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M AT E R I A L S  S C I E N C E

Alignment and actuation of liquid crystals via 3D 
confinement and two-photon laser printing
Li-Yun Hsu1†, Santiago Gomez Melo2,3†, Clara Vazquez-Martel1, Christoph A. Spiegel1,  
Falko Ziebert2,3, Ulrich S. Schwarz2,3*, Eva Blasco1*

Liquid crystalline (LC) materials are especially suited for the preparation of active three-dimensional (3D) and 4D 
microstructures using two-photon laser printing. To achieve the desired actuation, the alignment of the LCs has to 
be controlled during the printing process. In most cases studied before, the alignment relied on surface modifica-
tions and complex alignment patterns and concomitant actuation were not possible. Here, we introduce a strate-
gy for spatially aligning LC domains in three-dimensional space by using 3D-printed polydimethylsiloxane-based 
microscaffolds as confinement barriers, which induce the desired director field. The director field resulting from 
the boundary conditions is calculated with Landau de Gennes theory and validated by comparing experimentally 
measured and theoretically predicted birefringence patterns. We demonstrate our procedures for structures of 
varying complexity and then employed them to fabricate 4D microstructures that show the desired actuation. 
Overall, we obtain excellent agreement between theory and experiment. This opens the door for rational design 
of functional materials for 4D (micro)printing in the future.

INTRODUCTION
The design and precise fabrication of smart materials are quickly 
growing fields with many applications ranging from microfluidics 
and microsensors to biomedicine (1). For example, microswimmers 
and microwalkers that mimic biological microorganisms have been 
used to achieve autonomous operations, including cargo transpor-
tation, molecular sensing, and drug delivery in response to changes 
in their biological environment (2–5). Two-photon laser printing 
(2PLP), an additive manufacturing technique based on two-photon 
polymerization, has had a profound impact on fabricating these 
smart microsystems due to its ability to construct three-dimensional 
(3D) structures with submicrometer resolution. The use of printable 
smart materials is key to combine the geometry of a printed struc-
ture with specific stimuli-responsive features and functionalities (6, 
7). Among these smart materials, liquid crystal elastomers (LCEs) 
are unique due to their ability to perform strong mechanical actua-
tion in response to an external stimulus, usually temperature (8–11). 
This response relies on their large and reversible volume change 
upon reorientation of pre-aligned liquid crystal (LC) molecules 
(mesogens) at the nematic-to-isotropic transition.

In recent years, remarkable efforts have been dedicated to advancing 
the fabrication of LCE microsystems using 2PLP, especially by design-
ing new (multi)responsive printable systems (12–17). While these de-
velopments represent major advances in the field, it is important to note 
that many of the previously reported examples are restricted to one-
directional movements, which limits their ability to enhance the com-
plexity of actuation patterns. In the previously reported literature, a 
tedious stepwise or modular fabrication process was necessary to 
achieve bidirectional actuation (18, 19). This problem results from the 

challenges associated with controlling the orientation of LCs in 3D, 
which then determines the actuation behavior of LCEs (20). To control 
the alignment of the LC monomers during 3D printing, the most 
straightforward approach is the use of functionalized surfaces. This in-
volves the use of an alignment cell, where the LC ink is filled into the 
gap between two surface-modified glass slides. The modified surfaces, 
including polymer coating or surface rubbing, enforce a universal di-
rector field in the whole LC material, and thus resulting in only one 
simple actuating pattern. The limitations on programing LC orientation 
within an alignment cell are two-folds: (i) The surfaces from the top and 
the bottom glass have a direct influence on orienting LC molecules only 
when they are in contact with the surfaces, while the ones at the core 
layers can only be aligned indirectly, by molecular interactions 
propagated from the anchored molecules. Therefore, surface alignment 
methods are generally restricted to a cell thickness of 100 μm. (ii) To 
locally control alignment, very complex methods such as lithography 
patterning (21, 22) or microrubbing technique (23) are required to 
achieve the desired spatial accuracy. For example, 2PLP has also been 
used for the fabrication of micro surface-relief gratings, which offers 
anchoring energy to LCs enabling 2D and 2.5D surface alignment (21, 
22, 24, 25). Recently, Smalyukh and coworkers (26, 27) have reported a 
novel alignment approach using nematic colloids (e.g., microprinted 
knotted and interlinked particle geometries) that further advance the 
possibilities of aligning LC media in 3D. Furthermore, the group stud-
ied the effect of chiral LC colloids (28). However, in these approaches, 
the alignment pattern itself is usually uniform and there have been only 
a few reported approaches aiming at allowing flexible alignment ma-
nipulation of printable LC (LC inks) to control the alignment and there-
fore, actuation in the final 3D-printed microstructure in a spatially 
modulated fashion. For instance, in a previous work, we demonstrated 
the capability to alter the alignment of LC ink in situ by applying electric 
fields during the printing process (29, 30). This approach enabled the 
fabrication of LCE microstructures with intricate alignment designs, 
showcasing complex actuation. However, this method requires very 
special technical expertise to realize the necessary customized setup.

