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Abstract
Dynamic photoprogramming of paintable liquid crystal photonic devices with multi-stability shows practical
application in smart soft materials and responsive optics. However, there exist three key challenges that limit their
development: achieving precise paintability with controllable viscosity and resolution, maintaining well-ordered liquid
crystal photonic structures, and enabling multi-stable photoresponsive behavior. Here, we address these limitations by
incorporating an intrinsic photoswitch into a cellulose-based liquid crystal system, further constructing a unique
paintable helical photonic architecture featuring both multi-stability and dynamic light-actuation. The intrinsic chiral
photoswitch enables multi-stable modulation of helical pitch, while optimized viscosity restrains the remarkable
fluidity of traditional liquid crystal systems and matches proper surface anchoring, thereby allowing for paintability and
programming of a photonic device. The cutting-edge single-step painting enables highly efficient, large-area and well-
defined patterning of helical architectures on diverse flexible substrates, thereby promoting prospective applications
in anti-counterfeiting, information encryption, and smart window-film. This strategy establishes a robust and versatile
foundation that integrates practical explorations in soft matter photonics with state-of-the-art engineering
applications, such as multifunctional interactive optical information systems and advanced intelligent flexible sensors.

Introduction
Light-actuated paintable liquid crystal (LC) photonic

devices have been an attractive topic for years because of
their great potential in the next-generation intelligent soft
systems, such as smart optical and integrated systems1–6.
However, the absence of photoresponsive multi-stable
materials compatible with a straightforward and scalable
painting restricts their applications, highlighting the cri-
tical challenge of achieving dynamic photomanipulation
and multi-stability in such systems7,8. Photoresponsive
cholesteric liquid crystals (CLCs) combine the precise,

remote, and non-invasive9 control with self-organized
helical superstructures10, have captured significant
attention for their multifunctional photonic proper-
ties11–15, which are widespread in the fields of adaptive
optical systems16–18, information processors19–21, and
emissive photonic devices22–24. Over the years, various
approaches have been proposed to modulate the helical
structure of CLC using molecular photoswitches25–28,
such as azobenzenes, spiropyrans and diarylethenes.
However, current implementations of these functional
CLC-based optical devices require rigid glass encapsula-
tion to maintain surface anchoring and prevent distortion
from material fluidity, fundamentally restricting their
potential in flexible photonic applications. Painting
represents a simple and effective approach for fabricating
flexible optical devices29–34. Consequently, developing
paintable CLC photonic architectures that simultaneously
maintain well-ordered helical structures, robust photonic
performance, dynamically tunable optical responses, and
substrate-independent stability remains a critical chal-
lenge in advanced photonic materials.
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Here, we develop a light-actuated paintable soft pho-
tonic architecture engineered through the incorporation
of ethyl cellulose as a multifunctional additive. This
approach enables precise modulation of the CLC system,
achieving optimal paintability while maintaining robust
surface anchoring strength and well-defined optical pat-
terns across diverse substrates. A unique intrinsic chiral
photoswitch with excellent thermo-stability is introduced
into LC to enable remarkable manipulation of helical
pitch, thereby enabling precise multi-stable modulation
across a wide spectral bandwidth spanning from the entire
visible to the near-infrared region upon light stimulation
(Fig. 1a). Notably, these optical architectures enable large-
area, scalable and accurate painting while simultaneously
allowing for on-demand photoprogrammable micro-
patterns, significantly advancing their potential applica-
tions towards flexible and multi-stable optics, especially in
anti-counterfeiting, information encryption, and smart
window-film (Fig. 1b). This study puts forward transfor-
mative practical horizons for multifunctional interactive

optical information systems and advanced intelligent
flexible sensors.

