [87]. While conventional bioprinting techniques allow
the creation of complex architectures, reproducibility and versatility remain critical chal-
lenges. To address these, biofabrication has been redefined as the automated creation of
biologically functional products from biomaterials, living cells, and bioactive molecules,
employing strategies such as bioprinting and post-print tissue maturation [88]. Within
this framework, 3D bioprinting stands out for its capacity to synchronize material de-
position and cross-linking, enabling programmable constructs [88–90] Furthermore, the
incorporation of synthetic bioinks has advanced cellular responses, biocompatibility, and
extracellular matrix (ECM) formation, thereby widening the biomedical potential of printed
scaffolds [88,91].

Expanding this foundation, Saed et al. pioneered the application of LC-based inks
for 4D printing [92]. Their thiol-acrylate/thiol-ene “click” chemistry helped to develop
LCE-based materials with tunable thermomechanical properties, capable of exhibiting
sequential, reversible, and multishape transformations across a wide thermal range. This
work underscored the adaptability of LC-based 4D printing in generating morphing scaf-
folds and smart biomedical devices. Davidson et al. advanced this concept by developing
reconfigurable LCEs that employed light-triggered dynamic covalent bond exchange [93].
Their DIW-based process integrated chemistry and printing to achieve reversible actuation,
permanent shape locking, and multimaterial constructs with region-specific actuation. To-
gether, these contributions highlight bioprinting as not just a tool for static architectures but
as a platform for adaptive scaffolds and intelligent biomedical devices capable of dynamic
interaction with their environment.
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5.2. Implantable Devices

The transformative potential of LCEs for implants was exemplified by Volpe et al.,
who fabricated 3D-printed semi-crystalline LCE spinal fusion cages [94]. These devices
utilized the unique phase transitions of LCEs: soft and amorphous during insertion for
minimally invasive implantation, yet crystallizing afterward to provide mechanical stiffness
for load bearing. Notably, the modulus increased from 8 to 80 MPa post-implantation,
and the constructs endured over one million compressive cycles with minimal creep. This
dual-state performance addressed limitations of traditional spinal cages, which often failed
due to rigidity, poor fit, or subsidence. The ability to print patient-specific geometries
represented a significant step toward customized implants.

When contextualized alongside earlier works, such as LC-based 4D printing for shape-
morphing scaffolds and smart biomedical devices [92] and developing reconfigurable LCEs
with light-triggered dynamic covalent bond exchange [93]. Volpe et al.’s study illustrated
how LCE functionality can move from proof-of-concept morphing systems to clinically
relevant devices [94]. The paradigm of phase-dependent mechanics directly supports the
goal of minimally invasive yet stable orthopedic implants, highlighting how 4D-printed
LCEs may redefine implant design across other load-bearing tissues as well.

5.3. Bioresponsive and Living Systems

Beyond structural implants, 4D-printed LCEs have also been applied to engineered
living materials (ELMs): composites that combine living cells with synthetic matrices
to achieve programmable responsiveness. While early ELMs, which were produced by
molding, lacked spatial resolution [88,95], the advent of 3D and 4D printing has enabled
precise spatial control over microbial distribution and bio-responsive functionality [96].
Rivera-Tarazona et al. demonstrated this concept by formulating inks with cellulose
nanocrystals (CNC) to control rheology and facilitate multimaterial printing of yeast strains,
as shown in Figure 10 [95]. They fabricated capsules that ruptured upon amino acid
exposure, releasing encapsulated payloads, thereby providing proof-of-concept for drug
delivery systems [95,97].

 

Figure 10. D printing ELMs capable of multiple shape change: (a) Schematic of a printed bilayer
composed of two engineered S. boulardii mutants. The top layer is printed as stripes, and the bottom
layer as a flat sheet. (b) Printed structure is able to shape into two different types of geometry. When
the bilayer is incubated in synthetic medium lacking L-leucine, it changes shape into a tube-like
structure (left). When being incubated in synthetic medium lacking L-tryptophan, the bilayer adopts
a geometry with two types of bending (right) (Scale bars: 10 mm) mode. Reproduced with permission
from [95].

