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ABSTRACT: Liquid crystal elastomers (LCEs) are a class of active
materials that can generate rapid, reversible mechanical actuation in
response to external stimuli. Fabrication methods for LCEs have
remained a topic of intense research interest in recent years. One
promising approach, termed 4D printing, combines the advantages of 3D
printing with responsive materials, such as LCEs, to generate smart
structures that not only possess user-defined static shapes but also can
change their shape over time. To date, 4D-printed LCE structures have
been limited to flat objects, restricting shape complexity and associated
actuation for smart structure applications. In this work, we report the
development of embedded 4D printing to extrude hydrophobic LCE ink
into an aqueous, thixotropic gel matrix to produce free-standing, free-
form 3D architectures without sacrificing the mechanical actuation
properties. The ability to 4D print complex, free-standing 3D LCE architectures opens new avenues for the design and development
of functional and responsive systems, such as reconfigurable metamaterials, soft robotics, or biomedical devices.
KEYWORDS: liquid crystal elastomers, embedded printing, 4D printing, free form printing, soft robots, soft mechanics

1. INTRODUCTION
Additive manufacturing (AM), or 3D printing, has had a vast
impact on industries, such as aerospace, construction, and
defense. AM is most well known for on-demand fabrication of
geometrically complex 3D shapes, some of which are
impossible to create by using traditional manufacturing
techniques. Meanwhile, advances in stimulus-responsive
materials such as hydrogels, shape memory polymers,
magneto-active materials, and liquid crystal elastomers
(LCEs) have demonstrated unique promise for the fabrication
of smart, responsive structures that have found widespread
applications in biomedical devices,1−4 soft robots,5−8 and
deployable structures.9−13 When 3D-printed, smart materials
can transform as a function of time, leading to a new paradigm
of printing called 4D printing.14
LCEs have stood out as a particularly promising class of

smart material for 4D printing as a result of their rapid,
reversible mechanical actuation in response to light,15−17

temperature,18,19 magnetic fields,20,21 or biological signals.22
These large mechanical actuations result from nematic-to-
isotropic phase transitions, which cause rotation of the LCE
polymer backbone, also known as mesogens. While LCE
alignment strategies traditionally rely on mechanical stretch-
ing,23,24 light,9 or magnetic fields,25 recent studies have
explored the coupling of 3D printing processes and LCE
alignment.26,27 For example, during direct ink write (DIW) 3D
printing, LCE mesogens are aligned by the shear forces
exhibited on the LCE ink during extrusion through the DIW

nozzle.26,28 This approach has enabled facile fabrication of a
myriad of unique geometries, such as conical, lattice, or
tensegrity structures for shape-changing assemblies. While
DIW can be used for 4D printing of LCE-driven shape-
changing structures, only planar 2D architectures can be
generated, significantly limiting their applications to in-plane
actuation or simple bending shape transformations.
One approach for fabricating nonplanar LCE-based soft

actuators is by printing LCE between rigid support
structures.29 This is accomplished using in situ laser-curing
during DIW 3D printing which locks LCE mesogen alignment
while LCE fibers are printed between rigid supports. Still, this
approach requires multiple printing methods to generate a
single free-standing structure, and the use of external supports
to maintain the desired alignment and geometry of the
structure adds complexity to the printing process, which can
compromise the inherent LCE properties. Digital light
processing (DLP) is another 3D printing technique which
has demonstrated significant promise in fabricating geometri-
cally complex 3D LCE structures.30−32 Nonetheless, these
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works require additional programing steps after printing to
achieve LCE alignment. Some works have demonstrated LCE
alignment during DLP printing, however, they are limited to
magnetic field alignment which currently requires large fields
(e.g., 500 mT)33 or surface alignment leading to substantial
printing time (e.g., minutes per layer).34 Therefore, printing
complex 3D LCE structures that do not require rigid supports
or significant printing time remains a challenge.
Multiphoton lithography (MPL)a direct laser writing,

micro-/nanoscale 3D-printing techniquehas been used to
print stimulus-responsive actuators including hydrogels35,36
and LCEs.37,38 Although shape-complexity is readily achieved
using this technique, overall structure dimensions are limited
to the microscale, and mesogenic director alignment is
restricted to a simple surface pattern (e.g., rubbing angle39)
or requires a specialized laser/electrode configuration.37
Another promising method for printing structurally complex