Results
Paintable soft photonic architectures: high viscosity and
multi-stability
To achieve a wide range of structural color controlled by

light, we strategically incorporated the intrinsically chiral
diarylethene derivative developed by our group28 as the
fundamental building block for constructing the CLC.
This photoswitch possessed three critical features: avoid-
ance of multi-centered chirality, significant helical pitch
modulation, and robust thermal stability, thereby enabling
highly efficient optical modulation with wide-range pitch
tuning in CLC systems. Moreover, the photoswitch exhi-
bits excellent bistability across all intermediate config-
urations during light-driven interconversion between its
open (M)-1o and closed (S,S)-1c states, enabling reliable
multi-stable functionality. However, this CLC system
exhibits inadequate viscosity, showing obvious flow traces
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Fig. 1 Paintable LC architectures featuring photoprogrammable multi-stable status. a Photonic architecture with photoprogrammable multi-
stable status is constructed by painting on a flexible substrate. Here, the intrinsic chiral photoswitch induces a broad range of structural color
variations due to helical pitch expansion. The introduction of ethyl cellulose increases the viscosity of the entire liquid crystal system, thereby
ensuring the on-demand painting. b Flexible optical labels with wide and reversible color-tunability have been achieved
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on vertical substrates and poorly resolved pattern
boundaries (Fig. 2a, Fig. S1 and Supplementary Video 1).
To address these limitations, we developed a viscosity-
tuning strategy through the controlled incorporation of
ethyl cellulose into the CLC matrix. The CLC-to-ethyl
cellulose mass ratio significantly influences optical mod-
ulation performance. A 1:1 ratio achieved a balance

between the desired optical tunability and optimal visc-
osity (Table S1). Compositions with CLC excess suffered
from poor film uniformity due to high fluidity, whereas
ethyl cellulose-rich mixtures exhibited dramatically
reduced optical responsiveness, either narrowing the
dynamic range or eliminating tunability entirely. Further-
more, the entire material system exhibited robust
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Fig. 2 Paintable photonic architectures: high viscosity on diverse substrates, robust fatigue resistance, and multi-stability. a Compare to
pure CLC, the paintable ink shows high viscosity without obvious fluidity on the vertical substrate, and the clear pattern can be easily painted on
multiple flexible substrates. b Paintable photonic architectures can be switched between purple and red 30 cycles while still maintaining clear colors
and edges under alternating exposure to UV and visible light. c Paintable photonic architectures exhibit outstanding thermal stability with unaffected
color and functionality after 30 days
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interfacial interactions, as evidenced by optimal wetting/
spreading characteristics across all formulated composi-
tions (Fig. S2). The optimized system demonstrates
excellent paintability, exhibiting minimal flow on vertical
substrates while preserving sharp pattern definition, indi-
cative of an ideal viscosity for precise patterning.
Remarkably, this technique achieved high-definition pat-
terning across diverse materials, including PET, PMMA,
paper, and wood, highlighting its excellent compatibility
for paintable photonics.
Stability and fatigue resistance represent critical perfor-

mance metrics that fundamentally determine the operational
reliability and long-term durability of functional devices in
practical engineering applications. They are crucial for
ensuring the performance, reliability, and lifetime of pro-
ducts. Here, the flexible photonic architecture exhibited
robust fatigue resistance, maintaining almost invariable
reflection color between purple and red via monitoring at
least 30 switching cycles upon alternating UV and visible-
light irradiation, thereby minimizing the fatigue damage and
extending device life (Fig. 2b). Furthermore, they also pos-
sessed excellent thermal stability, remaining unaffected color
and properties after 30 days in different temperatures
(Fig. 2c, Fig. S3 and Fig. S4). These characteristics of the
flexible photonic architecture established a strong foundation
for their future applications, particularly in the realm of anti-
counterfeiting labels and information encryption.

Paintable soft photonic architectures: wide and reversible
color-tunability
Remarkably, the developed system enables not only

substrate-independent patterning capabilities but also exhi-
bits broad-spectrum and fully reversible optical tunability
using light irradiation. Here, polarized optical microscopy
(POM) was employed to capture the texture images of the
paintable photonic architecture with a thickness of 32.8 μm
(Fig. S5). The oily texture exhibited a remarkable transition of
reflection colors, progressing from an initial dark purple to
blue, green, yellow, red, and eventually reaching a photosta-
tionary state with dark red upon UV light (365 nm) irradia-
tion for 21 s, allowing for a remarkable manipulation of
helical pitch. Subsequent full recovery could be achieved
through irradiation with visible light (530 nm) for 44 s
(Fig. 3a and Supplementary Video 2). It is important to
highlight that the excellent thermal stability of photoswitches
shows the stable intermediate states with desired reflection
colors after removing the light. Moreover, thanks to the high
viscosity of this system, we successfully captured and char-
acterized the dynamic evolution of photoresponsive helical
pitch modulation. By carefully adjusting the chiral dopant
concentration to achieve micron-scale pitch dimensions, we
were able to directly observe the dynamic pitch modulation
in the cross-sectional view under microscopy (Fig. S6 and
Supplementary Video 3).

