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Abstract: The structural coloration of insects has received significant attention in the field of nanophotonic, which has related properties with
biophotonic crystals. The main focus of this study is on structural and mechanical features of wasp and beetle elytra such as Chrysidinae (the
specimen of parasitoid or kleptoparasitic wasp), Rhomborhina gigantea (RG is the specimen of bettle in the family of Cetoniidae), and
Chrysolina coerulans (CC is a species of beetle in the family Chrysomelidae). The nanostructures present on the surface of elytra show
the optical and deformable material properties. Surface morphology has been measured by scanning electron microscopy and atomic
force microscopy (AFM). The depths of the hemispherical cavities present on the elytra have been analyzed using AFM. The optical and
nanomechanical properties of the beetle elytra have also been studied. To measure the reflectivity in transverse electric and TM mode,
UV-visible spectroscopy has been used. The value of the average index of refraction n,, is observed as 1.8 in all three species and the
half-pitch of elytra’s varies from 0.139-0.136 pm in CC, 0.123-0.114 pm in Chrysidinae, and 0.154-0.161 pm in RG. Nanoindentation

was used to measure the modulus and hardness of the different beetle’s elytra. Higher value of elastic modulus (1.72 GPa) and hardness (0.89
GPa) in RG of elytra plays a significant role in resisting force. The photonic structure exhibits optical intrinsic color mixing properties, which
are used in the anticounterfeiting fields (currency and passport identification codes). The structural properties of beetle elytra would help to

design the lightweight, high strength, anti-coating sensor, color-changing micro air vehicles, and novel optical materials.
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1. Introduction

Over the 400 millions of years, natural creatures (insects) have
created a significant interest of researchers in their biological
uniqueness of structures and optical properties. Numbers of studies
have reported inventions on the biophysics of natural creatures.
Insects are considered to be an outstanding example of the photonic
research subjects due to their diversity, coloration, and abundance
(Berthier, 2007; Grier, 2003; Parker, 2000; Sharma et al., 2009; Wu
et al., 2023). The disordered structure of the natural creature’s wing
surface inspired the photonic community to design structure with
multifunctional properties. Researchers have generated significant
interest on the insect due to their bright and varied colors owing to
their texture or ornaments. The morphology and structure of their
biological systems have made these insects of genius creation of
nature (Lam et al., 2023; Lee et al., 2021; Zhou et al., 2019). Insects
exhibit a variety of photonic nanostructures, which in turn form
their structural colors. The photonic properties of the insects are
seen through the different geometric structure and morphology of
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the elytra, which depends on the transportation of light through the
periodic photonic nanostructures of the elytra (Zhao et al., 2012).
The photonic study (biophotonic) of these natural creatures reveals
the elegant and diverse examples regarding the wavelength and
structural features that produces variety of experimental colors
through the thin layered or multilayered interference, light scattering,
diffraction, and often with the contribution of pigmentation as well
(Mouchet et al., 2023; Sharma et al., 2009). Compared with the
pigment color, the structural color is much more efficient in energy
consumption and in the use of light (Ospina-Rozo et al., 2023).

The coloration exhibited by insects is attributed to selective
scattering wavelength of light by microscopic features. When the
incident light interacts with the nanostructure of biological insects,
it leads to scattering of light in all directions (Srinivasarao, 1999;
Vigneron et al., 2007). The color-producing angle can possess a
strong directionality and color is only seen at a certain angle. The
most common study in this context is the wing of the morpho
butterfly family (Kinoshita, 2008). The interaction of light with the
wing of the butterfly provides a fabulously blue color showing the
angle-dependent characteristic (Dehmel et al., 2017; England et al.,
2017; Fu et al., 2017; Kertész et al., 2021; Lloyd & Nadeau, 2021;
Starkey & Vukusic, 2013). The angle-dependent coloration
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properties are caused by the periodic variations in the refractive index
created by complicated structure on the bodies of the insects.

