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Bio-inspired Sensors Based on Photonic Structures of Morpho 
Butterfly Wings: A Review  
Qingsong Li,a Qi Zeng,a Lei Shi,b Xiaohua Zhangc and Ke-Qin Zhang*a 

The Morpho butterfly’s wings display beautiful, naturally-occuring iridescent colors that are produced by incident light 
interacting with periodic nanostructures on wing scales. This type of photonic structure has attracted a great amount of 
attention from international researchers; studies devoted to this structure have especially increased in recent years. Due 
to the development of research on nature-inspired bionic structures, as well as demand for high-efficient low-cost 
microfabrication techniques, understanding and replicating the mechanism of Morpho butterfly structural coloration have 
become increasingly significant. These sophisticated structures have many unique functions and can be used for many 
applications. This review summarizes recent progress in bio-inspired sensors based on the photonic structures of Morpho 
butterfly wings. Bio-inspired sensors for infrared radiation/thermal, pH, vapor etc. are discussed in detail, with particular 
focus on fabrication methods and operation mechanisms. Finally, the disadvantages and limitations that may limit the 
practical applications of bio-inspired sensors are presented and discussed. 

1. Introduction 
The Morpho butterfly is a special geotropical species found 
mostly in South America, Mexico, and Central America. 
Because of its unique bright structural color, it has been the 
subject of scientific curiosity for decades.1-4 The research of 
this structural color is an important branch of physical optics, 
and plays an important role in technological advancements for 
both industry and commercial sectors.1, 5 In recent years, 
advancements in microscopy technology such as Scanning 
Electron Microscope (SEM) and Transmission Electron 
Microscopy (TEM), have made it possible to observe and 
analyze the nanostructures of the Morpho butterfly wings at 
the nanoscale, or even smaller. It was discovered that the 
unique appearance of the butterflies’ wings are a result of 
interference and diffraction of incident light, which interact 
with the nanoscale structures on the Morpho butterfly wings 
to produce bright and iridescent colors.6-8 

Morpho butterflies have wings with a densely array of scales 
with complexly variable morphologies; Figure 1(a) shows an 
image of a typical Morpho didius. The scales on the dorsal side 
of the wings can be divided into cover scales and ground 
scales. The blue ground scales are arranged as a highly 
reflective array on the ground layer of the wing, while cover 
scales, which are transparent with a bluish tint, lie above the 
ground scales to form a second layer (as shown in Figure 

1(b)(c)); both types have a main structure consisting of ridges 
connected by cross ribs. The major structural difference 
between the cover and ground scales lies in the density of the 
cross ribs in between two nearby ridges. The ground scales are 
much more transparent with a denser layout of cross ribs than 
cover scales. The scales are flat or slightly curved on the 
bottom with a typical dimension of approximately 150 mm in 
length and approximately 50 mm in width (Figure 1(c) inset), 
but each scale has many well-aligned hierarchical longitudinal 
ridges, which are separated at regular intervals of only one and 
several tenths of micrometers (as shown in Figure 1(d)). 
Furthermore, all of the layers of lamellas, which are separated 
by air gaps, stack neatly and run oblique to the base plate with 
a tilt angle of only a few degrees (as shown in Figure (e)). The 

