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M AT E R I A L S  S C I E N C E

Bioinspired synergistic texture and color modulation 
enabled by surface instability of cholesteric liquid 
crystal elastomer bilayers
Xiao Yang†, Jay Sim†, Wenbin Huang, Ruike Renee Zhao*

Certain cephalopods can dynamically camouflage by altering both skin texture and color to match their surround-
ings. Inspired by this capability, we present a cholesteric liquid crystal elastomer-liquid crystal elastomer (CLCE-LCE) 
bilayer capable of simultaneous, reversible modulation of surface texture and structural color through program-
mable wrinkling. By tuning the bilayer’s fabrication parameters, on-demand wrinkle morphologies and color combi-
nations are achieved. Spatially selective ultraviolet (UV) curing allows localized surface textures, while chemical 
patterning of the CLCE layer enables region-specific color responses, expanding the design space for multifunc-
tional, spatially encoded optical materials. The CLCE-LCE bilayer enables dynamic thermal regulation by tuning light 
absorption through synergistically modulating surface morphology and color. Notably, this system achieves strain-
dependent multistate encoding via multistep selective UV curing, revealing distinct visual content under different 
applied strains. This work establishes a versatile platform that merges surface instabilities with tunable structural 
coloration, advancing intelligent materials with programmable, strain-responsive surface and optical properties.

INTRODUCTION
Through natural evolution, various species developed sophisticated 
bodily functions that allow them to dynamically change their skin 
color for camouflage, signaling, and reproduction (1, 2). Inspired by 
these animals, responsive materials capable of altering their colors in 
response to external stimuli (3,  4) have been developed. Among 
these systems, mechanochromism (5,  6) can be readily achieved 
through mechanical deformation of the periodic nanostructures of 
structurally colored materials, such as photonic crystals (7, 8) and 
liquid crystals (9, 10). These mechanochromic materials have found 
applications in strain sensors (11,  12), wearable electronic skins 
(13, 14), and optical encryption (15). However, most existing mecha-
nochromic materials only demonstrate color-changing functionality.

Certain organisms, like octopuses and cuttlefish of the cephalo-
pod class, exhibit improved camouflage abilities by changing their 
skin texture in addition to skin color (Fig. 1A). These remarkable 
abilities rely on their advanced skin structures capable of manipulat-
ing light transmission, absorption, and reflection (16). An artificial 
material system integrating such nature-inspired texture and color 
change would expand material functionalities and advance various 
applications such as adaptive camouflage and display devices (17–
19). One strategy to induce texture change is wrinkling, a surface 
instability–driven phenomenon that is ubiquitous in natural sys-
tems, such as aging human skin and dried fruit (20–23). Prior re-
search has focused on wrinkling systems capable of dynamically 
tuning texture and optical properties by forming or releasing surface 
wrinkles (24–27). Only a limited number of studies have investi-
gated coupled texture and color change in wrinkling systems. For 
example, a nanoscale wrinkled surface can exhibit structural color 
when the wrinkle periodicity falls within the visible light wavelength 
range (~400 to 700 nm) because of the optical interference effect 

(28). Applying strain to the wrinkled surface adjusts the wrinkle pe-
riodicity, leading to a shift in the reflection wavelength and, thus, a 
structural color change (29). However, the fabrication of such wrin-
kling systems relies on templates with predefined nanoscale wrinkle 
patterns, inherently limiting the tunability and programmability of 
texture and color change. Wrinkling can be engineered by inducing 
mismatch strains in a bilayer system composed of a stiff thin film 
bonded to a soft elastomer substrate (30). Using this approach, a 
dynamic color change has been demonstrated in bilayer elastomers 
integrated with mechanochromic photonic crystals, where stress-
induced microwrinkling modulates the lattice spacing of the pho-
tonic crystals (31,  32). However, the presence of rigid photonic 
crystals often leads to cracking and delamination. Moreover, as 
wrinkles form, increased light scattering from the microwrinkled 
surface diminishes color visibility because of the reduced reflectivity 
and the brightness of the structural color (33). These limitations 
highlight the urgent need for a system capable of programmable and 
effective tuning of surface texture and color while maintaining ro-
bust mechanical reversibility, reliability, and high structural color 
visibility for advanced optical applications.

In this work, we design and fabricate a bioinspired cholesteric 
liquid crystal elastomer-liquid crystal elastomer (CLCE-LCE) bi-
layer capable of simultaneous and reversible changes in surface tex-
ture and structural color via wrinkling. By cooperatively controlling 
the CLCE film thickness, substrate prestretch ratio, bilayer modulus 
ratio, and initial CLCE color, bilayers with customizable wrinkle 
morphologies and color combinations are achieved. Finite element 
analysis (FEA) simulations are conducted to predict and guide the 
design of the wrinkle patterns and corresponding color distribu-
tions. The CLCE-LCE bilayer can achieve spatially programmable 
surface textures and color responses by localized ultraviolet (UV) 
curing and spatial chemical patterning of the CLCE film, enabling 
the integration of multiple surface textures and color modes within 
a single bilayer. The synergistic texture and color modulation is fur-
ther demonstrated for applications in dynamic thermal regulation 
and multistate information encoding, highlighting the versatility of 
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the CLCE-LCE bilayer. Two-dimensional (2D) texture and color 
modulation is also explored. It is anticipated that this work will es-
tablish a versatile platform for developing advanced multifunctional 
materials with programmable texture and color as well as deepen 
the understanding of the interplay between mechanical instabilities 
and structural color modulation in soft material systems.