3D architectures is via embedded printing where materials that
are not self-supporting are extruded into a liquid or gel
matrix.40,41 Embedded printing is a method pioneered in
biomedical science for the fabrication of cell-based organisms
and organ scaffolds.42−44 Embedded printing of smart, shape-
changing materials, here termed embedded 4D printing, has
seen limited investigation in the literature. To date, embedded
4D printing has been used to fabricate structures which can
change their shape using shape memory polymers (SMP)45,46
and simple, bilayer hydrogels.47,48 Nonetheless, SMPs can only
achieve one-way shape transformation before requiring
reprogramming while hydrogel-based actuation is slow,
requiring up to multiple days for large structures.49 Some
researchers have extruded LCE into the liquid matrix to reduce
die-swell during extrusion for high-fidelity printed lines50 or to
provide a catalyst for immediate curing of the LCE ink.51
However, these methods do not use a matrix with a suitable
viscosity to print free-form 3D architectures or require human
intervention for the LCE mesogen alignment and shape
programming. Therefore, generating complex, free-form 3D
structures that can provide rapid and reversible shape
transformations directly after printing remains a challenge.
In this article, we present a fabrication approach for free-

standing, structurally complex 3D LCE structures using
embedded 4D printing. The use of a 96 wt % water gel
medium offers a perfect candidate for providing structural
support for the hydrophobic LCE ink during embedded 4D

printing. Furthermore, the addition of a trifunctional acrylate
to the traditional LCE ink provides the necessary cross-linking
density and resulting mechanical properties required to
generate 3D, free-standing LCE structures after removal from
the gel, without the need for support structure. The shape
changing properties of the LCE were characterized, demon-
strating no change in mechanical actuation from traditional
methodologies. By embedded 4D printing of LCE ink into a
gel medium and increasing cross-link density, it becomes
possible to create intricate 3D structures with precise
alignment and geometry, while still maintaining the desirable
properties of LCE. The elimination of external supports
simplifies the printing process, reduces production time, and
enhances the mechanical performance of the resulting LCE
structures. The ability to 4D print complex 3D LCE structures
without the need for supports opens new avenues for the
design and development of functional and responsive systems,
such as soft robotics, energy harvesters, or biomedical devices.

2. RESULTS AND DISCUSSION
2.1. Embedded 4D Printing of LCEs. Free-form LCE

structures were fabricated by using embedded 4D printing to
generate novel 3D to 3D shape transformations. The chemical
composition of the LCE ink, shown in Figure 1a, was
developed using approaches which have been thoroughly
investigated in previous works9,28,29,52 detailing the rheological
properties of the LCE ink which are favorable for DIW
printing. Importantly, by using a 75/25 wt % ratio of the C6M
(RM82) and C3M (RM257) monomers the LCE ink was
more readily printable at room temperature conditions.28 The
rheological properties of the LCE ink used in this study can be
found in Section S1 of the Supporting Information. In this
study, the matrix material used for embedded printing
comprised water and laponite to create a thixotropic solution
which remains stable for many days.53 Many considerations
were made when selecting the laponite gel matrix material.
First, the gel must assist with the shape fixity of the LCE ink.
The LCE ink is very hydrophobic, making the water-based
laponite gel a perfect candidate for embedded printing of LCE.
Second, as noted in multiple studies focusing on embedded 3D
printing, the matrix material must be able to recover its shape
for printing of future layers. Viscoelastic characteristics of the
laponite gel matrix were studied and can be found in Section
S2 of the Supporting Information showing that the matrix