Figure 1. (a) The image of a typical Morpho didius butterfly, (b) optical image of the 
scales, (c) the cover scale and ground scale, inset: optical image of a single cover scale, 
(d) SEM image from the top view of a cover scale, (e) the SEM image of the ground 
scale, and (f) the TEM image of the ground scale. Reproduced from Ref. 15 with 
permission from the Royal Society of Chemistry. 
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lamellas have defined layer thicknesses and inter-layer 
distances; they are arranged regularly and asymmetrically on 
both sides of the ridges, extending for tens of nanometers 
(cross-section cover scale shown in Figure 1(f)).9 The distance 
between two adjacent lamellas on the same side of ridges is 
usually in the range of tens of nanometers. Based on extensive 
study of their microstructures,10 it can be concluded that the 
network of longitudinal ridges act as a diffracting grating, 
contributing to the blue color.11 The highly iridescent ground 
scales cause strong diffraction, causing the  butterfly wings to 
appear blue in broad observable directions.12,13 Meanwhile the 
cover scales contribute considerably to the wing coloration 
due to their wavelength-selective reflection and anisotropic 
optical diffusion.14, 15 The interaction between light and these 
unique three-dimensional (3D) nanostructures result in effects 
such as interference, reflection and diffraction, producing 
optical effects such as color variation when observing from 
different angles,16, 17 ambient environment or mediums.18 
Aside from Morpho didius, other Morpho butterfly breeds with 
notable wing structures include Morpho sulkowskyi, Morpho 
peleides, Morpho Menelaus, and Morpho rhetenor, etc. 
However, there are only slight differences between the wing 
structures of the various Morpho butterfly subgenera. For 
example, Morpho didius has ground scales and glass scales, 
while Morpho rhetenor has only a single layer of scales with a 
similar nanostructure to the ground scales of Morpho didius. 
Additionally, the coloration mechanisms of these Morho 
butterfly wings are also similar. The highly specialized ridges 
on the wing scales are the most influential optical structural 

unit. Wing scale ridges play a crucial role in generating 
iridescent colors because they are folded into overlapping 
lamellas, which act as multilayer reflectors and diffraction 
gratings to interact with incident light and induce complicated 
optical effects.19 
A sensor is a type of transducer that detects events or changes 
in ambient environment by providing a corresponding output.  
Sensor mounts for pressure, infrared, humidity, gas, 
displacement, etc. are commonly used in everyday appliances 
such as the cell phones and health monitoring devices. Sensors 
typically provide various types of output, such as electrical, 
mechanical, thermal or optical signals. Most conventional 
sensors have intrinsic defects which limit their development 
and practical applications. For example, infrared sensors based 
on photoelectric detectors exhibit outstanding signal-to-noise 
ratio and a fast response, but requires cooling, which adds to 
their size and cost.20 While, these sensors will be facile to use 
with lower cost if they are designed based on thermal 
detectors, but their fabrication requires laborious processing 
steps, and their sensitivity is limited by active materials.21  
In contrast, Morpho butterfly wings are abundant; although 
the fine structures that contribute to their color are difficult to 
fabricate manually, the naturally formed wing structures can 
be directly applied to devices. The hierarchical tree-like ridges 
arranged on the scales possess unique structural color effect; 
color variations are subtle and sensitive to external stimulus. 
Furthermore, this fast color variation can be easily detected by 
spectrometers, or even by the unaided eye. A significant 
amount of research has been dedicated to the design and 

Figure 2. The principle of uncooled thermal detection based on the air-filled photonic architecture of iridescent scales of a Morpho butterfly. (a) TEM image of a cross-section of 
the Morpho nanostructure. (b) A typical Morpho sulkowskyi butterfly and the schematic of SWCNT. SEM images of a portion of a Morpho scale before (c) and after (d) modification 
with SWCNTs. (e) Experimental schematic of MWIR radiation and visible reflected light readout for a Morpho nanostructure. R, ridge; L, lamella; CR, crossrib. Reproduced with 
permission from ref. 28 Copyright 2012, Nature Publishing Group. 
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synthesis of high preference materials or sensing devices 
based on the elaborate structures and structure-dependent 
optical effects of Morpho butterfly wings. With improvements 
in synthesis as well as optimization of their physicochemical 
properties, Morpho wing-based devices have great potential 
for future applications in many fields.22, 23 

2. Bio-inspired sensors 
The fine, subtle nanostructures of Morpho wing scales easily 
deform in response to external stimulus like temperature and 
humidity. Bio-inspired sensors were designed and fabricated 
based on the relationship between the structures and their 
reflected lights. The sensors were made to model the 
nanostructures found on the butterfly wings, which are 
responsible for environment-responsive color change. The 
sensors can be tailored for use in different environments, and 
made to have high sensitivity and efficiency. Due to the 
potential of this device, a considerable amount of research has 
been devoted to this field, resulting in great progress. 