RESULTS
Fabrication and characterization of the CLCE-LCE bilayer
Figure 1B illustrates the fabrication process of the CLCE-LCE bilayer 
and the mechanism driving the coupled changes in surface texture 
and color via wrinkling. Wrinkling is engineered by inducing mis-
match strains in a bilayer system. Here, a lightly cross-linked black 
dye–doped LCE substrate is first fabricated with a length of L0 
(Fig. 1B,i) and then prestretched to L1 (Fig. 1B,ii). The ratio of the 
prestretched length L1 to the original length L0 is defined as the pre-
stretch ratio λpr. The transparent CLCE ink is dropped onto the sur-
face of the prestretched LCE substrate. As the solvent in the CLCE ink 
evaporates, the liquid crystal molecules self-assemble into periodic 
helical nanostructures that selectively reflect specific wavelengths of 
light, forming a stress-free, colored CLCE film as seen in Fig. 1B,iii. 
The structural color is governed by the helical pitch p, which is de-
fined as the distance along the helix axis where the liquid crystal di-
rector completes a full 360° rotation (34). The CLCE layer is then 
cured onto the prestretched LCE substrate under UV irradiation and 
forms a densely cross-linked network with significantly higher stiff-
ness than the substrate. The moduli of both layers can be tuned by 
modifying their chemical compositions. The specific formulations of 

the CLCE and LCE are provided in fig. S1, and additional details on 
the fabrication process are available in Materials and Methods. Upon 
relaxing the prestretch-induced strain in the substrate, simultaneous 
texture and color changes appear on the CLCE film surface because of 
the wrinkling and the deformation-induced modulation of the initial 
pitch of p0 (Fig. 1B,iv). The mismatch strain between the prestretched 
LCE substrate and the stress-free CLCE film triggers surface instabil-
ity, leading to the formation of a well-controlled wrinkle pattern. 
Concurrently, the periodic tensile and compressive strain distribu-
tion across the wrinkled surface modulates the local helical pitch of 
the CLCE, leading to a spatially varying structural color. At the wrin-
kle peaks, tensile strain reduces the pitch from p0 to p2, causing a blue 
shift. In contrast, the valleys experience compressive strain, increas-
ing the pitch from p0 to p1 and resulting in a red shift (35). In addition, 
the LCE substrate forms strong covalent bonds with the CLCE film 
through UV-initiated in  situ free-radical copolymerization (see 
fig. S2). The 90° peeling test (see fig. S3) shows that the interfacial 
toughness of the CLCE-LCE bilayer is measured to be 134 N m−1, 
which is higher than that of many reported bilayer wrinkling systems 
(see table S1 for comparison), thereby ensuring the long-term robust-
ness of the CLCE-LCE bilayer platform.

Figure 1C shows the experimental relaxing process of a CLCE-LCE 
bilayer, with Young’s moduli of 1.24 and 0.05 MPa (see fig. S4 for mate-
rial characterization). Initially, the LCE substrate (30 mm by 20 mm by 
4 mm) is stretched along its length to a prestretch ratio λpr = 1.66. A 
green CLCE film is then formed on the prestretched LCE substrate. As 
the bilayer is relaxed from a stretched state (λ = 1.66, where λ is defined 
as the ratio of the current length L to the original length L0) back to its 
relaxed state (λ = 1), the bilayer undergoes a coupled wrinkling and 

Fig. 1. CLCE-LCE bilayer enabling synergistic texture and color changes via controllable wrinkling. (A) Bioinspiration from a cuttlefish, which simultaneously chang-
es its skin texture and color. Photo credit: tony4urban/stock.adobe.com and Olga/stock.adobe.com. (B) Schematics of the CLCE-LCE bilayer mechanism showing coupled 
texture and color changes during wrinkling, induced by mismatch strain and modulus ratio between the LCE substrate and the CLCE film. The periodic tensile and com-
pressive strain distribution across the wrinkled surface modulates the local helical pitch of the CLCE, leading to a spatially varying structural color. (C) Experimental im-
ages showing the evolution of texture and color in the CLCE-LCE bilayer during the strain relaxation process. Scale bar, 5 mm.
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color transformation. The wrinkling peaks (under tension) and valleys 
(under compression) exhibit blue and red colors, respectively. Impor-
tantly, this strain-induced texture and color change is fully reversible, 
with both the surface morphology and color restored to the initial state 
upon stretching (see movie S1 for the stretching-relaxing process of the 
CLCE-LCE bilayer). It should be noted that the structural color 
exhibits slight dependence on the viewing angle. Figure S5 shows the 
bilayer observed at a 45° viewing angle, demonstrating a slight blue 
shift of the structural color. To ensure consistency, all structural colors 
in this work are recorded from the top view.

Surface texture and color modulation by programming the 
CLCE film thickness, LCE substrate prestretch ratio, and 
bilayer modulus ratio
In a bilayer wrinkling system, three key parameters, film thickness 
Hf, substrate prestretch ratio λpr, and bilayer modulus ratio Ef/Es, 
govern the resulting wrinkle morphology (36, 37). This section in-
vestigates how these parameters influence the texture and color 
modulation of CLCE-LCE bilayers. Figure 2 (A and C, A and E, and 
A and G) compares the effects of varying Hf, λpr, and Ef/Es, respec-
tively, on wrinkle evolution.  Figure  2B defines the bilayers’ initial 

Fig. 2. Effect of CLCE film thickness, prestretch ratio, and bilayer modulus ratio on texture and color modulation. Sequential experimental images showing the 
evolution of texture and color in CLCE-LCE bilayers with (A) Hf = 160 μm, λpr = 1.66, and Ef/Es = 32.46; (C) Hf = 206 μm, λpr = 1.66, and Ef/Es = 32.46; (E) Hf = 160 μm, 
λpr = 1.90, and Ef/Es = 32.46; and (G) Hf = 160 μm, λpr = 1.66, and Ef/Es = 95.73 during the strain relaxation process and corresponding experimental and FEA cross-sectional 
images at the fully relaxed state (λ = 1). (B) Schematics of characteristic parameters of the bilayer wrinkling system. Wavelength (black) and amplitude (blue) of fully re-
laxed CLCE-LCE bilayers as functions of (D) Hf, (F) λpr, and (H) Ef/Es. Data are shown as the means ± SD (n = 5). Scale bars, 5 mm for top views and 1 mm for cross sections.
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parameters and the peak-to-peak wavelength w and peak-to-valley 
amplitude A measured at different wrinkling stages during the re-
laxation process. The baseline case (Fig. 2A) has Hf = 160 μm, λpr = 
1.66, and Ef/Es = 32.46. The variations include the following: Fig. 2C: 
Hf = 206 μm, with λpr and Ef/Es unchanged; Fig. 2E: λpr = 1.90, 
with Hf and Ef/Es unchanged; Fig. 2G: Ef/Es = 95.73, with Hf and 
λpr unchanged. Experimental and FEA-predicted wrinkle cross-
sectional profiles are shown for the fully relaxed state (λ = 1). The 
FEA visualizations are colored by the maximum in-plane principal 
strain distribution, illustrating strong agreement between simula-
tion and observation. Note that the onset wrinkling wavelength fol-
lows the scaling law described by Cao and Hutchinson (38). See the 
“Wrinkle wavelength prediction and FEA implementation” section 
in the Supplementary Materials for more details. The correspond-
ing color distribution across the CLCE film surface is also predict-
ed by FEA, where the color mapping is based on the color-strain 
relationship from a CLCE layer under homogeneous strain (see 
fig. S6 for the color-strain relationship). The simulated color pat-
terns show good agreement with the experimentally observed color 
distributions in the fully relaxed bilayers (see fig. S7 for the simu-
lated color patterns).

