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ABSTRACT

The fabrication of a foldable, compact liquid crystal actuator based on oxetane reactive monomers is reported. The free-standing liquid
crystal network films are optically clear, flexible, and have easily tunable anisotropic thermal and mechanical properties. The oxetane liquid
crystal networks demonstrate excellent one-way shape memory properties, with good temporary shape fixation and complete shape recovery.
In addition, the flexible polyether backbone of the oxetane liquid crystal networks results in large two-way bending actuation, with the actu-
ators showing rotation inversion and making multiple rotations. Both actuation mechanisms could be combined to form actuators that can
be temporarily folded before fully recovering to their original shape prior to use. As a result, the oxetane liquid crystal networks have great
potential as foldable, compact actuators.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039965

I. INTRODUCTION

Stimuli-responsive polymer materials have generated sub-
stantial interest over the past decades. Able to alter their proper-
ties in response to changes in their environment, these polymers
can be exploited in a variety of applications ranging from sensors
and biosensors,1 smart packaging,2 self-healing,3 drug delivery,4

soft robotics,5 and beyond.
Liquid crystal networks (LCNs) are extensively used in the fab-

rication of stimuli-responsive polymer materials. The combination of
liquid crystalline (LC) organization with the viscoelastic properties of
a polymer network results in polymer materials that have anisotropic
properties. These materials are generally prepared from low molar
mass polymerizable monomers (reactive mesogens). These mono-
mers can be aligned, and after (photo)polymerization, LCNs with
different molecular order and orientations within their mesophases
can be obtained. Alternatively, bilayers of pre-synthesized linear LC
polymers with commercial polyimide substrates can be prepared,
which are then cross-linked into LCNs.6,7 As a result, LCNs have

been broadly used in a wide range of applications, including reflec-
tive films,8,9 sensors,10–12 and actuators.13–21 To obtain bending actu-
ators, a difference in thermal expansion should be obtained
throughout the film thickness. Several options have been reported to
achieve this, such as films with a gradient in the molecular director,22

such as a splay or twisted nematic orientation, or bilayers of an LCN
with an isotropic polymer.23–25

The majority of LCNs are produced from (meth)acrylate ther-
motropic calamitic liquid crystals. The low viscosity of these mono-
mers makes them easily processable, and they can be (photo)
polymerized through well-studied and robust free-radical polymeri-
zation. However, free-radical (photo)polymerizations of (meth)
acrylates can suffer from issues such as polymerization shrinkage
and inhibition by oxygen, and the resulting polymer films are often
brittle. LCNs are able to respond to a variety of external stimuli,
such as temperature changes. This response is caused by small
reversible changes in the local molecular order. In case of an aniso-
tropic polymer material with a uniaxial molecular orientation, this
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leads to shrinkage in the direction along with the molecular direc-
tor while expansion occurs in all other directions.26

A variety of reactive mesogens with alternative polymerizable
groups have been developed over the years. These include LC vinyl
ethers,27,28 thiol-ene systems,29,30 epoxides,31,32 and oxetanes.33,34

The oxetane LC monomers were found to be of particular inter-
est.35 They can be aligned and processed in a similar manner to
acrylates, yet (photo)polymerize through a cationic ring-opening
polymerization. This mechanism has a similar polymerization rate
as free-radical polymerizations and can be seamlessly carried out in
oxygen-rich environments. Furthermore, its reported polymeriza-
tion shrinkage is significantly lower.33

So far, the use of oxetane LC monomers has been limited to
their synthesis and characterization33 and their use in thin coatings,
such as patterned retarders for LC displays.34 More recently, we
have extended the oxetane LC toolbox with a chiral monomer to
produce photonic light-reflective coatings.36 However, to date, the
preparation of oxetane-based LCN actuators has not been reported.

In this work, we show that previously developed oxetane
liquid crystals can be used to prepare foldable LCN actuators.
The films are optically clear and not brittle. By varying the
di-oxetane-to-mono-oxetane ratio, the anisotropic mechanical
and thermal properties can easily be tuned. When aligned in a
homogeneous planar organization, the films show programmed
one-way shape memory behavior, with exceptional shape recov-
ery. Moreover, a splay alignment results in curled films that
display remarkable two-way actuation behavior. Finally, we show
that one-way shape memory can be combined with two-way actu-
ation in a splay film to fabricate a compact, foldable actuator.

