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Autonomous Self-Sustained Liquid Crystal Actuators
Enabling Active Photonic Applications

Ren Zheng, Lingling Ma,* Wei Feng, Jintao Pan, Zeyu Wang, Zhaoxian Chen,
Yiheng Zhang, Chaoyi Li, Peng Chen, Hari Krishna Bisoyi, Bingxiang Li,* Quan Li,*
and Yanqing Lu*

Advances in biomimicry have led to the rise of advanced robotics, posing
promising revolutions across a variety of fields. Programmable self-sustained
actuation in nature, such as human’s heart beating, bird’s wingbeats, and
penguin’s waddling, are intriguing and inspiring but challenging for device
innovation, which hinders the emergence of autonomous self-feedback
applications, especially in optics and photonics. Herein, the design,
fabrication, and operation of crosslinked liquid crystal actuators are described
that combine the programming of microstructures and the engineering of
macroscopic shape morphing for active optics and photonics. The actuators
consist of twisted nematic liquid crystal molecules with both elastic and
optical anisotropies, resulting in large bending deformations in response to
heat. Programmable bending motions and self-sustained waddling
oscillations are demonstrated, further contributing to the achievements of
dynamic 2D beam steering and self-sustained light field modulation. It is
envisioned that these actuators with self-sustained performances without
requiring turning the stimulus on-off will find applications in autonomous
active optical systems, photonic applications, as well as self-governing
robotics with the core feature of thermo-mechanical-optical transduction.

1. Introduction

Nature has long been considered a source of inspiration
in developing artificial materials/devices with adaptation
and intelligence in response to external stimuli.[1] Prime
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examples include Mimosa pudica, sun-
flower, and chameleon, triggering the
inventions of nanomedicine strategies,[2]

flexible solar trackers,[3] color-changing
soft robotics,[4] and so on. Another class
of stimuli-responsive actuation with au-
tonomous, self-sustaining features is also
ubiquitous in living organisms, playing
important roles in various life activities.[5]

For instance, penguins adopt a waddling
gait, periodically swinging to the left and
right, reminiscent of tumblers.[6] Such
waddling gait was reported to smartly
decrease the muscular work by maximally
exchanging the gravitational potential
and kinetic energies, conserving 80%
mechanical energy within each step.[6]

Many other examples include fishtailing,
heart beating, and wingbeats.[7] Wang
et al.[8] reported a self-governing thermo-
mechanoelectrical system for multimodal
locomotion and electricity generation.
Although much effort has been made to
develop responsive actuators relying on
on-off or regulations of the external stimuli

by soft materials,[9] it is still challenging to achieve pro-
grammable self-initiated, self-feedback, and self-sustained actu-
ation with a versatile material system exploitable for specific op-
tical applications.[8,10]
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The field of active photonics has undergone significant ex-
pansion in the last decade due to the rapid developments of
optical communications, metaverse, and optical computing.[11]

Among the broad family of optical materials, dynamically tun-
able liquid crystals (LCs)[12] are widely investigated as active ma-
terials in optoelectronic and photonic devices.[13] By employ-
ing polymerized LCs (such as LC elastomers and LC networks),
which show excellent features of elastic deformability,[14] struc-
tural patterning,[15] multi-stimuli responsiveness,[16] and facile
miniaturization,[17] various mechanical actuations including au-
tonomous self-propelled motions have been demonstrated.[5a,d,18]

For instance, Cunha et al.[19] reported the light-driven continuous
oscillatory rocking of an LC polymer film with the mechanism
of self-shadowing effect. Reversible swinging phenomena of the
bionic dog swinging tail[20] and photoactive self-winding fiber ac-
tuators inspired by the helix formation of plant tendrils[5b] were
also presented. Such autonomous actuations are all performed
under constant stimulations without requiring turning on-off or
changing the external fields,[5b,19–21] which are quite promising
and vital for future intelligent optical techniques. However, due
to the cross-scale research of microstructure-based optical effects
and macroscale mechanical dynamics, difficulties also exist in
leveraging the programmable, self-propelled, self-sustained me-
chanical actuation into unique optical and photonic functions. If
one can incorporate the interactions between optical microstruc-
ture design and macroscopic shape morphing within polymer-
ized LC films, diversified LC actuators (LCAs) would be antici-
pated, permitting autonomous, active, efficient, and even multi-
modal mechanical-optical functionalities.

