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Switching between 3D Surface Topographies in Liquid
Crystal Elastomer Coatings Using Two-Step Imprint
Lithography

Pei Zhang, Michael G. Debije, Laurens T. de Haan,* and Albert P. H. J. Schenning*

While dynamic surface topographies are fabricated using liquid crystal (LC)
polymers, switching between two distinct 3D topographies remains
challenging. In this work, two switchable 3D surface topographies are created
in LC elastomer (LCE) coatings using a two-step imprint lithography process.
A first imprinting creates a surface microstructure on the LCE coating which is
polymerized by a base catalyzed partial thiol-acrylate crosslinking step. The
structured coating is then imprinted with a second mold to program the
second topography, which is subsequently fully polymerized by light. The
resulting LCE coatings display reversible surface switching between the two
programmed 3D states. By varying the molds used during the two imprinting
steps, diverse dynamic topographies can be achieved. For example, by using
grating and rough molds sequentially, switchable surface topographies
between a random scatterer and an ordered diffractor are achieved.
Additionally, by using negative and positive triangular prism molds
consecutively, dynamic surface topographies switching between two 3D
structural states are achieved, driven by differential order/disorder transitions
in the different areas of the film. It is anticipated that this platform of dynamic
3D topological switching can be used for many applications, including
antifouling and biomedical surfaces, switchable friction elements, tunable
optics, and beyond.

1. Introduction

To a great extent, surface topography determines the function of a
coating. Dynamic changes of surface topography have significant
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impacts in tunable optic applications,
dynamic antifouling, surface wetting, tribo-
logical properties, and directed cell growth,
to name a few.[1–5] Researchers have been
developing synthetic materials, including
hydrogels,[6,7] shape memory polymers,[1]

and liquid crystal (LC) polymers[2,3,8,9]

to achieve switchable surface topogra-
phies. For hydrogels, wet environments
are typically essential in creating surface
structural changes. For shape memory
polymers, the surface feature changes
are generally one-way: the structured sur-
face will return to the undeformed state
when heated but will not revert back to
the deformed state when cooled again;
additional reprogramming is required
to recreate any surface structure.[1,10–14]

Using LC polymers, dynamic surface to-
pographies may be generated by program-
ming the LC director distribution, creat-
ing material gradients in the plane of the
film, or actuating the surface locally.[2,3,15]

In most cases, the initial rest state of the
surface is flat and upon actuation surface
structures appear; in other cases the sample
presents an initial 3D surface topography,

and upon actuation the topography changes in height.[2–4,16–21]

LC elastomers (LCEs) with 3D surface pillar array microstruc-
tures exhibiting height and diameter changes with chang-
ing temperature were created using imprinting or molding
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methods.[22–27,28,29] By programming the LC directors inside the
pillars, more complex motions could be achieved.[30–32]

Surfaces that transform from one 3D surface topography to
a different 3D topography when exposed to stimuli which may
reversibly return to their initial state upon removal of the stim-
uli have not yet been demonstrated. Such dual-structured devices
will potentially allow a surface to have different functionalities in
the rest and actuated states, broadening the potential applications
of dynamic surfaces.

Inspired by the macroscopic shape morphing possible in
freestanding films,[33–37] we report LCE surface-bound coatings
switching between two distinct 3D surface topographies. To make
the surface bound films, we use a similar two-step crosslinking
process as used in forming the freestanding films.[33–35,38,39] First,
surface structures are created via imprinting, the resulting sur-
face structured LCEs are partially polymerized into a loose net-
work by an initial crosslinking step. The partially polymerized
films then undergo a second imprinting with a second 3D sur-
face structure; the crosslinking of the film is then completed.
The resulting LCE coatings show reversible switching between
the two embedded, intricate 3D topographies. We foresee this
method combining with other approaches, such as patterning
of the director distribution or local surface actuation, to enable
more interesting, alternating 3D surface structures for applica-
tion in fields including switchable optics, controllable adhesion,
and antifouling.