2.1. Thermal-infrared sensors 

Many materials are subject to thermal expansion, changing 
volume in response to a change of temperature. Due to the 

limitations of conventional thermal sensing, such as high cost, 
complex microfabrication techniques and low spatial 
resolution, there is great demand for novel thermal-infrared 
sensors based on new materials or techniques.  
It has been long noted that many organisms in nature possess 
thermal properties attributed to their specific structures.24-27 
Inspired by the properties of Morpho butterfly wings, Potyrailo 
et al. 28 proposed a novel method of preparing outstanding IR-
detection sensors by depositing single-walled carbon 
nanotubes (SWCNTs) on Morpho sulkowski butterfly wings, as 
shown in Figure 2. When the wing scales were exposed to mid-
wave infrared radiation (MWIR), the temperature of the CNT-
doped wings increased and caused the structures to thermally 
expand, resulting in a change of reflective spectra. The surface-
deposited CNTs play a key role in the sensing processes, as 
their exceptional absorption of IR radiation and high thermal 
conduction improve the sensitivity of IR detection. Combining 
the advantages of SWCNTs and the low thermal mass (the 
ability of a body to store thermal energy) of butterfly wings 
results in a sensor that possesses a temperature sensitivity of 
18-62mK and heat-sink-free response speed of 35–40Hz. 
According to simulation based on finite-difference time-
domain (FDTD) method, it was found that the dominant factor 
of the reflectivity charge is attributed to the thermal 
expansion-induced change in distance between the ridges. 

Figure 3. Schematic illustration for the IR response of the selectively modified butterfly wing structures. (a) Morpho butterfly wing under visible light (left) and IR light (right); (b) 
3D nanoarchitecture of modified butterfly wing with Au coating on the edge portion of one lamella under visible light. (c) Schematic of the selectively modified 3D 
nanoarchitecture of butterfly wings under IR light, with the bending of one lamella layer due to the mismatch in thermal expansion between the Au coating and lamella structure; 
(d) the schematic illustration of the IR sensing mechanism for the butterfly wing structure modified with Au coating; ΔZ is the tip bending distance of the lamella layer under IR 
radiation. (e)Relative reflectance measured in dependence of ΔT (Au thickness is ca. 50nm). (f)Relative reflectance calculated using FDTD simulation with change in ΔZ at the tip of 
the lamella layers. Reproduced with permission from ref. 29 Copyright 2015, Wiley-VCH. 
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However, the thermo-optic effect, expansion of the tree-like 
lamellar structure and decrease of the effective refractive 
index are all negligible. This is the first time that this method 
was used to design highly sensitive IR sensor bio-inspired by 
Morpho butterfly wings. 
Recently, Deng et al. developed another method to design IR 
sensors by localizing modification of Morpho butterfly wings 
through physical deposition of gold (Au), 29 as shown in Figure 
3. In this work, the sensitivity of the sensor double that of the 
above-mentioned SWCNT-doped wings. As seen in Figure 1(f) 
and 2(a), the width of the lamellas increases linearly from top 
to bottom on the both sides of the ridges. As such, only the 
edge and top portion of each lamella layer is modified by Au 
coating during the physical deposition. Because the thermal 
expansion coefficients (CTE) of Au and chitin (the main 
substance of the wings) vary significantly, the expansion of the 
Au-modified portion of the wings is not uniform under IR 
illumination, as shown in Figures 3(c) and (d). This non-uniform 
structural expansion induces bending at the edge of the 
lamellas, resulting in a change in reflectivity or color. Both 
experimental results and FDTD simulation (Figure 3(e) and 3(f)) 

verify that the change of optical reflectance is mainly 
attributed to the bending effect of the lamella layers on the 
ridges. Using this local deformation mechanism, the sensors 
can be improved to have a better optical readout. 
Synthetic polymers with typical thermal-responsive properties 
30-33 have application in a wide variety of fields, including 
biological diagnosis,34 drug delivery,35 and sensing.36 
Combining thermal-sensitive polymers with the structure of 
Morpho butterfly wings has become an intuitive, cost-effective 
way to design new biomimetic sensors. Xu et al.37 reported the 
fabrication of high performance sensors with the ability to 
tune color over temperature; this fabrication is performed via 
co-assembly of smart polymers and hierarchical structural 
Morpho butterfly wings. Under certain conditions, the 
aminated Morpho butterfly wings were coated by functional 
temperature-responsive polymer, poly (N-
isopropylacrylamide)-co-acrylic acid (PNIPAm-co-AAc), as 
shown in Figure 4(a). Due to surface bonding between 
PNIPAm-co-AAc and aminated Morpho butterfly wings, the 
volume change of PNIPAm-co-AAc induces transformation of 
the photonic crystal structure. This water-soluble thermo-