II. EXPERIMENTAL DETAILS

A. Materials

Liquid crystalline di-oxetane: 2-methyl-1,4-phenylene bis
(4-(4-((3-methyloxetan-3-yl)methoxy)butoxy)benzoate) (1) and
liquid crystalline mono-oxetane 4-((4-(hexyloxy)benzoyl)oxy)-2-
methylphenyl 4-(4-((3-methyloxetan-3-yl)methoxy)butoxy)benzoate
(2) were made by Syncom B.V. according to previously reported
procedures.33,34 The cationic photoinitiator, triarylsulfonium hexa-
fluorophosphate salts, in propylene carbonate (3) was obtained
from Sigma–Aldrich.

B. Liquid crystal network fabrication

1. Preparation of LC mixtures

M1–M4: Liquid crystalline di-oxetane 1 and liquid crystalline
mono-oxetane 2 were combined in a glass vial in the ratios
described (Table I). The vials were then heated to melt the LC
monomers. Subsequently, cationic photoinitiator 3 (2.5% w/w) was
added. To ensure proper mixing, the mixtures were heated to their
isotropic phase and stirred magnetically on a hotplate for 15 min.

2. Fabrication of LC alignment cells

3 × 3 cm2 borosilicate glass slides were sonicated in acetone for
20 min. Then, they were blown dry under N2 and placed in a UV/
ozone oven (UV-Products PR-100) for 20 min to activate the surface.

Subsequently, a polyimide (PI) precursor is spin coated. Depending
on the desired LC alignment, Optmer AL1254 (JSR corp, spin
coated 45 s at 1800 rpm) was used for planar alignment, or Sunever
5661 (Nissan Chemical Corp, spin coated 5 s at 800 rpm followed
by 45 s at 5000 rpm) was used for homeotropic alignment. After
spin coating, the solvent was removed by heating the slides to 100 °C
for 10 min. Then, the PI was cured at 180 °C for 30 min. The slides
intended for planar alignment were rubbed on a velvet cloth to
ensure uniaxial alignment. The alignment cells were then prepared
by gluing either two planar PI slides (in an antiparallel fashion)
together with UV-curable glue for a planar cell or one planar PI
slide and one homeotropic PI slide for splay alignment. The cell
spacing was set using 20 �m spacers in the glue.

3. Fabrication of the LCN films

The alignment cells were filled with the LC mixtures at 115 °C
through capillary action. The cells were then slowly cooled such
that Tpol = 0.95 × TI�N (K) and left at that temperature for 15 min
to ensure monodomain alignment. They were then exposed to a
flood UV exposure (5 mW/cm2 UVA, Oriel Instruments) for 10 min
to facilitate cationic ring-opening polymerization of the oxetane
monomers. A post-cure of 30 min at 130 °C in an oven ensured
maximum conversion and removed any polymerization-induced
stresses. The cells were then opened, and the free-standing films
were removed from the glass substrates.

C. Characterization

Differential Scanning Calorimetry (DSC) curves were mea-
sured with a DSC Q2000 from TA Instruments with heating and
cooling rates of 10 °C/min. Glass transition temperatures (Tg)
were determined using TRIOS software from TA Instruments,
with tangent set as “onset” type, inflection set as “transition” type,
and half height set as “midpoint” type. Photographs of samples
were taken with an Olympus OM-D E-M10III digital camera
equipped with an Olympus MFT 60MM F/2.8 ED Macro
M.Zuiko Digital lens. Polarized optical microscopy (POM) was
performed on a Leica DM2700M equipped with crossed polar-
izers. The temperature was controlled on a Linkam PE95/T95
temperature controller. Scanning electron microscopy (SEM) was
done with an FEI Quanta 3D SEM. The LCNs were first fractured
in liquid N2, followed by an Au sputter coating treatment.
Fourier-transform Infrared (FT-IR) analysis of monomer mixtures
and free-standing films was performed on a Varian 670IR in
attenuated total reflection (ATR) mode. Dynamic mechanical
analysis (DMA) was performed on a DMA850 Discovery from TA

TABLE I. Compositions of the prepared monomer mixtures M1–M4, their isotropic-
nematic transition temperatures, and the LCNs derived from them.

Mixture wt. % 1 wt. % 2 TI�N (°C) LCN

M1 100 0 61 LCN1
M2 75 25 77 LCN2
M3 50 50 90 LCN3
M4 25 75 102 LCN4
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Instruments with tension clamps. Dynamic moduli and damping
characteristics (tan �) were determined in oscillatory mode (fre-
quency: 1 Hz, amplitude: 0.4% strain) on 7 × 5.3 mm2 ribbons cut
from the larger films. Thermally induced strain values were deter-
mined in the stress control mode, while exerting a small force
(0.005 N) on the film, and reversible changes in length were mea-
sured as a function of temperature. To remove any thermal
history, the second heating cycles are reported. The one-way shape
memory actuation of planar aligned films was studied in rate
control and stress control modes on 7 × 5.3 mm2 ribbons cut from
the larger films. For the shape memory cycles: (1) the sample was
heated to 130 °C and equilibrated for 10 min, and (2) uniaxial
stretching was applied by a force ramp from 0.01 N to 1.0 N at a
rate of 0.5 N/min. The sample was then allowed to equilibrate for
30 min. (3) The strain was then fixed via cooling to 0 °C at a
cooling rate of 5 °C/min, followed by equilibration for 30 min. (4)
The external force was then unloaded to 0.01 N at a rate of 0.5 N/min,
followed by equilibration for 30 min. (5) Finally, the sample was
reheated to 130 °C to release the strain, followed by equilibration for
30 min. In the following three cycles, the procedure was repeated
from step (2). The shape fixity (Rf) and shape recovery (Rr) rates

were calculated using the following equations:

Rf …
�S1 � �S0

�S1,load � �S0
� 100%, (1)

Rr …
�S1 � �S0,rec

�S1 � �S0
� 100%, (2)

where �S0 is the measured strain before application of stress, �S1,load
is the strain after fixing the strain, �S1 is the strain after the release
of the applied stress, and �S0,rec is the strain after recovery.

D. Analysis of thermomechanical actuation behavior

Cut ribbons were placed in an oven with a window to allow
recording of changes in the sample as the environment heats. The
temperature was monitored using a digital sensor (Sensirion
SHTC3). Photographs were taken with a digital camera (Olympus
OM-D E-M10 Mk III) in a manual focus mode. The open-source
software ImageJ is used to quantize the bending by fitting a circle
to the curvature of the film.

FIG. 1. (a) Molecular structures of the oxetane liquid crystal monomers 1 and 2 and cationic photoinitiator 3 used in this work. (b) DSC thermogram of the LC monomer
mixtures with decreasing amounts (from 100 wt. % in M1 to 25 wt. % in M4) of liquid crystalline di-oxetane 1. The second cooling curves are displayed. (c) POM micro-
graphs of the mixture of 1 with photoinitiator 3, taken above (70 °C, top) and below (50 °C, bottom) the isotropic-nematic phase transition. Below this transition, the
nematic schlieren texture is clearly visible.
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III. RESULTS AND DISCUSSION

A. Material development

Liquid crystalline di-oxetane 1 containing a four-carbon atom
aliphatic spacer [Fig. 1(a)] was chosen to form the films, as it has
been demonstrated to have a good balance between the LC order
and thermal stability after photopolymerization.33 To tune the glass
transition temperature (Tg) of the resulting LCNs, liquid crystalline
mono-oxetane 2 was used. A commercially available mixture of tri-
arylsulfonium hexafluorophosphate salts (3) was added as cationic
photoinitiator. LC mixtures were prepared with varying ratios of
di-oxetane LC 1 and mono-oxetane LC 2, and their phase behav-
ior was studied with differential scanning calorimetry (DSC)
[Fig. 1(b)]. The details are summarized in Table I. As expected,
based on the phase behavior of the individual monomers, increas-
ing fractions of monomer 2 in the mixture led to an increase in
the isotropic-to-nematic phase transition temperatures (TI�N).
Moreover, we found that the addition of the cationic photoinitiator
results in a reduction in TI�N of roughly 20 °C (supplementary
material). Polarized optical microscopy (POM) analysis through
crossed polarizers of the mixture of oxetane LC 1 with photoinitia-
tor 3 (M1) confirmed that the transition depicted in the DSC ther-
mogram is indeed an isotropic-to-nematic transition [Fig. 1(c)], as
no light is transmitted above the phase transition temperature (iso-
tropic), and a nematic schlieren texture is observed below it.

The oxetane LC mixtures were used for the preparation of
planar aligned LCN films. To this end, glass cells containing
rubbed polyimide layers were filled above the isotropic transition

temperature and then slowly cooled below this transition such that
Tpol = 0.95 × TI�N (K). A flood UV exposure then converted the
monomer mixtures into solid LCN films. A thermal post-cure at
130 °C was performed to maximize monomer conversion. After
opening of the cells, freestanding polymer films were obtained.
FT-IR analysis on LCN1 confirmed the conversion of the oxetane
LC monomers, as the peak corresponding to the C—O—C stretch
vibration of the oxetane group at 976 cm�1 decreased in intensity
[Fig. 2(a)]. FT-IR analyses of the other compositions show similar
results (supplementary material). Although the peak does not dis-
appear completely, maximum conversion was assumed due to the
thermal treatment after photopolymerization. The resulting free-
standing films appeared optically clear (supplementary material)
and were flexible [Fig. 2(b)]. Remarkably, it was easily possible to
fold an LCN consisting of 100% di-oxetane LC 1 in half without
breaking, demonstrating that the films are not brittle. DSC analysis
revealed the Tgs of different compositions. LCN1 shows a glass
transition around 67 °C. With increasing amounts of monomer 2,
this value decreases to 28 °C for LCN4. Hence, the Tg of the
oxetane LCNs can easily be tuned ranging from room temperature
to moderately elevated temperatures.

The thermomechanical behavior of the LCN films was studied
by dynamic mechanical analysis (DMA). Storage (E0) and loss (E00)
moduli were measured in the direction parallel to the LC orienta-
tion, from which the damping or energy dissipation curve (tan �)
could be constructed. In Fig. 3(a), the storage moduli as a function
of temperature are highlighted for different LCN compositions,

FIG. 2. (a) FT-IR ATR analysis of LCN1 compared to its corresponding monomer mixture M1. (b) Photographs showing the optical clarity (left) and flexibility (right) of an
oxetane LCN film (LCN1). (c) DSC thermogram of the oxetane LCN films with decreasing amounts of liquid crystalline di-oxetane 1. The second heating curves are
displayed.
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whereas Fig. 3(b) shows the loss moduli. At low temperatures, the
LCN films are stiff, glassy polymer materials, with similar room
temperature E0 values in the range of 1.0–1.2 GPa (Table II). These
values follow the common trend that a decrease in cross-link

density results in a lower modulus. However, LCN1 shows some
peculiar behavior. It has the lowest storage modulus in the glassy
state, whereas it simultaneously has the highest modulus in the
rubber-like state. Tgs of the different compositions, determined by

FIG. 3. (a) Storage (E0) and (b) loss moduli (E00) of the oxetane LCN films measured in the direction parallel to the LC orientation as a function of temperature and (c) the
corresponding tan � curves. (d) Thermally induced anisotropic strain measured parallel (filled symbols) and perpendicular (open symbols) to the molecular director.

TABLE II. Glass transition temperatures (Tg) and storage moduli (E0) values of the oxetane LCNs.

Material E0
25 °C (MPa) Tg, DSC (°C) Tg, onset E0 (°C) Tg, peak E00 (°C) Tg, peak tan � (°C) E0

150 °C (MPa)

LCN1 1002 66 76 77 87 60
LCN2 1204 58 60 62 69 63
LCN3 1137 43 44 48 55 35
LCN4 1069 28 37 39 44 19
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the conventional approach of the peak in tan �, do follow the expected
trend that a reduced amount of cross-linker results in a lower Tg,37

ranging from 87 °C in LCN1 to 44 °C in LCN4 [Fig. 3(c)]. An
overview of the Tgs of the LCNs determined by other methods is
given in Table II. The peculiar behavior of the moduli (E0 and
E00) of LCN1 is most likely due to dioxetane LC 1 being the only
component that is polymerized. With such a large quantity of
difunctional monomer, restricted mobility during polymeriza-
tion is known to lead to the formation of structural heterogene-
ities, effectively resulting in a distribution of microenvironments
with different cross-link densities throughout the polymer network.38–40

Such an effect is characterized by a broadened tan � peak.40

Indeed, the tan � peak of LCN1 is clearly broadened. The more
heterogeneous cross-link density in LCN1 explains the lower
storage modulus below Tg (in the glassy state). Upon heating, the
moduli of the LCN films gradually decrease until the networks
undergo a transition from a glassy to a rubber-like state, leading
to a steep decrease in modulus. Since the modulus in this state is
governed by the overall cross-link density, which is the highest in
LCN1, this composition has the highest modulus. Decreasing
amounts of di-oxetane 1 therefore result in decreasing rubber
moduli (E0 and E00).

The tensile moduli in the planar aligned LCNs were higher par-
allel to the molecular director than perpendicular. In the parallel
direction, the tensile modulus is dominated by the oriented meso-
genic units, whereas in the perpendicular direction the main chain
of the network is dominant. In LCNs, this generally results in a
higher modulus along with the director, as the mesogenic units can
be expected to have a higher modulus than the polymer main
chain.41 In all the compositions, the modulus in the direction parallel
to the director was roughly 1.5–2 times as great as the modulus in
the perpendicular direction (supplementary material).

In addition to anisotropic mechanical properties, the thermal
behavior of LCNs is also anisotropic, as an increase in temperature
results in a decrease in LC order in the films. Since the mesogens
are covalently attached to the network, this disorder leads to con-
traction along with the molecular director and expansion perpen-
dicular. DMA measurements reveal that the thermally induced
strain is governed by the cross-link density, with a lower cross-link
density (e.g., LCN4) resulting in more segmental mobility, and
hence greater contraction/expansion coefficients than a higher
cross-link density (e.g., LCN1) [Fig. 3(d)]. In the parallel direction
(closed symbols), an inflection is visible around Tg, meaning that
the increase in network mobility after the transition results in faster

FIG. 4. (a) Demonstration of shape fixing in a polymer strip cut from LCN1. The strip was folded at several locations at 130 °C and then subsequently cooled to room tem-
perature, fixing the square shape. Heating to 130 °C then led to full recovery of the original shape. (b) Four shape memory cycles of LCN1 stressed in the direction parallel
to the molecular director. The material was subjected to a stress at 130 °C, straining the material (step i), followed by cooling to 0 °C (step ii). The stress was then released
(step iii). Finally, the material was heated to 130 °C again, releasing the programmed strain (step iv). (c) 2D plot of the same shape memory cycles as a function of time,
emphasizing the reproducibility of the cycles.
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expansion with increasing temperature. In the perpendicular direc-
tion, however, the thermal strain increases more gradually over the
entire temperature range.

B. One-way shape memory actuation

The shape memory behavior of the planar aligned LCN1 film
was tested by cutting strips parallel to the molecular director from a
larger film. The flat strip was then deformed above Tg at 130 °C by
bending it at three different locations to form a square [Fig. 4(a)].
This square was then cooled to room temperature while maintaining
the deformation to fix the new shape. The permanent flat shape
could be recovered by again heating the sample to 130 °C; the strip
demonstrated almost complete recovery with no obvious remaining
kinks. The shape memory properties of LCN1 were also studied
quantitatively by DMA. As shown in Fig. 4(b), the LCN was first
heated above 130 °C and subjected to a stress of 4.8 MPa, resulting
in approximately 6.5% strain (step i). The film was then cooled to
0 °C to fix the deformation (step ii). During cooling, a constant stress
was maintained by the DMA, yet the strain increased to 8.5%. This
effect is explained by the increasing LC order during cooling. The
stress was then released (step iii), and although the strain decreased
to some extent, a considerable strain was preserved. Finally, the film

was heated back to 130 °C (step iv) and the LCN recovered its origi-
nal shape, with a major component of the strain being released above
Tg. This shape memory cycle was repeated three more times. The
curves corresponding to these cycles nearly superimpose, demonstrat-
ing the reproducibility of the one-way shape memory process. A 2d
plot where stress, strain, and temperature are displayed as a function
of time clearly emphasizes this [Fig. 4(c)]. After the first cycle, the
film remains slightly strained (90.3% strain recovery). However, the
consecutive cycles show approximately the same strain values every
time after loading and recovery. In cycles 2–4, the shape fixity rate
Rf = 91.8% ± 0.1%, showing that after stress release, a minor fraction
of the induced strain is not maintained by the network. This is likely
due to the LC order in the film, driving the network to retain its orig-
inal shape. However, this also results in excellent shape recovery rates,
with Rr = 99.8% ± 0.1% for cycles 2–4.

C. Two-way actuation

The bending actuation behavior of the LCN films was also
studied by preparing polymer films with splay (or hybrid configu-
ration) where the director varies from planar alignment on one
surface to vertical alignment on the opposite surface of the film
(supplementary material).14,42 Since the thermal expansions parallel

FIG. 5. (a) SEM micrograph showing the splayed molecular orientation in LCN1. (b) Actuation behavior of LCN1 in a splay orientation. The material can revert from being
rolled up clockwise at room temperature to being rolled up anticlockwise at 130 °C. (c) Detailed actuation behavior in a heating cycle, followed by a cooling cycle.
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and perpendicular to the director are different, such nonuniform
director profiles initiate a bending motion with changing tempera-
ture.43,44 Splay films with composition LCN1 were prepared by
filling a cell consisting of a rubbed substrate coated with a planar
polyimide and a non-rubbed substrate coated with a homeotropic
polyimide. The film was polymerized in the same manner as the
previously described homogeneously oriented films. The splay ori-
entation was confirmed by SEM [Fig. 5(a)]. After opening of the
cell, the free-standing film rolled up at room temperature, with
the homeotropically aligned side of the film being inside the cur-
vature [Fig. 5(b), left]. This pre-bend at room temperature arises
from polymerization performed at elevated temperature (57 °C for
LCN1): cooling the film to room temperature results in an increase
in order, i.e., the homeotropic side shrinks while the planar aligned
side expands. The pre-bend appears significantly larger than previ-
ously reported for splay LCN actuators polymerized at a similar
temperature.14,17 However, the low polymerization shrinkage associ-
ated with cationic ring-opening polymerization of oxetane mono-
mers and thermal post-treatment minimized thermally induced
stresses in the material. Upon heating, the actuator first unrolled
and became straight before rolling up again in the opposite curling
direction. Effectively, the actuator can switch between being rolled
up clockwise at room temperature to being rolled up anticlockwise
at elevated temperature [Fig. 5(b)]. The actuation behavior is
shown in more detail in Fig. 5(c). Below Tg, the film slowly started
to unroll. This effect was sped up at the onset of Tg. At 93 °C, the
film was flat and further heating induced anticlockwise rolling of
the actuator until it was tightly rolled up at 127 °C, making two
full rotations. Subsequent cooling leads to reversed actuation,

albeit with a slight hysteresis with the film adopting a flat shape at
75 °C on cooling compared to 93 °C on heating (supplementary
material). This effect could be ascribed to a discrepancy in heating
and cooling rates.