2. Results and Discussion

2.1. Fabrication of 3D Surface Topographies

The fabrication of the LCE involves a two-step crosslinking reac-
tion based on an earlier reported LC mixture from White and
coworkers (Figure 1A).[38] The mixture gives rise to LCE actu-
ation around ambient temperatures. The ratio among the reac-

tive functional groups was kept as thiol: acrylate: vinyl = 1: 0.9:
0.1, so that after the first crosslinking step via the thiol-acrylate
Michael addition reaction, there are 10% excess thiol groups re-
maining. Monomers 1 and 2 are LC diacrylate monomers, which
can react with thiol derivatives 3 and 4 through a base catalyzed
thiol-acrylate Michael addition. Molecule 6 is used as the base be-
cause of its high boiling point. Tetrathiol 4 acts as a crosslinker
for this first step, and the ratio between dithiol 3 and tetrathiol 4
was chosen to ensure 10 mol% of thiol groups originating from
tetrathiol, forming a loosely crosslinked network after the first
crosslinking. In the second crosslinking step via thiol-ene radi-
cal photopolymerization, the remaining thiol groups react with
the vinyl groups from crosslinker 5. Molecule 8 is used as an
inhibitor to prevent unwanted polymerization between acrylate
groups prior to the photopolymerization reaction.

The first surface structure of the LCE is generated via Mold
1 and defines the surface topography in the actuation state
(Figure 1B). After the first crosslinking, the surface of the loose
network was imprinted using Mold 2 to program a second sur-
face structure and stabilized by fully crosslinking, realizing the
surface topography at rest. Heating and cooling of the coating
results in switching between the two 3D states (Figure 1C).

2.2. LCE Films with Switchable 3D Surface Topographies

First, we verified a surface structure could be imprinted in a free-
standing LCE film. A mold (Mold 1) with a grating surface struc-
ture with groove periodicity of 6.7 μm and height of 0.35 μm
(Figure S1A,B, Supporting Information) was used to create a
switchable optical diffraction pattern in the film. The process de-
scribed in Figure 2A was used to prepare the film: the LC mixture
was placed between Mold 1 and a polyvinyl alcohol (PVA) func-
tionalized glass plate with spacers. The cell was maintained at
21 °C overnight to complete the first crosslinking via the base

Figure 1. A) Chemical structures of the molecules used in this study. B) The process to prepare and program the LCE coating using two-step imprint
lithography. C) Schematic illustration of the crosslinked surface topographies switching between two different 3D states upon temperature variation.
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Figure 2. LCE film with surface grating structure. A) The process used to prepare freestanding LCE film with surface grating structure. B) Length and
width changes of the film as a function of temperature (dashed lines are plotted to guide the eye). C) Topographic images and D) surface profiles of
the stretched and photopolymerized LCE film at different temperatures (profiles are y offset from each other for clarity). E) Periodicity of the grating
structure as a function of temperature (dashed lines are plotted to guide the eye). F) Diffraction patterns obtained from red laser illumination of the LCE
film at different temperatures.

catalyzed thiol-acrylate Michael addition. Mold 1 was removed,
and the film was separated from the glass plate by dissolving the
PVA in water. Grooves with a periodicity of 6.7 μm and height
of 0.22 μm were formed on one side of the film surface (Figure
S1C,D, Supporting Information). This surface structure is sta-
bilized by the first crosslinking step, although the height of the
grating is lower than in the mold. Differential scanning calorime-
try (DSC) reveals a glass transition temperature ≈−14.5 °C and a
nematic-to-isotropic transition temperature (TNI) at 40 °C (Figure
S2A, Supporting Information).

A uniaxial stretching to a strain of 106% was applied at an
angle of ≈45° to the grating groove direction (Figure S1E, Sup-
porting Information), resulting in the grating periodicity increas-
ing 75% (from 6.7 to 11.7 μm) and a uniaxial alignment of the
mesogens along the stretching direction (Figure S4, Supporting
Information). This deformation is fixed by photopolymerization
with UV light. The DSC measured after photopolymerization re-

veals a glass transition temperature ≈−12 °C and a TNI at 51 °C
(Figure S2B, Supporting Information). FTIR of the LCE was mea-
sured after both the first and second crosslinking steps (Figure
S3A, Supporting Information) and in both FTIR spectra the acry-
late peaks disappeared. The stress–strain curves of the LCE films
were also measured after both the first and second crosslinking
steps and no significant difference was observed between the two
curves (Figure S3B, Supporting Information). This suggests that
the modulus of the LCE did not undergo a substantial change af-
ter fully crosslinking, or too small to be detected with these mea-
surements.