To quantitatively characterize the reflection wavelength of
the paintable photonic architecture, we employed a fiber-
optic-coupled spectrometer synchronized with POM for
simultaneous structural and optical analysis. The CLC-based
photonic architecture exhibited excellent spectral tunability,
with dynamically manipulable reflection bands spanning
from 450 nm (visible) to 950 nm (near-infrared) (Fig. 3b).
And the spectral could also be reversibly manipulated upon
visible light irradiation (Fig. 3c). Moreover, the precise
spectral modulation without obvious spectral distortion and
broadband demonstrated the inherent uniform arrangement
of the paintable CLC photonic superstructure. In fact, the
chiral pitch transformation is critically dependent on the
total irradiation energy (i.e., the product of light power and
exposure duration). The necessary irradiation time follows
an inverse proportionality with light power, with 365 nm
irradiation inducing the target pitch significantly faster than
532 nm at equivalent power due to wavelength-dependent
quantum efficiency (Fig. S7). The combination of broad
spectral tunability and complete reversibility in these pho-
toprogrammable CLCs established them as a robust material
platform for responsive photonics, with immediate applica-
tions in optical sensors, displays, imaging and so on.

Paintable micropatterns with distinct optical diffraction
Distinguished from traditional LC micropatterning

techniques35–39, our developed LC system enabled the
direct fabrication of micropatterns through a single-step
paintable process of photoprogrammable ink onto flexible
substrates, especially for expanding the potential appli-
cations of flexible LC-based devices in emerging techno-
logical fields. To comprehensively investigate the
capability of such photoprogrammable LC architecture
for optics, we constructed a series of precisely controlled
micropatterns capable of generating distinct optical dif-
fraction through light manipulation (Fig. 4a). Through a
silk screen featuring one-dimensional grating, fork-
shaped grating, two-dimensional grating, and periodic
concentric circles, four optical micropatterns were pain-
ted on PET film successively (Fig. 4b and Fig. S8). These
samples initially exhibited a purple structural color,
underwent sequential color transitions through blue,
green, and yellow, and ultimately stabilized at a photo-
stationary state of red upon UV light irradiation. The
complete recovery could be attained by visible light irra-
diation. Excitingly, these micropatterns exhibited sharp
boundaries and stability throughout the entire transfor-
mation process, with a demonstrated painting resolution
of approximately 400 μm (Fig. S9 and Fig. S10), posi-
tioning them as promising candidates for advanced flex-
ible photonic and optoelectronic device fabrication.
Here, we used a 633 nm laser to study the optical

properties of these micropatterns, which minimally
affected the photosensitive system. When the wavelength
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of incident light matched the selective reflection band of
the patterned CLC architecture, distinct diffraction
occurred due to Bragg reflection. Specifically, the 633 nm
left-handed circularly polarized (LCP) light met the Bragg
condition in helical CLC domains, while adjacent
unstructured regions remained transparent (Fig. 4a and
Fig. S11). This optical contrast at the interface between
painted and unpainted regions enabled effective spatial
amplitude modulation. The Bragg reflection wavelength
was precisely tuned to 633 nm through controlled UV
irradiation, achieving optimal diffraction efficiency in the
micropatterns. Horizontally-distributed, doughnut-
shaped, checkerboard-distributed, and circle-shaped dif-
fraction spots gradually appeared on the receiving screen
(Fig. 4b), further confirming the excellent stability and
sharp edges of these paintable micropatterns.