Figure 1. Approach for the embedded 4D printing of LCE in a thixotropic gel matrix. (a) Chemical formulation of the LCE ink used for embedded
DIW printing. (b) Schematic showing the embedded DIW printing of an LCE ink into a laponite-based thixotropic gel matrix. (c) Image of LCE
printing into the gel matrix, retaining its 3D shape and achieving free-form LCE mesogen alignment.
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exhibits viscoplastic behavior with rapid shape recovery times.
Lastly, the gel must be easily processable, enabling washing out
of the LCE structures after printing. Here, the water-based gel
matrix enabled the simple washing of the LCE structures using
water. Figure 1b provides a schematic illustration of the
approach for the embedded 4D printing of LCE structures.
Here, LCE ink was extruded into a thixotropic laponite gel
matrix which provided structural support to generate unique
3D architectures. Figure 1c shows an image of the LCE ink
being extruded into the gel matrix and retaining its shape as the
print nozzle moves in 3D space. Complex architectures could
be printed using custom toolpath generation software. A video
of the printing process for a complex 3D architecture and
images of the printing process can be found in Section S3 of
the Supporting Information.
2.2. Self-Supporting 3D LCE Structures. After printing

in the gel matrix, the LCE structure is fully cured using UV
light, and the gel matrix can be washed away to generate a self-

supporting structure as seen in Figure 2a. The primary variable
affecting full curing of the LCE after embedded printing is the
second-stage photocuring step initiated by the UV light.
Further investigation of this can be found in Section S4 in the
Supporting Information where Figure S4 demonstrates that the
gel matrix depths used in this study did not affect the UV light
dose; however, there may be limited curing of the LCE ink if
gel depths increase above 50 mm. To generate self-supporting
structures, the LCE ink must have good mechanical properties
after removal from the gel. One way to achieve this is to add
additional cross-links within the polymer chain. Pentaerythritol
triacrylate (PETA) is a tetrafunctional acrylate ester that can
be added to provide additional cross-linking sites during
formation of the LCE ink. As seen in Figure 2b, PETA is
critical for retaining the 3D shape of the printed LCE
structures once they are removed from the gel. The resulting
mechanical properties of printed LCE structures with varying
concentrations of PETA were tested, as shown in Figure 2c.

Figure 2. Addition of PETA creates an LCE ink that can generate free-standing structures after embedded printing. (a) In contrast to the LCE ink
without PETA, the LCE with PETA can sustain its 3D shape after removal from the gel matrix. (b) Printed objects showing the effect of increased
PETA concentration on the ability to generate self-supporting LCE architectures. (c) Mechanical properties of printed LCE with varying
concentrations of PETA which exhibit a substantial increase in modulus.

Figure 3. Characterization of the LCE mechanical actuation in response to temperature after being printed (a) in ambient conditions, outside of
the gel matrix, (b) horizontally in the gel matrix, and (c) vertically in the gel matrix. (d) Characterization of the LCE mechanical actuation in
response to temperature when printed at (d) 5 mm/s, (e) 10 mm/s, and (f) 25 mm/s.
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When increasing the concentration of PETA, the modulus can
increase from 1 to 7 MPa. Additionally, it was found that
adding concentrations of PETA above 3 wt % resulted in a
more brittle structure with no significant increase in modulus.
The effect of PETA on the mechanical properties of printed
LCE structures warrants further investigation in future studies.
2.3. Characterization of the LCE. After printing and

removal from the gel matrix, the LCE mechanical actuation in
response to the temperature was characterized. To provide a
clear comparison between traditional printed LCE and
embedded printing of LCEs, the same ink was printed under
ambient conditions onto a glass slide. The influence of the
LCE print direction on mechanical actuation was also studied.
Figure 3a shows the thermomechanical response of LCE
printed under ambient conditions onto a glass slide. These
results match literature values for printed LCE in ambient

conditions where print speed and corresponding mesogen
alignment show a direct correlation with mechanical actuation
strain.54 When printed horizontally in the gel, the LCE
exhibited a similar dependence on the print speed, as shown in
Figure 3b. This indicates that embedded printing into a gel
matrix has limited influence on LCE mesogen alignment.
Furthermore, the maximum thermomechanical actuation
strains of around 45% correspond with those observed in
related studies where other mechanical alignment methods are
used.23,33 When printed vertically in the gel, the LCE
thermomechanical actuation exhibited a similar dependence
on the print speed. It can be noted, however, that at lower
printing speeds the resulting mechanical actuation is limited.
This may be attributed to differing mechanical boundary
conditions during vertical extrusion of the LCE ink compared
to horizontal extrusion. First, when printed horizontally, the

