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Light-Responsive Springs from Electropatterned Liquid
Crystal Polymer Networks

Alexander Ryabchun,* Federico Lancia, and Nathalie Katsonis*

Future robotic systems will have to adapt their operation to dynamic
environments and therefore their development will require the use of active
soft components. Bioinspired approaches toward novel actuation materials
for active components rely on integrating molecular machines in soft matter,
and ensuring that their nanoscale movement is amplified to the macroscale,
where mechanically relevant motion is generated. This approach is
successfully used in the design of photoresponsive soft springs and other
mechanically active materials. Here, this study reports on a new approach
where the operation of photoswitches and chiral liquid crystals are combined
with an original and mask-free microscopic patterning method to generate
helix-based movement at the macroscale, including light-driven winding and
unwinding accompanied with inversion of handedness. The microscopic
patterning is the result of the unique organization of cholesteric liquid crystals
under weak electric field. At a higher level, the pitch and the handedness of
the active springs are defined by the imprinted pattern and the angle at which
the spring ribbons are cut in the material. These findings are likely to enable
soft and responsive robotic systems, and they show how transmission of
molecular operation into macroscale functional movement is enabled by
materials design across multiple hierarchical levels.

1. Introduction

Helix-based materials are found at all scales of biological sys-
tems, arguably because helical organization confers special me-
chanical properties at multiple length scale, ranging from DNA
structures and folded peptides, to plant tendrils, seedpods, mus-
cle fibers, etc.[1–3] These responsive biological helices have served
as an inspiration for the development of active and responsive
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helix-based materials,[4,5] and as compo-
nents for soft robotic systems.[6,7]

Bioinspired approaches toward novel ac-
tuating materials for active components rely
on integrating molecular machines in soft
matter, and ensuring that their nanoscale
movement is amplified to the macroscale,
where mechanically relevant motion is gen-
erated. In earlier work, we have shown that
the motion of a molecular photoswitch is
amplified in liquid crystal polymer springs
and can be used to produce work.[8,9]

These smart springs also adapt their me-
chanical response to stress, in a manner
that mimics muscle fibers.[10] Other ac-
tive polymer springs showed promising
features in terms of control over motion
and also involved liquid crystal polymer
materials.[11–13] The unique property of the
liquid crystalline state such as anisotropy
of optical, mechanical, and other proper-
ties, which can be easily preprogrammed by
molecular orientation, holds the key to de-
sign active mechanical components for soft
robotic systems.[14–16]

Photoswitches are particularly attractive active molecules in
this context, because light is a clean and remote source of
energy.[17–21] In particular, integration of photoswitches in chi-
ral nematic layers with a twist organization has led to the de-
sign of rich actuation modes.[8,9,22,23] Bilayered thin films com-
posed from a light-active polymer layer and a mechanically
anisotropic passive support layer can also generate active spring
shapes.[24,25] Patterning is another strategy that takes inspiration
from the power of movement in plants,[26] as in seed pods, where
moisture-sensitive fibers, accounting for anisotropic mechanical
properties, are embedded into an amorphous matrix. We have
shown that patterns where isotropic and anisotropic regions al-
ternate can induce powerful movement, for which we used a
two-step photopolymerization and mask exposure procedure.[27]

There are a few other works in which the photopatterning of liq-
uid crystal networks has been exploited.[28–30] These examples are
focused to patterns where the liquid crystalline phase and the
isotropic phase alternate. However, we propose to use the whole
breadth of liquid crystallinity to encode sophisticated patterns for
spatial in-plane modulation of molecular alignment,[31] and ar-
gue that these patterns will results in unprecedented actuation of
the liquid crystalline soft films.

Here, we demonstrate a new approach to design photoactive
polymer springs (Figure 1a). The one-step and mask-free strategy
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Figure 1. a) General scheme of the fabrication of electropatterned active springs. b) Chemical structure of the components of cholesteric network.

consists in cross-polymerization of well-aligned periodic patterns
spontaneously formed in a chiral nematic liquid crystal, upon ap-
plication of a weak electric field. These patterns are periodic in-
plane modulations in the liquid crystal order, and they can be
stabilized by post cross-polymerization.[32] We show that two dif-
ferent electro-induced patterns can be used for the design of ac-
tive, light-responsive polymer springs that incorporate molecular
switches covalently. The pitch and the handedness of the springs
are determined by the type of pattern and the angle at which the
ribbons are cut. Importantly our work shows that large geomet-
rical changes such as winding, unwinding, and handedness in-
version are encoded by molecular-scale chirality.

2. Results and Discussion

2.1. Preparation of Electropatterned Liquid Crystal Polymer
Networks

We have designed and synthesized photoactive springs by har-
nessing the unique response of confined helix-based materials
to an electric field.

A thin film of cholesteric liquid crystal with planar alignment
is subjected to a weak electric field. Above a threshold voltage
(UTH), the cholesteric planes (imaginary planes with unidirec-
tional molecular alignment) undergo in-plane modulation, as
shown in Figure 1a schematically. The pattern associated with
the resulting modulations is defined by interplay between liquid
crystal elasticity, surface anchoring and chiral torque. Therefore,
for a given cholesteric material, the pattern can be controlled by
the confinement ratio d/P, where d is the thickness of the layer
and P is the cholesteric pitch.[33–36] Among other deformations,
we focus on two different linear patterns:[37] i) the so-called “sur-
face frustrated lying helix” (SFLH) pattern, where the axis of the
helices lays in the layer plane, and ii) the Helfrich–Hurault (HH)
pattern, in which the helical planes are periodically bent. In both
systems, patterns of periodic stripes are formed in the rubbing di-
rection. The high quality and reliable periodicity of these patterns
enables optical diffraction gratings.[34,38–40] The key difference be-
tween these two patterns essentially relates to the mechanism of
their appearance (nucleation and slow growing for SFLH, and
fast development for HH pattern) and in the configuration of liq-
uid crystal director field (see polarized optical images and liquid
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Figure 2. The shape of the ribbons depends on the cutting angle for both the a) Helfrich–Hurault (HH) pattern and b) surface-frustrated lying helix
(SFLH). Bright field and polarized optical images of springs. Red arrows indicate direction of the pattern and white arrows indicate the axis of the spring.
Scale bars equal to 200 μm.

crystal configuration in Figures S1 and S2, Supporting Informa-
tion, respectively).

A photopolymerizable chiral nematic liquid crystal was used to
design the patterned soft springs (Figure 1b). This liquid crystal
is a mixture consisting of liquid crystal acrylates (RM257, 30 wt%,
C6BPN, 15 wt%; C6BP, 40 wt%), liquid crystals that reduce the
elastic modulus of the postpolymerization material (E7, 10 wt%),
and an azobenzene cross-linker (Azo-1, 5 wt%) that is responsi-
ble for opto-mechanical feedback. A chiral dopant ((R)-BB, 0.05
or 0.25 wt%) was also added, in order to induce with a pitch of
44.7 or 8.9 μm. Once introduced into a 20 μm thick electro-optical
cell, the chiral nematic helices experience a confinement ratio of
≈0.5 and ≈2.2, which leads to the formation of HH and SFLH pat-
terns, respectively, once low voltage is applied. After photopoly-
merization with visible light (𝜆 > 420 nm) under voltage, well-
aligned periodic patterns are created in the polymer network, as
evidenced by the rainbow colors of the film in the area where
the electric field was applied, and where light is diffracted (Fig-
ure 1a). The light-induced radical polymerization has the effect
of restricting the motion of the molecules composing the liquid
crystal, and, in view of the anisotropy of preferred molecular ori-
entation, this movement limitation induces anisotropic in-plane
strain. This strain, together with the out-of-plane strain originat-
ing from crosslinking density gradient across film thickness, is
the driving force for the curling of ribbons after they are cut off
from the cell-supported polymerized thin film. Once the cell is
opened, the ribbons are cut out at a certain offset angle (𝜃) in re-
spect to the rubbing direction. Detachment of the ribbon from the
glass substrate reveals a polymer spring with clear visible pattern
(Figure 1a).

2.2. Generation of Chiral Shapes

We have studied how the spring geometry depends on the cut-
ting angle 𝜃, for each of the two possible patterns (Figure 2). For

the HH pattern, left-handed springs are formed when −30° <

𝜃 < 30°, right-handed springs are formed when 60° < 𝜃 < 120°,
and achiral shapes (curled and flat) are revealed at 𝜃 = ±45°, re-
spectively (Figure 2a). The bright field and polarized optical im-
ages of the springs show that the patterns are tilted by ≈45° with
respect to the axis of spring (red and white arrows in Figure 2a).
For the other, SFLH pattern, although this pattern is oriented in
the same direction as the HH pattern with respect to the rubbing
direction, the angular diagram of the spring is entirely different
(Figure 2b). The SFLH patterned springs are left-handed 15° <

𝜃 < 75° and right-handed at larger angles (105° < 𝜃 < 165°).
The flat and curled shapes are found at 𝜃 = 0° and 𝜃 = 90°, re-
spectively. The SFLH pattern always aligns along the spring axis
(Figure 2b).

In addition, we have analyzed the evolution of the pitch of the
springs versus cutting angle, 𝜃 (Figure 3a,b). The dependence has
a tangent-like shape with asymptotes indicated as vertical dashed
lines, where pitch of the springs tends to infinite value (i.e., flat
shape). So, by passing through these asymptotes the handedness
of the spring inverts as well as by passing through zero value of
pitch where ribbons are in curled shape. The curves for HH and
SFLH patterned springs shifted by 45° in respect to each other
which is likely associated with different liquid crystalline organi-
zation as it will be addressed further.

2.3. Parameters to Rationalize the Generation of Chiral Shapes

The orientation of the molecules through the thickness of the
thin film of liquid crystal polymer network is not trivial, and
reaches higher complexity, compared to previous systems gen-
erating spiral ribbons.[8,11,12,27] However, the generation of (chi-
ral) shapes can be understood by considering two key factors
simultaneously influencing on internal stresses which result
in macroscopic shape morphing: i) Anisotropy of mechanical
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Figure 3. a) The pitch of electropatterned springs is defined by the cutting angle. Positive and negative values correspond to right-handed (RH) and
left-handed (LH) helices, respectively. Zero pitch (horizontal line) corresponds to the curled state of the ribbon. Vertical lines show where pitch of the
spring is infinite, i.e., the ribbon is flat. b) The photos of springs patterned with HH and SFLH structures. The cutting angles are indicated. c,d) Schematic
representation of the liquid crystal organization at midplane in HH and SFLH structures, respectively, overplayed with polarized optical images of those
structures. L is one period of the pattern. Molecules lying in the plane of layer are highlighted; molecules having out-of-plane orientation are dimmed.
Scheme of the folding of polymer ribbons is shown on the bottom, where back stripes correspond to the lines of pattern and blue arrows—to the average
liquid crystal director. The side with drawings corresponds to the stiffer side of the ribbon.

properties which is dictated by liquid crystal configuration. As
the distribution of the molecules in the thickness of the thin chi-
ral film is complex, we consider primarily the alignment of the
liquid crystal at midplane, i.e., at half-thickness of the thin poly-
mer film, a strategy that has been successfully used for chiral
shapes before.[8,11,12] Figure 3c,d shows the organization of the
liquid crystal at midplane, based on previous simulations of sim-
ilar structures (see Figure S2, Supporting Information).[37] It is
seen that the organization of the molecules is spatially modu-
lated. However, molecules lying in the plane of the layer con-
tribute substantially more to the mechanical properties com-
pared to the molecules oriented perpendicularly to the layer. Im-
portantly, the liquid crystal director in the midplane defines the
direction with higher elastic modulus, whereas orthogonal direc-
tions are associated with a lower modulus that facilitates bending
deformation.[41] ii) Symmetry breaking element which is repre-

sented by inhomogeneous crosslinking density. A crosslinking
density is established across the film thickness due to photopoly-
merization from one side of the cell and diffusion of monomers
during photo-polymerization.[9,42] The side exposed to visible
light during polymerization is more densely crosslinked than the
opposite one, and therefore it is stiffer, so this side of the film
is always at the outside of the ribbon, to minimize its curvature
which is reciprocal to the curvature radius. Once a ribbon is cut
out of the cell-supported thin film, the interplay of those two fac-
tors brings the ribbon into specific stable macroscopic shape (Fig-
ures 2 and 3b).

Our mechanistic interpretation is supported if we consider rib-
bons with HH and SFLH patterns. In Figure 3c the cut with
𝜃 = 0° has the midplane liquid crystals director which is tilted
by 45° in respect to the HH pattern lines (or rubbing direction).
The director and therefore direction of larger elastic modulus

Adv. Optical Mater. 2023, 11, 2300358 2300358 (4 of 7) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. UV light-driven actuation modes of the patterned springs: a) winding, b) unwinding, and c) inversion of handedness. Light source is on the
left side of the ribbon.

defines the propagation of the lowest curvature (consequently the
highest curvature propagates in orthogonal direction). Here, the
stiffer side of the polymer layer is on top of the figure plane and
must stay outside the curvature. The ribbon folds into left-handed
spring, in order to accommodate these conditions (Figures 2a
and 3c). Such interplay of curvatures explains also the flat shape
of the ribbon cut out at 𝜃 = 135° where liquid crystal director and
therefore the propagation of the lowest curvature coincides with
long axis of the ribbon preserving its nearly flat shape.

The liquid crystal configuration in the midplane for cholesteric
network with SFLH pattern is presented in Figure 3d. Here we
can see that the axis of supramolecular helices (z) lays in the plane
of the layer orthogonally to the lines of the pattern as it is indi-
cated in the figure. So, in plane liquid crystal director coincides
with the lines which are equivalent to the direction of larger elas-
tic modulus hindering the deformation along this direction as
discussed in the previous paragraph. On the other hand, the rib-
bon can fold in orthogonal direction to the pattern lines which
being coupled with gradient of crosslinking density across the
thickness makes SFLH patterned ribbons cut out at 45° fold into
left-handed spring while ribbon cut out at 0° stays nearly flat
(Figure 3d). Interestingly, alignment of the pattern’s lines on the
spring is always parallel to the spring axis irrespectively handed-
ness and cutting angle (Figure 2b).

2.4. Response of the Polymer Springs to Light

We have investigated the actuation modes of the patterned poly-
mer springs, depending on their geometry. The azobenzene
switch that is incorporated in the polymer network covalently is
responsible for the actuation. Its trans-to-cis photo-isomerization
on the one hand induces disorder, because the bent-shaped cis-
isomer is not compatible with the liquid crystalline order, and on
the other hand generates mechanical stress by pulling on the net-
work. Moreover, photothermal effect might also contribute to the
reduction of liquid crystalline order.[10,43,44] Thus, the photoiso-
merization of azobenzene switch causes shape transformation by
contraction of the polymer network in the direction of the liquid
crystal director, and expansion along the orthogonal direction.

Upon UV illumination, we found that all right-handed springs
wind (Figure 4a; Videos S1 and S2, Supporting Information),
whereas all left-handed springs unwind (Figure 4b). In all cases
the movement is reversible and follows the back isomerization
of the molecular switch, thus they can be accelerated with vis-
ible light illumination and/or by heating (Figure S3, Support-
ing Information). At given irradiation condition the motility of
the springs is caused by combination of photochemical and pho-
tothermal effects[10] (Figure S4, Supporting Information) and
does not depend on the direction of the light source since the light
penetration depth is larger than film thickness (only 75% of UV
light is absorbed by the film). Both patterns yield similar light-
induced behavior which we attribute to the same (R)-BB dopant
used in both cases, and therefore, a right-handed molecular twist
is installed in the thickness of the cell (Figure S2, Supporting In-
formation).

Important to highlight that the electro-induced cholesteric pat-
terns (HH and SFLH) possess not only in-plane modulation of
liquid crystal alignment but also right-handed molecular twist
that runs across the thickness. We note that the handedness of
the twist in the film becomes important in understanding the
photoresponse of the springs. As in other studies,[8,9,27,45] one can
understand the response of the system by comparing what is hap-
pening in terms of anisotropic shrinking/expansion at the top of
the film, with what is happening at the bottom of the film. If the
sense of molecular twist corresponds to the sense of the spring
handedness we observed macroscopic winding, and on contrary
when they are orthogonal then springs demonstrate unwinding,
e.g., Winding is the result of accommodation the anisotropic re-
sponse from expansion of outside face of the ribbon along the
axis and contraction of inside face orthogonally.