Advances in LCE fabrication are aligned with these bioresponsive systems.
McDougall et al. worked on embedded printing, where LCE inks were extruded within
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removable gelatinous supports, producing UV-cured freeform structures that exhibited
reversible shape morphing without requiring external supports [10]. Similarly, Dai et al.
introduced the concept of how DIW could produce both monodomain and polydomain
nematic LCEs with distinct shape-memory effects [98]. Their bilayer structures exhibited
one-way and two-way shape-memory cycles, which enabled non-monotonic recovery
paths. This highlights how control over alignment and domain structure can generate
adaptive shapes, though intrinsic softness continues to limit high-rigidity applications.
These works emphasized that bio-responsive systems, whether incorporating living cells or
relying on intrinsic material dynamics, benefit from 4D-printed LCEs as enabling platforms
for adaptability and responsiveness in biomedical contexts.

5.4. Wearables and Artificial Muscles

Wearable biomedical devices and artificial muscles represent another domain where
LCE-based 4D printing is making a profound impact. Li et al. introduced a hybrid cooling-
assisted DIW process to overcome constraints in near-ambient temperature-responsive
LCEs (NAT-LCEs) [99]. By integrating a liquid-cooled nozzle and a cold substrate, they
improved mesogen alignment by nearly 3000% compared to standard DIW, yielding printed
sheets with superior order and reproducibility. These NAT-LCEs underwent bidirectional
deformation under heating and cooling, and their proof-of-concept wristband could adjust
tightness dynamically to improve heart-rate monitoring accuracy. This demonstrated
how careful process innovation can directly translate into biomedical wearables with
adaptive functionality.

With inspiration from natural thermoregulation, He et al. designed LCE-based skin
actuators that mimic sweat glands [100]. Printed DIW filaments achieved strains of 40.4%,
with chamber actuators capable of discharging water during actuation. When arranged in
arrays, these actuators delayed temperature rise and stabilized local environments, achiev-
ing a 10 ◦C reduction compared to controls. This biomimetic approach underscores the
potential of LCEs in autonomous thermal management and wearable biomedical devices.

To complement these planar systems, Hou et al. reported a liquid crystalline spinning
process inspired by spider silk, producing continuous and highly aligned LCE microfibers
at remarkable speeds (8400 m h−1) [101]. The resulting fibers lifted 2000 times their weight,
generated stresses up to 5.3 MPa, and operated at 50 Hz, significantly exceeding the
performance of existing artificial muscles. Its applications span from prosthetic limbs to
robotic surgical tools. In parallel, Roach et al. developed a roll-to-roll DIW process for nano
clay-modified LCE fibers that were mechanically robust and long enough (up to 1.5 m) for
integration into textiles [102]. These smart fibers exhibited reversible actuation strains of
51% and could be incorporated into clothing with thermoresponsive pores, demonstrating
applications in wearable medical textiles and biosensing garments.

Taken together, these studies demonstrated how wearables and artificial muscles
leveraged both the fine control of DIW and the scalability of fiber spinning to produce
robust, adaptive, and multifunctional biomedical systems.