Comparing Fig. 2 (A and C), increasing the CLCE film thickness 
Hf from 160 to 206 μm (by dropping different amounts of CLCE ink 
onto the LCE substrate during fabrication) while keeping the same 
λpr and Ef/Es results in an increased wrinkle wavelength at the fully 
relaxed state. However, the wrinkling mode retains the same “dou-
bling” pattern, preserving the underlying strain distribution. Conse-
quently, the resulting color distribution remains unchanged: The 
initially flat green surface transforms into blue at the wrinkle peaks 
and orange at the valleys. This effect is illustrated in movie S2, which 
captures the stretching-relaxing process of CLCE-LCE bilayers with 
varying Hf. A further comparison is provided in fig.  S8, showing 
wrinkle patterns for two different Hf values. Figure 2D quantifies the 
dependence of wavelength and amplitude on the CLCE film thick-
ness in fully relaxed CLCE-LCE bilayers. Both features increase lin-
early with increasing Hf, in strong agreement with FEA predictions.

The prestretch ratio λpr of the LCE substrate plays a critical role 
in shaping the wrinkle morphology and modulating the wavelength. 
Comparing Fig. 2 (A and E), increasing the substrate prestretch ra-
tio to λpr = 1.90 results in a reduced wavelength and an increased 
amplitude at the fully relaxed state, producing sharper and more 
compact wrinkle patterns. This behavior is illustrated in movie S3, 
which captures the stretching-relaxing process of CLCE-LCE bilay-
ers with varying prestretch levels. Figure S9 further compares mul-
tiple bilayers with different λpr values.  Figure  2F presents the 
dependence of wavelength and amplitude on the substrate pre-
stretch ratio in fully relaxed CLCE-LCE bilayers. As λpr increases, 
the wavelength decreases while the amplitude increases, consistent 
with FEA predictions. The color response of the bilayer is also tun-
able under partial relaxation. At a partially relaxed state (λ = 1.45), 
the surface exhibits a distinct alternating color pattern of orange and 
blue because of the exposed peak-valley structure. However, upon 
full relaxation (λ = 1), the wrinkle peaks begin to occlude the valleys 
from the top view, resulting in a dominant blue appearance across 
the surface. This demonstrates a strategy for dynamic color modula-
tion by tuning the degree of relaxation in the bilayer system.

The bilayer modulus ratio Ef/Es is a key parameter governing the 
wrinkling mode, wrinkle wavelength, and color distribution and is 
tuned by adjusting the chemical composition of the CLCE films (see 

fig. S10 for stress-strain curves of CLCE films with varying moduli). 
Comparing Fig. 2 (A and G), increasing the Ef/Es to 95.73 leads to a 
distinct “ridging” pattern, accompanied by increased wavelength 
and amplitude at the fully relaxed state. The associated color re-
sponse also changes: The initially flat green surface evolves into cyan 
at the wrinkle peaks and yellow at the valleys, which is attributed to 
the reduced strain variation across the CLCE film surface. This be-
havior is illustrated in movie S4, which captures the stretching-
relaxing process of CLCE-LCE bilayers with varying Ef/Es. Further 
comparisons in fig. S11 reveal a distinct “creasing” pattern at a lower 
Ef/Es = 11.69. Figure 2H summarizes the quantitative relationship 
between Ef/Es and the wrinkle features in fully relaxed CLCE-LCE 
bilayers. Both the wavelength and amplitude increase with higher 
Ef/Es, aligning well with FEA predictions.

The mechanical and optical stabilities of the CLCE-LCE bilayer 
are further assessed through cyclic stretching-relaxing tests. After 500 
cycles, no noticeable alteration in wrinkle wavelength, amplitude, or 
color contrast is observed, confirming the excellent durability and re-
liability of the bilayer system (see fig. S12 for the durability test).

These observations demonstrate that tuning the CLCE film thick-
ness, substrate prestretch ratio, and bilayer modulus ratio offers pow-
erful control over both the onset and evolution of surface wrinkling, 
enabling access to a rich spectrum of morphological modes, includ-
ing creasing, doubling, and ridging, with programmable wavelengths 
and amplitudes. In particular, the wrinkle wavelength of the CLCE-
LCE bilayer can be easily and broadly tuned from tens of microme-
ters to several millimeters (see fig. S13 for the broad tunability of the 
wrinkle wavelength), which would expand the application scope to-
ward angle-independent coloration or broadband reflection. This ap-
proach provides a highly versatile design framework for engineering 
CLCE-LCE bilayers with customizable and reconfigurable surface 
textures and colors.