Similar to the pre-bend, the degree of actuation is signifi-
cantly higher than in previously reported acrylate-based LCNs
that generally go from a flat initial state to making one rotation.14

Here, the actuator reverts from one clockwise rotation to two anti-
clockwise rotations. Although a similar effect was previously achieved
in tapered LCN actuators,17 this behavior is unique for splayed LCN
thin films with a uniform thickness. The origin of this enhanced
actuation most likely lies in the backbone structure of the LCN. In
an acrylate LCN, a mesogenic group is attached to every second
atom in the polymer backbone, whereas in an oxetane LCN (due
to the opening of the oxetane ring), a mesogenic group is attached
to every fourth atom in the polyether backbone. This increased
spacing for the mesogenic groups accommodates larger changes
in LC order upon subjection to a stimulus such as temperature.
As a result, the difference in the thermal expansion coefficients
along and perpendicular to the director is larger. Therefore, in a
splay film, the difference between thermally induced shrinkage on
the planar side of the film and expansion on the homeotropic side
of the film is increased. In addition, photopolymerization of the
oxetane liquid crystals has been reported to lead to a decrease in
LC order.33 This explains the stronger bending on the homeo-
tropic side at low temperatures, as cooling the film to room tem-
perature after polymerization results in a stronger increase in
order. Combined, these effects lead to enhanced bending in splay
oriented oxetane LCNs.

FIG. 6. (a) Folding of a splay LCN actuator. The film is compressed at 130 °C and then cooled to room temperature to fix the compressed folded state. (b) Shape recov-
ery, unfolding process: heating of the shape-morphed actuator results in recovery of the original actuator. (c) After unfolding, the actuator behaves as usual for an oxetane
LCN splayed film.
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D. Compact foldable actuator by combining one-way
shape memory and two-way actuation

To fabricate compact foldable actuators, we selected a
splay-oriented strip of LCN1. At room temperature, this actua-
tor is rolled up and therefore has a cylindrical shape. To reduce
the lateral dimensions of the actuator, it was folded and held in
this shape by the aluminum foil, heated to 130 °C, and subse-
quently cooled to room temperature, after which the foil was
removed [Fig. 6(a)]. This resulted in a folded, more compact actua-
tor significantly reduced in size that could be inserted through a
narrow slit, for instance. Afterward, the actuator can be “activated”
through heating, where in the first heating cycle a combined effect
of shape recovery and unrolling of the actuator was observed
[Fig. 6(b)]. Similar to what we observed in the two-way actuators,
the unfolding of the programmed shape mainly starts around the
onset of Tg. The splay actuator shows excellent shape recovery,
with the sharp bends in the material being completely removed
after a single heating cycle. After recovery, the actuator behaves the
same as previously described, switching from a clockwise rolled up
form at room temperature to an anticlockwise rolled up form at
elevated temperatures [Fig. 6(c)]. The shape morphing therefore
did not negatively affect the performance of the actuator. Hence,
the reported cylindrical actuators can be easily deformed into arbi-
trary shapes prior to actuation.

IV. CONCLUSION

A new class of liquid crystal actuators have been fabricated
based on oxetane liquid crystals. Cationic photopolymerization of
oxetane LC monomers in glass LC cells resulted in free-standing
LCN films after the opening of the cells. The films are optically
clear and not brittle, as they can easily be bent. The alignment of
the monomers can be controlled, leading to films with anisotropic
thermal and mechanical properties, that could be tuned by varying
the ratio between the cross-linking liquid crystalline di-oxetane and
monofunctional liquid crystalline oxetane.

The oxetane LCNs have excellent shape memory properties
and can be temporarily molded in a variety of shapes. Aligning
the oxetane LC monomers in a splay orientation resulted in
cylindrically curled two-way bending actuators. The splayed films
were strongly curled at room temperature that upon heating first
uncurled completely before curling in multiple rotations in the
opposite direction.

The two actuating properties can be combined. Cylindrical
films could be temporarily folded prior to its use as an actuator.
These findings show that foldable oxetane LCN actuators can be
fabricated that can be stored in a compact configuration and
transported through narrow openings, making them attractive for
a variety of applications.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed DSC thermo-
grams, FT-IR spectra, UV-vis spectra, and DMA analysis of the
reported LCN compositions and additional actuation analysis.
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