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fine structures (i.e., alternating layers of 
rectangle scales covered with the short-
range periodic, multilayered ridges; 
details see Figure S1, Supporting Informa-
tion)[14] with responsive materials will cost 
arduous effort.[15] In contrast, modification 
of MBW with responsive coatings directly 
inherits its delicate microstructures and 
the associated optical properties[14] while 
imparting a tunable reflection upon 
external stimuli. Such responsive coatings 
such as functional particles and hydrogels 
have demonstrated the potential to convert 
MBW into responsive photonic devices.[16]

In most reports, the reflection changes 
of MBW-based responsive PhCs were 

attributed to the deformation of their microstructures. How-
ever, due to the weak mechanical properties or deformability of 
the used coatings,[17] the deformation of MBW microstructures 
has not been observed, which limits the further understanding 
of the relationship between the deformation of microstruc-
tures and reflection change as well as controllable regulation 
of the reflectance of MBW-based responsive PhCs. Crosslinked 
liquid crystal polymer (CLCP), on the other hand, has excellent 
mechanical properties and deformability thanks to the combi-
nation of mesogen units and polymer networks.[18] The syner-
gistic effect of aligned mesogens allows CLCP to amplify the 
nanoscopic molecular motions into huge macroscopic defor-
mation[19] and to produce a force similar to that of muscle 
contraction.[20] The incorporation of photochromic moieties 
(e.g., azobenzene) into CLCP grants its response to light that 
enables localized, remote, and isothermal triggering and actua-
tion.[21] Azobenzene-containing CLCP has been prepared into 
a variety of photoresponsive microstructures such as artifi-
cial cilia,[22] moving microrobots,[23] and dynamic surface pat-
terns.[24] Therefore, CLCP is a promising candidate to serve as 
a responsive coating to induce significant deformation of MBW 
microstructures. However, their poor processing performance 
induced by the crosslinked chemical structures limits the fab-
rication of complex hierarchical microstructures.[25] Recently, 
our group has developed a novel azobenzene-containing linear 
liquid crystal polymer (LLCP), which possesses the photode-
formability without chemical crosslinking, permitting the con-
struction of more delicate 3D photoresponsive structures by 
commonly used solution and melting processing.[26]

Here, we report a new phototunable PhC by coating the 
azobenzene-containing LLCP onto MBW. Distinct from pre-
vious works on the elegant methods for modification of MBW, 
this work focuses on the deformation of the hierarchical micro-
structures. The LLCP was deposited onto the MBW surface 

The unique hierarchical microstructures of the Morpho butterfly wing 
(MBW) exhibit angle independent blue iridescence. Biomimicking these 
microstructures and turning them into functional photonic crystals (PhCs) 
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properties and deformability of LLCP, the generated 3D bilayer microstruc-
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reflectance (40%). This phototunable PhC may have potential applications in 
pigments, cosmetics, and sensors.
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Photonic Crystals

Photonic crystals (PhCs) consist of periodic microstructures 
with a photonic bandgap[1] that prohibits light propagation at 
specific wavelength, endowing nature with brilliant reflective 
colors.[2] Manipulating the periodic structures to display variable 
colors is an effective strategy for communication, intimidation, 
and camouflage among creatures to survive the changeable 
environments.[3] Inspired by nature,[4] functional PhCs tuned 
by light,[5] temperature,[6] electricity,[7] stress,[8] and chemicals[9] 
have been developed and show great significance in control-
ling light for display, rewritable paper, sensors, telecommu-
nication device, cloaking devices, and intelligent textiles.[3a,10] 
Techniques including lithography, layer-by-layer stacking, and 
self-assembly have allowed the fabrication of PhCs such as 
Bragg layers, opal and inverse opals; however, manufacture 
of more complicated natural PhC structures remains chal-
lenging.[2] Particularly, the hierarchical microstructured natural 
Morpho butterflies wing (MBW) with angle-independent blue 
iridescence has aroused many interests for the development 
of asymmetric wetting[11] materials, photocatalytic materials,[12] 
and responsive PhCs.[13] However, to fully reconstruct these 
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through electrospinning, which turned the LLCP solution into 
dry microscale fibers without altering the microstructures. A 
further melting and annealing process produced a well-ori-
entated LLCP coating onto MBW to achieve a photorespon-
sive LLCP-MBW composite. The photoresponsiveness of the 
obtained composite was then studied, and for the first time, 
we observed the obvious deformation of the hierarchical micro-
structures of MBW including scales, ridges, and even lamella 
spacing upon low-energy UV light irradiation. Moreover, the 
detailed structure–reflection relationship was analyzed in 
this work to demonstrate that the deformation of hierarchical 
microstructures of LLCP-MBW could be adjusted by the light 
intensity, resulting in a large blueshift of the reflection peak 
and a tunable reflection intensity. It was noted that the change 
of reflectance could be restored by visible light and further 
repeated experiments have demonstrated a reliable reversibility 
of this bilayer composite, showing potentials in light sensors 
and chromic pigments.