Scientists are continuously concentrating on the development of
new photonic technology inspired from nature. The number of
research studies suggests that nature has developed many
technologies that can solve everyday problems (Gan et al., 2016;
Karthaus, 2012; Zhang et al., 2019). The biomimetic techniques
have been widely used in recent years for designing the lightweight
and high strength materials in the field of military, aerospace,
aircraft, construction, automotive, and so on (Koch et al., 2009;
Reddi et al., 2012; Zhou et al., 2020). Researchers are putting the
efforts on designing the materials, which are mimic elytra of the
insects. The forewing of the beetle plays an essential role in
protecting the body and contributes to the flight. Beetles develop
their forewing into elytra, which are predominantly composed of
chitin fibers, collagen, amylase, etc., which produce a rigid texture
(Chen et al., 2002; Chen et al., 2022). The excellent mechanical
properties of the elytra, such as high density, toughness, anisotropy,
and the ability of self-healing, are very inspiring properties (Guo
et al., 2014). Several previous elytra-based studies have focused on
the structural coloration (Liu et al., 2008), microstructure and the
arrangement of chitin fiber (Gorb et al., 2002; Heepe et al., 2016;
Li et al., 2017), mechanical properties of the elytra (Guo et al.,
2012; Yu et al, 2013; Li et al, 2017), mechanism of coupling
between the elytra (Gorb & Goodwyn, 2003; Frantsevich et al.,
2005; Zhou et al.,, 2015), and elytra surface inspired structural
design, manufacturing, and study of mechanical properties exhibited
by these insect (Chen & Wu, 2013; Guo et al., 2012; Sun et al.,
2019). Several research groups have studied the polarization
properties of beetle elytra due to their bright and shiny colors.
Exoskeleton (forewing), i.e., the upper surface of beetle elytra,
represents iridescence arising from the physical nature of their
photonic structure. The optical reflectors are present on the surface
of the exocuticle layer of the beetle, which are responsible for
structural colorations and insects (Brink et al., 2007; Neville &
Caveney, 1969). The upper surface of the exocuticle of the beetle
elytra consists of the periodically spaced layered structure in which
each layer consists of enormous amounts of microfibrils. Each layer
of the beetle elytra acts as an optically anisotropic medium having a
larger index for reflection of the polarized lights along the fibers
than that of perpendicular polarized light (Brink et al., 2007).
Michelson (1911) reported the optical properties of the exocuticle
elytra and their ability to reflect (mainly) at left circularly polarized
light and not at right circularly polarization light.

Herein, the main purpose of this research work is to study the
photonic materials present on the beetle elytra with variable
structural colors that keep on changing, which depends upon the
reflectivity. We examined their morphology by optical
microscope, scanning electron microscopy (SEM), and atomic
force microscopy (AFM). The structural, optical, and
nanomechanical properties of the wasp and beetle elytra were
analyzed along with the mechanism behind the mechanical
behavior. Additionally, we measured the biomechanical properties
of the beetle elytra such as elastic modulus, hardness, and
stiffness. These properties of tunable structural color materials are
desirable in many novel optical technologies.

2. Materials and Methods

2.1. Specimens

In this work, the elytra of wasp and beetles such as Chrysidinae
(wasp), Rhomborhina gigantea (RG), and Chrysolina coerulans

(CC) (beetles) were caught the near to Indian Institute of
Technology Ropar, India because of their similarity in dimensions
to that of the elytra. All the wasp and beetle elytra included in this
study were adults and 18 samples were used in our analysis. The
specimens were cut down with the help of a surgical blade near
the highest point of the elytra for microstructure and
nanoindentation analysis.

2.2. Scanning electron microscopy

The JEOL SEM was used to determine the morphology of the
exoskeleton surface of the elytra. The sample preparation process for
SEM analysis was followed as: firstly, the elytra were peeled off from
the body. After that, the elytra were washed with ethanol and
followed by ultrasonic cleaner for 10 min to remove the dust and
impurities and thereafter dried in the oven at 40°C for 12 h. The
elytra samples were coated with the palladium metal using the
sputtering and surface analysis of the wing at 20 kV was carried out.

2.3. Structural analysis (optical micrographs)

The structural investigation of the elytra was analyzed using the
reflective light stereo optical microscopic (Leica S8 APO) with Leica
EC3 camera and software installed on a desktop. The optical images
of the three different elytra were used to get detailed structural
information of elytra.

2.4. Atomic force microscopy

The microstructure analysis of the exoskeleton elytra was
investigated by multimode of AFM (BrukerMultimode 8, Bruker,
Germany) in area 20 X 20 pm of the Chrysidinae and other two
elytra by reducing the size to 10 X 10 pm. Roughness analysis
(valleys), size of nanostructures, the height of hemispherical
cavities, and other analyses were carried out using nanoscale
analysis software (tapping mode). These studies were carried
out in tapping mode under air-ambient conditions (temperature of
20-30°C and 60-75% RH).