Multiple anti-counterfeiting labels
Design and fabrication of advanced security labels in a

convenient way, capable of high-level security, low-cost,
and large-area, have garnered significant scientific inter-
est. The key to advanced encryption and anti-
counterfeiting strategies is the storage of security ele-
ments that can be selectively and accurately modulated by
specific stimuli40–43. In light-stimulated color-changing
flexible anti-counterfeiting devices, the traditional varia-
tions in pigment or structural color are relatively limited,
typically exhibiting only two- or three-color changes.
Developing optical anti-counterfeiting devices with a
wider range of color change can significantly increase the
anti-counterfeiting security level and capacity. As a proof
of concept, we achieved single-step direct writing of a
“house” pattern on PET film using a paintable CLC
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system, successfully combining groove-embedded encap-
sulation with magnetic substrate integration (Fig. 5a). The
optical patterns remained stable with nearly unchanged
reflection spectra even after repeated rubbing and bend-
ing, while maintaining good adhesion to iron surfaces
(Fig. 5b, Fig. S12 and Supplementary Video 4). Further-
more, systematic evaluation under varying pressure and
pH conditions confirmed the robustness and reliability of
our encapsulation approach (Fig. S13). The pattern per-
formed a distinct purple, followed by a successive color
change to blue (3 s), green (7 s), yellow (12 s), red (17 s),
and dark red (23 s) with sustained UV exposure, and it
recovered again via visible-light irradiation at 530 nm
(Fig. 5c and Supplementary Video 5). Remarkably, owing
to its excellent thermal stability, the image at any inter-
mediate state remained unchanged, without observable
color degradation or boundary diffusion, demonstrating
the intrinsic multi-stable characteristics of the system.
Even after 180 days, the entire transition process
remained fully reversible, further confirming the long-
term stability of the material (Supplementary Video 6).
For promising applications, we have designed a type of

digital color display device, which can display 0-9 num-
bers with distinguished colors by precisely controlling the
localized irradiation time (Fig. 5d and Fig. S14). This

display reduced power consumption by sequentially dis-
playing primary colors, thereby enhancing image clarity.
Following the same aforementioned methodology, we
generated a colorful “HONOR” on the trophy, “ECUST
logo” on the medal, and “rose” on the certificates (Fig. 5e).
These patterns could be reversibly displayed and
encrypted through control of the light-exposed area (Figs.
S15–S17). Significantly, the paintable optical architecture
allowed for diverse platforms ranging from flexible
wearable substrates to large-scale surface patterning, thus
achieving rapid processability and high adaptability (Figs.
S18 and S19 and Supplementary Video 7).

Multifunctional smart window-film
Smart window technology not only enhances the com-

fort and convenience of living environments but also plays
a significant role in energy savings, privacy protection, and
esthetics44,45. Thanks to the wide and reversible color
tunability of this paintable photonic architecture, we have
developed a multifunctional smart window-film that
provides a sustainable solution by integrating color-
adaptability, light-interactivity, heat-resistibility, and
privacy-controllability. Depending on the intensity of UV
radiation in sunlight, the window film exhibited different
structural colors, ranging across the visible spectrum and
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Fig. 4 Dynamic photoprogramming of paintable micropatterns with distinct optical diffraction. a By using a polarizer and a quarter-wave
plate, a 633 nm laser was transformed into LCP light to detect the typical diffraction patterns. b Photoprogrammable micropatterns and their
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even extending into the near-infrared (NIR) range. Under
solar exposure, the structural color gradually redshifted
toward longer wavelengths. In contrast, under indoor
lighting in the evening, the film underwent a reversible
blueshift, restoring its structural color to the visible
spectral range (Fig. 6a and Supplementary Video 8).
Additionally, the smart film allowed for the creation of

decorative motifs like swans, butterflies, and leaves
through a controlled pattern-shading structure. These

vivid patterns demonstrated dynamic light interaction,
exhibiting structural colors that transition across the
visible spectrum while preserving their intrinsic photonic
properties. This unique characteristic allowed artistic
designs to integrate with functional solar regulation
(Fig. 6b). It is worth noting that the near-infrared struc-
tural color under sunlight exposure during the day could
effectively block heat. Through experimental comparison,
it had been observed that the heating rate of PET surfaces
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painted with photonic architecture was significantly
lower, and the temperature decreased nearly 1 °C com-
pared to pure PET surfaces (Fig. 6c and Fig. S20), which
effectively reduced the energy consumption. The self-
adaptive behavior of our smart window film is evident in
its dynamic spectral response, where the reflection peak
precisely tracks the near-infrared region under increasing
light intensity (Fig. S21), demonstrating real-time photo-
nic regulation.
Leveraging the unique light-scattering behavior of the