The temperature responsive actuation of the LCE film was
characterized. Upon heating and cooling from 21 to 84°C and
back, the film shows a reversible length decrease of 45% and
a width increase of 32% as the LCE film passed the TNI
(51 °C) (Figure 2B; Figure S1F, Supporting Information), caused
by the thermal induced order-to-disorder change (Figure S4,

Small 2023, 19, 2302051 © 2023 The Authors. Small published by Wiley-VCH GmbH2302051 (3 of 8)
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Supporting Information).[34,35,38,40,41] The sample was heated and
cooled at least 10 times with no obvious changes in actuation
(Figure S1H, Supporting Information). The surface topography
of the film was also characterized at different temperatures. The
periodicity of the grooves decreases (from 11.7 to 7.8 μm, 33%)
upon heating from 21 to 84 °C (Figure 2C,D,E). The change of the
surface topography corresponds with the macroscopic changes
of the polymer film, revealing that the alternations are related
(Figure 2B,E). According to the diffraction equation,[42,43] the de-
crease of periodicity will lead to an increase of diffraction angle.
This is demonstrated by shining a laser on this film and mea-
suring the diffraction pattern (Figure 2F; Figure S1G, Support-
ing Information): the distance between the zeroth and first order
diffraction increases upon heating, indicating diffraction angle
increases. It is noted that the actuation of this LCE surface to-
pography is also reversible upon cooling (Figure S4, Supporting
Information).

2.3. LCE Coatings with Switchable 3D Surface Topographies

Having established the responsivity of freestanding films, we
looked to reproduce the structural changes for the first time
in surface-bound coatings (Figure S5, Supporting Information).
To mechanically program the surface topographies in coatings,
LCEs chemically bound to a 3-(trimethoxysilyl) propyl methacry-
late (silane A174) functionalized glass plate were prepared. The
same master grating used to prepare the freestanding LCE film
(Figure S1A,B, Supporting Information) was used as Mold 1
(groove periodicity of 6.7 μm and height of 0.35 μm) to create
a LCE coating with a grating surface structure (Figure 3A). After
the first crosslinking and removal of the grating mold, grooves
with periodicity of 6.7 μm and height of 0.25 μm were mea-
sured on the surface of the LCE coating, almost identical to the
freestanding LCE film grating (Figure S6A,B vs Figure S1C,D,
Supporting Information). Polarized optical microscopy (POM)

Figure 3. LCE coating with surface microstructures switchable between rough and periodic grating structures. A) The process to prepare and program the
LCE coating. B) Topographic image and C) surface profile of the rough Mold 2 used to program the surface of the LCE coating during second imprinting.
D) Topographic images and E,F) corresponding surface profiles of the coating after being deformed and photopolymerized at different temperatures.
The insert photographs in E) and F) are the corresponding diffraction patterns.
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image of the coating after first crosslinking reveals the align-
ment of the coating after first crosslinking being polydomain
(Figure S6C, Supporting Information). To program the surface
topography for the rest state, a rubberized metal sheet[44] with
an arithmetic roughness (Ra) of ≈1 μm was used as Mold 2
(Figure 3B,C). Mold 2 was intended to disrupt the grating struc-
ture, and when brought into contact with the LCE and manu-
ally pressed, increased the irregularity of the surface, and the
deformation was fixed by photopolymerization. The resulting
coating surface is rough and the sample at 21 °C has lost the
periodicity of the grating grooves (Figure 3D,E). This near dis-
appearance of the grating structure is verified by POM (Figure
S7, Supporting Information). The increase of surface rough-
ness and disappearance of the grating results in disappearance
of the diffraction pattern, replaced by light scattering (insert in
Figure 3E). Upon heating to 70 °C, the periodic grooves reap-
peared (Figure 3D,F; Figure S7, Supporting Information) and the
coating produces diffraction up to the sixth order. The change
of the surface topographies between scattering and diffract-
ing patterns is fully reversible, meaning that when cooled to
22 °C, the surface topography was restored to the rough state
and the light diffraction was once again lost (Figure S6D,E,
Supporting Information). The surface topological changes
are reversible throughout at least five heating and cooling
cycles.