5.5. Programmable and Light-Responsive Actuators

The pursuit of programmable, stimuli-responsive actuators has also been advanced
by 4D-printed LCEs. Sol et al. introduced high-temperature DIW of a single azobenzene-
functionalized cholesteric oligomer ink (Figure 11) [103]. By tuning the nozzle speed
and photopolymerization delay, they created three distinct mesophase domains, each
with unique optical and bending responses, within a single print job. This enabled mul-
timodal actuation using only a single material, simplifying fabrication while expanding
design possibilities.
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Figure 11. (a) Photograph of the multimesophase film printed on PEI foil where the locations of
the uniaxial pseudo-nematic, slanted cholesteric, and planar cholesteric domains were indicated.
(b) Combined photographs highlighting complex actuation behaviors using the different mesophase
domains. λ = 365 nm and λ = 455 nm wavelength lights were used to irradiate the film simultaneously.
(c) Illustrative comparison showing how the reflective element on the actuator could be used to
intercept, wholly or partially, a λ = 532 nm laser beam, or leave it to pass untouched. The left column
photographs demonstrated a luminescent device using fluorescent dye 7 acting as an optical sensor
for the incident laser beam. The photographs in the right column served purely illustrative purposes.
(d) Photograph of an alternative device design, a large uniaxially planar pseudo-nematic section for
actuation or light steering, and a planar cholesteric section for light reflection. (e) Demonstration
of irradiance-dependent light steering. A λ = 532 nm laser was directed towards the reader at the
planar cholesteric section and obliquely reflected to a luminescent device at a distance. An λ = 365 nm
LED (intensity indicated in each image) is applied to actuate the ChLCE films and redirect the
incident laser light. Markers were added to indicate the laser path (dotted line), LED light direction
(solid green line), and position of the reflected laser spot on the luminescent devices (dotted white
circle: top fluorescent plate uses dye 7, bottom uses dye 8). NB: the scale bar in (a,d) corresponds to
w = 6 mm [103].

In a complementary direction, Prévôt et al. employed photocrosslinkable smectic-A
LCE inks with desktop DLP stereolithography, which replicated biological templates like
mouse brain vasculature [104]. Their scaffolds not only preserved structural fidelity but
also imparted intrinsic molecular alignment, guiding fibroblast growth along struts. This
biomimetic printing strategy directly linked material alignment with cell organization,
holding strong implications for tissue engineering and regenerative medicine.

These advances illustrate how programmable LCE constructs, whether through light-
triggered phase control or bioinspired templating, expand the design space for biomedical
actuators. Importantly, they demonstrate that optical, mechanical, and biological functional-
ities can be simultaneously encoded into printed geometries, a hallmark of multifunctional
biomedical systems.

6. Challenges and Future Perspectives
6.1. Challenges

LCE fabrication is highly reliant on the synthesis of inks suited to the specific manufac-
turing process. For DIW, most inks depend on shear-thinning acrylate mesogens that can
be oriented during, but only a limited set of commercially available diacrylate mesogens
meet these requirements [4]. This also restricts the range of mechanical properties and
actuation temperatures. Although epoxide-reactive mesogens reduce polymer shrinkage
and oxygen sensitivity, such inks are still in their infancy [45]. Increasing cross-link density
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suppresses swelling yet reduces actuation strain; incorporating reversible physical cross-
links or dynamic covalent bonds may allow tunable network density and reprogrammable
structures [105]. Multistimulus responsiveness via photothermal or electroactive dopants
can lead to filler aggregation and phase separation [106]. These challenges make ink
selection and design an essential part of the 4D printing process.

6.1.1. Challenges for the Printing Process

Printing methods also have implementation challenges in some aspects. While apply-
ing DIW requires strict rheology and limits resolution, small nozzles and slow extrusion
speeds could improve alignment, but slow throughput and clogging are common obstacles.
Adjusting speed, temperature, nozzle diameter, and layer height could influence alignment
and actuation. Slow speeds (2–3 mm s−1) ensure bonding and surface quality; high speeds
increase shrinkage, but can also impair extrusion and actuation. The variation in the print
path, such as alternating by 0◦ or 90◦ layers, could also change bending modes [107].

VP methods (DLP, TPP) provide sub-micron level resolution but require surface
anchoring or magnetic fields to orient mesogens in a specific direction; finite anchoring
restricts alignment to thin layers, less than 100 µm, and strong fields or patterned substrates
reduce scalability. Multiphoton lithography is a slow process. Embedded printing allows
free-form shapes, but manufacturing complex 3D structures with rapid actuation is still
challenging [10].