In this study, we present a method for straightforward control 
of LC alignment in 3D by using polydimethylsiloxane (PDMS) 
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microscaffolds using a commercially available two-photon 3D la-
ser printing setup. It has been reported that the hydrophobic 
properties of PDMS surfaces induce a perpendicular anchoring 
effect of LC molecules (31, 32). However, the fabrication of PDMS 
scaffolds has been limited to conventional molding method, using 
a PDMS-based master mold or microfluidics to manipulate LC 
orientations (33, 34), where the geometries and resolutions were 
very limited. Leveraging the capabilities of 2PLP, PDMS-based 
microscaffolds can now be 3D printed with higher resolution and 
arbitrary shapes, such as microchannels, microwells, and other 
complex geometries. Here, we demonstrate that these 3D-printed 
PDMS-scaffolds can be used to control the nematic orientation in 
3D. To prove the success of our method, we calculated the ex-
pected orientation field with Landau de Gennes theory for the 
given boundary conditions and then compared the measured and 
simulated birefringence of the different samples. The excellent 
agreement between experiment and theoretical calculation has 
proven that the level of controlling LC directors is not only limited 
to the top and bottom surfaces but also extends along the z axis. 
Furthermore, the method was also applied to investigate the ac-
tuation of 3D-printed LC microstructures with temperature and 
we observed exactly the deformations predicted with an elastic 
theory. This opens the door for 4D (micro)printing of smart ma-
terials with preprogrammed actuation behavior. In Fig. 1, we show 
a schematic overview of our workflow.

RESULTS
Fabrication of PDMS-based 3D microscaffolds and 
LC alignment
As a first step, PDMS 3D microscaffolds were fabricated via 2PLP (see 
fig. S1), which offers several advantages compared to the conventional 

microreplica molding methods. 2PLP enables not only the construc-
tion of multiple 3D scaffolds with varied geometries in a single print 
but also avoids rough surfaces and artifacts that are typically observed 
when using molding methods, causing undesirable topological de-
fects (31, 35, 36). For this purpose, a commercially available PDMS-
based ink (IP-PDMS, Nanoscribe GmbH) was used (37). Because of 
the soft elastomeric properties of PDMS, a specific printing protocol 
was developed involving first printing a densely cross-linked contour 
at a slower scanning speed (20 mm/s, 30 mW) and then rapidly filling 
the interior (100 mm/s, 40 mW) to ensure good structural stability.

Once optimized the parameters for the fabrication of the 3D mi-
croscaffolds, the PDMS-induced alignment effect was examined by 
fabricating an alignment cell as depicted in Fig. 1. Specifically, the 
glass substrate with the printed PDMS scaffolds and a second sub-
strate were glued together using spacers in between to define the cell 
thickness. Subsequently, a liquid crystalline material, i.e., E7 mix-
ture, was infiltrated (see details in Materials and Methods). To prove 
the effect of the PDMS scaffolds, the glass substrates used in the 
study were spin-coated with polyimide (SE-5661, Nissan Chemi-
cals). This coating ensured that LC molecules are pristinely homeo-
tropically aligned. As a result, when observed under a polarized 
optical microscope (POM), a dark, nonbirefringent background is 
observed, regardless of the orientation of the sample. However, if the 
aligning vector is affected by the PDMS and no longer perpendicular 
to the substrate, this disturbance should be identified by the result-
ing pattern under the POM. The relationship between PDMS geom-
etry and the induced alignment effect was carefully investigated by 
designing two types of PDMS microscaffolds, as discussed below.
Planar alignment
The first type of scaffolds consisted of microchannels formed by two 
parallel PDMS blocks, designed to reorient the LC director field in 
an orthogonal fashion to the PDMS surfaces, thereby inducing a 

Fig. 1. Schematic illustration of the workflow. The alignment of LC molecules (blue ovals) can be manipulated with the geometry of the PDMS microscaffolds (gray). The 
aligned LC molecules can be used for the subsequent fabrication of 3D LCE microstructures (red) using 2PLP. The induced alignment fields (black patterns) are preserved 
within the LCE microstructures. The director field resulting from the boundary conditions is calculated with Landau de Gennes theory and validated by comparing ex-
perimentally measured and theoretically predicted birefringence patterns. The actuation of the 4D-printed microstructures with temperature is predicted by an elastic 
theory and validated by comparison with the actuated shape.
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planar alignment between two partitions (Fig. 2A). The microchan-
nels were fabricated with a constant thickness of 20 μm and a length 
of 100 μm (Fig. 2B). To determine the effect of the PDMS geometry 
on the LC alignment, the height (H) or the channel width (W) of 
these channels was systematically varied (Fig. 2C). The effect was 
assessed by examining the optical density (OD) obtained from POM 
images taken at the centerline of the microchannels and comparing 
to theoretical predictions based on Landau de Gennes theory com-
bined with Jones calculus for optical intensity calculations (see sec-
tion S2 for details) (27–28, 38–40). The simulated director fields in 
Fig.  2C demonstrate that narrower channels result in a predomi-
nantly planar alignment parallel to the plane of the substrate. As the 
channel was widened, alignment perpendicular to the substrate be-
came energetically favorable at the center, resulting in the central 
near-zero intensity region observed in both POM and the simulated 