Here, we devise bioinspired soft smart LCAs that can per-
form autonomous self-sustained actuation for active photonic
applications (Figure 1a). The LCAs are tailored into ribbons
with intrinsic twisted nematic structures to induce the asymmet-
ric thermo-mechanical response. Programmable bending actu-
ation and bioinspired self-sustained waddling motions coupling
with built-in thermo-mechanical and mechano-thermal feedback

loops are demonstrated by providing an appropriate thermal
field. In addition, we achieve continuous and ceaseless thermo-
mechanical-optical actuation based on elaborately microstruc-
tured LCAs, including programmable self-sustaining beam steer-
ing, optical switching, and special light field modulations, by con-
tinuously harvesting thermal energy from the external surround-
ings. This work not only takes advantage of the macroscopic
designing of elastic anisotropy of LCAs but also combines the mi-
croscopic engineering of optical anisotropy of LCs for active opti-
cal and photonic applications. This seamless integration exceeds
previous reports that usually only paid attention to the mechani-
cal response of LC polymer films, thus it provides a new sight of
smart actuators with distinctive functions of thermo-mechanical-
optical transduction.

2. Results

2.1. Experimental Design

Polymerized LC film is an active optical and mechanical material
system with the stimuli-mechanical responsiveness inherently
encoded in its structure. To attain thermo-mechanical bending
actuation, we design ribbon-like LCAs with a symmetry-breaking
geometry of twisted nematic director configuration by introduc-
ing orthogonal alignment conditions to the upper and bottom
surfaces of the film. When the ribbon is exposed to hot surfaces
beyond its glass transition temperature (Tg = 42.8 °C, Figure
S1a, Supporting Information), the in-built orientational order of
LCs decreases, resulting in anisotropic shrinkages and expan-
sions at the two surfaces (contraction along the LC director and
the elongation in the orthogonal direction). Consequently, macro-
scopic bending deformations are obtained with a lifted center of
gravity of LCAs (Figure 1a). The continuous increase in temper-
ature makes the height of the center of gravity surpass a cer-
tain threshold. Then, the LCA senses subtle perturbation that
triggers the initiation of unrelenting self-sustained oscillations

Figure 1. Characterizations of LCA films. a,b) Schematic concept of programmable bending actuation and self-sustained waddling actuation for dynamic
optical applications. c) Schematic illustration of an LC ribbon with the twisted orientation of LC directors. L0, W0, and H0 represent the length, width,
and thickness of the LC ribbon, respectively. d) POM texture of the LC ribbon viewed between crossed polarizers. Scale bar: 100 μm. e) Stress-induced
(top) and thermal-induced (bottom) curved LC ribbons. The curvature of the film at 90 °C is 1.9 cm−1. Scale bar: 5 mm. f) Schematic of the reflected
thin-film interference and reflected interference fringes. The wavelength of the incident laser beam is 532 nm.
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Figure 2. Programmable bending actuation of LCAs. a) Infrared images of bending LCAs at different temperatures. Scale bar: 5 mm. b) Temperature
distribution of LCA on the hot surface with different temperatures. c) Curvature distribution of LCA at different temperatures. d) Factors of 𝛾 and 𝜑

changing with the setting temperature. e) Programmable bending deformation at sequentially changed temperature.

reminiscent of the penguins’ waddling gait (Figure 1b). We fur-
ther pose the programmable autonomous optical/photonic per-
formances by taking advantage of the light field modulation
ability of LC microstructures, with the core feature of thermo-
mechanical-optical transduction.