Shape programming adds another layer of complexity to the process. For the DIW
process, achieving multiaxis orientation from uniaxial alignment along the print path
requires multistep printing or post-processing (stretching, fields, or patterning). Predic-
tive models and finite-element simulations still have room for improvement. The model
validation process could be improved by in situ monitoring of viscosity, phase state, and
alignment using rheometry, birefringence, or scattering techniques. Integrated monitoring
of printing parameters could enable feedback control for consistent performance during
the manufacturing of complex geometries.

6.1.2. Challenges for Soft Robotic Actuators

Soft robotics utilizes compliant materials for lifelike motion. LCEs can deliver large
strains (almost 40%) and moderate stresses (10 MPa), and photopolymerized networks
can even achieve contractile stresses close to 270 kPa [71]. Yet thermotropic LCEs require
heating in the range of 60 to 100 ◦C, demanding heaters or light sources and raising energy
and thermal management concerns; also, cooling inhibits cycle frequency [108]. UV/blue
light activation creates probable causes of degradation. Photothermal nanoparticles im-
prove efficiency but may aggregate and undergo phase separation [106]. Continuous fiber
reinforcement can boost blocking stress, but the printing procedure is very complicated [83].

Durability is another issue for LCEs: lightly cross-linked networks are prone to fatigue,
and many actuators operate for fewer than 100 cycles [106]. Tethered power or external
heating increases weight and stiffness. Recent innovations enable coaxial DIW of LCEs
with liquid-metal cores for Joule heating and sensing [76]. While multimaterial printing
can deposit stretchable Ag–EGaIn circuits on LCE surfaces [80,109], integrating electronics
while maintaining compliance is challenging. DIW-printed monodomain LCE lattices
dissipate energy across broad strain rates, though producing macroscopically aligned
structures is hampered by complex chemistries [110]. Overall, improvements are needed in
speed, efficiency, fatigue life, integrated power and sensing, and 3D programming.

6.1.3. Challenges for Biomedical Applications

LCEs are also vital elements in adaptive implants, scaffolds, and sensors. To ensure
safety and long-term performance, LCE devices require thorough in vitro and in vivo
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testing [111]. They also need to maintain stability under physiological conditions (temper-
ature around 37 ◦C, neutral pH, and biochemical exposure) [112]. Potential degradation
or monomer leaching can cause inflammatory responses or loss of function, so interfaces
must be designed to adhere to tissues without irritation, and hydrophobic surfaces may
need coatings to enhance cell compatibility. Aligning the mechanical properties of LCEs
to those of surrounding tissues is crucial: materials that are too stiff could generate stress,
while those that are too soft may not transmit force effectively. Some partially cross-linked
LCEs, which allow spatial orientation, may lack long-term robustness [113]. Advances in
biocompatible and biodegradable inks, derived from bio-based monomers and hydrogels,
are beginning to address these issues [114].

6.2. Future Perspectives

The progress of LCE manufacturing by 4D printing is dependent on improvements in
materials, printing, and device integration. Expanding beyond synthesis from acrylates is
vital since epoxide mesogens reduce shrinkage and oxygen sensitivity [45], while dynamic
covalent chemistries promise self-healing. Supramolecular networks offer reprocessability
but currently have limited performance [105]. Stimuli-responsive cross-links could enable
chemoresponsive or pH-sensitive actuation. Hierarchical composites pairing LCEs with
conductive polymers, hydrogels, or shape-memory polymers may yield multimodal actu-
ation. Low-temperature inks, which can operate at 63 ◦C and provide tunable actuation
via temperature and speed adjustments [109], suggest that future materials should target
lower transition temperatures.

Printing technologies also need significant advancement. DIW inks with larger pro-
cessing windows would improve alignment and throughput. Modular print heads that
can extrude multiple inks or fibers simultaneously could create dynamic director orienta-
tion. VP can benefit from patterning or flow-induced alignment to avoid external fields
and achieve thicker part manufacturing. Hybrid DIW–DLP platforms, which are already
capable of printing freestanding structures with active lattices, need further refinement;
photothermal fillers yield light-responsive locomotion [115]. Real-time process monitoring
using rheometry, birefringence, and thermography can improve feedback control systems,
and in situ measurements of viscosity and alignment can complement modeling; density
functional theory (DFT) and numerical simulations based on Computational fluid dynam-
ics (CFD) using structured and unstructured meshes analyze polymerization and flow
better from a theoretical perspective, while finite element analysis predicts deformation
and optimizes design [116].