To demonstrate the versatility of this two-step imprint lithog-
raphy method, molds with larger features were used to cre-
ate dynamic triangular prisms, a structure used for antifoul-
ing coatings.[45,46] Mold 3 is a negative triangular grooved flu-
orinated ethylene propylene (FEP) copolymer (triangle widths
38 μm, heights 55 μm, and distance between grooves 58 μm)
(Figure S8A,B, Supporting Information),[46] and Mold 4 is a pos-
itive triangular prism (Figure S8C,D, Supporting Information).
The resulting imprinted LCE structure after first crosslinking
was of triangular prisms 37.5 μm wide and 51 μm high, with a
distance between prisms (flat “plains”) of 58 μm (Figure S8E,F,
Supporting Information). The resulting LCE structured surface
is then imprinted by clamping Mold 4 orthogonal to the LCE
surface structures (Figure 4A). While mass transport of the par-
tially crosslinked structured film upon application of Mold 4
is limited, at 21 °C the original triangular prism walls of the
coating have been locally deformed by Mold 4, resulting in for-
mation of isolated “hills” punctuated by “valleys” in the trian-
gular prism extension direction. The valleys created by Mold
4 displaced material to its surroundings, increasing the height
of local plains while anisotropically skewing the peaks of the
hills (see Figure 4B). The surface profile perpendicular to the
original triangular prisms is defined as profile 1, demonstrat-
ing the height difference between the generated hills and inter-
mediate plains. Two surface profiles perpendicular to the im-
printed valleys were defined as profiles 2 and 3: profile 2 indi-
cates the height difference between the plains and valleys and
profile 3 indicates the height difference between the hills and
valleys.

Upon heating from 21 to 84 °C, the surface tends to return
to the state generated during the first imprint lithography step.
The reversion may be followed in Figure 4B,F: in profile 1, the
height difference between the hill and the plains increased from
19.4 to 42 μm (an increase of 22.6 μm, 44% relative to the height

of the triangular prisms) (Figure 4C); in profile 2, the height dif-
ference between the valley and the plains decreased from 29.8
to 3.6 μm (a decrease of 26.2 μm, 51% relative to the height
of the triangular prisms) (Figure 4D), with the valleys almost
disappearing at 84 °C; in profile 3, the height difference be-
tween the hill and the valley decreased from 41.1 to 16.1 μm
(a decrease of 25 μm, 49% relative to the height of the trian-
gular prisms) (Figure 4E). A video was created from the 3D to-
pographic images at different temperatures to visualize the sur-
face topography changes at different regions (Video S1, Sup-
porting Information). The surface topography fully reverts to
the rest state after cooling to 22 °C (Figure S8G, Supporting
Information).

To determine if the relative changes in heights of the struc-
tures are the result of the changes of either the plains or valleys
(or both), we determined the absolute height of the structures rel-
ative to the substrate surface in a second heating run (Figure S9,
Supporting Information). Examination of the surface height
changes showed the height of both the valleys and hills increased,
while the height of the plains diminished, contributing to the to-
tal surface topography change.

One expects when the triangular prism structure on the LCE
coating was deformed by Mold 4, local alignment would be cre-
ated and fixed by the second crosslinking step. Normally, free-
standing samples are stretched to give them alignment before
fixing in the second step.[33–35] Our stretched freestanding films
showed a strain of 45%; for samples confined to the glass sub-
strate, such pre-stretching is not possible. Instead, the applica-
tion of the mold generates a combination of shear, compression,
and local displacement of the material, resulting in localized LCE
alignments. We anticipate complex director alignments are gen-
erated by the irregular material displacements during imprint-
ing. Directly viewing the surface order generated by the molds
is difficult due to the thickness of the underlying bulk LCE, itself
mostly unaffected by the mold application. However, normal LCE
phase transitions are preserved, as evidenced by the POM images
in Figure S10 (Supporting Information). One might then expect a
reduced strain in the coating (estimated at 12–30% from Figure
S9B,C, Supporting Information) than in well-aligned stretched
freestanding films, but the order/disorder transition upon heat-
ing the surface structures is more than enough to allow signifi-
cant actuation. The second crosslinking embeds a type of mate-
rial “memory”, allowing the material to return to this rest state
upon cooling.[47]

There are limitations to deforming the LCE coatings; for ex-
ample, the coating with deformed trapezoidal grooved surface
did not fully return to the state generated during the first im-
printing lithography, likely because the deformation during the
second imprinting lithography was too drastic. It has been re-
ported deformation resulting from strains more than 100% dur-
ing the second crosslinking step lead to residual strain in the
sample above the TNI.