2.5. Optical method (UV-Vis-NIR spectrophotometer)

Angle-dependent reflectivity was measured by the UV-Vis-
NIR spectrophotometer (Perkin Elmer Lambda 950 UV/Vis/NIR
spectrophotometer, USA) in reflection mode. The exoskeleton of
elytra samples was properly mounted in the sample holder. The
reflected light was collected using the photomultiplier tube. The
estimated diameter of the spot size of the reflected light was
observed to be 5 mm. The polarizer was mounted in the path of
incident beam in transverse electric (TE) and transverse magnetic
(TM) polarization mode of light with wavelength range 450—700 nm.

Optical reflection can be obtained when the Bragg’s condition is
satisfied (Neville & Caveney, 1969):

A = n,, Pycos@, = 2n,,Pycosd, (1)

where A is the vacuum wavelength of the reflection peak, angle of the
propagation of the medium is @, and n,, is the average refractive
index, P, the full pitch of the microfibrils is of 360° rotation. The
structure looks and behaves same after the 180° rotation, the value
ofhalf-pitch is given by Pj;_ ?. According to Snell’s law angle, @, is
related to the incidence of angle @, in the air (Brink et al., 2007).
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nysin@o= n,,sin@;, which changes equation (1) to

. 1
sin?@, = — P—%AZ +n2, (2)
Plotting the fitting equation a sin>@, versus A2, the independent val-

ues for the pitch and average refractive index of the structure of the
elytra of beetle are analyzed.

2.6. Nanoindentation

The nanoindentation tests on the exoskeleton surface of the
forewing of three different elytra samples were carried out
experimentally. The samples of elytra were cut with the help of
diamond cutter, mounted in the epoxy resin and polished. The
nanoindentation test has been performed using TI 950 Tribo-Indenter
(Hysitron, Inc., Minneapolis, MN, USA) with a Berkovich diamond
tip with the nominal radius of curvature 100 nm. The loading
process includes maintaining a constant displacement of 1000 nm
and to measure the response of force. The important parameters like
maximum load (P,,), maximum displacement (h,,,), stiffness
S= %, and penetration depth (h;) were calculated using load (P) versus
penetration depth curve (4).

The value of hardness is calculated from (Oliver & Pharr, 2004)

3

where the symbol 4 is the contact area at P,,.. The elastic modulus
(E,) is related to the stiffness as:

S=2 ﬁ\/é}ir (4)

where f is a constant depending on the geometry of the indenter.
3. Result and Discussion

3.1. Morphological studies

The exoskeleton of the elytra is observed under optical
microscope, and the upper surface of the elytra is decorated with
medley of points and colors, which consists of regular space
lattice features that are different from other beetle exoskeletons.
For the past decades, the exoskeletons (elytra) of the insects are
commonly visible as they possess brilliant and shiny reflection
mirror-like structure, which is attracting the eyes of people. The
structural coloration of the elytra/wings is the outcome of the
interactions of photonic structure and light with a featured size of
wavelengths. Optical microscope is used to observe the upper
surface of the elytra that showed the color pattern, due to the
interference of light with the multilayered structure of beetle
cuticle. Figure 1 shows the optical microscopic images of the
three different elytra with same dimension in the reflection of
unpolarized light, which helped in investigation of the
morphology of the upper layer of the elytra structures. Using the
bright-field optical microscope at the high magnification, the
circular shape structures are observed on multilayered upper
surface of the elytra. The exoskeleton of the elytra is observed
under the microscope with the different magnification power and
elytra are observed to be decorated at the borders with colors. The
structure of the exoskeleton consisting of the regular space lattice
features shows that each species of beetle distinguishes from each
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other. Figure 1(a) and (b) has bright sky-blue borders with bright
blue centers and the diameters of the Chrysidinac wasp are
approximately 140 pm. There are sky blue and blue areas
distributed in the regions, and hemispherical cavities are detected
on the surface of the exoskeleton wings. Figure 1(c) and (d)
indicates the green sample of beetle (RG); the top surface is
covered with the hemispherical cavities having a certain space,
diameter, and height. The diameter of the RG elytra surface is
approximately 68 pm. Similarly, in the case of CC beetle, the
surface of the elytra beetles is covered of circular holes with the
diameter approximately 63 pm as shown in Figure 1(e) and (f).
The elytra of the beetle are also covered with the number of
layered structures. Many researchers reported that the elytra
(forewing) of the insects consist of the layered structures. The
upper and lower layered structures of the insect elytra/wing are
composed of the protein and chitin fiber (Iwamoto et al., 2002).