Looking ahead, interdisciplinary efforts must bridge material design, modeling, and
engineering. Soft-robotic actuators require high efficiency and rapid cooling, potentially
achieved through conductive fillers or embedded channels. Hybrid energy sources, Joule
heating, photothermal, and magnetic, can enable multimodal control. Untethered operation
will need lightweight batteries, photonic waveguides or wireless power. Biomedical devices
demand biocompatible inks, sterilization, and long-term stability, plus interfaces that
respond to cell signals. Nanomaterial additives can enhance mechanics and functionality,
acting as rheology modifiers, mechanical enhancers and functional agents [117]. Beyond
actuation, DIW-printed monodomain LCE lattices may offer mechanical damping across
diverse strain rates despite alignment challenges [110], and cholesteric LCEs could enable
stretchable photonic devices. The convergence of material innovation, advanced printing
and integrated devices will unlock the transformative potential of LCEs in soft robotics
and biomedicine.
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7. Conclusions
The convergence of LCEs and 4D printing represents a transformative step in

advanced manufacturing of shape-morphing materials that unite programmable me-
chanics, stimuli responsiveness, and structural intelligence. Over the past decade,
several significant advancements have defined this domain, including shear-induced
mesogen alignment through DIW, which established a direct route for encoding molec-
ular orientation and achieving reversible actuation strains that exceed those by almost
50%, and orientation or functional gradient printing, which enabled complex and
multimodal shape transformations. Dynamic covalent and thiol–Michael chemistries
enabled the development of reconfigurable, self-healing, and recyclable LCE networks,
which would extend device lifespan and sustainability. Meanwhile, VP methods
such as DLP and TPP facilitated submicron precision and voxel-level mesogen align-
ment, bridging macroscale actuation and microscale photonics. In addition, hybrid
and multimaterial integrations, including conductive and fiber-reinforced compos-
ites, have advanced load capacity, actuation efficiency, and functionality through the
incorporation of electrothermal heating and sensing capabilities. The translation of
these advances into biomedical technologies, from adaptive scaffolds and morphing
implants to near-ambient-temperature wearable systems, highlights the growing po-
tential of 4D-printed LCEs in patient-specific and minimally invasive applications.
Despite remarkable achievements so far, challenges persist in print resolution of the
objects, scalability, long-term durability, and biocompatibility. Ink formulations are
constrained by mesogen alignment and synthesis limitations, as well as narrow rheo-
logical windows, while printing precision and multiaxial alignment require advanced
process regulation. For biomedical applications, ensuring mechanical compatibility,
bio-safety, and long-term stability under physiological conditions remains essential.
Looking forward, innovation will hinge on developing low-temperature, biocompati-
ble, and recyclable LCE inks, as well as hybrid additive platforms that integrate DIW,
DLP, or DLW-TPP techniques with alignment control via magnetic induction, and in
situ monitoring systems that link molecular alignment to macroscopic actuation. For
applications in actuation, focus has been given on the active mechanical performance of
the 4D-printed LCE objects. However, in addition, integration of Artificial Intelligence
would be very beneficial for performance optimization and overall improvement of
the manufacturing process. The fusion of materials chemistry, numerical simulation,
physics-based modeling, and process development will enable reconfigurable, au-
tonomous, and multifunctional systems, positioning 4D-printed LCEs at the forefront
of next-generation research endeavors.
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ECM Extracellular Matrix
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DFT Density Functional Theory
DIW Direct Ink Writing
DLP Digital Light Processing
FEM Finite Element Method
LC Liquid Crystal
LCE Liquid Crystal Elastomer
LCN Liquid Crystal Network
NAT-LCE Near-Ambient Temperature-Responsive Liquid Crystal Elastomer
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TPP Two-Photon Polymerization
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