The materials and fabrications of LCAs are provided in Text S1
and Figures S1b and S2–S5 (Supporting Information). LCA with
twisted nematic structure (Figures 1c), high optical transparency,
and good mechanical flexibility reveals generally uniform tex-
tures under both the dark-field metalloscope and crossed polar-
ized optical microscope (POM, Figure 1d,e; Figures S6 and S7,
Supporting Information). The XRD characterization of the LCA
is also carried out (Figure S8, Supporting Information), show-
ing an absence of layer reflections and a diffuse reflection in the
wide-angle region (half-peak width w = 7.7o), supporting the as-
signment of twisted nematic structure. LCA can agilely respond
to a thermal field by spontaneously bending in a coiling manner
when laterally laid on a hot surface (T= 90 °C, Figure 1e). We take
an optical interferometry method to detect the deformation in the
transverse direction of the LCA. As shown in Figure 1f and Figure
S9 (Supporting Information), a linearly polarized laser beam with
a spot diameter of 1.5 mm strikes the curled LCA at the inci-
dent angle of 35o, which is partly reflected and partly refracted,
with the refracted portion further split into higher-order refracted
waves through internal reflections. Hence, thin-film division-of-
amplitude interference with slightly curved interference fringes
is observed, verifying the saddle-like form of frustration. Such
deformations are reversible when the temperature decreases to
room temperature (26 °C), suggesting a reliable reconfigurable
actuation.

2.2. Programmable Bending Actuation

The thermo-mechanical performances of the LCA are studied to
test the response to heat stimuli. A flat ribbon-like LCA with W0
= 2 mm is placed on the surface with its upper surface possess-

ing LC directors parallel to the longitudinal direction (LCAs with
other widths are described in Text S2 and Figure S10, Support-
ing Information). As shown in Figure 2a and Figure S11 (Sup-
porting Information), while the temperature T of the hot surface
increases from 40 to 90 °C, the LCA successfully converts ther-
mal energy into kinetic energy. The overall structure bends up-
ward, and the two arms of the LCA are gradually lifted due to the
thermally induced asymmetric internal strain. Notably, a slight
vibration is observed at two endpoints A and B of the LCA when
T = 90 °C and the elevated film parts cool down rapidly as they
are away from the hot surface, which recover to flat forms facil-
itating the optical performance when introduced elaborate mi-
crostructures. A slight difference between the measured temper-
ature from infrared images and the actual temperature of the film
is explained in Text S3 (Supporting Information) with Figures
S12 and S13 (Supporting Information).

Figure 2b,c manifest different curvature profiles of LCA and
changes in temperature distribution along the length direction of
the ribbon at different setting temperatures. Typically, from the
middle of the film (point o) in contact with the hot surface to point
A or B, the temperature of LCA continuously attenuates from
the maxima. The temperatures at ends of the LCA are always
≈40 °C at different setting temperatures, which is because these
parts of the film are beyond regions of vertical temperature gra-
dient and the heat transfer takes place with the same surround-
ing atmospheres (≈26°C). The maximum bending curvature ex-
ists at point o, which increases to 2.5 cm−1 as T = 90 °C, larger
than that reported in previous research with twisted nematic
configuration.[22] In addition, factors 𝛾 and 𝜑 are introduced to
quantitatively analyze the thermal responsiveness of the films,
where 𝛾 is defined as (L0-L)/L0 and the bending degree 𝜑 denotes
the angle between the asymptotes of the right arm of LCA and
the horizontal line (Figure 2a). As shown in Figure 2d, 𝛾 is sig-
nificantly increased with the increasing T, 𝛾 = 0.54 at T = 90 °C.
The increase of 𝜑 is almost linear with T with the slope of 1.4.

Programmable thermo-mechanical bending actuation of LCA
is further investigated by engineering the heating and cooling
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Figure 3. Bioinspired self-sustained waddling oscillations of LCAs. a) Photos of curved LCAs with varied lengths (L0 = 21 mm, 23 mm, 25 mm, and 27
mm) and the same W0 = 2 mm. T = 50 °C (top); T = 90 °C (bottom). The dashed yellow line indicates the shape morphing of LCA IV at T = 92 °C.
The temperature for the initiation of tumbling of LCA III is ≈105 °C. Scale bar: 5 mm. b) Relationship between the height of centroid center and T. c)
Time-dependent change of 𝜑2 and corresponding infrared images of LCA during the self-sustained waddling motion. 𝜑2 denotes the angle between the
axis of symmetry of LCA and the horizontal line. Scale bar: 5 mm. d) Schematic diagram of the mechanism of waddling actuation (top); 2D trajectory of
endpoints (A, B) and the centroid center (C) in the x-axis during a waddling cycle (bottom). e) Time-dependent motion of points A and B in the x-axis.