[33] This could explain why the valleys
did not fully recover to the undeformed state upon heating. In
addition, the mass transfer during second imprinting is cur-
rently limited. These strains and mass displacement may be
alleviated by adjusting the material characteristics and/or the
forces and times used during the imprinting and photopoly-
merization steps. These factors will be further investigated in
future work.

Small 2023, 19, 2302051 © 2023 The Authors. Small published by Wiley-VCH GmbH2302051 (5 of 8)
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Figure 4. LCE coating with surface microstructures switchable between two 3D states. A) The process to prepare and program the LCE coating. B)
Topographic images of the coating after being deformed by Mold 4 and photopolymerization at different temperatures. Surface profile 1 (C), 2 (D), and
3 (E) of the LCE coating at different temperatures. F) Surface height differences as a function of temperature (dashed lines are plotted to guide the eye).

3. Conclusion

A two-step imprint lithography/crosslinking method was used
to create LCE coatings capable of reversibly switching between
two distinct 3D surface topographies. First, imprint lithography
is used to create 3D microstructure on the coating surface which
is partially crosslinked. The resulting surface is imprinted a sec-
ond time to a second 3D state using a second mold and fixed by
a second crosslinking: this second crosslinking appears impor-

tant in enabling totally reversible surface structure changes. By
simply changing the molds used in each imprinting step, very
different surface structures for both the rest and actuated states
were obtained. Surface microstructure switching between rough
and periodic gratings were demonstrated, showing the poten-
tial of this coating in switchable optics. The second LCE coat-
ing used orthogonal imprinting of surface structures to demon-
strate switching between quite different surface morphologies.
We anticipate the reversible surface microstructure change

Small 2023, 19, 2302051 © 2023 The Authors. Small published by Wiley-VCH GmbH2302051 (6 of 8)
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between two different 3D states will find use in numerous appli-
cations in tunable optics, switchable antifouling, adhesion and
wetting surfaces, and in biomedical applications to study cell be-
haviors in response to topographical changes.

4. Experimental Section
Chemicals and Materials: Diacrylate LC monomers 1 and 2 were pur-

chased from Daken Chemical. 2,2’-(Ethylenedioxy) diethanethiol (3), pen-
taerythritol tetrakis(3-mercaptopropionate) (4), tetrafunctional allyl ether
crosslinker (5), 𝛼-Methylbenzylamine (6), inhibitor 4-Methoxyphenol (8),
PVA, silane A174 and 1 H, 1 H, 2 H, 2 H – perfluorodecyltriethoxysi-
lane were obtained from Sigma-Aldrich. Photoinitiator (7) was obtained
from CIBA. FEP copolymer (FEP, TEFLON FEP 100) was purchased from
DuPont de Nemours Nederland B.V. All reagents were used as received
without further purification.

The grating Mold 1 was obtained from Newport Corporation. The rub-
berized metal sheet with rough surface was the same as used in a previous
study.[44] The master brass positive triangular prism mold (2 × 2 cm2) was
micro-machined with a triangular diamond cutter. An inverse copy of the
microstructures was created from the triangular prism master by mechan-
ically embossing a 10 mm thick FEP sheet with a mechanical embossing
apparatus (Tribotrak, DACA) using a load of 5 kg. The system was heated
to 270 °C for 30 min and then cooled to room temperature, after which
the master was removed and a FEP mold with negative triangular grooved
structure was obtained.

Surface Functionalization: 3 × 3 cm2 glass plates were cleaned in
acetone for 30 min using ultra-sonication and subsequently treated by
UV−ozone (PR-100, Ultraviolet Products) for 20 min. To prepare the PVA
functionalized glass substrate, 5 wt% PVA with a molecular weight of 9000
was dissolved in distilled water and spin-coated on the clean glass plates
using a spin coater (Karl Suss CT 62) by rotating at 2500 rpm for 30 s. The
PVA-coated glass plates were then placed on a 60 °C hotplate for 30 min
to evaporate the water. To increase the adhesion of the LCE, silane A174
solution (1 vol% in isopropanol/water, v/v = 1:1) was spin coated for 45 s
at 3000 rpm on the glass plate. To create a hydrophobic surface for easy
removal of the molds after first crosslinking, the master grating was first
treated by UV–ozone for 20 min and then dipped in a 1 H,1 H,2 H,2 H –
perfluorodecyltriethoxysilane solution (1 vol% solution in isopropanol) for
10 min. Subsequently, the mold was rinsed with isopropanol and placed
on a 100 °C hotplate for 10 min.

Preparation of LCE Films/Coatings: 13.16 wt% monomer 1, 57.53 wt%
monomer 2, 22.27 wt% dithiol 3, 3.32 wt% tetrathiol 4, 1.73 wt%
crosslinker 5, 1 wt% photoinitiator 7, 0.5 wt% inhibitor 8 were added to
a vial. Around four milliliters of dichloromethane (DCM) were added to
the vial to dissolve the solids and ensure good mixing. The vial was mag-
netically stirred on a 60 °C hotplate around 1.5 h followed by drying in a
vacuum oven overnight at 21 °C to remove the DCM. Afterward, ≈300 mg
of the LC mixture was added to a small vial, 2 wt% catalyst 6 was added,
and the vial gently heated using a heat-gun and mixed on a vortex mixer
to ensure the catalyst was properly blended with the LC mixture. The vial
was quickly cooled to room temperature with the help of running water.
Around 100 mg of this mixture was placed on a silane A174 functionalized
glass plate (or PVA functionalized glass plate for the freestanding films)
with pieces of Scotch tape glued onto the edges to serve as spacers (for
LCEs with grating structure, spacers of 46 μm were used, and for trian-
gular prisms, spacers of 92 μm were used), and the mold was placed on
top to form a cell. Finally, a load ≈690 g was placed on top of this cell
to ensure the structure is properly replicated to the LC. This whole setup
was placed at 21 °C overnight to finish the thiol-acrylate Michael addition.
Afterward, the mold was removed and a LCE coating with surface struc-
ture was obtained. In the case of freestanding LCE films, after removal of
the mold, the sample was placed in water at 60 °C for ≈20 min to remove
the PVA functionalized glass plate. The coating/freestanding films were
placed at 100 °C for 20 s to remove any deformation created during the
mold/substrate removal.

LCE Surface Programing: To program the freestanding film surface, the
LCE was uniaxially stretched to a specific strain and photopolymerized in
a nitrogen box with UV light (300−400 nm) using an Omnicure S2000
UV lamp at an intensity of 20 mW cm−2 for 10 min on one side; the film
was then flipped over and exposed for another 10 min to ensure uniform
crosslinking on both sides of the film.

To program the surface of the LCE coating, a second imprinting process
was carried out by placing the second mold on top of the LCE coating
and pressing either manually or with clamps. The LCE coating was then
photopolymerized in a nitrogen box for 20 min to fix the deformation.

Characterization: DSC curves were measured with a DSC Q2000 from
TA Instruments using rate of 10 °C min−1 for both heating and cooling
ramps. The surface profile of the LCE coatings/films were measured with a
Sensofar 3D optical profilometer using the interferometry technique. Tem-
perature was controlled using a Linkam TMS94 hot stage. To characterize
macroscopic actuation, the LCE films were placed on a hotplate, and the
length and width of the films were measured. POM images were taken us-
ing a Leica DM2700M polarized optical microscope in transmission mode,
equipped with a Leica DFC 420C camera. Temperature was controlled us-
ing a Linkam THMS600 hot stage. FTIR was measured on a Varian 670-IR
FT-IR spectrometer used in transmission mode. The stress–strain curves
were performed on LCE films at 21 °C with a TA Instruments Q800 in ver-
tical tension mode at an elongation rate of 2 mm min−1. Photographs of
the samples were taken with a Sony Cyber-shot camera. To characterize
the diffraction pattern of the samples, a 633 nm laser (JDSU Uniphase
1201–2) was used and the diffraction patterns were recorded with a Sony
Cyber-shot camera.
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Supporting Information is available from the Wiley Online Library or from
the author.
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