Tunable color combinations and programmable texture and 
color modulation
In the previous section, CLCE-LCE bilayers that transition from an 
initial green color when flat to an alternating orange-blue color 
when wrinkled are shown. Notably, the initial color of the CLCE 
film can be controlled across the entire visible spectrum by varying 
the amount of the chiral liquid crystal monomer added, which de-
termines the initial pitch of the periodic helical nanostructures. As 
demonstrated in Fig. 3A, from left to right, colorless, red, orange, 
green, light blue, and dark blue stretched flat bilayers (λ = λpr = 1.66) 
are shown, and the lower row displays wrinkle patterns at the fully 
relaxed state (λ = 1). By controlling the initial color of the CLCE 
film, bilayers with different color combinations are realized. For ex-
ample, a bilayer with an initially colorless CLCE film transforms 
into a wrinkle pattern with red peaks and black valleys, while an 
initially orange bilayer produces a wrinkle pattern with green peaks 
and red valleys (see movie S5 for the stretching-relaxing process of 
CLCE-LCE bilayers with varying color combinations). By coopera-
tively leveraging the programmable substrate prestretch and bilayer 
modulus ratio, the strain distribution within the CLCE film can be 
accurately modulated for combinations of all colors in the visible 
spectrum on the textured surface.

The CLCE-LCE bilayer’s versatile programmability enables the 
integration of multiple surface textures and color modes within a 
single system. As demonstrated in Fig. 3B, spatial texture program-
ming is achieved by locally controlling the modulus via controlled 
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UV exposure. A green CLCE film is first deposited onto a pre-
stretched LCE substrate. During UV curing, a mask selectively 
blocks specific regions of the bilayer, creating spatial variation in UV 
dosage. In the example shown, the left half of the CLCE film is ex-
posed to UV light for 1 s, while the right half receives 10 s of expo-
sure. These different curing times result in a stiffer CLCE film on the 
right, leading to a higher local modulus ratio. Upon full relaxation, 
the left half forms wrinkles with a smaller wavelength compared to 
the right, demonstrating that localized UV curing provides a power-
ful strategy for encoding spatially varying surface textures (see mov-
ie S6 for the stretching-relaxing process).

Similarly, spatial color programming on the textured surface is 
achievable by tuning the initial composition of the CLCE ink. As 
shown in Fig. 3C, orange- and green-colored CLCE inks are selec-
tively deposited onto the left and right halves of a prestretched LCE 
substrate. After solvent evaporation and UV curing, the bilayer re-
tains the distinct orange and green colors in their respective regions. 
Upon full relaxation of the bilayer, each half exhibits a unique 
wrinkle-induced color pattern: The left half has wrinkles colored 
yellow-red (peak-valley), while the right half has wrinkles colored 
blue-yellow (peak-valley) (see movie S6). This approach demon-
strates that spatial chemical patterning of the CLCE film enables pro-
grammable region-specific color responses on a textured surface, 

offering an additional degree of freedom for creating multifunction-
al, spatially encoded optical materials.

CLCE-LCE bilayer as smart skin for dynamic 
thermal regulation
Chameleons are well known for dynamically regulating their body 
temperature through skin color changes (Fig.  4A) (39). Darker 
skin tones increase light absorption and raise body temperature, 
while lighter colors reflect more light, reducing thermal gain. In 
addition, many biological systems also exploit surface texture 
changes to further enhance thermal regulation. For example, ani-
mals such as hedgehogs, birds, or certain desert lizards can raise or 
lower surface structures (like fur, feathers, or scales) to alter their 
exposed surface area, insulation, or light interaction, effectively 
modulating heat transfer through both geometry and optics. In-
spired by these biological strategies, the CLCE-LCE bilayer system 
combines color change and texture modulation in a single mate-
rial platform, enabling a smart skin for more efficient and respon-
sive thermal regulation. As shown in Fig. 4B, a CLCE-LCE bilayer 
is capable of active thermal regulation by switching between a 
stretched, flat yellow state and a relaxed, wrinkled dark blue state, 
modulating both surface texture and color to control light absorp-
tion.  Figure  4C demonstrates this concept using a CLCE-LCE 

Fig. 3. Tunable color combinations and programmable texture and color modulation. (A) Images of CLCE-LCE bilayers with varying initial colors at the stretched state 
(λ = 1.66) and varying color combinations at the fully relaxed state (λ = 1). The bilayers have different initial colors—colorless, red, orange, green, light blue, and dark blue. 
(B) Schematics and images showing spatial texture programming achieved by locally modulating the modulus via controlled UV exposure. (C) Schematics and images 
showing spatial color programming achieved by tuning the initial composition of the CLCE ink. Scale bars, 5 mm.
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bilayer with Hf = 70 μm, λpr = 2, and Ef/Es = 23.87. When exposed 
to white light (1500 mW cm−2) for 3 min in the stretched flat state, 
the bilayer reaches a steady-state surface temperature of 36.8°C, as 
captured by infrared imaging. Upon relaxation, the surface trans-
forms into a dark blue, wrinkled configuration, and the maximum 
temperature increases to 45.6°C under the same illumination. 
This temperature variation demonstrates the synergistic thermal 
modulation enabled by combined color and topographical change. 
Figure 4D presents the reversible temperature switching behavior 
during cyclic relaxing and stretching of the CLCE-LCE bilayer, 
confirming the system’s high repeatability and reliability in dy-
namic thermal tunability through coupled surface texture and 
color modulation (see movie S7).

The decoupled individual contributions of surface texture and 
color are examined by two control bilayer systems, each with identi-
cal geometric parameters. Figure 4E shows an LCE bilayer with a 
colorless LCE film on top of a black LCE substrate, which is capable 
of forming wrinkles without any color change. Under 3 min of white 
light exposure, the wrinkled surface heats up to 45.9°C compared to 
42.8°C for the flat configuration. This increase is attributed to the 
wrinkled structure increasing the effective irradiated surface area, 
thereby enhancing light absorption (40). Figure 4F presents bilayers 
with uniform surface colors. The dark blue bilayer reaches a tem-
perature of 42.0°C, which is significantly higher than that of the yel-
low bilayer (37.8°C), because of the stronger light absorption of a 
darker color. Note that the thickness change of the bilayer during the 