CLC, the film created an intriguing mist-like effect. When
viewed beyond 45 cm, the transmittance sharply declined
to near-zero levels, effectively obscuring visibility and
ensuring robust privacy. Conversely, as the observer
moved within 5 cm, the transmittance rose to approxi-
mately 90%, restoring a clear view of the surroundings.
This dynamic optical response enables transitions
between privacy and transparency, making it ideal for
adaptive smart windows or privacy-sensitive applications
(Fig. 6d).

Discussion
Light-actuated paintable LC photonic devices face funda-

mental challenges of achieving precise paintability with
controlled viscosity and resolution, maintaining well-ordered
photonic structures, and enabling robust multi-stable pho-
toresponsiveness. This work establishes a versatile material
and fabrication platform for the first time, enabling single-
step painting of LC soft helical architecture with excellent
photonic performances on diverse substrates, along with
simultaneously achieving programmable multi-stable light-
actuation. The distinctive intrinsic chiral photoswitch with
excellent thermo-stability can facilitate a multi-stable chiral
LC system capable of digitally photoprogramming on struc-
tural colors across the entire visible to near-infrared spectral
range (up to 600 nm). These chiral photonic architectures
were transferred onto diverse flexible substrates through a
viscosity-engineered single-step painting approach utilizing
ethyl cellulose, achieving customizable painting of whatever
macro- and micro-patterns. Leveraging these characteristics,
we have expanded the scope of photonic applications, such as
anti-counterfeiting, information encryption, and smart win-
dow-film, solidifying the versatility and transformative
potential in the future emerging photonics technologies. Such
paintable LC architectures harnessing photoprogrammable
multi-stability provide a robust foundation for developing
smart photosensitive materials in soft matter photonics,
marking paradigm-transforming scientific contributions that
drive disruptive progress in the field.

Materials and methods
Materials
All commercially available starting reagents and sol-

vents were used directly without further treatment unless

otherwise specified. The photoresponsive chiral molecular
switches (M)-1o were prepared according to the estab-
lished methods28. Commercially available α-Terpineol
(J&K Scientific, China), Ethyl cellulose (J&K Scientific,
China), chiral dopant S5011 (Merck, Germany), and the
commercial LC TEB300 (Slichem, China) were purchased
for preparing the paintable CLC system.

Preparation of the paintable CLC system
Our programmable photonic system consists of two fun-

damental components that work synergistically to enable the
creation of paintable optical superstructures. The first com-
ponent involves the preparation of a photoresponsive CLC
system. The photoswitch (M)-1o (2.4 wt%) and chiral
molecule S5011 (1.2 wt%) were homogeneously mixed with
commercial LC (TEB300). For the second component, ethyl
cellulose (1 g) was dissolved in α-terpineol (1mL) to prepare
a paintable ink. To fabricate the final paintable optical
superstructures, the photoprogrammable CLC system and
the ethyl cellulose-based ink were thoroughly mixed in a 1:1
weight ratio. The resulting composite was then deposited
onto target substrates via screen painting, enabling precise
patterning and large-area fabrication.

Characterization of the CLC superstructures
All photochromic reactions of CLC films were irra-

diated by a 530 nm collimated LED light source (M530L3,
4.0 mW cm−2, Thorlabs) or a 365 nm UV LED source
(SunSpot 2, 4.0 mW cm−2, Uvitron). The optical textures
of LC samples were observed by a polarized optical
microscope (LVPOL 100, Nikon) with crossed polarizers
under reflection mode and were recorded using a charge-
coupled device (CCD) camera. Generally, the fiber-
coupled spectrometer (Avaspec-ULS2048, resolution:
2 nm, 200–1100 nm) was used to detect the reflection
spectra. The optical diffraction technique was character-
ized using 633 nm He–Ne lasers.
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