Figure 4. (a) Overall synthesis of thermoresponsive photonic structures from morpho butterfly wings and mechanism for the temperature responsiveness PNIPAm-co-AAc and 
morpho wings composites. (b) The changing temperature results in the transformation of wing structures by the swelling/de-swelling of the polymer with the 
enveloping/expelling of water molecules. The expel process of water molecules is marked by purple, a result of few hydrophilically hydrated water molecules continuing 
interaction with the amide groups in the collapsed state of the polymer. Reproduced with permission from ref.37. Copyright 2015, American Chemical Society. 
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responsive polymer PNIPAm-co-AAc is known to have a lower 
critical solution temperature (LCST) at ∼32°C38, at which there 
is a swelling or de-swelling in physical volume change. When 
the temperature is below the LCST, the cross-linked PNIPAm-
co-AAc macromolecules absorb water from the environment 
and cause the polymer to swell, further increasing the 
thickness of the wing structures. In contrast, when the 
temperature is above the LCST, the solvating water can be 
expelled, resulting in shrinkage of the polymer network 
volume and a decrease in the thickness of the wing structure; 
this is illustrated in Figure 4(b). Such deformation causes a 
color change that is detectable by spectrometer. The 
mechanism of the hybrid photonic structures’ thermal 
response was theoretically analyzed. Theoretical analysis 
yielded similar results, showing that the temperature-sensing 
property of the co-assembling structures is the main factor 
affecting the temperature-induced changes in PNIPAm-co-AAc. 
Other effects such as thermal expansion of the butterfly wings, 
and thermo-optic effects are negligible. Lu et al. reported 
thermo-responsive photonic materials with hierarchical 
structures, formed by combining a template of Morpho 
butterfly wings with poly(N-isopropylacrylamide) (PNIPAM) 
through a chemical bonding and polymerization route.39 These 
materials notably showed temperature-induced color 
tenability, but contrary to previous studies, the reflection 
peaks red-shifted when temperature increased. This unique 
phenomenon is caused by changes in refractive index due to 
the volume change of PNIPAM during temperature increase, 
and may provide an efficient strategy for the fabrication of 
stimuli-responsive photonic materials. 
The operation mechanisms of thermal/IR sensors based on 
Morpho butterfly wings are classified into three major 
categories: (a) increasing spacing between the wing scale 
ridges, (b) tip bending of the lamella layers on the ridges, and 
(c) structure change induced by coated copolymers. All 
deformation or the alteration of structure should be 

sufficiently distinct to affect the interference or diffraction of 
light. Morpho wing-based thermal/IR sensors have higher 
performance than conventional detectors, which possess 
limited response sensitivity.21 As the unique structures of the 
wing scales are very compatible with the excellent thermal 
properties of Au and SWCNTs, butterfly wing-based sensors 
fabricated by SWCNT doping or Au deposition are not 
restricted by issues with sensitivity. Furthermore, the 
fabrication process of sensors based on these naturally-formed 
structures are simpler than sophisticated semiconductor 
techniques required to assemble current thermal detectors on 
the market. 
 