Fig. 4. CLCE-LCE bilayer as smart skin for dynamic thermal regulation. (A) A chameleon can regulate its body temperature by changing skin color. Photo credit: 
Jan/stock.adobe.com and Lukas/stock.adobe.com. (B) Mechanism schematics of the CLCE-LCE bilayer for dynamic thermal regulation. (C) Images of a CLCE-LCE bilayer 
with an initial yellow color at the stretched state (λ = 2) and with dark blue wrinkles at the fully relaxed state (λ = 1) and corresponding infrared images under white light 
irradiation. (D) Maximum surface temperature of the CLCE-LCE bilayer for dynamic thermal regulation versus irradiating time. Maximum surface temperature of (E) flat 
and wrinkled and (F) yellow and dark blue CLCE-LCE bilayers versus irradiating time. Scale bars, 5 mm.
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stretching-relaxing process has a negligible effect on temperature 
variation (see fig.  S14). The combined modulation of texture and 
color enables a wider and more effective range of temperature con-
trol than using either mechanism alone. By actively tuning both sur-
face wrinkles and color, the bilayer functions like a smart skin, 
adapting on demand to its environment by absorbing more heat in 
cold conditions and reflecting more heat in warm conditions. This 
reversible and responsive behavior closely mimics the biological 
thermal regulation.

CLCE-LCE bilayer for multistate information encoding
Programmable encoding of information offers a powerful strategy 
for designing intelligent materials capable of dynamic display and 
encryption. Here, we design the CLCE-LCE bilayer as an erasable 
information display platform. By selectively controlling UV-cured 
and non–UV-cured regions within the bilayer, we program spatially 
defined wrinkle patterns that serve as tunable and reversible carriers 
of visual information. As shown in Fig. 5A, a green CLCE film is 
formed on a prestretched LCE substrate (40 mm by 40 mm by 4 mm, 
λpr = 1.50) and selectively cured through an “S”-shaped photomask. 
The exposed “S” region forms a stiff, fully cross-linked CLCE layer, 
while the shaded region remains soft and lightly cross-linked. As il-
lustrated in Fig. 5B, the stretched bilayer initially shows a uniform 
green color. During the strain relaxation process, the cured “S” re-
gion develops blue wrinkles, while the surrounding uncured area 
remains smooth and shifts to orange, revealing a visible “S” pattern. 
This process is fully reversible, and the “S” pattern disappears when 
the bilayer is stretched again (see movie S8).

This concept is further extended to strain-dependent multistate 
information encoding via multistep selective UV curing at different 
stretch levels, which enables hierarchical control over the wrinkle 
patterns. Using a two-state information-encoding CLCE-LCE sys-
tem as an example, an orange CLCE film is first selectively cured 
under an “S”-shaped photomask at λ = λpr,1 = 1.33 (Fig. 5C). After 
further stretching to λ = λpr,2 = 1.66, the bilayer turns yellow, and a 
second “tree” pattern is cured using a new mask. As illustrated 
in Fig. 5D, the bilayer initially appears yellow without visible pat-
terns. Upon relaxation from λ = 1.66, the wrinkled “tree” pattern 
appears first at the intermediate state (λ = 1.33), while the surround-
ing area remains smooth and turns orange. Further relaxation to 
λ = 1 results in wrinkling outside the “S” region, which highlights 
the smooth red “S” pattern through morphological and color con-
trast (see movie S8). This multistep selective UV curing strategy en-
ables spatially and temporally programmable information encoding, 
which establishes a versatile platform for information storage, en-
cryption, and dynamic optical display.

2D texture and color modulation
Controlling 2D surface texture and color modulation expands the 
design space for multifunctional optical materials. When biaxial pre-
stretching is applied to a CLCE-LCE bilayer, diverse complex 2D 
wrinkle patterns can be generated by adjusting the relative strain lev-
els between the two planar directions (40). Figure 6A illustrates the 
fabrication process of a biaxially prestretched CLCE-LCE bilayer that 
exhibits 2D texture and color changes upon strain relaxation. An 
LCE substrate with original lengths of L0,x and L0,y along x and y 

Fig. 5. CLCE-LCE bilayer for multistate information encoding. (A) Schematic and (B) experimental images demonstrating information encoding using mask-assisted 
selective UV curing. The exposed “S” pattern is cured at the stretched state (λ = λpr = 1.50). (C) Schematics and (D) experimental images demonstrating multistate informa-
tion encoding. The area outside the shaded “S” pattern is first cured at the stretched state (λ = λpr,1 = 1.33), followed by curing of the exposed “tree” pattern at the stretched 
state (λ = λpr,2 = 1.66). Scale bars, 10 mm for regular views and 1 mm for enlarged views.
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directions is biaxially prestretched to L1,x and L1,y, respectively. The 
prestretch ratios along x and y directions are defined as λpr,x and λpr,y. 
CLCE ink is dropped onto the prestretched LCE substrate. After sol-
vent evaporation and UV curing, simultaneous 2D texture and color 
changes are observed upon full relaxation. Figure 6 (B and C) pres-
ents the wrinkling processes of bilayers upon sequential and simulta-
neous relaxation. Both bilayers are relaxed from a stretched state 
(λx = λy = λpr,x = λpr,y = 1.66). Under sequential relaxation, initial 1D 
wrinkles form along the first relaxed axis and then evolve into an or-
dered zigzag pattern, with the wrinkle peaks and valleys exhibiting 
blue and red shifts, respectively (Fig. 6B). In contrast, simultaneous 
relaxation results in an irregular maze-like wrinkle pattern with in-
creasing wrinkle density and similar color shifts throughout the pro-
cess (Fig.  6C). In both cases, the FEA results match well with the 
experimental results. Figure S15 shows two additional bilayers that 
underwent simultaneous relaxation with the same λpr,x but different 
λpr,y values. Compared to the bilayer in Fig. 6C, these bilayers exhibit 
less disordered wrinkle patterns with a y-direction preference and 
smaller color shifts because of reduced mismatch strains along the y 
direction. These findings demonstrate that 2D strain programming 

enables precise and independent control of surface morphology and 
color along each direction, unlocking greater design freedom for 
generating complex and programmable optical patterns.