Figure 4. Embedded 4D printing of free-standing LCE structures that can achieve reversible shape transformations upon heating and cooling. (a)
Cubic structure. (b) Hexagonal prism structure. (c) Conical structure. (d) Cylindrical ring structure. (e) Triangular prism structure. All scale bars
are 5 mm.
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geometry of the printed LCE trace must change, resulting in
mechanical shear forces that may increase the LCE mesogen
alignment and actuation when compared to vertically printed
LCE traces. Second, the boundary conditions of the printed
trace are different when printed horizontally vs vertically.
When printed horizontally, further mechanical stretching of the
LCE mesogens may exist in previously printed portions of the
LCE trace as the nozzle moves because it is constrained to the
print or gel surface. Alternatively, when printed vertically,
additional mechanical stretching of the LCE-printed trace
during printing will likely not occur, especially at slow printing
speeds. To investigate this, a comparison between the three
printing conditions for three different printing speeds is plotted
in Figure 3d−f. These results show that above a print speed of
5 mm/s, the influence of printing speed on the resulting
thermomechanical actuation is similar for each of the three
printing conditions. While the associated changes in
mechanical actuation are small, around 8% for traces printed
at 2 mm/s, further investigation of this effect should be
considered in future studies. Lastly, the tensile mechanical
properties of the LCE ink printed in ambient conditions vs in
the gel were also studied and found to have nearly identical
tensile properties. These results can be found in Section S5 in
the Supporting Information.
2.4. 4D-Printed Free-Form LCE Structures. Generating

free-standing LCE structures enables structures that can be
functional in their initial state before deformation and
transform to a secondary shape with new functionality. Here,
we demonstrate free-form, freestanding 3D LCE geometries
that can transform into new 3D shapes after heating. Figure 4a
shows a cube architecture printed at 25 mm/s. As a result,
when it is heated, homogeneous shrinkage strain of each of the
printed lines results in a 50% shrinkage of the initial
architecture. Upon cooling to room temperature, the cube
returns to its initial configuration, representing a fully
reversible shape transformation. More complex architectures
could also be printed such as a hexagonal prism, as seen in
Figure 4b. This structure can also shrink to 50% of its original
size after heating and return to its initial shape after cooling to
room temperature. Figure 4c shows a conical architecture. As
seen, printing diagonally in the gel matrix can generate lines

with a reduced resolution and some nonlinear actuation. Prior
studies investigating the mechanics of embedded printing have
shown that print resolution can be improved with further
refinement of printing conditions such as print speed, gel
matrix viscoelasticity, or ink rheology.55 A cylindrical ring
structure was printed, shown in Figure 4d, demonstrating that
the gel provides support for long sections of a printed line.
Lastly, a triangular prism was printed, as shown in Figure 4e,
demonstrating a 100 mm tall structure. Like the previous
demonstrations, the cylindrical ring structure and triangular
prism structures were printed at 25 mm/s and could achieve
reversible 50% shape changes upon heating and cooling.
Further investigation into the resolution and size limitations of
LCE printed lines will enable printing of increasingly complex
architectures for specific applications. Additionally, further
advances in 3D gcode generation techniques will enable further
shape and design complexity.

2.5. Nonisotropic 3D Shape Transformations. Printing
of free-form structures enables 3D to 3D shape transformations
that have not yet been demonstrated using LCEs. Further-
more, by adjusting the LCE printing speed within the same
structure, the variable mechanical actuations can be harnessed
to generate tunable, nonisotropic shape transformations.
Figure 5a shows a cylindrical ring structure where each ring
is printed by using a different speed. By variation of the print
speed, the resulting mechanical actuation can be modulated to
generate a shape transformation from a cylindrical to a conical
shape after heating, as seen in Figure 5b. This type of structure
can be used for complex pick-and-place applications where
variable gripping force is required. Figure 5c shows a printed
LCE spring. Interestingly, when heated, the spring generates a
linear expansion actuation of 33% (12−16 mm). As shown in
Section 2.4, LCE generates up to 50% linear shrinkage strain in
response to an increase in temperature. However, when
printed into specific geometries, the shrinkage strain can be
transformed to provide expansion strain. In this case, the
uncoiling of the spring during heating can generate linear
expansion. Videos of the structures actuating can be found in
the Supporting Information. Many unique methods for
regulating LCE mesogen alignment by modifying printing
parameters have been explored in the literature26,56,57 and can