2.2. Vapor and solvent sensors 

The detection of vapor gas or volatile organic compounds is a 
significant technology for industries such as military defense 
and manufacturing, which require work in dangerous and 
extreme environments.40-42 With the advance of micro-
fabrication techniques, the need for cost-efficient vapor and 
solvent sensors with better stability and higher sensitivity is 
becoming increasingly urgent in industry as well as everyday 
life. 
Butterflies wings, especially from the Morpho butterfly, display 
different colors when submerged in vapors or solutions with 
different refractive indices.11,16,43-48 Moreover, the displayed 
colors vary diversely depending on Morpho species, 
submersion time, and certain gas or liquid.18,49,50 Recent 
studies have confirmed that the specific color change of 
Morpho butterfly wings can be utilized for vapor sensing. 
Potyrailo et al.51,52 investigated the mechanisms for optical 
response of Morpho butterfly wings under exposure to 
different individual vapors, and found that the optical 
response outperformed that of existing nano-engineered 
photonic sensors. Figure 5 illustrates the principle of highly 
selective vapor response based on the hierarchical structures 
of the butterfly wing. According to reflective spectra collected 

Figure 5．Highly selective vapor response based on hierarchical photonic structures is demonstrated by using M. sulkowskyi iridescent scales. Measurements of differential 
reflectance spectra ΔR provide information about the nature and concentration of the vapors: ΔR =100%*(R/R0 -1), where R is a spectrum collected from scales upon vapor 
exposure and R0 is a spectrum collected from scales upon exposure to a carrier gas (dry N2). Reproduced with permission from ref. 51. Copyright 2007, Nature Publishing Group. 
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by spectrometer, Morpho butterfly wings have a clear and 
distinct response to the nature and concentration of the 
vapors surrounding them. The critical analysis of this diverse 
spectral response suggested that this response is mainly due 
to a combination of physical absorption and capillary 
condensation of gas molecules in the gaps of the scales’ ridges. 
The gas concentrations and thicknesses of condensed liquid 
layer are determined by the pore size of the gaps, surface 
tension and physicochemical properties of the vapors. 
In 2014, Liao et al.53 demonstrated the application of 
hierarchical micro/nanostructured Morpho butterfly scales to 
separate and identify nitrogen, methanol and ethanol vapors. 
This detection was accomplished according to the principle 
component analysis (PCA) method based on the masses of 
collected spectra data. Modeling and simulation of the 
butterfly scales also confirmed that the thickness of the liquid 
film on scales, which relates to vapor concentration, plays a 
critical role in reflectance spectra variation. 
Several mechanisms have been proposed to explain the 
Morpho butterfly wings’ selective response to the different 
vapors.49,53,54 In 2013, Potyrailo et al. discovered the presence 
of a polarity gradient on the Morpho butterfly scales surface.54 
In order to validate the existence of a polarity gradient, a suite 
of complementary techniques were used to assess the 
chemistry of the ridges at the nanoscale. Assessments included 
labeling the scales with polarity-sensitive dyes, as well as 
experimental analysis and simulations exposing Morpho scales 
to various polar vapors. The results of these methods show 
strong evidence for the existence of a naturally formed surface 
polarity gradient extending from the polar tops of ridges to 
their less-polar bottoms. Once the Morpho scales are exposed 
to vapors, gas molecules with different polarities are 
preferentially absorbed onto the respective regions of the 
ridges (Figure 6(a)). This preferential adsorption is expressed in 
the corresponding spectral regions, as shown in Figure 6(b). 
Furthermore, using both experimental validation and a vapor-
coverage simulation, it was verified that the vapor selectivity is 
caused by condensed liquid layers on different domains within 

the ridge structure. It was concluded that the spectral change 
is caused by the change in lamella thickness and their 
refractive index. This study opens opportunity for new gas and 
liquid sensor design principles, allowing for tailored selectivity 
in a single sensing unit and the possibility to detect different 
molecules in complex multiphase vapors. Recently, individual 
nanofabricated sensors were combined to not only selectively 
detect separate vapors in pristine conditions, but also quantify 
these vapors in mixtures.55 
Similarly, when the wings were immersed in various solvent or 
liquids, such as water, methanol and ethanol, the medium in 
the gaps of the scales’ ridges shifted from air to solvent with a 
sharp variation in refractive indices. The tree-like ridges and 
lamellas were not just covered with condensed liquid layer but 
almost totally submerged under liquid. Therefore, the 
reflectance shows a distinct decrease due to the drop in the 
lamellae–external medium refractive index contrast. Light 
diffraction and reflection are disturbed, causing a distinct 
spectrum shift or color change. Both experiments and 
simulations indicated that the optical properties of Morpho 
butterfly wing scales depend strongly on the varying refractive 
indices of ambient packing medium, as well as the asymmetry 
and ordered dimensional variation of the lamellae structure.56  
In summary, the investigation performed above provided 
confirmation that the Morpho butterfly scales possess the 
sensitivity and selectivity for organic vapors sensing. The 
experimental theoretical analysis presented here have greatly 
advanced the understanding of butterfly wing scales’ color 
variation mechanism. Application of these findings will lead to 
significant selectivity advancements in photonic sensors based 
on traditional sensing materials. 
 
2.3. pH Sensors 

Periodically structured photonic crystals with periodicities in 
the scale of light exhibit photonic band gap properties that can 
be modulated using the geometries of their precursors.57 Using 
specific materials, a type of stimulus-responsive photonic 
crystal has been exploited for important applications in areas 
such as thermal and mechanical sensors,58, 59 biological and 
chemical sensors,60-62 pH sensors,63, 64 humidity and vapor 
sensors.65, 66 However, the fabrication of these photonic 
crystals is complicated with many steps, largely limiting their 
practical applications. Therefore, sensors based on the 
periodic photonic structures are unlikely to fulfill the 
increasing demands for future sensing. 
Zhang et al. 67 reported a new class of hierarchically structured 
photonic crystals (PCs) with color tunability through pH 
variation, synthesized via the deposition of polymethylacrylic 
acid (PMAA) onto a Morpho butterfly wing template using a 
surface bonding and polymerization route. First, the Morpho 
butterfly wings were pre-treated with several different 
solutions to transform the surface chitin of the original 
butterfly into chitosan, providing the wings with reaction sites 
for polymerization. Next, a polymerization process with PMAA 
takes place. The hydrogen bonding between the two 
functional groups of the bio-template, -COOH of PMAA and -

Figure 6．The mechanism of the Morpho butterfly scales’ selective responses to 
different vapors. (a) The surface polarity gradient of the ridges run from the most-polar 
ridge tops down to the less-polar ridge bottoms, with different polarity vapors 
preferentially adsorbed onto the respective regions of the nanostructured ridge. 
(P=polar; NP=nonpolar) (b) The adsorption of vapors at certain locations along the 
height of the ridge corresponds to the respective regions in simulated ΔR (λ) spectra. 
Reproduced with permission from ref. 54. Copyright 2013. National Academy of 
Sciences, USA. 
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NH2 plays a crucial role for uniform coating. The final PMAA 
hierarchically structured photonic crystals (PMAA-PC) is shown 
in Figure 7(a). The response properties of the hybrid structures 
were evaluated by varying the external pH stimulus and 
monitoring color change as detected by reflective spectra. 
When the PMAA-PCs were immersed into solutions with 
varying pH values, the highest reflective peak of each 
spectrum exhibited an obvious shift and a distinct U transition 
was observed at, as shown in Figures 7(c), (d) and (e). 
In investigating the mechanism of the pH-responsive hybrid 
PMAA-PC sensors, the optical properties of the sensors were 
found to be mainly due to the interactions between the ions in 
solution and ions in the hybrid structures. Alkali-treated wing 
scales exhibit typical swelling or de-swelling behaviors in high 
or low pH values, respectively, as a result of protonation or 
deprotonation of the -NH2 groups on chitosan. Meanwhile, the 
swelling/de-swelling behavior of pure PMAA is the opposite. 
The deprotonation of carboxyl groups inside of PMAA occurs 
easily in high pH values, while low pH values induce PMMA de-
swelling due to decrease in PMAA ionization. These factors 
cause the final PMAA-PC volume change, which determines 
the periodic structures of samples and hence, their optical 
properties.  
The pH response of PMAA-PC has a distinct U-shaped curve, 
which is significant to the swelling/de-swelling mechanism of 
the PMAA-PC sensors. The U transition point of PMAA-PC-1 is 
at pH 7.51, and it can be concluded that the volume of the 
photonic structures is the smallest at the U transition point, 

which expands with higher or lower pH values. As shown in 
Figure 7(b), the expansion of the system in acidic solution is 
promoted by the breakup of the carboxylate ionic electronic 
pairs in –COO-NH3+, as well as increasing amounts of positive 
charges produced by the protonation of primary amino 
groups. When the photonic structures are placed into an alkali 
environment (above pH 7.51), the swelling phenomenon is 
attributed to the deprotonation of the -NH3+ group which 
results in the dissociation of the electrostatic –COO-NH3+ ionic 
pairs. Additionally, there is an increase of negative charges 
produced by the deprotonation of carboxyl groups. The 
combination of these effects in low or high pH values causes 
the U transition of reflective spectra within a very narrow pH 
range.   
This work is a foundation for future pH sensors. The ability to 
fabricate responsive photonic crystals with hierarchical 
structures by combining natural photonic crystals with a pH- 
responsive polymer provides has great potential for various 
sensing fields.  
 
2.4. Other sensors  

The butterfly wings can be combined with other materials to 
highly improve its physicochemical properties. Due to the 
synergistic effects between the different materials, these 
hybrid structures have tremendous applications towards not 
only the stimulus-responsive polymers presented above, but 
also materials such as inorganic magnetic materials for use in 
magneto-optical response sensors,15,68 water-splitting 

Figure 7. (a) Schematic illustration of the formation mechanism for pH-responsive photonic crystals with hierarchical structures (b) Mechanism for the U-shaped pH response of 
PMAA-PC. Representative spectral responses of (c) PMAAPC-1, (d) PMAA-PC-2, and (e) PMAA-PC-3 to different pH values, with representative optical images obtained at typical pH 
values. For the PMAA-PC-1, -2, and -3, the content of PMAA deposited on the samples increases gradually with its monomer concentration in the precursor. Reproduced with 
permission from ref. 67. Copyright 2013, American Chemical Society. 
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catalysts,69 enhanced infrared absorption70 and 
photoluminescence,71 and efficient electrocatalysts.72 Zhang et 
al. proposed a simple, sol-gel-based method for fabrication of 
magneto-photonic crystal (MPC) materials from Morpho 
butterfly wings.68 The pretreated Morpho butterfly wings were 
immersed in ferric chloride sol-gel solution for coating and 
then transformed into hematite by calcination to remove the 
chitin substrates. Magnetophotonic crystal-Fe3O4 (MPC-Fe3O4) 
was obtained by the reduction of as-prepared shelly photonic 
crystal Fe2O3 in H2/Ar atmosphere. The overall process and 
mechanism is shown in Figure 8(a). Most importantly, the final 
MPC-Fe3O4 replicas retain the fine structures of the butterfly 
wings, including nanoscale ribs, and show good magnetic 
response properties due to expansion under external magnetic 
fields.  A visible color change from a mixture of blue and red to 
dark yellow can be observed when MPC-Fe3O4 is under 
external magnetic fields (EMF) of a certain strength, as shown 
in Figure 8(b). Meanwhile, the experimental curves in Figure 
8(c) are in accordance with the results of finite-difference 
time-domain (FDTD) simulation results in Figure 8(e), 
demonstrating that the MPC-Fe3O4 photonic crystal distorts 
under the EMF stimulation (Figure 8(d)). The synergistic 
combination of the inorganic polymers and the unique 
structures of biological creatures provide promise for a future 

with unprecedented access to novel high performance, 
optically superior photonic structures. 
In addition to their vivid structural colors, Morpho butterfly 
wings also exhibit anisotropy in the sliding behavior of water 
droplets on their surfaces.73, 74 The butterfly wings have 
excellent superhydrophobic properties75 due to their 
composition of naturally formed asymmetric structures, 
allowing them to remain clean and dry during flight in wet 
environments. This unique property can be used for the flow 
control of water droplets,76-79 with potential applications for 
superhydrophobic or self-cleaning coating materials.80, 81 

3. Summary and Outlook 
Many efficient, sustainable material systems with 
sophisticated structures can be found across biological species 
in nature. These structures are the result of billions of years of 
evolution and enormous pressures from natural selection and 
competition.4,82,83 Studying the structure and mechanism of 
biological systems can inspire the development of high 
performance materials that lead to superior engineering 
solutions.84-87 The investigation, imitation and fabrication of 
natural biological materials are difficult, but the product of 
such research often contributes greatly to technological 

Figure 8. (a) Schematic illustration of the process of replicating 3D network magnetophotonic crystals from Morpho butterfly wings. (b) Optical images of the sample under no 
external magnetic field (EMF) (left) and under an EMF (right). (c) The corresponding experimental reflective spectra. (d) Schematic illustration of the changing process under an 
EMF. (e) FDTD simulation results. Reproduced with permission from ref. 68. Copyright 2012, Wiley-VCH. 
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advancements. 27, 88-95 
Morpho butterflies are a typical representative of commonly 
researched species with a complex biological system. Scientists 
across the world have devoted tremendous effort to 
understand the underlying mechanism of the unique structural 
coloration on its wings, and to develop promising practical 
applications based on its structure. A large amount of 
experimental research and detailed simulations have been 
performed on the nanostructures of Morpho butterfly wings;23, 

96-99 a great deal of strong technical and theoretical support is 
available for scientists and engineers who wish to design 
Morph wing-based technology. Based on available research, 
many researchers have used mature fabrication processes or 
materials to create technology mimicking the structures of 
wing scales.100-104 The sol-gel process is commonly used during 
biotemplating fabrication; due to its wide accommodation to 
numerous reagents, easy shape control and mild reaction 
conditions, it can be developed to synthesize ordered 
materials templated from natural materials.105 Replicas of 
various butterfly wings with conformal structures, including 
Morpho, have been synthesized in this method using various 
materials, such as europium-doped Y2O3 and TiO2,106 SiO2,107 
SnO2,47,108 Mn2O3,109 ZnO,110 ZrO2111 and other nanocrystalline 
multicomponent oxides112. Moreover, the nanoimprintation 
process has been used on butterfly wings templates to create 
negative or positive structures, greatly simplifying the 
fabrication process and enabling reproduction of original 
complex patterns.113, 114 Vapor phase deposition is a good 
alternative because of its simple and accurate control over the 
thickness during deposition. In particular, soft and fragile 
butterfly wings can be easily utilized to produce exact replicas 
or modifications with inorganic oxide.115-118 Additionally, 
nanocasting lithography combined with electron-beam 
deposition,119 focused-ion-beam chemical vapor deposition,120, 

121 plasma etching122 and many other hybrid processes123, 124 
have been developed to produce materials that mimic wing 
microstructures. With the advancement of nanofabrication 
techniques and technologies, emerging tools such as 3D 
printing, have great potential in precisely and cost-effectively 
manufacturing systems that mimic delicate natural structures.   
However, technology based on Morpho butterfly wings 
possesses many non-negligible defects or disadvantages, 
largely limiting its development and applicability. The main 
component of the Morpho butterfly wings is chitin,125 which is 
nondurable and unideal for many rigid environments. Chitin is 
easily decomposed by microbes in wet environments and 
certain chemical reagents found in harsh working conditions, 
posing problems for sensors and other devices based on 
Morpho butterfly wings. Furthermore, due to the fragility and 
complexity of the nanostructures of butterfly wings, most 
fabrication processes are unable to produce perfect replicas 
with good structural integrity. For example, the imprinting 
technique can produce a multilayered structure of the Morpho 
butterfly wing, but the tree-like microstructures are not 
retained well.113 The optical and physicochemical properties of 
the replicas are inferior to that of the original wings, regardless 
of fabrication by sol-gel process or other processes. Typically, 

current Morpho wing-based, bio-inspired sensors cannot 
operate without the assistance of other professional 
instruments.  
Due to the increasing popularity of natural systems and bio-
mimetics alongside growing need for various cost-effective 
sensors, tremendous opportunities are available in this 
particular area of research. The next steps for researchers in 
this field are the holistic understanding of the function of 
Morpho butterfly wings, as well as development of easy-to-use 
applications for derivative products. 
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This review summarizes the state-of-the-art development of Morpho butterfly wings used for 

various physical and chemical sensors.  
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