processes. We adopt a temperature controller by setting the tem-
perature range (40 °C – 85 °C), the changing rate (30 °C min−1),
and the number of heating/cooling cycles (>10) to achieve the
cyclical actuation. Two arms of the LCA exhibit a periodically flap-
ping motion with the height (y) of the endpoint B varying (in the
range of 2.4 mm to 8.9 mm) synchronously with the changing of
T (Figure 2e; Movie S1, Supporting Information). Moreover, an
LC athlete with programmable sit-up actuation is further investi-
gated (Figure S14, Supporting Information). It can sit up quickly
when the temperature rises to 90 °C, and returns to a flat gesture
vividly when T is gradually reduced to ≈40 °C, indicating a good
recoverability (Movies S2 and S3, Supporting Information).

2.3. Autonomous Self-Sustained Waddling Actuation

We explore the capability of bioinspired self-governing waddling
actuation of LCAs by further increasing the temperature. First,
we break the equilibrium of LCA by continuously lifting its cen-
ter of mass to initiate the waddling. As shown in Figure 3a, cen-

troid centers of different-sized LCAs are examined. The length of
LCAs I, II, III, and IV are 21 mm, 23 mm, 25 mm, and 27 mm
(W0 = 2 mm), respectively. LC directors parallel to the longer side
of the ribbon are facing upwards. With the temperature increases
from 50 to 90 °C, LCAs bend and the contact areas between the
ribbons and the hot surface become smaller, increasing the insta-
bility (Figure S15, Supporting Information). Their centroid cen-
ter shifts in y exhibit nearly linear increase trends (Figure 3b, see
the definition of centroid center in Text S4, Supporting Informa-
tion). Once the surface temperature reaches 90 °C, we observe
a discontinuous, irregular, weak motion of LCA IV with its end-
points A and B vibrating slightly while other LC ribbons remain
in static states. Further increase in temperature (92 °C) triggers
the tumble of LCA IV falling to one side (Movie S4, Supporting
Information). Then, the original symmetric temperature distri-
bution of the LC ribbon is broken by leveraging the rapid re-
gional heat transfer among the hot surface, the LCA, and the
air, which initiates the autonomous self-sustained waddling ac-
tuation. An abruptly higher centroid center of Cy = 4.6 mm is
found at 92 °C (Figure 3b) owing to the obvious shape difference
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resulted from the dynamic heat flow and heat-flow-induced in-
stantaneous bending and recovery. 𝛾 exceeds 0.6 at T = 92 °C
comparable with that reported in previous research.[5a,8,23]

A complete self-sustained oscillatory actuation from the neu-
tral to the rightmost, leftmost, and then back to the neutral
position, along with the time-dependent change of 𝜑2, is pre-
sented in Figure 3c and Figure S16 (Supporting Information)
(T = 92 °C). Detailed investigation shows LCAs undergo a fast
bending deformation within 3.6 s before actuating the continu-
ous oscillatory behavior (Figure S17 and Movie S5, Supporting
Information). Then the oscillation amplitude quickly maximizes
in the following 1.0 s and stays constant after that. During the
shift of the center of gravity, the LCA maintains a barely variant
macroscopic bending curvature profile, facilitating a non-fatigue
enduring activity. The change of heat distribution is similar to
the water flow within an oscillatory U-shaped tube, establishing
unique self-locked thermo-mechanical and mechanical-thermal
feedback loops for autonomous oscillation (Movie S6, Support-
ing Information). The oscillation trajectory and amplitude of end-
points as well as the centroid position of LCA are plotted in
Figure 3d,e, exhibiting a symmetrical translational waddling mo-
tion. The average oscillation amplitude of centroid center in the x-
axis is 10.8 mm (Figure S18, Supporting Information) and the os-
cillation frequency is 1.3 Hz. We monitored the motility of LCAs
at 92 °C for tens of minutes (Movie S7, Supporting Information),
revealing ceaseless autonomous waddling oscillations unless an
accidence due to unexpected external disturbances.