The overall fabrication process of MBW-based phototunable 
PhC is illustrated Figure 1a, in which three tree-like ridges rep-
resent a piece of MBW. Instead of the conventional chemical 

modification methods, electrospinning[27] was chosen as the 
polymer coating technology to avoid the use of solvent treat-
ments or multi-step chemical treatments that might damage 
the microstructures of MBW. A 5 wt% LLCP solution in dichlo-
romethane was optimized for uniform electrospinning onto 
the MBW surface without any pretreatment. The high number-
average molecular weight (1.8 × 105 g mol−1) and the non-
crosslinked structure of LLCP enabled electrospinning to pro-
ceed smoothly. The microscale LLCP fibers were subsequently 
melted at 120 °C into a thin coating onto the microstructures. 
After annealing in liquid crystal (LC) phase at 55 °C for half 
an hour, the azobenzene mesogens were well orientated in the 
LLCP layer.[26]

Field emission scanning electron microscope (FESEM) was 
applied to investigate the topological change of the samples 
during the fabrication process. It was shown that the diam-
eter of the obtained LLCP fibers through electrospinning was 
around 1 µm, which was close to the dimension of the MBW 
microstructure (Figure 1b medium). The morphology of LLCP-
coated Morpho butterfly wing (LLCP-MBW, Figure 1b right) 
appeared similar to the original MBW (Figure 1b left) without 
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Figure 1. a) Schematic showing the fabrication of LLCP-coated Morpho butterfly wing (LLCP-MBW) and the reversible photoinduced deformation. For 
a better understanding of the placement of the MBW in this and the following figures, a coordinate system was set with y-axis parallel to the ridges, 
x-axis perpendicular to the ridges and z-axis vertical to the surface. b) SEM photos showing the top view of microstructures on MBW before electro-
spinning (left), after electrospinning (middle), and after heating and annealing (right). Scale bar, 5 µm. c) Chemical structure of the photoresponsive 
LLCP containing azobenzene mesogens. d) ATR-FTIR spectra of the MBW (black line) and LLCP-MBW (red line) in the region of 1800–1400 cm−1.  
e) Reflective spectra of the MBW (black line) and LLCP-MBW (red line).
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visible damage of the parallel-aligned ridges, proving that the 
microstructures were kept intact after modification. A further 
attenuated total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR) analysis was performed (Figure S2, Sup-
porting Information). Compared to the absorbance of MBW, 
the new peak at 1730 cm−1 assigned to the CO stretching 
vibration of the carboxylic ester of LLCP was observed in LLCP-
MBW (Figure 1d), elaborating the presence of the melted LLCP 
fibers on the surface of the photonic structures. Next, the 
influence of LLCP on the reflectance of MBW was analyzed 
by reflectance spectrometer (Figure 1e). The untreated MBW 
exhibited a strong reflection peak at 460 nm, while the LLCP-
MBW showed a broader and a bit lower reflection peak shifted 
to 470 nm, suggesting a thin layer of LLCP on the surface of 
MBW slightly changed the effective refractive index.[28]

The photoresponsiveness of the LLCP-MBW was observed 
by the change of reflective spectra as shown in Figure 2a. 
After UV irradiation on LLCP-MBW for 10 s, the reflection 
peak at 470 nm decreased and a new peak at 397 nm appeared 
and increased following the variation of UV intensity from  
10 mW cm−2 to 60 mW cm−2, whereas the reflection change of 
uncoated MBW was trivial under the same treatment (Figure S3,  
Supporting Information). The reflection of LLCP-MBW recov-
ered to the initial state upon 530 nm visible light irradiation 
(30 mW cm−2, 10 s). Since the new reflection peak at 397 nm 
was not perceived by human eyes, the LLCP-MBW just 
reduced the brightness of blue iridescence upon UV irradiation 

(Movie S1, Supporting Information). To quantify the changes 
in iridescence after UV exposures at different intensities, the 
concept of relative reflectance spectra (Rr(λ))[16b] was introduced
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where R0(λ) and R(λ) were the reflectivity at λ before and after 
UV exposure, respectively. A 40% increase at 370 nm and a 35% 
decrease at 470 nm were observed in the reflection of LLCP-
MBW, which were much larger than that of previous reports 
(typically less than 11%).[13a,16b]

The durability and stability of the LLCP coating were then 
studied by monitoring the reflectivity at 470 nm under alter-
nating UV and visible light irradiation (Figure 2c). After each 
illumination during this process, the LLCP-MBW showed a 
reversible change for 50 cycles. The temperature of LLCP-MBW 
increased less than 3 °C (from 24.3 to 26.7 °C) during the 
whole process (Figure S4, Supporting Information), which was 
well below the clearing point of LLCP (90 °C),[26] indicating the 
change of reflectance was not attributed to the photothermal 
deformation of LLCP or MBW.

To study how the variation of reflectance was induced by the 
photodeformation of hierarchical structures on LLCP-MBW, 
the morphology change of the scales upon light irradiation was 
obtained by a super-resolution digital microscope. The blurred 
scale (out of focus) became clear (in focus) upon UV irradiation  

Adv. Optical Mater. 2019, 7, 1801494

Figure 2. a–c) Reversible optical response of LLCP-MBW to UV and visible light irradiations. a) The changes of reflective spectra of LLCP-MBW after 
365 nm UV irradiation with different intensities for 10 s and subsequent 530 nm visible light irradiation for 10 s. b) Relative reflectance (Rr) of LLCP-
MBW shows the change ratio of reflection under different lights and intensities. c) Evaluation on the reversibility of LLCP-MBW in response to alterna-
tive irradiation of UV light (365 nm, 60 mW cm−2, 10 s) and visible light (530 nm, 30 mW cm−2, 10 s) for 50 cycles. d) 3D reconstruction images and 
e) surface profiles of the scales on the LLCP-MBW show the reversible deformation of the scales on LLCP-MBW upon UV (365 nm, 10 mW cm−2) and 
visible light (white light from the microscope) irradiations. The deformation process is given in Movie S2 in the Supporting Information.
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and was restored by the visible light source of the micro-
scope after UV off, indicating the reversible height change of 
the scale (Movie S2, Supporting Information). To elucidate 
the subtle change, the 3D reconstruction of the scale was per-
formed (Figure 2d). The surface profile of the 3D structures 
demonstrated that the tilted angle of the scales decreased with 
height dropped up to 4 µm upon UV irradiation in comparison 
to the original state (Figure 2e). The confocal microscopy sug-
gested a similar movement of the scales on LLCP-MBW while 
no change was observed from the untreated MBW under UV 
irradiation, confirming that the deformation of the scales 
on LLCP-MBW was induced by the LLCP layer (Figure S5, 
Supporting Information).

To further demonstrate the microscale deformation on the 
LLCP-MBW scales, the in situ morphology change before and 
after UV irradiation was studied by atom force microscopy 
(AFM). Lines along and perpendicular the ridges were drawn 
between the ends of lamellas in the AFM photos to measure 
the deformation quantitatively, which demonstrated uneven 
shrinkage with average of 2.92% along the ridges and uneven 
expansion with average of 1.47% perpendicular to the ridges 
after UV irradiation. (Figure S6, Supporting Information) For 
example, as shown in Figure 3a, a line along the ridge shrank 
from 7.87 to 7.65 µm after UV irradiation, and the one perpen-
dicular to the ridges expanded from 4.95 to 5.08 µm. Similar 
deformations were also observed by in situ FESEM (Figure 3b 
and Figure S7, Supporting Information). The AFM surface 

profiles of LLCP-MBW before and after UV irradiation indi-
cated a (−6.9 ± 1.3)% height reduction of the ridges consisting 
of multiple lamellas (Figure S8, Supporting Information) and 
the maximum observed height decrease of a ridge was around 
80 nm (Figure 3c).

According to the above experimental results, a mechanism 
for the deformation of the LLCP-MBW was proposed. To illus-
trate the deformation, a scale on LLCP-MBW was abstracted 
into a double-layered cuboid as shown in Figure 4a with ridges 
aligned along y-axis. The azobenzene mesogens were out- 
of-plane orientated in the LLCP layer according to the bending 
behavior of an LLCP film (Figure S9, Supporting Informa-
tion).[26] Upon UV irradiation, the trans–cis isomerization of 
azobenzene mesogens decreased their length from 9.0 to 5.5 Å 
and disrupted the liquid crystal order, leading to the shrinkage 
of the LLCP layer thickness in z-axis and expansion in LLCP 
x–y plane. The in-plane expanded LLCP dragged the non-
photoresponsive chitin MBW to bend along y-axis (the long side 
of the rectangular scale) away from the incident light,[29] thus 
the scales fixed to the substrate at one end exhibited a height 
reduction (Figure 4b). In smaller local areas, the microstructure 
on the scales showed only the expansion perpendicular to the 
ridges (x-axis), but “shrinkage” (actual expansion and bending) 
along the ridges (y-axis) due to the bending (Figure 4c). The 
shrinkage of LLCP layer in z-axis, on the other hand, reduced 
the thickness of the entire LLCP-MBW scale, resulting in con-
traction of the ridges thereon and decrease of lamella spacing.

Adv. Optical Mater. 2019, 7, 1801494

Figure 3. Photoinduced deformation of the microstructures on LLCP-MBW. a) In situ AFM images of the microstructures on the LLCP-MBW scales 
before and after UV irradiation. b) In situ FESEM images show the shrinkage along the ridges and the expansion perpendicular to the ridges according 
to the length changes of lines. c) Surface profiles of the microstructures before (black line) and after (red line) UV irradiation (upper) and schematic 
illustration of the expansion perpendicular to the ridges and shrinkage vertical to the ridges (lower). UV light: 365 nm, 10 mW cm−2. The irradiation 
time was 10 s for AFM and 20 s for FESEM, respectively.
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Having a better understanding of the deformation of LLCP-
MBW, the mechanism of the reflection change was proposed. 
According to the Bragg equation,[28] the reduction of the lamella 
spacing and the decrease of LLCP layer thickness would induce 
a blueshift of the reflection peak. Owning to the high extinc-
tion coefficient of the trans-azobenzene at 365 nm,[30] only the 
top few layers of the lamella structures in LLCP-MBW absorbed 
the incident light and deformed into smaller layer spacing 
(Figure 4b), generating a new reflection peak at 397 nm. With 
the increase of light intensity, UV light penetrated deeper to 
deform the lower layers, enhancing the reflection intensity at 
397 nm as shown in Figure 2.

In conclusion, we have demonstrated a new approach to fab-
ricate phototunable PhCs with hierarchical microstructures by 
coating LLCP onto the natural MBW. Electrospinning coating 
technology was used here to directly deposit a thin layer of LLCP 
with high molecular weight on MBW, preserving the delicate 
photonic structures of MBW. Thanks to the excellent mechan-
ical and deformable performance of LLCP, for the first time, 
we provided experimental evidences to show that the deforma-
tion of hierarchical microstructures could induce a reflection 
change of such MBW-based PhCs. In this work, obvious and 
reversible deformation of the hierarchical microstructures, 
including lamella spacing, ridges and the whole scales were 
observed from LLCP-MBW, which induced a blueshift of the 

reflection peak (70 nm) and a tunable reflection intensity (40%, 
three times larger than that of existing works) by UV light. This 
work sets up a moderate and effective strategy to combine the 
natural biotemplates and responsive LLCP to fabricate com-
plex responsive microstructures. Furthermore, through a better 
understanding of the structure–reflection relationship of the  
MBW-based PhCs, we anticipate that the phototunable PhC will 
be used in a variety of applications ranging from sensors, photo -
chromic pigments, anticounterfeiting to information storage 
technologies.

Experimental Section
General: The Morpho butterfly was supplied by Shanghai Dieyu 

Biological Technology Co., Ltd. The azobenzene-containing LLCP was 
synthesized according to the previous work.[19] 365 nm UV light was 
generated by an Omron ZUV-H30MC light source with a ZUV-C30H 
controller. 530 nm visible light was generated by a CCS HLV-24GR-3W 
light source with a PJ-1505-2CA controller. ATR-FTIR was measured on 
a Nicolet Nexus 470 spectrometer. The photothermal effects of UV light 
and visible light were recorded by a thermal imaging camera (FLIR, E40).

Fabrication of the LLCP-MBW: A concentration of 5 wt% of LLCP 
dichloromethane solution was used for electrospinning. The MBW was 
cut into pieces about 1 cm × 1 cm and placed on a metal basement 
to receive the polymer fibers. After electrospinning, the samples were 
heated to 120 °C (isotropic phase) on a hot stage (Mettler, FP-90 and 
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Figure 4. Schematic showing the deformation of the bilayer LLCP-MBW. a) A graphical representation of the scale on the LLCP-MBW abstracted into 
a two-layer cuboid where the yellow surface is the LLCP and the gray substrate is the MBW. Upon UV irradiation, the LLCP layer undergoes thickness 
decrease and in-plane expansion and drags the scale on MBW to bend away from the incident light. b) The tilted scales show height decrease owning 
to the bending deformation. c) Local deformation of the microstructures along x-axis (perpendicular to the ridges) and y-axis (along the ridges).  
d) With the increase of UV intensity, the penetration of incident light is gradually deepened in the lamellas of the ridges, causing the deformation of 
microstructures and the increasing of the new reflection peak at 397 nm gradually.
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FP-82) and then annealed at 55 °C (LC phase) for 30 min to obtain the 
LLCP-MBW.

Photoinduced Change of Reflectance: Reflective spectra were recorded 
on a reflection spectrometer (PG2000-Pro-EX, Ideaoptics Instruments) 
at room temperature. A standard white board (STD-WS, Ideaoptics 
Instruments) was used as the white reference. A 6 W tungsten-halogen 
light source (iDH2000-BSC, Ideaoptics Instruments) and a Y-shape 
optical fiber (FIB-S3-600TA-[..]-NIR fiber, Ideaoptics Instruments) with 
a reflection probe were used for the spectra collection. The probe 
was set to position that both the incident light and the reflected light 
were perpendicular to the sample surface. The LLCP-MBW and MBW 
were stuck to the glass sheet by black double-sided adhesive tapes for 
test. Measurements were performed before and after the sample was 
illuminated by UV light with intensity from 10 to 60 mW cm−2. Then the 
sample was illuminated by green light at 30 mW cm−2 for 10 s and the 
reflective spectra was recorded again after the light off.

Photoinduced Deformation of the Scales: Movie S2 in the Supporting 
Information and the 3D reconstructed photos in Figure 2d were acquired 
by a super-resolution digital microscope (Keyence, VHX-1000C). The 
photodeformation of the scales was achieved by the in situ UV irradiation 
of 10 mW cm−2 and the restoration was performed upon the white light 
from the lens of microscope. Surface profiles in Figure 2e, Figure S5 and 
simulated morphology in Figure S5 in the Supporting Information were 
acquired by a confocal microscopy (Leica, DCM8). All measurements 
were performed in the same location to verify the change in the surface 
topography. The deformation measurements were conducted before 
and after the illumination upon UV light with the intensity from 5 to 
15 mW cm−2 for 10 s. The restoration of deformation were measured 
after the green light (10 mW cm−2) illumination for 20 s.

Photoinduced Deformation of the Microstructures: The morphology 
of microstructures before and after UV irradiation (10 mW cm−2) 
was acquired in situ by an atomic force microscope (AFM, Bruker, 
Dimension Edge) in tapping mode and a field emission scanning 
electron microscope (FESEM, Zeiss, Ultra 55 and Zeiss, Sigma) at an 
accelerating voltage of 3 kV. The irradiation time was 10 s for AFM and 
20 s for FESEM, respectively.

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