In Chrysidinae, the circular shapes like hemispherical cavities
are found on the elytra surface. Using optical microscopy,
beautiful shiny patterns were observed in the elytra surface. The
microscopic colors are the results of light interference by
multilayer structures of the wing. The pitches are too small and
cannot be seen with the naked eye. The surface microstructures of
these three beetles’ elytra that are also observed in the SEM and
AFM are discussed in the next section. AFM is a very useful
technique in determining the microstructure of the elytra and wings.

AFM is an excellent instrument in the development of
nanotechnology and nanoscience for the past few decades. AFM
measures the deflection of the probe as it scans the surface of the
samples. Many research groups have reported the surface
morphology of the insect wings and elytra (Clark-Hachtel et al.,
2013; Linz et al.,, 2016; Wang et al., 2023). Figure 2 shows the
surface morphology of the elytra. AFM analysis discovered
irregular-shaped nanostructures on the surface of the elytra.
Figure 2(a) and (b) clearly shows the surface roughness and serrated
boundaries presents on the surface exoskeleton of the elytra. The
surface heights ranged from 880 to 900 nm are observed at 20 pm
X 20 pm in scan. The inserted image in Figure 2(a) shows valleys
in the form of peaks and troughs. The surface morphology using the
AFM imaging helps in determining the depth and the width of the
hemispherical cavities present on the surface. Figure 2(c), (d), (e),
and (f) clearly shows the presence of hemispherical cavities with
different dimensions and the wrinkles on the surface of the elytra.
The depths of the exoskeleton surface of the RG are roughly lying
between 270 and 600 nm. Similarly, the AFM image of CC shows
the hemispherical cavities and the depth of hemispherical cavities
lies between 600 and 800 nm. AFM images clearly show the texture
of the exoskeleton of the elytra. It is observed that the surface of the
exoskeletons is covered with many barbs over several micrometers.

The surface morphology of the elytra was investigated using the
SEM. SEM is the most powerful technique, which is used to
determine and analyze the surface as well as structural
morphology of the wing. It helps in measuring the diameter of
hemispherical cavities. The SEM images indicate the presence
of setae (small hair) on the hemispherical cavities of the surface of
the elytra. SEM image has illustrated that the diameters of pits are
not equal. Figure 3(a) and (b) shows that the average diameter lies
in the range of 70-110 pm. Similarly, trends were noticed for
other two elytra. The diameters of the elytra are observed to be
less than 100 pm as shown in Figure 3(c) and (d). The images of
CC elytra are not seen to be perfectly circular in shape and
diameter lies between 35 and 60 pm as shown in Figure 3(e) and
(f). The surface morphology of the elytra made the structural
analyses of the insects easy and gives some important information
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Figure 1
An optical micrograph of the exoskeleton of the insects (a and b) Chrysidinae,
(c and d) Rhomborhina gigantea (RG), and (e and f) Chrysolina coerulans (CC) with different magnifications

about the material development. Flying insects appear to have the
contrivance for their protection and lightweight.

3.2. Polarization and angle-dependent
reflection measurements

The angle-dependent reflection of the polarized light was
studied using the UV Visible spectroscopy. The spectra for both
TE and TM polarized lights were obtained using altered angular
directions in the vertical plane of scattering light. Figure 4 clearly
shows that the reflectance of TE and TM bands shifted
hypsochromically in all three exoskeletons of elytra. The
reflectance spectra strongly depend upon the angle of the
incidence light. The angle of the incidence varies in the step size
of 10° up to 40° following which we fixed the angle of 45° to
satisfy the Fresnel law. The peak wavelength of both modes is
shifted toward the shorter wavelength for all exoskeleton surfaces
of the elytra as shown in Figure 4. Beyond the angle of 45°, no
change in the peak shift is observed. Figure 4(a) and (b) shows
the TE and TM mode of Chrysidinae exoskeleton wing. The