Based on these findings, we propose a mechanism for the
waddling actuation of the LCA base on the dynamic thermo-
mechanical behavior and general principle of a lever (Figure 3d,
top). In the initial state, the film is subjected to two forces, i.e., the
gravity and the bracing force, with the same x-axis of force bear-
ing points and equal magnitudes in opposite directions (state_1).
When the equilibrium of the LCA is broken, waddling oscillation
is initiated with the film rocking to one side. As a result, the force
bearing point of bracing force shifts to the right of the gravity
force after it reaches the rightmost position (state_2), which pro-
duces a left-rotation force moment to make the LCA stop and tend
to right itself. An additional contribution to the same backwards
waddling motion is the cooling of the left arm of LCA away from
the hot surface, fuelling unbending actuation, and helping the
LCA recover to its initial position (state_1’). Due to the existence
of motion inertia, the LCA continues waddling to the leftmost po-
sition (state_3). In this condition, the force bearing point of brac-
ing force shifts to the left of the gravity force and the dynamic
thermal equilibrium-induced thermo-mechanical actuation once
again changes the film’s center of gravity. Consequently, the LCA
rotates to the reverse side. In this way, one cycle of the waddling
actuation is achieved and the self-locked negative feedback loop
sustains such oscillatory motions without changing the external
stimulus. Compared with bilayer structure with light-driven os-
cillatory motions induced by the self-shadowing effect,[5a,24] both
the triggering mechanisms are owing to the dynamic heat trans-
fer and shape morphing induced nonequilibrium. The difference
lies in whether the initial circumstance is equilibrium. In our
case, the equilibrium symmetric external field triggering the LCA
waddling calls for higher sensitivities of the actuator.

According to the simplified physical model described in Text
S5 (Supporting Information), the frequency of the self-sustained

waddling actuation will be affected by the mass, the height of ge-
ometry center, and the relative position of centroid center and
geometry center. The latter two are highly related to the shape of
LCA. Irregular oscillation occurs when the surface temperature
is further increased, making the LCA roll over in an arch-bridge
shape (Movie S8, Supporting Information). For instance, when
T = 95 °C, 𝛾 of the LCA increases to 0.7 and the height of gravity
center rises to 4.8 mm, which becomes greater than that of the
geometry center (4.1 mm), thus causing the LCA to tip over af-
ter several tumbling cycles. A larger amplitude of 15.0 mm and a
smaller oscillatory frequency of 1.0 Hz are obtained compared to
92 °C (Figure S18, Supporting Information), verifying the above
theory.

2.4. LCA-Based Active Optical and Photonic Applications

By taking advantage of the light modulation capability of optically
anisotropic LCs,[13c,25] we use LCAs to perform programmable
self-sustained optical functionalities. Here we introduce a binary-
phase grating structure with an alternative homogeneous LC
structure and a twisted nematic LC structure into the right arm
of the LCA by photopatterning (Figure 4a).[13c,26] Grating period d
is designed to be 80 μm. A 2D beam steering system is proposed
comprising only two components: the structured LCA and a com-
mercial linearly polarized laser device (Figure 4b). To achieve
better diffraction, the laser beam is carefully adjusted to only
strike into the structured arm of LCA, i.e., right arm, by setting a
slight deviation from the plane of the U-shaped LC ribbon. The
incident polarization is parallel to the homogeneous alignment
(Figure 4a). In this case, the Mauguin condition[27] (described in
Text S6, Supporting Information) is satisfied, enabling the guid-
ing control of outgoing polarization following the LC director dis-
tribution at the rear surface.

At T = 90 °C, the structured arm is highly lifted and nearly
vertical to the laser propagation, suggesting a nearly normal
incidence. Accordingly, a typical diffraction pattern is recorded
comprising of a linear array of equally-spaced diffraction orders
(Figure 4c). With the decrease of T, the bending deformation at-
tenuates, leading to an increased incident angle 𝜃i. In this case,
conical diffraction occurs with the propagating diffraction orders
lying on the surface of a cone, giving rise to an angular separation
of non-paraxial diffraction orders spreading in an arc shape. Fac-
tor 𝜃y, defined as the angle of diffraction spots deviating from the
x-axis, is introduced here to characterize the steering capability of
LCA in y direction. When T decreases from 90 to 40 °C, the bend-
ing degree 𝜑 linearly decreases from 81.5° to 6.6° (Figure 2d),
thus 𝜃i is changed from 8.5° to 83.4° (Figure S19, Supporting
Information). A typical conical diffraction pattern at 65 °C is pre-
sented in Figure 4c with 𝜃i = 49°. The relationship between 𝜃y and
𝜃i is further provided in Figure 4d. 𝜃y_max = 14.4° is achieved for
the 24th-order diffraction spot at 𝜃i = 70°. The 2D steering capabil-
ity can be further enhanced by fabricating gratings with smaller
periods (e.g., d = 25 μm, results in Figure S20, Supporting Infor-
mation) according to the theory of conical diffraction.[28] Thus, by
engineering the thermal field, we achieve robust, programmable
2D beam steering. The dynamic range can be encoded in both
the microstructure and the macroscopic bending.
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Figure 4. Programmable self-sustained thermo-mechanical-optical actuation. a) POM texture of the binary phase grating with alternatively changed
homogeneous and twisted LC orientations; a = 30 μm and b = 50 μm (left). Schematic illustration of the binary phase grating with linearly polarized
incident light (right). Scale bar: 100 μm. b) Schematic illustration of dynamic 2D beam steering based on an LCA partially with a binary phase grating (in
the red dashed box). c) Diffraction patterns at T = 65 °C and T = 90 °C. The wavelength of the incident laser beam is 532 nm. d) Relationship between
𝜃y and 𝜃i for diffraction spots of different orders. e) Schematic illustration of self-sustained beam steering based on an LCA partial with a binary phase
grating (in the red dashed box). f) On-off diffraction patterns. g) Time-dependent switching of the light intensity of 1st order. The red dashed lines
represent the secondary periodicity of the time-dependent light diffraction. The wavelength of the incident laser beam is 632.8 nm.

In addition, the self-sustained waddling oscillations can be uti-
lized in autonomous light modulation systems (Figure 4e). The
right arm of LCA is fabricated with a grating structure, which
oscillates from the neutral (position_1) to the rightmost (posi-
tion_2), leftmost (position_3), and then back to the neutral po-
sition (position_1) during the periodic self-sustained waddling
actuation. By elaborately adjusting the height of laser incidence
(Figure S21, Supporting Information), we achieve diffraction
when the LC ribbon is at neutral position_1 but non-diffraction
when swinging to the rightmost position_2 or leftmost posi-
tion_3 (Figure 4f), depending on whether the structured region
of LCA is illuminated. Thereby, repeated self-regulating switch-
ing between on/off diffractions is attained as shown in Figure 4g.
Time-dependent light intensity of diffraction with secondary pe-
riodicity (P2 = P1) occurs when the laser incidence is slightly de-
viated from the center of the microstructure region (Figure 4g).
This phenomenon can be further exploited in autonomous beam
steering systems with special periodicity. Further enciphering dif-
ferent structures spatially and sequentially on the arms may bring
in abundant active optical functions including dynamic informa-
tion encryptions.

Besides dynamic optical functionalities, we demonstrate
active photonic applications based on LCAs. With one surface
unidirectionally photoaligned (𝛼 = 0) and the other space-variant
photoaligned (𝛼 = 𝜃 + 𝜋/4, where 𝜃 is the azimuthal angle,
Figure 5a), the LCA is endowed with the ability to produce

special light fields based on the achromatic polarization-guiding
effect. Corresponding POM texture is displayed in Figure 5b. A
linearly polarized Gaussian beam is utilized normally incident
to the structured arm when the actuator is at its neutral position.
The incident polarization is parallel to the LC director on the
homogeneously aligned front surface (Figure 5b). Then the
propagating polarization chases the twisting of LC directors,
yielding the output polarization following the local LC director
distribution of the rear substrate. Consequently, whirlwind-like
vector beams are generated (Figure 5c). Detections are carried
out by inserting an analyzer after the actuator (Figure 5d). Thus,
the autonomous self-sustained switching between the Gaussian
beam and vector beam is realized.

Additionally, we offer the autonomous self-governing switch-
ing of focusing/defocusing performance by patterning a Fres-
nel lens phase structure (𝛼 = − 𝜋

𝜆
(
√

f 2 + r2 − f ), where 𝜆 is the
wavelength, f is the focal length, and r is the radial distance),
substituting for 𝛼 = 𝜃 + 𝜋/4. Corresponding POM texture and
the optical path for the focus/defocus switching are shown in
Figure 5e and Figure S22 (Supporting Information), respectively.
As a result, the conditions of exiting structured light at the fo-
cal plane are shown in Figure 5f, presenting focusing effect
of left-handed circular polarized light (out_LCP), defocusing ef-
fect of right-handed circular polarized light (out_RCP), and the
output light mixed with both focusing and defocusing compo-
nents (out_LP). Hence, a platform for abundant active photonic

Adv. Funct. Mater. 2023, 33, 2301142 © 2023 Wiley-VCH GmbH2301142 (6 of 8)
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Figure 5. Autonomous active photonic functions enabled by LCAs. a) Schematic illustration of space-variant structured LCA with the incident light
linearly polarized (left); Top view of LC director distribution of the spatially variant LCA structure (right). b) POM image of space-variant structured LCA.
Scale bar: 250 μm. c) Switching of gaussian/vector beams during the actuator waddling. Yellow arrows indicate the incident polarization. d) Detection
of vector beams with a linear polarizer. The polarization direction is indicated by white arrows. e) POM image of Fresnel-lens-structured LCA. Scale bar:
250 μm. f) Switching of defocusing/focusing beams during the waddling actuation. The incident and outgoing polarization states are indicated in the
top right corner. The wavelength of the incident laser beam is 632.8 nm.

applications with programmable autonomous functionalities can
be rationally expected.

3. Discussions and Conclusion

So far, we have demonstrated programmable bending actuation
and autonomous self-sustained waddling oscillations for active
optical and photonic functionalities. Monolithic twisted nematic
LC ribbons with excellent thermal responsiveness are adopted in-
stead of using bilayer configurations with different elastic mod-
uli. The polymerized LC film with large-area ordered twisted
structures of ≈1330 mm2 can be tailored into more than 20 LC
ribbons. These offer the feasibility of efficient fabrication. The
drastic macroscopic bending deformation originates from the in-
herent symmetry-breaking chiral orientational structure of LC di-
rectors, revealing tremendous possibility in microstructure de-
sign. By harvesting easily-accessible thermal energy, the shape
morphologies and self-initiated dynamics of LC ribbons can be
artificially engineered, enabling intriguing flapping, sit-ups train-
ing, and penguin-like waddling motions. These actions can be ex-
ploited to dynamically modulate the light field with unique intel-
ligent self-sustained optical/photonic functions by coupling the
spatially periodic (static) microstructure of LCs and the tempo-
rally self-regulating (dynamic) locomotion of the actuator. Such
function provides unique opportunities for self-sustained optical
alarming and beam steering systems, optically visual sensing de-
vices to perceive warning temperatures, and special laser process-
ing avoiding photothermal-induced damage. By taking advantage
of the high-resolution and arbitrary surface-pattern engineering
of the photoalignment technique, more structured LCAs with var-
ious 3D architectures and high-quality optical functionalities can
be rationally anticipated. Thus, it provides an important proof
of principle for programmable spatial-temporal self-sustaining
mechanical-optical systems. Besides macroscopic bending, we
also achieve spring and helicoid deformations by cutting the
thin film at different angles relative to the alignment directions

(Figure S23, Supporting Information). The above dynamic mo-
tions could be activated in multiple scenarios, e.g., in vehicle or
on asbestos net (Figure S24 and Movie S9, Supporting Informa-
tion).

To summarize, we achieved various active optical applications
based on soft smart LCAs with autonomous self-sustained
thermo-mechanical-optical actuations. First, programmable
thermo-mechanical bending and “sit-up” actuations are detailly
investigated at the macroscopic scale. Second, higher tem-
perature leads to ceaseless self-initiating, self-propelling, and
self-sustaining “penguin-like waddling” oscillations along with a
periodic self-feedback fluctuation of thermal distribution within
the film. Finally, by exploiting both the microstructured elastic
and optical anisotropies of LCs, programmed 2D beam steering
and active modulations of special light fields are demonstrated,
indicating an excellent platform not only for devising agile me-
chanical execution devices but also developing intelligent optical
robotic systems. This work may inspire various soft automatic
machinery with unique elastic properties and advanced optical
functions, and provides an important proof of principle for
autonomous active optical and photonic functionalities based on
soft, smart, self-sustained LCAs.

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