Remarkably, for relatively small cutting angles 𝜃, left-handed
spring invert their chirality under UV exposure as demonstrated
in Figure 4c (see also Videos S1 and S2, Supporting Information).
Inversion of microscopic handedness of the springs has been ob-
served when the initial pitch of the springs is sufficiently larger
than 1 mm (at a given geometrical parameter of the ribbons).
The helical movement of the springs in response to light only
observed when the springs are made of a chiral material, and we
have shown that, in springs made out of (achiral) nematic
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 21951071, 2023, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202300358 by U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [17/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

polymers, inversion of handedness as well as wind-
ing/unwinding cannot be observed (Figure S5, Supporting
Information). Overall, and complementarily to approaches
based on alternating order-disorder patterns,[27] the pattering
approach that we describe here is a quite simple one-step pro-
cess which allows simultaneous coexistence of linear in-plane
molecular orientation contributing to the macroscopic shape of
soft-actuators and molecular twist configuration responsible for
the light-induced winding/unwinding. Electropatterned springs
have more advanced geometrical features (smaller radius and
helical pitch) and larger amplitudes of photoactuations and helix
inversion compared to our previously reported springs.[8,27]

3. Conclusion

We show that the chirality of chiral nematic liquid crystals can
be harnessed by a maskless patterning in order to design soft
actuators that perform complex helix-based movement at the
macroscale. The geometrical patterns of these light-responsive
polymer springs (pitch, handedness) can be encoded by de-
sign and their actuation modes (winding, unwinding and in-
version of handedness) follow the nanoscale movement of the
photoswitches that are incorporated covalently. In previous re-
ports, patterns represented alternating areas of isotropic and ne-
matic states of the materials, however here the patterns corre-
spond to an in-plane modulation of the liquid crystal orientation
that is formed under low AC voltage. The emergence of chiral
shapes has been rationalized by the interplay between i) the mid-
plane orientation of liquid crystal molecules accounted for the
anisotropy of elastic modulus of the material and ii) the crosslink-
ing gradient throughout the film thickness, which acts as a sym-
metry breaking element. The springs are designed to reversibly
wind, unwind, and even to invert handedness provided that the
pitch of spring is long enough (>1 mm), i.e., the initial chiral
character is weak. Our findings add to the toolbox of multiscale
designs to orchestrate the operation of active molecules across
multiple length scales and may serve as active components in
soft robotic systems.

4. Experimental Section
The chiral liquid crystal used for the springs is a mixture containing a di-

acrylate RM257 (30 wt%), monoacrylates C6BP (40 wt%), and C6BPN (15
wt%), crosslinkable azobenzene switch Azo-1 (5 wt%), 10 wt% of low mo-
lar mass liquid crystal E7 (Merck), a small amount (0.25 and 0.05 wt%) of
bridged-binol (R)-BB[46] and traces of photoinitiator Irgacure 819 (Ciba).
All reactive monomers were purchased from Synthon Chemicals and used
as received. The isotropization temperature of this chiral liquid crystal is
Tiso = 65 °C. The cholesteric helix pitch was estimated at 60 °C by using a
commercially available wedge cell (E.H.C. Co. Ltd.).[46]

Design of the Thin Film with HH Pattern: The chiral liquid crystal con-
taining 0.05 wt% of (R)-BB was introduced to the planar electro-optical cell
of 20 μm thickness at 70 °C. The substrates of the cell were coated with a
polyimide layer, that was later rubbed, in order to promote unidirectional
molecular alignment. The sample was slowly cooled down to 60 °C on a
heating stage (Instec) and AC voltage (1.5 V, 1 kHz) was applied for 30
min. Then, upon voltage applied, cross-polymerization was initiated with
visible light for 2 h (Edmund MI-150 high-intensity illuminator equipped
with a cutoff filter, 𝜆 ≥ 420 nm). The illumination conditions were purpose-
fully chosen since the visible light is partially absorbed by the azobenzene
fragments (Figure S6, Supporting Information) which made the initiation

of polymerization inhomogeneous though the thickness and as a result
a crosslinking density gradient across the film thickness was established.
After polymerization the voltage was tuned off and the cell was annealed
at 60 °C overnight.

Design of the Thin Film with SFLH Pattern: The pattern was obtained in
the same way by using monomeric mixture containing 0.25 wt% of (R)-BB
and at 2.5 V of voltage applied.

The cells were opened and ribbons of 0.3‒0.6 mm width were cut out
of the polymerized thin film. The cutting angle is defined with respect to
the rubbing direction of the cell, when the irradiated side of the film faces
the top.

The response of the springs to light was followed using a Dino-Lite USB
microscope. An LED lamp 𝜆 = 365 nm (Hönle, intensity ≈200 mW cm−2)
and Edmund MI-150 high-intensity illuminator were used for the actuation
experiments. A polarized optical microscope BX51 (Olympus) was used
for optical characterization.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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