reflection spectra of the elytron in the TE and TM polarization
mode indicate that the peaks in the blue visible region
experienced violet shift with increase in the incident angles (10—
40°). At the higher angle of incidence, reflection peaks are
independent of the incident angle. TE and TM modes of RG
beetle also show the reflection peaks in yellow visible region
showed a green shift with an increment in the angle of the
incident (10-50°) as shown in Figure 4(c) and (d).
In CC elytra beetle wing, the reflected peaks in the blue visible
region shift to the violet region as the angle of incident is
increased. TE and TM modes of CC beetle are shown in
Figure 4(e) and (f). The layered nanostructures in elytra wings are
responsible for the physical coloration of wings. The photonic
structures present on the exoskeletons of the wing show the
properties of multiple inner reflections due to the multilayer
hemispherical cavities (grooves). At higher incident angles,
the reflected peaks become independent of the incident angle and
follow the Fresnel law, which shows that the colored response
of exoskeletons of the beetle wing is due to ambient refractive
index.

35



Journal of Optics and Photonics Research Vol. 1

Iss. 1 2024

Figure 2
AFM images of microstructures of three different beetle elytra surfaces (a and b) Chrysidinae, (c and d) Rhomborhina gigantea (RG),
and (e and f) Chrysolina coerulans (CC) with different magnifications to calculate the heights of hemispherical voids

(a)

The exoskeleton of the wings composed of multiple
nanostructures shows that the intensity of reflections in TE and TM
polarization was neither increased nor decreased with the angle of
the incident light. Figure 4 shows the opposite trend in TE and TM
modes of polarization with nonexistence of single dominant
reflection peak, which further designate that optical reflector existing
in the wings is complex multilayer structure (Ching et al., 2014).

3.3. Determination of half-pitch and average
refractive index

Using equation (2), we can calculate the average refractive
index by extrapolating the linear fit data of Figure 5 to obtain the
y-axis intercept, while the value of —1/P2 helps to obtain the slope
of linear fit for Figure 5.

For Chrysidinae beetle in TE polarization mode, the value of
ng, =185 and p,= 0.123 pm using the linear fitting is shown in
Figure 5(a). Figure 5(b) shows the TM polarization mode n,, =2.126
and p,= 0.114 pm. In the case of RG, the value of n,, = 1.79 and p;,=
0.154 pm in TE polarization mode is shown in Figure 5(c). For TM
polarization mode, n,, = 1.74 and p;,= 0.16 pm (Figure 5(d)). Similarly
in the case of CC, n,, = 1.75 and p,= 0.139 pm in TE polarization and
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onthe otherhand #,, = 1.78 and p;,= 0.136 pm for TM mode of polari-
zation calculated from Figure 5(e) and (f), respectively. The refractive
index of cuticle layers of the scarabaeid beetle is experimentally found
to lie between 1.5 and 1.6 (Neville & Caveney, 1969). Some researchers
have found the value of 1.7 in the presence of uric acid in the cuticular
reflector. The average refractive index value in the three different bee-
tles agreed well with the reports (Scharf, 2007). The reflection of light is
generally due to the difference in the Fresnel reflection coefficient
between the TE and TM modes. In the single optical interface, the
reflection is persuading only the TE mode because the TM mode
disappears completely at the Brewster angle. The polarization capability
of cavities on the exoskeleton surface of wing is defined by polarization
contrast given as (Berthier et al., 2007)

Ryg — Ry

= Pel-1,1 (5)
Trg + Ry | ]

where Ryg and Rry are the reflectances in TE and TM modes,
respectively. The value of P = —1 indicates that spectrum is TM

and P = +1 for TE mode. The values of P for different elytra are
given in Table 1.
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Figure 3
SEM images of microstructures of elytra surfaces (a and b) Chrysidinae,
(c and d) Rhomborhina gigantea (RG), and (e and f) Chrysolina coerulans (CC) with different magnifications
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The size of the holes on the surface of the exoskeleton plays
an important role in the polarization contrast. The value of
polarization contrast increases from -0.026 to —0.033 in
Chrysidinae, —0.0013 to 0.004 in RG, and —0.00007 to 0.0005
CC only at 10° angle reflected spectrum. It indicates that the TE
mode is more reflecting than the TM mode in all three different
surfaces of elytra. The polarization state of reflection may be
depending on the arrangement of surface cavities. SEM image
showed the presence of circular cavities on the elytra of
Chrysidinae wasp. However, the AFM images clearly showed
the valleys, since the light gets polarized before reaching the voids.
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3.4. Nanomechanical

It is depicted from Figure 6(a) that the values of H for
Chrysidinae, RG, and CC are 0.46, 0.89, and 0.1 GPa,
respectively. A similar trend is observed in Figure 6(b) for elastic
modulus property of the samples; Chrysidinae, RG, and CC
values were 1.57, 1.72, and 0.23 GPa, respectively. Thus, an
improvement in elastic modulus and hardness of RG beetle elytra
is recorded higher than the other two beetle elytra samples. In
addition to elastic modulus and hardness properties, wear
resistance is also an important parameter in determining the
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Figure 5
Linear fit of peak wavelengths in (a) TE and (b) TM of Chrysidinae, (¢) TE and (d) TM of RG beetle, (¢) TE and (f) TM of CC beetle
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behavior of elytra. The lower value of H/E in Chrysidinae signifies
that the fraction of work is being consumed in plastic deformation.
Table 1 On the other hand, larger values of H/E for RG indicated lesser

Comparison of polarization contrast P of wasp and beetles at

different values using the TE and TM modes

Polarization contrast RG CC

at different angle Chrysidinae wasp beetle beetle
Pio —0.033 —0.0013  —0.00007
P2 —-0.026 0.002 0.0004
P30 —0.032 0.002 0.0005
P4 —0.033 0.004 0.0003
Pys —0.032 0.002 0.00025
Psq — 0.001 0.0005

plastic deformation as shown in Figure 6(c). The estimation of
contact stiffness (dP/dh)max has been verified with the elastic and
plastic properties of the polymer. Stiffness is defined as the
resistance of an elastic body against deformation under the load.
The variations in the stiffness of beetle exoskeleton samples are
shown in Figure 6(d). The value of the stiffness of Chrysidinae is
2p N/nm and a decreasing trend was observed; behavior is seen
for the other two beetle elytra samples (1.83 for RG and 0.28 for
CC). The elytra of the insects are rigid, defensive against the
environmental hazards, and protect the forewing.
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Figure 6
Variation of (a) hardness, (b) elastic modulus, (¢) (H/E) indentation load,
and (d) stiffness behavior of the H-E curve of different type of beetle’s exoskeleton
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4. Conclusion

The conclusion of this study offers evidence to support the new
level of detailed study with respect to the structural and optical
properties of three different elytra of beetles. The beetle forewings
are highly optimized biological structure. The forewings of beetle
species involve lightweight-integrated frame structures, which
consist of hemispherical cavities regions. Quantification of cavities
depth, the diameter of circle, and size of the elytra were analyzed
using the AFM and SEM, respectively. Optical and SEM images
exposed the periodicity within the elytra of beetles. Optical and
nanomechanical properties were carried out to investigate the
Chrysidinae (wasp), RG and (CC (beetles) elytra. The reflectivity
measurement was to support the variations in the incident angle and
measured the TE and TM modes polarization. When the value of
the incident angle increased, the overall intensities decreased in the
TM mode and increased in the TE mode. The polarization contrast
properties were also analyzed and concluded that TE mode was
dominant in all three beetle samples. We also calculated the half-
pitch and refractive index. In the Chrysidinae beetle, the value is
n,, = 1.85 and p,= 0.123 pm in the TE polarization mode. For TM
polarization mode, n,, =2.126 and p,= 0.114 pm. In the case of
RG, the value is n,, = 1.79 and p,= 0.154 pm in the TE polarization
mode. For TM polarization mode, n,, = 1.7 and p,= 0.161 pm. Sim-
ilarly in the case of CC, n,, = 1.75 and p;,= 0.139 pm in the TE polari-
zation and on the other hand n,, = 1.78 and p,=0.136 pm for the TM
mode of polarization in CC beetle. The nanomechanical properties
such as hardness and elastic modulus of RG beetle elytra were
observed higher as compared to the Chrysidinae and CC. Its nanome-
chanical properties show that lesser depth of capacity is useful for
designing the lightweight and high strength materials.

The observed reflectance spectra from the beetle elytra surface are
significant due to disclosing the secrets of structural coloration based on
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nanostructures. They offer insights into the underlying nanostructural
features, inspire biomimetic applications, and contribute to
understanding the ecology and evolution in the natural world.

This article may be helpful to learn about the fabrication and design
of photonic devices. Beetle elytra have also been selected as the
biological prototype for the investigation to obtain the bio-inspirations
for the design and development of light and strong materials.
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