DISCUSSION
In summary, we have designed and fabricated a bioinspired CLCE-
LCE bilayer with simultaneous and reversible modulation of surface 
texture and structural color via controllable wrinkling. Tunable wrin-
kle morphologies and color combinations are achieved through pre-
cise control over four parameters: CLCE film thickness, LCE substrate 
prestretch ratio, bilayer modulus ratio, and the initial structural color 
of the CLCE film. FEA simulations have been conducted to model the 
wrinkle patterns and color distributions of the bilayer, which agree 
very well with the experimental results. Spatial programming of sur-
face texture and color is also realized to produce diverse patterns by 
localized UV curing and spatial chemical patterning of the CLCE film. 
Potential applications in dynamic thermal regulation and multistate 
information encoding are demonstrated, highlighting the versatility of 
the CLCE-LCE bilayer system. 2D texture and color modulation is 

Fig. 6. 2D texture and color modulation of the CLCE-LCE bilayer. (A) Schematics of the fabrication process of the CLCE-LCE bilayer showing 2D texture and color 
changes during wrinkling. Experimental images showing the evolution of 2D texture and color in CLCE-LCE bilayers during the (B) sequential and (C) simultaneous strain 
relaxation processes and corresponding FEA images at the fully relaxed state (λx = λy = 1). The bilayers have Hf = 160 μm, λpr,x = λpr,y = 1.66, and Ef/Es = 32.46. Scale bars, 
5 mm for regular views and 2 mm for enlarged views.
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further explored via biaxial prestretching. Compared to existing 
wrinkling-induced structural color systems based on nanoscale wrin-
kled surfaces (28, 29, 41) or bilayers integrated with photonic crystals 
(31, 32), this bilayer exhibits superior performance in color bright-
ness, programmability of wrinkle morphology, and robustness under 
deformation, advancing the design of versatile wrinkling-based 
mechanochromic materials. Beyond serving as a soft and stretchable 
substrate, LCE is intrinsically a stimulus-responsive material that can 
undergo reversible deformation upon external stimuli such as heat or 
light (42). Leveraging this thermally responsive behavior, LCE can be 
harnessed as an actuator to drive wrinkling and color modulation of 
the CLCE film. It is anticipated that this work will establish a versatile 
platform for developing advanced multifunctional materials with cus-
tomizable texture and color as well as deepen the understanding of the 
interplay between mechanical instabilities and structural color modu-
lation in soft material systems.

MATERIALS AND METHODS
Fabrication of the LCE substrate
To fabricate the LCE substrate, the diacrylate liquid crystal monomer 
1,4-bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene 
[RM257, Kindchem (Nanjing) Co., Ltd., China] was dissolved in 
toluene (50.0 wt %) at 80°C for 5 min. After the mixture was cooled 
to room temperature, the dithiol chain extender 2,2-(ethylenedioxy) 
diethanethiol [(EDDET) Sigma-Aldrich, US)] (22.0 wt %), the tetra-
thiol cross-linker pentaerythritol tetrakis(3-mercaptopropionate) 
[(PETMP) Sigma-Aldrich, US)] (6.0 wt %), and the black dye (nigro-
sine, Sigma-Aldrich, US) (0.1 wt %) were introduced to the mixture. 
The black dye was used to enhance the visibility of the structural 
color. The mixture was then stirred for 3 min with a magnetic stir bar 
for homogenization, and the catalyst dipropylamine [(DPA) Sigma-
Aldrich, US] (0.8 wt %) was added to the mixture. After stirring and 
degassing, the mixture was poured into a polydimethylsiloxane mold to 
undergo Michael addition reaction at room temperature for 12 hours 
and was heated at 80°C for 1 hour to evaporate the toluene. After 
demolding, the lightly cross-linked stretchable LCE substrate was ob-
tained. All weight ratios are given relative to RM257.

Fabrication of CLCE ink
The fabrication of CLCE ink formulated to produce a green color is 
described below: RM257 and the diacrylate chiral liquid crystal 
monomer (3R,3aS,6aS)-hexahydrofuro[3,2-b] furan-3,6-diyl bis(4-(4-
((4-(acryloyloxy)butoxy) carbonyloxy) benzoyloxy)benzoate) [LC756, 
Kindchem (Nanjing) Co., Ltd., China] (5.2 wt %) were dissolved in 
toluene (80.0 wt %) at 80°C for 5 min. After the mixture cooled to 
room temperature, EDDET (27.0 wt %) and PETMP (4.0 wt %) were 
introduced to the mixture and stirred for 3 min for homogenization. 
Then, the photoinitiator Irgacure 819 (Sigma-Aldrich, US) (2.0 wt %) 
and DPA (0.4 wt %) were added to the mixture. After stirring for 1 min, 
the CLCE ink formulated to produce a green color was obtained. All 
weight ratios are given relative to RM257. The fabrication of CLCE inks 
for different demonstrations followed the same procedures but with dif-
ferent component contents (see table S2).

Fabrication of the CLCE-LCE bilayer
To fabricate the CLCE-LCE bilayer, CLCE ink was dropped onto a uni-
axially (for 1D texture) or biaxially (for 2D texture) prestretched LCE 
substrate, which was exposed to air for 2 hours at room temperature. 

The CLCE-LCE bilayer was obtained after being irradiated by UV light 
(385 nm) for 10 s to cure the CLCE film and bond it with the LCE 
substrate. Upon strain relaxation, both wrinkling and color change 
were observed.

Supplementary Materials
The PDF file includes:
Supplementary Text
Figs. S1 to S15
Tables S1 and S2
Legends for movies S1 to S8
References

Other Supplementary Material for this manuscript includes the following:
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REFERENCES AND NOTES
	 1.	D . Stuart-Fox, A. Moussalli, Camouflage, communication and thermoregulation: 

Lessons from colour changing organisms. Philos. Trans. R. Soc. B Biol. Sci. 364, 
463–470 (2009).

	 2.	 S. H. Choi, D. Kim, Y. Lee, S. Hong, J. Lee, J. Jeong, J. Su, H. Lim, S. H. Ko, Bioinspired 
dynamic colour change. Nat. Rev. Bioeng. 3, 579–595 (2025).