optical experiment. To further quantify these orientation effects de-
pending on the geometry, we plotted the mean OD as a function of 
the aspect ratio η = H/W (31) of the PDMS channel (Fig. 2D). When 
the width W was held constant at 30 μm (left), the presence of a 
polydomain (partially induced planar alignment and the pristine 
homeotropic alignment) was observed within the channel when the 
height H was below 20 μm. This was indicated by a high OD value, 
resulting from a dark background in the images. Contrarily, when 
the aspect ratio η = H/W exceeded 0.67, substantially lower OD val-
ues were observed, which were attributed to the bright birefringence 
signal falling within the range of 0.7 to 0.85. This revealed the dis-
ruption of the pristine homeotropic alignment over a large distance. 
A similar effect was also observed in the corresponding experiment 
where we expanded the width (W) while maintaining a constant 
height (H) of 30 μm (right). The mean OD remained in the range of 

Fig. 2. Planar alignment using PDMS microscaffolds. (A) Schematic illustration of LC molecules orientation within a PDMS microchannel. (B) Electron microscopy image 
of the PDMS blocks. (C) LC alignment with E7 mixture induced by PDMS microchannels with varied height (H) and width (W) measured by POM (top, orientation of the 
polarizers is indicated by the arrows). Simulated intensity map (center) and director field at the top of the scaffold (bottom) of alignment effect induced by PDMS micro-
channels. (D) Mean optical density (OD) acquired from POM images, with varied channel height (left) or width (right), plotted against their aspect ratio H/W (n = 5). 
(E) FWHM of simulated intensity normalized by W and plotted as a function of aspect ratio H/W.
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0.5 to 0.6 when W was below 50 μm but increased two to threefold 
once the width exceeded this threshold. The findings from this sec-
ond experiment further verified that a PDMS channel with η > 0.60 
was expected to induce planar monodomains. The same conclusions 
were reached from the computer simulations by plotting the full 
width at (intensity) half maximum (FWHM) as a function of the 
aspect ratio (Fig. 2E). For η < 0.75 the FWHM/W increased sharply, 
indicating the existence of a region with pristine alignment and no 
intensity. Above this threshold, the FHWM/W dropped asymptoti-
cally to 0, implying planar alignment. We believe that this threshold 
matches the experimentally obtained critical value of η = 0.60. The 
remaining differences mainly result from uncertainties in the ther-
motropic and elastic parameters of the Landau de Gennes potential, 
as well as from the frequency dependence of the ordinary and ex-
traordinary refractive indices.
Radial alignment
To induce LC radial alignment, PDMS 3D microscaffolds consisting 
of a cylindrical cavity were fabricated (Fig. 3A). Following the same 
procedure as before, LC cells were prepared and the E7 mixture was 
subsequently infiltrated to investigate the effect of geometry in the 
alignment (Fig. 3B). It should be noted that in the design of these 3D 
microscaffolds, “microtrench” features were implemented. The in-
troduction of these features in the geometry design is twofold: (i) to 
effectively reduce the interfacial tension between the PDMS bulk 
and the substrate and to prevent detachment during the solvent-
washing process and (ii) to facilitate the successful infiltration of LC 
into the confined cavities, as shown as the cross patterns along the x 
and y axes in the POM images (Fig. 3C). The concentric LC topog-
raphy observed by POM inside the microscaffolds suggested the for-
mation of a radial domain, further confirmed by the simulated 
director field. Analogous to the planar case, primarily radial align-
ment is observed for narrower cylindrical wells, whereas larger cyl-
inders result in the coexistence of radial alignment near the walls 
and z alignment at the center. The latter results in high optical ex-
tinction at the center, observed in POM and confirmed by the simu-
lated optical experiment. Consequently, the intensity profiles again 
provide a measure for the length scale at which the director rotates 
from the radial configuration to the z alignment.

We next studied the onset of z alignment at the center and its ef-
fective range as a function of the aspect ratio (η = R/H′), defined in 
this case by the radius (R) and the height (H′) of the cylindrical cavity 
(Fig. 3B). When the cavities remained at a constant height of 30 μm, 
the difference of the OD value between the circular center and the 
LC-PDMS interface (∆OD) notably increases as the radius exceeded 
37.5 μm, indicating the formation of a polydomain (see section S3 
for details). In the POM images, we observed the formation of black 
circular areas, whose size expanded with increasing cavity radius. 
This may be due to the competition between the intermolecular 
interactions of the re-anchored LC molecules and those initially 
aligned to the functionalized substrate. In other words, the surface 
ratio between the cylindrical well and the substrate surface deter-
mines the resulting director field within the PDMS microscaffold. As 
shown by simulations, when the FWHM/R starts increasing above 
η′ = 0.5 to 0.6, the presence of a z-aligned domain becomes more 
prominent than the predominant radial alignment (Fig.  3D and 
fig. S2). In general, a similar director field pattern is obtained for dif-
ferent scaffold sizes as long as their aspect ratio remains constant, 
because all material length scales are much smaller than the printed 
structures. In fig. S3, we theoretically compared two cylindrical wells 

with different sizes, but with the same aspect ratio of R/H = 1.65. 
This yielded indistinguishable director fields and nearly identical bi-
refringence patterns.