Figure 5. Demonstration of embedded 4D printing of LCE to achieve unique 3D shape transformations in response to temperature. (a) LCE ring
structure with each layer printed using a different speed. (b) Actuation of the LCE ring structure showing that each ring actuates differently in
response to heating. (c) LCE spring after printing and removal from gel matrix. (d) LCE spring exhibiting linear expansion in response to heating.
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be implemented to generate further complexity during LCE
actuation. Further 3D geometries should be explored to
harness the unique shape transformation of LCE structures for
more complex actuations such as snapping,58 jumping,59 or
crawling.5

3. CONCLUSIONS
In this work, we report embedded 4D printing; a newly
developed methodology for fabricating free-form, self-support-
ing 3D LCE structures which can generate unique shape
transformations that have not previously been demonstrated in
the literature. Embedded 4D printing of LCE into a laponite
gel matrix provided a facile method for producing geometri-
cally complex LCE structures. By increasing the cross-link
density and resulting modulus of the LCE, the structures could
retain their shape after removal from the gel. Furthermore, it
was demonstrated that printing into the gel matrix has a
limited effect on the thermomechanical actuation properties of
LCE. The structures presented herein demonstrate significant
advances in geometrical complexity over previously reported
LCE architectures, ultimately resulting in unique 3D to 3D′
shape transformations. This work demonstrates a methodology
for the preparation of geometrically complex smart structures
that can be used for a variety of smart structure applications
such as soft robotics, biomedical devices, and deployable
structures.

4. MATERIALS AND METHODS
4.1. Materials. 4.1.1. Liquid Crystal Elastomer Ink. The LCE ink

used in this study was synthesized by following the procedure
outlined below. First, RM257 and RM82, purchased from Wilshire
Technologies (Princeton, NJ, USA), were mixed in a 75/25 weight
ratio. Next, 25 wt % thiol spacer [2,2′-(ethylenedioxy) diethanethiol
(EDDT)], 3 wt % of the tetrafunctional cross-linker [pentaerythritol
triacrylate (PETA)], 5 wt % photoinitiator (Irgacure 651), and 2.5 wt
% inhibitor (BHT) were introduced into the mixture. Each of these
chemicals was obtained from Sigma-Aldrich (St. Louis, MO, USA).
The solution was then heated to 100 °C and occasionally mixed to
ensure homogeneity. After cooling to room temperature, 1 wt %
catalyst [tetraethylamine (TEA) in a 1:20 ratio with toluene] was
added. The solution was then added to a Thinky mixer (ARV 310,
Thinky Inc., Laguna Hills, CA, USA) and stirred at 2000 rpm for 2
min. The solution was transferred to a 30 mL syringe and heated at 40
°C for 45 min for oligomerization. After removal from the oven and
cooling to room temperature, the LCE ink was ready for printing.
4.1.2. Laponite Gel Matrix. The gel matrix was prepared using 4 wt

% of laponite powder (Laponite-RD, BYK-Chemie GmbH, Wesel,
Germany), with 96 wt % of distilled water. Laponite powder was
evenly distributed into distilled water while being continuously stirred
to ensure proper dispersion. After the laponite was added, the gel was
allowed to sit for 24 h to allow for complete hydration and gel
formation. After 24 h, the laponite gel is ready for use.
4.2. Printing and Characterization Methods. 4.2.1. Embedded

Printing. A custom-engineered direct ink write (DIW) system having
computer-controlled motion stages was used to translate a built plate
in the X−Y plane. A constant displacement syringe pump affixed to
the translating motion stage of the Z-axis provided a method of
depositing the LCE inks. The LCE inks were embedded in a 3D
printed at room temperature into the laponite gel matrix.
4.2.2. Characterization of the Printed LCE. Characterization of the

printed LCE structures was performed by using dynamic mechanical
analysis (DMA 850, TA Instruments, New Castle, DE, USA). To test
the mechanical actuation response of the LCE, samples were placed
under a constant 0.1 N tensile load. The temperature was then
ramped from 23 to 230 °C at a rate of 3°/min to measure the
resulting mechanical actuation strain in response to temperature.
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