	 3.	 Y. Zhao, Z. Xie, H. Gu, C. Zhu, Z. Gu, Bio-inspired variable structural color materials.  
Chem. Soc. Rev. 41, 3297–3317 (2012).

	 4.	 G. Isapour, M. Lattuada, Bioinspired stimuli-responsive color-changing systems.  
Adv. Mater. 30, e1707069 (2018).

	 5.	 G. Chen, W. Hong, Mechanochromism of structural-colored materials. Adv Opt Mater 8, 
2000984 (2020).

	 6.	 J. M. Clough, C. Weder, S. Schrettl, Mechanochromism in structurally colored polymeric 
materials. Macromol. Rapid Commun. 42, 2000528 (2021).

	 7.	 J. Ge, Y. Yin, Responsive photonic crystals. Angew. Chem. Int. Ed. 50, 1492–1522 (2011).
	 8.	 W. Wang, Y. Zhou, L. Yang, X. Yang, Y. Yao, Y. Meng, B. Tang, Stimulus-responsive photonic 

crystals for advanced security. Adv. Funct. Mater. 32, 2204744 (2022).
	 9.	 X. Chen, J. Chen, X. Song, T. Du, X. Deng, Z. Deng, X. G. Hu, X. Zeng, Z. Yang, H. Yang,  

R. Lan, Bioinspired mechanochromic liquid crystal materials: From fundamentals to 
functionalities and applications. Adv. Mater. 36, e2403766 (2024).

	 10.	 Y. Geng, R. Kizhakidathazhath, J. P. Lagerwall, Robust cholesteric liquid crystal elastomer 
fibres for mechanochromic textiles. Nat. Mater. 21, 1441–1447 (2022).

	 11.	V . P. Patil, J. D. Sandt, M. Kolle, J. Dunkel, Topological mechanics of knots and tangles. 
Science 367, 71–75 (2020).

	 12.	H . Tan, Q. Lyu, Z. Xie, M. Li, K. Wang, K. Wang, B. Xiong, L. Zhang, J. Zhu, 
Metallosupramolecular photonic elastomers with self-healing capability and 
angle-independent color. Adv. Mater. 31, e1805496 (2019).

	 13.	H . Yi, S. H. Lee, H. Ko, D. Lee, W. G. Bae, T.-i. Kim, D. S. Hwang, H. E. Jeong, Ultra-adaptable 
and wearable photonic skin based on a shape-memory, responsive cellulose derivative. 
Adv. Funct. Mater. 29, 1902720 (2019).

	 14.	 Z. Zhang, Z. Chen, Y. Wang, Y. Zhao, Bioinspired conductive cellulose liquid-crystal 
hydrogels as multifunctional electrical skins. Proc. Natl. Acad. Sci. U.S.A. 117, 18310–18316 
(2020).

	 15.	 Q. Zhou, J. G. Park, J. Bae, D. Ha, J. Park, K. Song, T. Kim, Multimodal and covert–overt 
convertible structural coloration transformed by mechanical stress. Adv. Mater. 32, 
2001467 (2020).

	 16.	 R. T. Hanlon, J. B. Messenger, Cephalopod Behaviour (Cambridge Univ. Press, 2018).
	 17.	T . Ma, T. Li, L. Zhou, X. Ma, J. Yin, X. Jiang, Dynamic wrinkling pattern exhibiting tunable 

fluorescence for anticounterfeiting applications. Nat. Commun. 11, 1811 (2020).
	 18.	D . J. Wilson, Z. Lin, D. Q. Bower, L. F. Deravi, Engineering color, pattern, and texture: From 

nature to materials. Matter 4, 2163–2171 (2021).
	 19.	 S. Zeng, D. Zhang, W. Huang, Z. Wang, S. G. Freire, X. Yu, A. T. Smith, E. Y. Huang, H. Nguon, 

L. Sun, Bio-inspired sensitive and reversible mechanochromisms via strain-dependent 
cracks and folds. Nat. Commun. 7, 11802 (2016).

	 20.	N . Bowden, S. Brittain, A. G. Evans, J. W. Hutchinson, G. M. Whitesides, Spontaneous 
formation of ordered structures in thin films of metals supported on an elastomeric 
polymer. Nature 393, 146–149 (1998).

	 21.	E . Cerda, L. Mahadevan, Geometry and physics of wrinkling. Phys. Rev. Lett. 90, 074302 
(2003).

	 22.	 J. Y. Chung, A. J. Nolte, C. M. Stafford, Surface wrinkling: A versatile platform for 
measuring thin-film properties. Adv. Mater. 23, 349–368 (2011).

	 23.	 B. Li, Y.-P. Cao, X.-Q. Feng, H. Gao, Mechanics of morphological instabilities and surface 
wrinkling in soft materials: A review. Soft Matter 8, 5728–5745 (2012).

D
ow

nloaded from
 https://w

w
w

.science.org at Stanford U
niversity on O

ctober 29, 2025



Yang et al., Sci. Adv. 11, eaea9183 (2025)     29 October 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

10 of 10

	 24.	C . Xu, G. T. Stiubianu, A. A. Gorodetsky, Adaptive infrared-reflecting systems inspired by 
cephalopods. Science 359, 1495–1500 (2018).

	 25.	 S. Zeng, R. Li, S. G. Freire, V. M. Garbellotto, E. Y. Huang, A. T. Smith, C. Hu, W. R. Tait, Z. Bian, 
G. Zheng, Moisture-responsive wrinkling surfaces with tunable dynamics. Adv. Mater. 29, 
1700828 (2017).

	 26.	 F. Li, H. Hou, J. Yin, X. Jiang, Near-infrared light-responsive dynamic wrinkle patterns.  
Sci. Adv. 4, eaar5762 (2018).

	 27.	T . Ma, J. Bai, T. Li, S. Chen, X. Ma, J. Yin, X. Jiang, Light-driven dynamic surface wrinkles for 
adaptive visible camouflage. Proc. Natl. Acad. Sci. U.S.A. 118, e2114345118 (2021).