Furthermore, we exploited the freedom of 2PLP for the creation 
of complex 3D microscaffolds and tested the radial alignment using 
not only cylindrical microcavities but also other geometries. To this 
aim, we designed a 3D model in which the microcavities to accom-
modate the LC material can be precisely positioned in 3D. In particu-
lar, three different types of confining shapes, cylindrical, triangular, 
and floral, were integrated within a 3D block (90 × 90 × 90 μm3) at 
different heights (30 μm space between them) (Fig. 3E). As before, 
the incorporated “microtrenches” enabled the infiltration of the LC 
molecules in each microcavity. The formation of distinct radial pat-
terns for the three shapes was clearly visible by POM.

Printing LCE microstructures with tailored alignment 
profile in 3D
As a next step, the concept of using PDMS microscaffolds to tailor 
LC alignment in 3D was extended to the fabrication of microstruc-
tures using 2PLP. It is expected that the alignment patterns achieved 
due to the presence of PDMS microscaffolds are translated into the 
printed 3D microstructure and therefore, new complex actuations 
can be accomplished that are unattainable using conventional 
methods such as surface alignment. Thus, for this purpose, we 
printed LCE 3D microstructures in the vicinity of the preprinted 
PDMS microscaffolds (Fig.  4A) and investigated the influence in 
the alignment and to prove that this alignment is retained after the 
fabrication process.

To generate microstructures, the LC E7 mixture used in the previous 
section was replaced with a printable LC ink that can be photopolymer-
ized via 2PLP. This ink was adapted from our previous work (13, 30) 
and consisted of a mixture of LC monomer [4-(6-acryloyloxy- 
hexyloxy) phenyl ester (C6BP), 29.4 wt %], cross-linkers {1,4-bis[4-
(3-acryloyloxypropyloxy) benzoyloxy]-2-methylbenzene (RM257) 
and 4-[6-(acryloyloxy)hexyloxy]phenyl 4-[6-(acryloyloxy)hexyloxy]
benzoate (C6BAPE), 14.7 wt % each}, a photoinitiator [phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO), 1.5 wt %], and an inhibitor 
[3,5-di-tert-4-butylhydroxytoluene (BHT), 0.5 wt %] to prevent thermal 
polymerization during the alignment process (see section S4). In addi-
tion, 39.2 wt % of E7 was included in the formulation to achieve optimal 
viscosity.

To demonstrate the possibility of manipulating the alignment in 
the microstructures, an octagonal plate (50 × 50 μm2, side length 
10 μm) was printed in different environments, starting with no 
PDMS microscaffold in the vicinity and then increasing the level of 
confinement by including more PDMS partitions until an octagonal 
cavity was formed (Fig. 4B). As shown in the POM images, the bire-
fringence underwent progressive changes, as a result of the different 
alignments. Initially, the 3D-printed microstructure appeared mainly 
black due to pristine homeotropic alignment. With the placement of 
two parallel PDMS, it turned into a linear texture with a rotated ori-
entation. Subsequently, it evolved into an octagonal pattern radiating 
from the center. Moreover, complex radial patterns, including cylin-
drical, triangular, and flower-like shapes, were introduced into printed 
LCE microstructures by adjusting the plate geometries to match the 
PDMS cavities (Fig. 4C). We could prove that the unique aspect of 
this approach, the capability to achieve a higher level of complexity 
and sophistication in the alignment patterning, can also be translated 
to the 3D-printed microstructures.
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Fig. 3. Radial alignment using PDMS microscaffolds. (A) Schematic illustration of LC molecules orientation within PDMS cylindrical cavity. (B) Electron microscopy im-
age of the cylindrical geometry with the trench design. (C) POM images (orientation of the polarizers is indicated by the arrows) of E7 mixture aligned within the cylindri-
cal cavities with varied radius and their simulated intensity and director field at the top of the scaffold as well as in side view. (D) ΔOD (top), and FWHM/R (bottom) of the 
intensity maps at the circular center as a function of aspect ratio R/H. (E) 3D model, light microscopic (LM) and SEM images of a PDMS block integrated with three micro-
cavities, in circular, triangular and flower shapes, at varied z coordinates. POM images of the E7 infiltrated block were taken with different focus depth.

D
ow

nloaded from
 https://w

w
w

.science.org on Septem
ber 07, 2024



Hsu et al., Sci. Adv. 10, eadq2597 (2024)     6 September 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

6 of 12

In addition to the LC topology induced by the PDMS scaffolds in 
the xy plane, we also explored the possibility of controlling the di-
rector field along the z axis. To this aim, a rectangular LCE micro-
structure (37.5 × 60 × 15 μm3) was printed between PDMS partitions 
(Fig. 5, A to E). In addition to vertical scaffolds, which are orthogo-
nal to the substrate as shown previously, other orientations and ge-
ometries of the PDMS microstructures were tested. These included 
PDMS scaffolds with a tilt of 45°, convex curves, and concave curves. 
To visualize the effect in the z direction, the POM images of the LCE 
microstructure were captured in side view. Compared to the refer-
ence structure printed without PDMS confinement (Fig. 5A), dis-
tinct printing outcomes and birefringence were observed for each 
structure. The microstructure printed in between the vertical scaf-
fold (Fig.  5B) exhibited minimal birefringence, like the reference 
sample, as both the induced planar director and the pristine homeo-
tropic alignment were oriented in line with the crossed polarizers. 
However, an additional layer (~16 μm) was observed on top of the 
reference sample, resulting in a greater overall height than the pro-
grammed model. This occurred due to the splitting of the laser focus 
while printing within a homeotropically aligned birefringent medi-
um (29, 30), as the focus splitting is less pronounced for planar di-
rector orientation. Also, the orientation of the LC director not only 
affected the laser focus differently but also resulted in distinct 
shrinkage behavior. As seen in Fig. 5C, the LCE microstructure ex-
hibited a slight tilt due to the director being at 45° and radial LC 
topologies were observed in the LCE microstructures according to 
the curvature of the scaffolds (Fig. 5, C and D). For simulating the 
director field along the z direction, the same boundary conditions 
were used for the PDMS scaffold and the polyimide coated sub-
strate. As seen in the last line of Fig. 5, the predicted director fields 
obey the prescribed boundary conditions. However, the simulated 
birefringence patterns do not always agree with the experimental 

observations. While the experiment and the simulation showed 
similar intensity profiles for the pristine sample (Fig. 5A) and the 
one within the concave scaffold (Fig.  5D), different profiles were 
found for the other cases. For example, because of the boundary ef-
fect from three surfaces (two walls and the substrate), nonzero in-
tensity profiles were theoretically predicted between two straight 
walls (Fig. 5B) and for the tilted scaffold (Fig. 5C) under 45° polar-
ization. However, experimentally, very low polarized signal was ob-
served for these two cases. Also, a central intensity maximum at the 
central line between two straight walls (Fig. 5B) or at the field center 
of the convex scaffold (Fig. 5E) was predicted by the simulations but 
not in the experiment. Such disagreements might be attributed to 
different LC anchoring properties between the PDMS and poly-
imide surfaces (32, 41, 42), as the PDMS scaffolds appeared to more 
strongly influence the LC director than the polyimide surface. Fur-
thermore, these differences could be caused by the nematic field dis-
tortion after the 3D printing process, e.g., because of the shrinkage 
and other deformations of the 3D structures during the processing. 
Overall, several cases show good agreement (especially A and D), 
while the agreement is worst for the most complex one (C).

Demonstrating 4D complex microactuation using 
PDMS-induced alignment
Last, we exploited the capabilities of the established methodology 
with PDMS microscaffolds to design LCE-based microactuators 
and to study, both experimentally and theoretically, their tempera-
ture response. As previously mentioned, actuation relies on the LC’s 
nematic to isotropic transition. During this transition, the printed 
material will contract along the director. Thus, we aimed at inducing 
different alignments patterns to be able to program complex actua-
tion patterns that are not attainable with conventional surface 
alignment.

Fig. 4. 3D printing LCE microstructures with tailored alignment. (A) Schematic illustration of fabricating LCE microstructure (red) within a PDMS microscaffold. 3D 
model (top-down view), light microscope images (LM), POM images and SEM images (tilted view) of LCE structures (red) printed in PDMS microscaffolds (blue) with 
(B) different degree of confinement or (C) cylindrical, triangular and floral geometries. The plate of the LCE structure was positioned 15 μm above the substrate, corresponding 
to half the height of the PDMS microscaffolds (H = 30 μm). SEM images were false colored for clarity.
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As a first step in the investigation of the microactuation, we printed 
LCE pillar arrays within three types of channel-like PDMS scaf-
folds in different orientations (Fig. 6, A and B). These pillar arrays 
consisted of a base plate and 5 × 5 pillars with a diameter of 4 μm. 
Their actuation was analyzed in an optical microscope with a heating 
stage. This allowed us to record the variations in the width and length 

of the array at room temperature and beyond the transition tempera-
ture. The impact of the PDMS channels on the LCE pillars became 
evident shortly after the removal of the unpolymerized ink. The pil-
lars without PDMS channels in the vicinity, denoted as “pristine,” 
underwent uniform shrinkage in both the x and y axes, primarily due 
to the homeotropic alignment enforced by the alignment surfaces on 

Fig. 5. Controlling the LC alignment along the z axis. Model, LM, POM (orientation of the polarizers is indicated by the arrows), and SEM images of LCE microstructure 
(red) printed within PDMS scaffolds (blue) with varied geometry (view from y axis) (A to E), as well as the director field and intensity profile obtained from simulations. SEM 
images were false-colored for clarity.
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Fig. 6. 4D microactuation. (A) 3D model of a pillar array with dimension 20 × 20 × 20 μm3 (radius, 2 μm). (B) SEM image of the pillar arrays within PDMS scaffolds with 
different orientations. (C) Temperature response of the pillar array, including SEM, optical images, and simulated mechanical actuation. The red arrows indicate the 
expanding direction of the arrays, corresponding to the difference between the simulated initial state (translucent) and the simulated activated state (saturated). The result-
ing displacement field was based on a simplified hyperelastic geometry for a uniform director field with orientation perpendicular to the PDMS scaffold. Units are rescaled 
so that the length of the undeformed cube is 1.
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the glass cell. In contrast, the pillars printed within the channel-like 
scaffolds (labeled as “PDMS-Y,” “PDMS-X,” or “PDMS-45°,” indicat-
ing the direction of the channels), exhibited a noticeable shrinkage 
along the expected alignment direction. For the channels rotated 45° 
(referred to as PDMS-45°), the pillar array formed a diamond shape, 
with the shorter diagonal aligned parallel to the channel (Fig. 6C). 
Once the temperature was increased above the transition tempera-
ture, an interesting observation emerged: While the pristine array 
expanded equally in both directions, in the three arrays printed in-
side the PDMS channels, the expansion was more pronounced in the 
direction parallel to the channel’s orientation.

The mechanical actuation of the microactuators with the differ-
ent director fields (Fig. 6C) was simulated using nonlinear morpho-
elasticity theory (see section S2) (43). In good agreement with the 
experiment, the theoretical model predicts the most prominent as-
pects of the deformation: As the structure is driven to the isotropic 
state, it contracts in the direction of the nematic director, and it ex-
pands in the perpendicular plane in order to meet the constraint of 
volume conservation. In the case of pristine alignment, the perpen-
dicular plane to the director is parallel to the substrate, so the struc-
ture expands in both directions of this plane. In contrast, the 
perpendicular plane to the director in the presence of PDMS scaf-
folding is parallel to the scaffold, so the structure accordingly ex-
pands along the plane of the channel and contracts in the orthogonal 
direction. Thus, the simulations allow for a precise interpretation of 
the experimental deformation; it is a direct consequence of the in-
terplay between the contraction along the programmed molecular 
orientation caused by the phase transition and the incompressibility 
requirement.

As the next step, we designed a more complex microactuator 
consisting of a free-rotating gripper (40 × 40 × 30 μm3) (Fig. 7). As 
expected, while symmetric actuation was observed for the pristine 
sample, under influence of the PDMS, the actuating behavior of the 
gripper within PDMS-X and PDMS-Y was clearly asymmetric and 
dependent on the position of the scaffolds (Fig. 7A and movie S1). 
In particular, the arms parallel to the PDMS channels were more 
deformed than the one perpendicular to them, demonstrating the 
influence of alignment due to the presence of the PDMS. More in-
teresting was the effect of the rotated director field by having PDMS 
scaffolds at 45°. Instead of adhering to the originally programmed 
orthogonal cross design, the rotated channel induced a diagonal 
skew in the gripper’s configuration. In this configuration, the grip-
per’s two arms were initially positioned closely to each other, with 
each pointing toward one side of the PDMS surface. During the 
heating process, the gripper displayed a scissor-like movement with 
its arms extending toward the open end of the channel. The scissor 
motion reversed as the temperature cooled down, ultimately return-
ing the gripper to its original state. The extent of this actuation 
movement, defined by the change in the angle (θ) between the two 
gripper arms, could reach up to 24°, while the arms of the gripper 
printed in a pristine configuration remained orthogonal during 
the activation cycles. As before, the observations are compared with 
the predictions of nonlinear morphoelasticity, which again reveals the 
essential features of the experimental actuation. The cross experi-
ences a shearing along its four arms, with the largest displacements 
at its ends. This results in the same scissor-like motion as that which 
was experimentally observed. Simulations thus confirm that the fab-
ricated microactuators deform as prescribed by the nematic orienta-
tion, demonstrating that the method is effective in programming 

mechanical actuation. This method can be extended to other geom-
etries and alignment patterns by adhering to the boundary condi-
tions of the PDMS scaffolds, as demonstrated with LC solvent. As 
shown in fig. S5, a flat disc printed within cylindrical scaffolds ex-
hibited up-folding deformation upon heating when the cavity diam-
eter was 50 μm. When the diameter exceeded 70 μm, the disc 
expanded horizontally, similar to the pristine ones. These observa-
tions of different actuator behaviors are consistent with the director 
field shown in Fig. 3 (see section S5 and movie S2).

DISCUSSION
Here, we introduced a simple workflow for tailoring LC alignment in 
3D and then fixing it in a 3D-printed microstructure, so that it finally 
can be actuated by temperature. The method relied on exploiting the 
surface characteristics of PDMS, which influences the orientation of 
the LC molecules throughout the sample. Using the PDMS micro-
structures as confining scaffolds, the LC directors arranged according 
to the influence of their specific geometries and as predicted by Lan-
dau de Gennes theory, resulting in LC topologies of varied complex-
ity which could not be achieved with the conventional surface 
alignment method. The achieved alignment patterns were then fixed 
in 3D-printed microstructures. Their actuation was correctly pre-
dicted by an elasticity theory with spatially varying metrics.

Our workflow allows us to generate microactuators in a simple 
3D-printing setup that does not require any additional instrumental 
or manufacturing modification. Specifically, we have demonstrated 
the capability to fabricate various 4D microstructures, such as pillar 
arrays and more complex grippers, which exhibit the desired actua-
tion by controlling their alignment in 3D. By combining alignment 
patterns with specific geometries, we believe that a large and rich 
design space for potential applications can be created in the near fu-
ture. Given that PDMS is widely used in biomedical systems, such as 
microfluidic chips (44), incorporating multiple LCE-printed compo-
nents offers the opportunity, e.g., to fabricate adaptable valves for 
modulating fluidic channels or cell sorting (45) or to incorporate our 
microscaffolds into multicellular tissue. For such applications, high 
temperatures are problematic and the transition temperature should 
be lowered by new formulations. Furthermore, incorporating photo-
responsive units within the LCE formulation would enable temporal 
and spatial control over each individual microactuator (13), thus ad-
vancing microrobotics. In addition, developing strategies to selec-
tively remove the PDMS microscaffolds would further eliminate 
geometric limitations and open this workflow for combination with 
other structures or procedures. Potential approaches for scaffold re-
moval include selective etching (see fig. S7 for proof of principle) or 
incorporating photocleavable units (46) within the PDMS network.

Since both alignment and the effect of actuation can be described 
by appropriate theories, the door is now open for rational design of 
4D-printing solutions, including the possibility to use machine 
learning approaches to achieve desired design features, in analogy to 
similar developments in the field of nanophotonics (47).

MATERIALS AND METHODS
Chemicals and materials
Liquid crystalline compounds, including 4-methoxybenzoic acid, C6BP, 
C6BAPE, RM257, 1,4 bis[4-(6-acryloyloxyhexyloxy)benzoyloxy]- 
2-methylbenzene, and the LC mixture E7 were purchased from 
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SYNTHON Chemicals GmbH & Co. KG. The photoinitiator 
[phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO)] and a 
radical inhibitor [3,5-di-tert-4-butylhydroxytoluene (BHT)] were sup-
plied by Sigma-Aldrich. High-performance liquid chromatography 
grade 2-propanol (99.5%) and dichloromethane (99.7%) were pur-
chased from Thermo Fisher Scientific, and IP-PDMS was acquired from 
Nanoscribe GmbH & Co. KG. All materials were used as received with-
out further purification.

LC ink preparation
LC inks were prepared by dissolving all LC components (see com-
positions in table S1), BAPO and BHT in dichloromethane (2 ml). 
The homogeneous solution was stirred continuously at 65°C under 
a nitrogen flow for an hour until the solvent was completely removed.

Preparation of alignment surfaces
Microscope cover glasses with dimensions of 22 × 22 mm2 and a 
thickness of 170 ± 5 μm (Marienfeld) were sequentially sonicated in 

acetone and 2-propanol for 10 min each and then treated with a 
plasma cleaner (Harrick Plasma). To achieve a 90° anchoring of the 
LC director to the substrate, a 100 μl of polyimide (Nissan SUNEVER 
SE-5661) was spin-coated onto the glass surfaces at a spinning speed 
of 300 rpm for 5 s, followed by an acceleration to 4000 rpm for 20 s. 
The coated substrates were prebaked at 80°C for 2 min and then 
postbaked at 220°C for 30 min to complete the polymerization.

Alignment cell
The assembly of the alignment cells was adapted from the previ-
ously reported procedure (13). Before the assembly, each corner of 
the polyimide-coated substrate was deposited with a ultraviolet 
(UV)–curable glue (Norland UV Sealant 91), which was previously 
mixed with soda lime glass microspheres (diameter, 100 μm; Co-
spheric LLC) to define the cell thickness. Two substrate pieces, with 
their alignment surfaces facing inward, were then joined and ex-
posed to UV light for 1 min inside an Asiga Flash UV chamber to 
ensure bonding. The alignment cell was heated to 80°C, at which 

Fig. 7. 4D microgripper with different alignments. (A) LCE microgripper printed without (pristine) or within PDMS microchannels with varied orientation, exhibiting 
distinct thermal activation once the structures were heated from room temperature (RT) to 300°C. The blue and red arrows indicate the deforming direction of the gripper, 
corresponding to the geometry differences between the (B) simulated initial state (translucent) and the simulated activated state (saturated). The simulated mechanical 
actuation and resulting displacement magnitude was based on a simplified geometry and a hyperelastic material which has a uniform director field with perpendicular 
orientation to the PDMS scaffold. Units are rescaled so that the length of the sides of the cross are 1. See movie S1.
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point the LC mixture was filled in the cell via capillary force. The cell 
was gradually cooled to room temperature at a controlled rate of 
1°C/min. For aligning polymerizable LC ink, the cell was kept in the 
dark during the alignment process.

Two-photon laser microprinting
All 3D microstructures were fabricated within a direct laser writing 
setup (λ = 780 nm, Photonic Professional GT2, Nanoscribe GmbH & 
Co. KG). PDMS microscaffolds were printed in a dip-in laser lithogra-
phy (DiLL) configuration. A droplet of IP-PDMS was placed both at 
the center of the substrate, with the functionalized side facing down-
ward, and on the lens of a 25× objective [numerical aperture (NA) = 0.8 
and working distance (WD) = 380 μm; Zeiss]. All PDMS microscaf-
folds were printed with an optimized profile that a contour shell com-
posed of 12 layers (contour distance, 0.2 μm) was first printed with a 
laser power of 30 mW and a scanning speed of 20 mm/s, and then 
followed by the filling of the interior (with a laser power of 40 mW, a 
scanning speed of 100 mm/s, and slicing and hatching distances of 
0.3 μm) for each layer. After the printing step, the excess of IP-PDMS 
was removed by placing the substrate horizontally, with the printed 
side facing downward, in two separate 2-propanol baths (each contain-
ing 10 ml) consecutively for 10 and 2 min each at room temperature. 
After drying the printed PDMS structures with a gentle nitrogen flow, 
the substrate was promptly used to construct a glass cell with another 
substrate to prevent contamination from dust.

For printing LC microstructure, the alignment cell filled with 
LC ink was subjected to the printer after the alignment step. LC 
structures were constructed by using a 63× oil objective (NA = 1.4 
and WD = 190 μm; Zeiss) to begin the print at the interface be-
tween the LC ink and the bottom glass of the alignment cell. The 
different 3D microstructures were printed using a laser power 
range of 20 to 30 mW and a printing speed of 5 to 10 mm/s. It is 
worth noting that for LCE microstructures with a height greater 
than 5 μm, a 5% increment in laser power was crucial to compen-
sate for the reduction in laser intensity when printing through a 
birefringent structure. After the printing, the cell was cut open with 
a blade, and the unpolymerized ink was removed by immersing the 
substrate sequentially in two warm 2-propanol (60°C) baths for 10 
and 2 min, respectively. The printed microstructures were then 
gently dried with a nitrogen flow.

Optical microscopy
All printed structures were inspected under optical microscopes 
with transmitted light. A Leica DM2700 M (Leica Microsystems) or 
an Axio Imager Z1 (Carl Zeiss AG), which were run with the ana-
lytical microscope software LAS X or ZEN, respectively, was used. 
For polarized images, samples were placed between crossed polar-
izers in both cases.

Actuation of LCE microstructures
The thermoresponsive behavior of LCE microstructures were inves-
tigated within a heating stage (LTS 420, Linkam Scientific Instru-
ments), which was either coupled to the optical microscope DM2700 
or a stereomicroscope (Leica Z16 APOA, equipped with a camera 
EO-5310). The heating cycle was programmed to have the tempera-
ture first be sprint up from ambient temperature to 120°C (35°C/
min), followed by a steady gradient until 300°C (10°C/min), and 
then remained constant for 5 min before cooling down to room 
temperature with the same temperature gradient.

Scanning electron microscopy
Scanning electron microscopy (SEM) images were acquired using 
a Zeiss Ultra 55 (Carl Zeiss AG) at a primary electron energy of 
3 keV. Before imaging, samples were coated with a 12-nm-thick 
layer of Pt/Pd (80:20) using a sputter coater.

Analysis of LC alignment profile
The alignment profile of LC molecules induced by PDMS within 
each PDMS microscaffold was quantified using the OD values de-
rived from polarized images. This quantification was carried out us-
ing the image analysis software ImageJ. Before the analysis, an OD 
calibration based on mean gray values was performed with a Kodak 
No. 3 Calibrated Step Tablet, which consists of 21 steps covering a 
density range from 0.05 to 3.05 OD. The mean gray value of each 
step was translated into its corresponding OD value. The accuracy of 
this calibration was verified by constructing a calibration curve with 
an R2 value of 0.99. All POM images were cropped to the region of 
interest and converted into 8-bit grayscale for analysis.
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