	 28.	T . Xie, X. Xiao, J. Li, R. Wang, Encoding localized strain history through wrinkle based 
structural colors. Adv. Mater. 22, 4390–4394 (2010).

	 29.	 K. Wu, T. Zhu, L. Zhu, Y. Sun, K. Chen, J. Chen, H. Yuan, Y. Wang, J. Zhang, G. Liu, X. Chen,  
J. Sun, Reversible mechanochromisms via manipulating surface wrinkling. Nano Lett. 22, 
2261–2269 (2022).

	 30.	 J. Rodriguez-Hernandez, Wrinkled interfaces: Taking advantage of surface instabilities to 
pattern polymer surfaces. Prog. Polym. Sci. 42, 1–41 (2015).

	 31.	 R. Lin, Y. Qi, D. Kou, W. Ma, S. Zhang, Bio-inspired wrinkled photonic elastomer with 
superior controllable and mechanically stable structure for multi-mode color display. 
Adv. Funct. Mater. 32, 2207691 (2022).

	 32.	 R. Lin, D. Kou, L. Gao, S. Li, Z. Gao, X. Li, W. Ma, S. Zhang, Biomimetic photonic elastomer 
exhibiting stress/moisture reconfigurable wrinkle-lattice for reversible deformation 
information storage. ACS Nano 18, 13346–13360 (2024).

	 33.	C . Chen, C. A. Airoldi, C. A. Lugo, R. K. Bay, B. J. Glover, A. J. Crosby, Flower inspiration: 
Broad-angle structural color through tunable hierarchical wrinkles in thin film 
multilayers. Adv. Funct. Mater. 31, 2006256 (2021).

	 34.	 P.-G. De Gennes, J. Prost, The Physics of Liquid Crystals (Oxford Univ. Press, 1993).
	 35.	 M. Mitov, Cholesteric liquid crystals with a broad light reflection band. Adv. Mater. 24, 

6260–6276 (2012).
	 36.	 R. Zhao, T. Zhang, M. Diab, H. Gao, K.-S. Kim, The primary bilayer ruga-phase diagram I: 

Localizations in ruga evolution. Extreme Mech. Lett. 4, 76–82 (2015).
	 37.	 R. Zhao, X. Zhao, Multimodal surface instabilities in curved film-substrate structures.  

J. Appl. Mech. 84, 081001 (2017).
	 38.	 Y. Cao, J. W. Hutchinson, Wrinkling phenomena in neo-Hookean film/substrate bilayers.  

J. Appl. Mech. 79, 031019 (2012).

	39.	 K. A. Tolley, A. Herrel, “1. Biology of the chameleons: An introduction” in The Biology of 
Chameleons, A. T. Krystal, H. Anthony, Eds. (University of California Press, 2013), pp. 1–6.

	 40.	 Z. Huang, W. Hong, Z. Suo, Nonlinear analyses of wrinkles in a film bonded to a compliant 
substrate. J. Mech. Phys. Solids 53, 2101–2118 (2005).

	 41.	 Z. Li, Y. Liu, M. Marin, Y. Yin, Thickness-dependent wrinkling of PDMS films for 
programmable mechanochromic responses. Nano Res 13, 1882–1888 (2020).

	 42.	T . J. White, D. J. Broer, Programmable and adaptive mechanics with liquid crystal polymer 
networks and elastomers. Nat. Mater. 14, 1087–1098 (2015).

	 43.	 Q. Wang, X. Zhao, A three-dimensional phase diagram of growth-induced surface 
instabilities. Sci. Rep. 5, 8887 (2015).

	 44.	H . Li, D. Feng, Q. Guo, S. Lu, Z. Ma, C. Wang, J. Li, R. Chen, X. Lin, S. Zhong, Y. Yang, Z. Yuan, 
Z. Zhang, X. Chen, Interfacial wrinkling structures based on a double cross-linking 
strategy enable a dual-mode optical information encryption. ACS Appl. Mater. Interfaces 
16, 43006–43015 (2024).

	 45.	 Z. Li, G. Olson, D. K. Patel, L. Yao, C. Majidi, Electrically controlled liquid crystal elastomer 
surfaces for dynamic wrinkling. Adv. Intell. Syst. 6, 2200402 (2024).

	 46.	D . Zhao, X. Ye, C. Chen, Q. Li, Y. Wang, H. Li, Dynamic wrinkling/self-erasing surface with 
photo-responsive function for advanced information encryption. Chem. Eng. J. 518, 
164739 (2025).

Acknowledgments 
Funding:  This work was supported by the Army Research Office (ARO) ECP Award 
W911NF-23-1-0176 and the National Science Foundation (NSF) Career Award CMMI-2145601 
and CMMI-2318188. Author contributions: R.R.Z. conceived the research and supervised the 
study. X.Y. performed the experiments and data analysis. J.S. and W.H. contributed to the FEA 
simulations. X.Y., J.S., and R.R.Z. wrote the original draft. All authors edited the original draft. 
Competing interests: The authors declare that they have no competing interests. Data and 
materials availability: All data needed to evaluate the conclusions in the paper are present in 
the paper and/or the Supplementary Materials.

Submitted 25 July 2025 
Accepted 1 October 2025 
Published 29 October 2025 
10.1126/sciadv.aea9183

D
ow

nloaded from
 https://w

w
w

.science.org at Stanford U
niversity on O

ctober 29, 2025


	Bioinspired synergistic texture and color modulation enabled by surface instability of cholesteric liquid crystal elastomer bilayers
	INTRODUCTION
	RESULTS
	Fabrication and characterization of the CLCE-LCE bilayer
	Surface texture and color modulation by programming the CLCE film thickness, LCE substrate prestretch ratio, and bilayer modulus ratio
	Tunable color combinations and programmable texture and color modulation
	CLCE-LCE bilayer as smart skin for dynamic thermal regulation
	CLCE-LCE bilayer for multistate information encoding
	2D texture and color modulation

	DISCUSSION
	MATERIALS AND METHODS
	Fabrication of the LCE substrate
	Fabrication of CLCE ink
	Fabrication of the CLCE-LCE bilayer

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments


