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Beetle elytra (hardened forewings) are a promising source of inspiration to develop or enhance the
performance of human-fabricated composite materials. The structures responsible for optical properties
in the ultra-violet to visible spectrum (300e700 nm) have been extensively characterised, but we have
limited knowledge of optical properties and their physical origin in the near-infrared (NIR; 700
e1700 nm). We examined the elytra of three species of green scarab beetles (Xylonichus eucalypti,
Anoplognathus prasinus and Paraschizognathus olivaceus) with very high NIR reflectance. We manually
separated layers in the elytra to disambiguate their contributions to the overall optical response. We
show that unlike other scarabs, nanostructures within the cuticle layer do not produce notable reflec-
tance. Instead, the cuticle resembles a pigment-based filter with 50% transmittance in the NIR and ab-
sorption in the visible spectrum contributing to the green appearance. Each species has a layer below the
cuticle that appears white to the naked eye and produces broadband reflectance, particularly in the near-
infrared; however, the structure of the white underlay differs markedly between the three species. In
A. prasinus and P. olivaceus, the structure is disordered (no regular, repeated elements at optical length
scales); whereas in Xylonichus eucalypti, the white underlay was notably thinner and comprised quasi-
ordered hollow cylindrical structures embedded in a chitin matrix. We modelled the coherent scat-
tering produced by this structure to demonstrate that it is responsible for broadband visible and NIR
reflectance. We discuss biological implications and technological applications of the composite structure
of beetle elytra.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Composite materials combining different structural and func-
tional properties are ubiquitous in nature and of substantial inter-
est in materials science [1]. The mechanical properties of natural
composite materials have been the subject of substantial interest
[2], but the contributions of different layers to optical responses in
different wavebands have received little attention. Most photonics
edu.au (L. Ospina-Rozo),
s.hutchison@unimelb.edu.au
e Meene), Nicholas.Roberts@
du.au (D. Stuart-Fox), ann.

Ltd. This is an open access article u
studies have focused on structures that manipulate UVevisible
light (UV-VIS: 300e700 nm) in natural materials such as butterfly
wings, insect cuticles and bird feathers [3e6], but very few have
examined structures contributing to near infrared (NIR:
700e2500 nm) optical responses [chameleons: [7,8], birds: [9]].
This is important for passive cooling (i.e. reducing absorption of
radiative heat) because NIR wavelengths account for approximately
half of the radiant energy in direct sunlight [10]. Understanding the
properties and architecture of the natural structures that interact
with NIR light is important to understand the biological relevance
of NIR reflectance and its potential for bioinspired applications.

In both animals and manufactured materials, passive cooling
can be effectively achieved by using bilayer composite materials
that reflect light differently in visible and NIR wavebands. For an-
imals, visible colour is important for camouflage or signalling;
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while reflection of NIR light, which is largely invisible to most
species, can aid thermoregulation [10]. Similarly, passive radiative
cooling is increasingly important to mitigate the temperature rise
in transformed environments and reduce the costs and environ-
mental impact of energy powered cooling systems [11e14]. The
traditional solution has been to chemically modify substances to
increase their NIR reflectivity, however these chemicals are toxic or
involve toxic components in their synthesis and they can also
deteriorate over time [15]. More recently, bilayer coatings have
been developed to provide a more effective alternative. These
bilayer coatings comprise a broadband reflective underlay to
maximise scattering of NIR light and reduce solar heat gain; and an
upper layer to filter some of the reflected wavelengths in the visible
spectrum to produce the desired colour. This has been proposed as
a scalable and effective solution to facilitate the cooling of buildings
[11e14], which is more effective and environmentally friendly than
NIR reflective chemically altered pigments [15,16].

Beetles are a promising source of inspiration to develop or
enhance the performance of human-fabricated composite mate-
rials for passive cooling. Beetles are the most diverse and successful
animal group on earth and a major focus of bioinspired materials
design [1]. Key to the success of beetles in colonizing almost every
environment on earth is the modification of the first pair of wings
into a shield covering the body e the elytra [17,18]. Beetle elytra are
a natural composite material with different layers and air sacs to be
able to simultaneously serve multiple functions, for example: light
weight for flight, protection from mechanical damage (both strain
and impact), hydrophobicity, self-assembly and many others [19].
Thus, beetle elytra comprise modular and multipurpose structures
Fig. 1. Schematic of the composite material of beetle elytra. A. In the studied beetle
species, a white underlay is located immediately under the upper lamination, and
these two elements constitute the composite material. The upper lamination is
composed mainly by the cuticle which can be subdivided in epicuticle, exocuticle and
endocuticle. The air sacs between laminations ensure the elytra are sufficiently light
weight for flight [25]. The ensemble of the honeycomb walls and trabecula confers
mechanical stability to the elytra [22]. B. Examples of different configurations used to
measure the optical properties of the two layers forming the composite material.
Measuring reflectance from the dorsal side can be used to study the optical properties
of the whole elytra or the intact composite (after removing the lower lamination).
Measuring reflectance from the ventral side can be used to study the properties of the
white underlay. Transmittance can be measured dorsally or ventrally. To study only the
cuticle, we manually removed the white underlay.
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to simultaneously accommodate multiple functions. The general
architecture of beetle elytra is a sandwich structure (Fig. 1A). The
upper lamination (outermost dorsal surface) and lower lamination
(ventral side of the elytra: surface facing the body of the beetle) are
separated by a series of air sacs and trachea. The inner surface of the
lower lamination contains a honey-comb array of walls. In the in-
tersections of these walls vertical cylinders called trabeculae con-
nect the upper and lower lamination [20e22]. The upper
lamination is mainly constituted by the cuticle, which has been the
main focus of research because it contains diverse nanostructures
that give rise to dazzling optical effects such as metallic, mirror-like
and iridescent appearance [23]. These effects may be produced by
one or more layers of the cuticle, known as epicuticle, exocuticle,
and endocuticle [23]. Traditionally, it has been considered that the
main role of the trachea, trabecula, fibres of the trabecula and the
honeycomb structure is to provide structural support
[2,19,21,22,24]. Thus, their contribution to the overall appearance of
the elytra and NIR optical response remains unknown.

Optical effects from the beetle elytra are generally attributed to
coherent scattering by very regular nanostructures, but given the
diversity of beetle species, some species may have structures and
mechanisms that remain unexplored. For example, beetles of the
scarab family (Scarabidae) commonly have chitin fibres arranged in
a helicoidal chiral structure (also known as Bouligand or plywood
array) with optics analogous to a cholesteric liquid crystal (Fig. S2.)
[26,27]. This helicoidal structure results in circular birefringence
which produces optical activity [28]; and mechanical fracture
resistance [29]. These Bouligand structures are widespread in na-
ture and are of significant interest to materials scientists [30e32];
however, polarization (as a proxy for the presence of the chiral
structures) is present in only 8 out of 15 subfamilies of Scarabeidae
[33]. Thus, it is possible that other scarabs have alternative mech-
anisms to manipulate light. Furthermore, in contrast to optical re-
sponses in the visible spectrum, the nanostructural architecture
underlying the high diversity of NIR light manipulation in scarabs
[34] remains a mystery. From previous observations in Christmas
beetles, we noticed that some species of scarabs have a distinctive
pale colour on the ventral side of the elytra, which can be seenwith
the unaided eye as a white underlay located in between the two
laminations of the elytra (Fig. S1). We hypothesised that this layer
could contribute to light scattering, particularly in the NIR.

We examined the elytra of three different beetle species from
different genera of Scarabeidae family: Xylonichus eucalypti, Ano-
plognathus prasinus and Paraschizognathus olivaceus, which have a
white underlay (Fig. 1A and S1) and produce a green appearance
and high NIR reflectance from the dorsal side. We described the
composition of the elytra in the three species and evaluated the
contributions of the cuticle and white underlay to the overall
appearance of the elytra. Our results suggest that unlike other
scarabs, the three species studied here have a cuticle that is largely
transmissive and does not reflect light with nanostructures.
Instead, the elytra comprise composite materials with the upper
cuticle layer acting as a green filter overlying a layer that produces
broadband reflectance, which is higher in the near-infrared.
Structural analysis of the white underlay revealed quasi-ordered
structures (i.e. partial absence of organisation in either spacing,
size or spatial disposition [35e37]) in Xylonichus eucalypti, in
contrast to structures that were highly disordered at different
length scales in the other two species. As only the structure of the
white underlay of Xylonichus eucalypti was amenable to optical
modelling, we modelled the coherent scattering produced by the
quasi-ordered structures in this species to examine whether they
are responsible for broadband visible and NIR reflectance. We
discuss how the optical responses of composite materials in beetle
elytra may be an advantage in different biological contexts as well
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as a source of inspiration for passive cooling technologies.

2. Methods

2.1. Beetle elytra

The specimens of Xylonichus eucalypti, Anoplognathus prasinus
and Paraschizognathus olivaceus were obtained from the Australian
National Insect Collection (ANIC). We removed the left elytron of
each beetle to conduct destructive sampling. The three species
studied here have a white underlay located in between the two
laminations (Fig. 1A and S1). We use the term white underlay as a
proxy descriptor based on the visual appearance, since the origin of
this material may be different for the three species. This white
underlay together with the upper lamination form the composite
material of interest (Fig. 1A). To study the composite material, we
carefully removed the lower lamination of the elytra with a scalpel.
Since the major component of the upper lamination is the cuticle,
we use this term for brevity. We contrasted the properties and
structure of the composite material with those of the cuticle with
the white underlay removed. It is not possible to examine the white
underlay in isolation because it cannot be removed from the cuticle
without damaging it (Fig. 1B).

2.2. Spectral measurements

To measure the macroscopic sample reflectance (spot size 4 mm
diameter), we obtained hemispherical reflectance spectra of the
beetle elytra while still attached to the beetle body with an inte-
grating sphere containing an inbuilt tungsten-halogen light source
(400e2100 nm; ISP-REF; Ocean Optics Inc., Dunedin, FL, USA.) and
4 mm diameter sampling port connected to two spectrophotome-
ters (Ocean Optics Inc., Dunedin, FL, USA), a USB 2000þ
(400e1000 nm) and NIRQuest (1000e2100 nm) via a bifurcated
optic fibre. Measurements were recorded using the software
OceanView 1.6.7. and calibrated against a diffuse 99% reflectance
spectralon standard (Labsphere, North Sutton, NH, USA).

To measure transmittance/direct transmission [38] we used a
standard set up in which the spectrometers and light source are
carefully aligned to send a beam of light through the sample and
collect, on the opposite side, the portion of the beam that was
neither absorbed nor scattered. For each measurement we placed
one elytron between the light source and spectrometers. We used
two light sources to include the UVeVisible range (PX-2 pulsed
Xenon light) and the visible-NIR range (HL-2000 tungsten halogen
light), combined via bifurcated optical fibres to illuminate the
sample from the dorsal and ventral side of the elytra. To prevent
saturation, we placed an 80% filter (SMA-ADP-031; Ocean Insight,
USA) and a 0.4 neutral density filter (ND204B; Thorlabs Inc., USA)
after the HL-2000 tungsten halogen light. We used the same two
spectrometers connected to a bifurcated optic fibre to capture the
light on the other side of the sample. Measurements were recorded
with the same software and calibrated against the reference (par-
allel beam of light without the sample).

To obtain macroscopic reflectance measurements of the
different layers of the composite material (Fig. 1B), we used the
same spectrometers and light sources coupled to a goniometer. This
allowed us to fix both the angle of incidence and collection to 15�

from the normal [39] and reduce the sampling area to a 1-mm
diameter spot to focus on the areas of the elytra that were manu-
ally altered. We calibrated measurements against a diffuse 99%
reflectance spectralon standard (Labsphere, North Sutton, NH,
USA). As measurements were taken at the specular angle, it is
possible to obtain values > 100% reflectance relative to the diffuse
standard but these values are not problematic since all samples
3

were compared to the same reference [39]; however the samples
were primarily diffuse, so measurements of reflectance at the
specular angle are a reasonable descriptor of the reflectance inte-
grated across angles [39].

We measured the reflectance of the intact elytra (i.e. with the
lower lamination), the white underlay (i.e. the composite material,
measured from the ventral side) and the cuticle (i.e.; underlay
removed; Fig. 1B). We measured transmittance of the composite
material (elytra without the lower lamination) and the cuticle. It is
not possible to measure transmittance of the white underlay since
it cannot be isolated from the other components without damaging
it. The transmittance and reflectance profiles were analysed with
the R package pavo [40].

2.3. SEM microscopy

We used high resolution scanning electron microscopy (SEM) to
explore the composition of the beetle elytra and to identify the
structures that comprise the white underlay in the three species by
comparing elytra with and without the white underlay. We used a
sharp blade to cut transversal sections (perpendicular to the
antero-posterior axis of the beetle) from the intact elytra and the
cuticle (after removing the lower lamination and the white un-
derlay) of the three species under a dissecting light microscope.
Subsequently, the samples were mounted on independent stubs
with carbon conductive tape and then sputter-coated with gold for
3 min using a QT5000 sputter coater (Quorum, United Kingdom).
Finally, the samples were analysed using a SU7000 field emission
scanning electron microscope (Hitachi, Japan) at 2.00 kV. In order
to determine whether the quasi-ordered nanostructures in the
white underlay of X. eucalypti consisted of a series of spherical air
bubbles or air cylinders, we repeated the same procedure with
longitudinal sections of the elytra (parallel to the antero-posterior
axis of the beetle). Finally, in order to extract the dimensions of
different parts of the elytra, we analysed the SEM images of the
three studied species with the basic measuring tools in Fiji, ImageJ
[41].

2.4. Microscatterometry

We used microscatterometry to obtain angle-resolved spectral
measurements of components of the composite materials of beetle
elytra at the microscopic scale. The microscatterometry measure-
ments were limited to the visible spectrum due to the wavelength
limits of silicon-based technologies that form the basis of all optical
microscopy. The set up consists of a highly focused broad band
tungsten-halogen light source (Ocean Optics HL-2000) coupled to a
microscope objective (Olympus, oil immersion (Leica, refractive
index 1.518�), 60� magnification, numerical aperture 1.42). The
broad band source was collimated and expanded to fill the objec-
tive back aperture, thus illuminating the sample at angles from 0 to
69� from the surface with a focal spot of approximately ~1 mm
diameter. The light scattered by the sample was recovered by the
same objective and an image of the objective back focal plane was
projected onto a CCD camera (PIXIS 1024B, Princeton Instruments)
via a spectrograph (Acton SP2300, 150 grooves/ml grating), see
Schematic in Fig. S3. In this way, microscopic reflection spectra
could be collected over an angle range from 0 to 69� from the
surface normal in a single shot (see Fig. 5). Reflectance was
measured with respect to an aluminium film reference. This tech-
nique has been used effectively to study light manipulation by
structures in biological samples [42], and we used it here to explore
the optical properties of each component of the composite material
across multiples angles of incidence and reflectance. To study the
intact composite material, we measured its reflectance dorsally. To
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study the white underlay, we measured the reflectance of the
composite material ventrally. We selectively focused the illumina-
tion plane of the microscope objective on the white underlay
ignoring the cuticle, since it is impossible to separate the white
underlay from the cuticle without damaging it. Finally, to study the
cuticle, we carefully removed the white underlay andmeasured the
cuticle's reflectance and transmittance (Fig. 1B). Transmittance
measurements were calibrated against the illumination beam of
the microscope in the 60x objective (as described above) without
any sample on the stage. All samples were mounted on glass cov-
erslips (170 mm thick) and immersed in objective immersion oil
(Leica, refractive index 1.518) for refractive index matching to the
coverslip/objective couple.

2.5. TEM microscopy

Our measurements of the optical properties of the layers in the
composite material showed that the white underlay in Xylonichus
eucalypti is the most NIR reflective of the three studied species.
Additionally, the SEM images showed that the white underlay of
A. prasinus and P. olivaceus comprised structures that are highly
disordered at different length scales; whereas in X. eucalypti, the
white underlay is much thinner in cross-section and comprises a
quasi-ordered structure that may produce coherent scattering. To
characterise these structures so that we could model the coherent
scattering, we used transmission electron microscopy (TEM) to
reconstruct a 3Dmodel of X. eucalypti from transversal sections and
to characterise the shape, spacing and orientation of the nano-
structures. We did not perform TEM for A. prasinus and P. olivaceus
due to the length scale of the structures in the underlay and
because the structures are not amenable to analytical modelling.
For TEM of X. eucalypti, we followed the standard procedure for
block face imaging: we stained the samples with heavy metals,
dehydrated them in subsequent dilutions of ethanol and acetone,
and embedded them in Spurr's resin (ProSciTech) [43,44]. We ob-
tained serial sections of 70 nm thickness up until completing the
sectioning of 1 mm depth in the sample, with an EM UC7 ultrami-
crotome (Leica, Germany) and imaged them using a Tecnai™ Spirit
transmission electron microscope (FEI e ThermoFisher, United
States).

In order to determine the shape, orientation and separation of
the particles in the white underlay of X. eucalypti, we sampled 5
rectangular regions of 6 � 4 mm of the white underlay from each of
the TEM images. We transformed the TEM rectangles into a binary
image showing dark electron-dense regions that represent the
chitin matrix and white patches that represent the air space inside
the cylinders. Then, we used the plug-in ‘Analyze particles’ in Fiji,
ImageJ [41] to automatically identify these white patches, also
called regions of interest (ROI), number them and fit an ellipse to
each of them. From this plug-in we obtained the following pa-
rameters for 738 ROI: x and y centroid (indicating the position of
the ROI in the image), major and minor axis of the correspondent
ellipse, aspect ratio (ratio between the major and minor axis),
circularity (proportion between the area and perimeter of the el-
lipse) and angle between the primary axis and a line parallel to the
x-axis of the image (indicating if the ellipses have a random
orientation in the matrix). In addition, for 88 ROI we identified an
adjacent ROI and calculated the centre-to-centre distance by
calculating the Euclidean distance between their centroids. All
statistical analyses were carried out in the software R [45]. Finally,
to produce a 3D reconstruction of the structures in the white un-
derlay of X. eucalypti, we aligned the consecutive transversal TEM
sections and selected features that consistently repeated across
4

images. These features were followed through the sections and
assembled together using the software Midas e IMOD [43,44,46].

2.6. Computational modelling

We implemented computational models to investigate the
physical origin of the optical response of the quasi-ordered struc-
tures in the highly NIR-reflective white underlay of X. eucalypti. We
created a 2D photonic crystal model assuming the structure to be a
chitin matrix with air cylinders aligned along the longitudinal axis
of the elytron (here equivalent to the z plane) (Fig. S4.). We
implemented a 2D photonic crystal model because our SEM lon-
gitudinal images showed that the structures in the white underlay
had a more cylindrical rather than spherical geometry (Fig. 6A). We
analysed the interaction of the structure with light of different
wavelengths and polarizations using the Finite Element Method
(FEM) as implemented in COMSOL Multiphysics (5.6)® [47]. We
modelled the underlay as a hexagonal array of identical cylindrical
air voids (refractive index, n ¼ 1) with circular cross-sections
embedded in a chitinous matrix (refractive index of n ¼ 1.5). The
wavelength-dependence of the index of refraction of chitin is well
known [48,49], however we used a refractive index of 1.5 because
this value is a good approximation to describe the interactions with
visible and near-infrared light, and we did not consider UV wave-
lengths in our models [49]. The array was assumed infinite in the
transverse x-direction and included 5 rows of cylinders in the
vertical y-direction. Periodic boundary conditions were applied on
the sides, non-reflecting ports implemented on the excitation and
output boundaries, and the wavelength was swept from 400 nm to
1700 nm. Plane waves were incident on the structure from the y
axis and both z-polarization (electric field parallel to the axis of the
cylinder, i.e. the antero-posterior axis of the elytra) and x-polari-
zation (electric field perpendicular) excitation was considered. The
output of these models are the simulated reflectance spectra. Since
no absorption was assumed in the model, the transmission was
given by the inverse of the reflectance.

We considered different scenarios based on the parameters
obtained from analysis of TEM images. To examine the effect of the
particle size we created three models assuming circular cylinders
with a right section (transversal) of 602, 660 and 732 nm diameter
and constant centre-to-centre distance of 868 nm. Given that the
right section of the cylinders in the white underlay was fitted to an
ellipse (not a perfect circle) in our image analysis, we determined
the diameter of the cylinders in our models as the average of the
minor and major axis of the ellipses at the 25, 50 and 75% per-
centiles respectively in our measurements from TEM images
(Table 2). To examine the effect of particle separation, we created
two models assuming circles with 660 nm diameter and centre-to-
centre distance of 732, 868 and 967 nm corresponding to the 25, 50
and 75% percentiles respectively in our TEM measurements
(Table 2). To evaluate if the structure had polarization sensitivity,
we compared the two polarizations x and z in all these models.
Finally, to test the effect of different angles of incidence we
compared two models with cylinders of 660 nm diameter at
868 nm centre-to-centre distance, and incident light coming from
the normal or 30� angle. Overall, this set of models enabled us to
explore whether the structures in the white underlay of X. eucalypti
produce coherent interference but incorporate enough variability
to produce diffuse reflectance of visible and NIR light (consistent
with our spectrometry data) instead of directional, specular and/or
iridescent reflectance.

Finally, considering that thewhite underlay in X. eucalypti seems
to contain a considerable degree of disorder, we also ran numerical
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simulations of the structure using a customMATLAB script adapted
from the algorithm previously used to study quasi-coherent scat-
tering from similar structures with two distinctive refractive
indices producing diffuse blue scattering in birds [35,36] (Supple-
mentary materials S8).

We did not model the white underlay of the remaining two
species A. prasinus and P. olivaceous because the structures are not
amenable to straightforward analytical modelling. Some disor-
dered arrays such as the ones in the ultra-white scales of some
beetles have been modelled as disordered multilayers, since a
transversal section of the array reveals intercalating layers of tissue
and air [50e53]. This approach is not appropriate for A. prasinus
and P. olivaceous because the sheets and air cavities in the struc-
tures are greater than the relevant optical length scales (¼ l as
expected for multilayers [38]). Similarly, although Mie scattering
can predict the reflectance of disordered arrays [37], the chitin
sheets in the white underlay are flat and folded instead of spherical,
and no exact solutions can be obtained using the T-matrix method
for non-spherical scatterers [37]. This is an interesting problem and
will be the subject of ongoing work.
Fig. 2. Optical properties of the elytra of three beetle species. Spot size ¼ 4 mm. For
each species we show the reflectance and transmittance profile with regular and
inverted y-axis respectively. The area in the middle represents the amount of light
absorbed by the elytra.
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3. Results

3.1. Optical properties on the macroscopic scale

The three beetle species had similar reflectance profiles corre-
sponding to green appearance and high NIR reflectance but
different transmittance profiles (Fig. 2). P. olivaceus had the lowest
reflectance and highest transmittance, while A. prasinus had the
highest reflectance and lowest transmittance (<10%). Considering
that the proportion of light that is neither reflected nor transmitted
is equivalent to the light absorbed by the material [38], we also
determined that the elytra of A. prasinus had the highest absor-
bance (Fig. 2).

3.2. Architecture of the composite materials

Our SEM imaging allowed us to precisely identify the parts of
the elytron that comprised the white underlay. In A. prasinus and
P. olivaceus this structure was in the air sacs of the elytra. In
X. eucalypti it was located underneath the fibres commonly asso-
ciated with the endocuticle and the epidermal cells, while the air
sacs remained empty (Fig. 3). In A. prasinus the white underlay was
composed of a disordered cavernous structure formed by tightly
packed chitin sheets that fold in a disordered manner creating
microscopic cavities of air. For this species, the white underlay
extended all the way between the upper and lower laminations
filling the space that is usually empty for most scarab species.
Tracheae appear embedded inside the white underlay (left panel in
Fig. 3). In P. olivaceous the white underlay also was formed by chitin
sheets, but they were less packed and less folded. Instead, most of
them were perpendicular to the laminations with opposite ends of
the sheets often attaching to the upper and lower laminations. In
both A. prasinus and P. olivaceous the sheets of the white underlay
were highly corrugated (right panel in Fig. 3). In X. eucalypti, the
white underlay was notably thinner and did not contain corrugated
sheets. Instead, it comprised hollow cylindrical structures
embedded in a chitin matrix. The cylinders appear as an array of
nanoscopic circles in a transversal SEM section (Fig. 3 central panel)
and as long grooves in a longitudinal SEM section (Fig. 6A).
Although these cylinders were not perfectly aligned, they can be
considered a quasi-ordered structure since they are relatively
similar in size and spacing.

Overall, the SEM data showed that the cuticle is similar for the
three species (Fig. 3 bottom panel), but the structures of the white
underlay differ greatly and have different degrees of disorder. The
dimensions of the elytra and its subdivisions also differ for these
three beetles (details in Table 1.). In addition, these results highlight
that our manual protocols to deconstruct the beetle elytra into its
constitutive elements was effective, which was crucial for our
interpretation of the measurements of optical properties in
different configurations (as shown in Fig. 1B and further explained
below).

3.3. Optical properties of the different elements in the composite
materials

In all three species, the cuticle had very low reflectance across
the spectrum in comparison to the white underlay (Fig. 4). We did
not, in fact, obtain significant reflectance from the cuticle alone
withmicroscatterometry. Additionally, the cuticle was transmissive
in longer wavelengths >700 nm (~50% of the light Fig. 4), while it
transmitted only a maximum of ~30% in wavelengths <700 nm
(Fig. 4) with minima around 650 nm (Figs. 4 and 5). These minima
are accentuated in the reflectance profile of the whole elytra (in
comparison to the cuticle alone, Fig. 4). Considering the low



Fig. 3. Architecture of the composite materials. Top row: SEM images of transversal sections of the elytra. Upper and lower laminations are visible as well as the air sacs in
X. eucalypti and P. olivaceous, and the trachea in A. prasinus (white arrowhead). Vertical double-headed arrows highlight the differences in thickness of the white underlay for these
three species. Middle row: Two subdivisions of the cuticle are shown: exo and endocuticle. The epicuticle is located dorsally to the exocuticle, but it is indistinguishable at this
magnification. The structures of the material below the endocuticle are very different for these three species. Bottom row: the cuticle after manually removing the white underlay.

Table 1
Dimensions of different parts of the elytra in the three species. All measurements are given in mm and in the format mean ± sd, considering measurements of three
different SEM images per species. Images processed in FIJI ImageJ.

A. prasinus X. eucalypti P. olivaceous

Elytra e Max. thickness 157.10 ± 1.51 218.65 ± 9.14 140.25 ± 8.09
Elytra e Min. thickness 134.67 ± 0.02 145.53 ± 0.56 95.64 ± 4.59
Air sacs - Av. thickness closed 156.38 ± 25.56 86.26 ± 19.11
Tracheae- Diameter 47.54 ± 7.86 Not seen Not seen
Upper laminatione- Thickness 33.72 ± 1.42 57.71 ± 1.19 22.82 ± 0.87
Exocuticle - Thickness 11.86 ± 0.33 14.43 ± 2.57 9.85 ± 1.32
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reflectivity of the cuticle, the transmittance minima are likely due
to absorption attributed to the presence of pigment and conse-
quently could be associated with the green appearance of these
beetles. The Xylonicus eucalypti cuticle had one additional high
energy minimum which could be due to a pigment absorption
vibrational replica or the existence of a different pigment (Fig. 5).

In contrast to the transmissive cuticle, the white underlay of all
three species had high broadband reflectance, which was notably
higher in the NIR (>700 nm) than in the visible spectrum (Fig. 4).
Thewhite underlay also reflected light diffusely across awide range
of angles (up until 900 nm in Fig. 5) as expected for these species
[34]. The reflectance spectra of the white underlay in A. prasinus
and P. olivaceous are similar with increasing reflectance in the
longer visible wavelengths and a homogeneous flat reflectance
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beyond 900 nm around 40%, while the reflectance spectra of
X. eucalypti had two broad maxima (peaks) with reflectance higher
than the other two species across the full spectrum (>100%, i.e.,
even greater than the Lambertian surface of the white standard)
(Fig. 4). The microscatterometry results also showed that the white
underlay of X. eucalypti was the most reflective of the three species
in the visible range (Fig. 5). The reflectance of P. olivaceous appeared
to be much weaker when measured with microscatterometry
(Fig. 5) than with spectrometry (Fig. 4). The elytra (with the lower
lamination) seem more reflective than the white underlay for
A. prasinus and P. olivaceous in the spectral data (Fig. 4) but not in
the microscatterometry data (Fig. 5). This could be because for
these two species, the white underlay may suffer small alterations
after the removal of the lower lamination potentially causing



Fig. 4. Optical properties of the different elements in the composite material at the macro scale. Reflectance was measured at the specular angle. For the three species, the
white underlay is a broadband visible and NIR reflector while the cuticle has lower reflectance accross the spectrum (gray vertical lines at 700 nm). X. eucalypti is the species with
the most reflective white underlay (note the scale in the y axis). The reflectance on the dorsal side of the elytra differs from the reflectance of the white underlay. The cuticle is more
transmissive than the intact composite (cuticle þ white underlay).

Fig. 5. Reflectance in multiple angles and transmittance. Scatterometry results. The samples were illuminated with unpolarized light, but the collected light was filtered for the x-
polarization (electric field perpendicular to the plane of incidence of the light over the filter). For the three scarabs, the diffuse reflectance pattern as a function of angle produced by
the composite material (top) is the result of the additive interaction between the underlay reflectance (middle) and cuticle transmittance (bottom), in other words between the
structural and filtering component in the composite material. The transmittance spectra of the cuticle of the three beetles are remarkably similar.
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underestimation of the white underlay reflectance apparent only at
the macro level.

The composite material (cuticle þ white underlay) measured
form the ventral side (white underlay facing the light source) also
varied in transmittance between species. Low transmittance of the
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composite in this configuration is expected for X. eucalypti (<10%)
since most of the light is reflected by the white underlay, therefore
it cannot be transmitted. Remarkably, the white underlay of
A. prasinus and P. olivaceous have a similar reflectance, but the
composite material in P. olivaceous has high transmittance



Fig. 6. Modelling of the white underlay of X. eucalypti. A.We produced a 3D reconstruction of the structures in the white underlay by following the white circles (air spaces in the
chitin matrix) through subsequent transversal TEM sections. We confirmed that these circles correspond to the transversal section of cylinders with longitudinal SEM sections. Thus,
we modelled the white underlay as cylinders interacting with light in two polarizations: with its electric field parallel to the cylinder axis (z-pol) and perpendicular to the cylinder
axis (x-pol). B. Effect of the size of the cylinders: comparing particles with different diameters (constant 868 nm centre-to-centre distance, normal incidence, z-pol). C. Effect of the
separation between the cylinders: comparing different centre-to-centre distances (fixed 660 nm diameter, normal incidence, z-pol). D. Effect of the polarization of the incoming
light (660 nm diameter and 868 nm centre-to-centre distance). E. Effect of the angle of incidence of the incoming light (660 nm diameter and 868 nm centre-to-centre distance, z-
pol). SEM images in A showed that the cylinders are not perfectly ordered (quasi-ordered), which suggests that the overall reflectance of the structure is the sum of variations of the
scenarios in B to E.
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(reaching approx. 30% in the NIR), while the composite material in
A. prasinus has the lowest transmittance of the three species (<5%
across the full spectrum). This could be explained by high absorp-
tion in the white underlay of A. prasinus.

The microscatterometry shows enhanced reflectance at high
angles (>40� from the surface normal) for all species, an effect
commonly associated with total internal reflection. In this phe-
nomenon, the incident light beam is completely reflected with no
attenuation because it travels from a medium of higher refractive
index onto a medium of lower refractive index at an angle greater
than or equal to the critical angle [38]. Given that the beetle elytron
has microstructures able to repel water and other substances [54],
it is likely that the refractive index-matching oil in which the
samples are immersed does not fully infiltrate the space in between
the two laminations of the elytra. Thus, the enhanced reflection at
larger angles could be produced by the interfaces between chitin/
immersion oil (refractive index ¼ 1.5) and air pockets inside the
white underlay (refractive index ¼ 1) for which the critical angle is
41�. However, disordered structures in other beetles can favour
enhanced reflectance at larger angles for other reasons [53]. The
asymmetry in reflectance at positive and negative angles from the
normal could be a product of irregularities in the sample. Both the
white underlay and the surface of the elytra contained irregularities
at different scales and directions (Fig. S5.). Even after ensuring the
best focusing of the light beam, the target surface may not be flat,
further contributing to the asymmetry in reflectance. We used
polarized filters to collect the light with electric field perpendicular
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to the plane of incidence (s-polarization) and with electric field in
the plane of incidence (p-polarization) for different alignments of
the elytron. In Fig. 4, we show the light reflected by the structures
only in one polarization since we did not observe any obvious po-
larization events. This suggests that disorder in the nanostructures
is enough to cancel any such polarization effects, or else the po-
larization sensitivity of the structure is too subtle to be detected by
our set up.
3.4. Structure of the white underlay in Xylonichus eucalypti

As the white underlay of Xylonichus eucalypti comprised quasi-
ordered structures at optical length scales, which could produce
coherent scattering, we conducted a more in-depth structural
analysis using TEM to parameterise computational models. The
TEM images revealed considerable variability in the size, separation
and orientation of the cylinders (Table 2). From the TEM image
processing we found that the right section (transversal section) of
the cylinders in the white underlay of X. eucalypti consists of el-
lipses with a fairly regular perimeter (circularity). The major axis of
the ellipses varied between 603 and 1027 nm and minor axis be-
tween 290 and 646 nm (5% and 95% percentiles). We did not find
any correlation between the separation of the ellipses and their
size, i.e. the centre to centre distance was neither correlated with
the ellipses major axis (Pearson's correlation R ¼ 0.062, p-
value ¼ 0.567, C.I. �0.151; 0.271), nor the minor axis (Pearson's
correlation R ¼ �0.12, p-value ¼ 0.259, C.I. �0.326; 0.091). The



Table 2
Characterisation of the transversal section of the cylinders in Xylonichus eucalypti's
white underlay.

Parameter Mean sd Percentiles n

25% 75%

Ellipse major axis 807.4 168.62 741.25 883 738
Ellipse minor axis 510.87 109.37 462 581 738
Aspect ratio 1.63 0.46 1.34 1.8 738
Centre-Centre distance 867.69 200.47 732.28 966.54 88
Circularity 0.83 0.11 0.79 0.9 738
Angle 20.85 14.86 10.04 29.06 737
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major axis of the ellipses roughly aligns with the surface of the
cuticle and the ventral surface of the elytra but it varies
between �30 and 30� (Fig. S6). The variability in the angles of the
cylinders and in the thickness of the chitin matrix can explain the
lack of correlation between the size of cylinders and their separa-
tion. From the 3D reconstructionwe conducted based on sequential
TEM images and the longitudinal SEM images (Fig. 5A) we also
observed that the cylinders do not align perfectly parallel to each
other's axis. Instead, they zigzag and bend slightly adding disorder
to the structure.
3.5. Computational models

According to our models (Fig. 6BeE) the two factors explaining
the broadband reflection and high NIR reflection in X. eucalypti are
the high variability in spacing between cylinders and the response
of the structure to incident light from different angles. A change
from the 25% percentile to 75% percentile in the size of the cylinders
causes only a subtle change in the total reflectance (Fig. 6B), while
an equivalent change in the spacing of the cylinders causes a sig-
nificant shift in the reflected wavelengths (Fig. 6C). Not surprisingly
the modelled structure has different responses for the two polari-
zations (Fig. 6D). This result contrasts with our experimental
measurements that showed no polarization sensitivity, which
could be because the cylinders do not perfectly align along a
common z axis as shown by our morphological analysis and 3D
reconstruction (Fig. 6A). Finally, the incident angle has a consider-
able effect on reflectance (Fig. 6E). At larger angles away from the
normal, more NIR light is reflected.

Ourmodels are simplified scenarios that combine and overlap in
the natural white underlay in Xylonichus eucalypti. For instance, we
showed that the reflected wavelengths depend on the spacing
between the cylinders. The spacing between the cylinders, in turn,
varies independently from their size (Fig. S6C). Thus, the presence
of cylinders with variable spacing could produce different reflec-
tance peaks which on average determine the broadband reflectance
associated with white appearance and high NIR reflectance
(consistent with results in Figs. 4 and 5 for the white underlay). We
showed that the modelled structure responded differently ac-
cording to the angle of incidence of the light and polarizations.
Although our models suggest a highly regular structure with par-
allel cylinders will have polarization sensitivity, our SEM images
showed that the cylinders in the white underlay are not perfectly
parallel to each other (Fig. 6A). Disorder and misalignments are
common in natural structures, and they generally reduce angle and
polarization-dependent reflectance [37,55], which explains whywe
did not observe polarization sensitivity in the scatterometry mea-
surements. The overall broadband reflection with two apparent
peaks generated by the white underlay (Fig. 4) is likely the average
of different responses of the structure across different angles and
polarizations (Fig. S7), and overall broadband reflection as observed
in our microscatterometry and spectroscopy measurements (Figs. 2
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and 3). In short, the photonic crystal model and morphological
analysis explain the broadband diffuse reflectance and high NIR
reflectance by the white underlay in Xylonichus eucalypti.

The quasi-ordered matrix model [36] does not explain the
reflectance of short wavelengths of less than 1000 nm (visible
range) (Fig. S8) because the algorithm does not consider the po-
larization parallel to the axis of the cylinders, here called z polari-
zation. Thus, in materials with cylinders like the white underlay of
X. eucalypti, the reflected spectrum predicted by the adaptation of
Prum and Torres's (2003) model corresponds only to the x polari-
zation, i.e. when the electric field is perpendicular to the axis of the
cylinders.

4. Discussion

In this study we demonstrated that contrary to other scarabs
[27], the characteristic green appearance and high NIR reflectance
of Xylonichus eucalypti, Anoplognathus prasinus and Para-
schizognathus olivaceus is not produced by nanostructures in their
cuticle. Instead, they combine optical effects produced by different
layers of the composite structure of the elytra to create the overall
optical response in the visible and NIR spectrum. The composite
material in the elytra of three species comprises the cuticle and a
white underlay. The underlay generates broadband diffuse reflec-
tion particularly high in wavelengths >500 nm, while the cuticle
resembles a conventional pigment-based filter in the visible spec-
trum (green appearance), with a strong absorption dip around
560 nm and 50% transmittance in the NIR. Incident light that is not
absorbed by the cuticle is reflected by the white underlay and
transmitted through the cuticle a second time. Thus, the combined
effects of the white underlay and cuticle explain the overall green
appearance with high NIR reflectance. Despite the broad similar-
ities between species, they differed considerably in the optical
properties and corresponding architecture and nanostructures of
the white underlay. Most notably, in Xylonichus eucalypti, the white
underlay had much higher reflectance, particularly in the NIR, and
was also much thinner, comprising hollow cylindrical structures
aligned parallel to the surface and embedded in a chitin matrix. Our
optical models of this quasi-ordered structure support the
conclusion that they are responsible for broadband scattering and
very high NIR reflectance in this species. Variation in the spacing
and orientation of the cylinders, together with integration over
multiple angles of incidence, appear to be key to the broadband
scattering. By contrast, in A. prasinus and P. olivaceus, the structure
of the white underlay is disordered, comprising chitin sheets with
different structural dimensions and degrees of packing and folding
in the two species. Although the structures are not amenable to
optical modelling, we can infer that they are responsible for the
observed broadband scattering based on our disambiguation of the
optical response of the layers of the composite material. Overall,
our results suggest that the composite materials in these beetles
have characteristics analogous to coloured bilayer coatings, but
broadband VIS and NIR reflectance of the underlay is produced by
different structures in the three species. Additionally, considering
that these three beetles are not sister species, it is possible that the
bilayered structures arose due to convergent evolution in response
to similar selection pressures, rather than due to common ancestry.

The developmental origins of both the white underlay and the
cuticle may provide insight into why optical structures in
A. prasinus, X. eucalypti and P. olivaceous differ markedly from other
closely related scarabs, which appear to lack the white underlay.
For example, is notable that the white underlay is formed by
structures other than the cuticle. Given that the irregularly folded
sheets forming the white underlay of P. olivaceous and A. prasinus
are in the space between the two laminations, they may come from
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the honeycomb, trabeculae or even the trachea [25]. The white
underlay in X. eucalypti is located in the region immediately below
the endocuticle and not in the air sacs, so it may come from the
cylindrical fibres of the trabecula. These components in the elytra
have traditionally been associated only with mechanical support
[22] but we have shown that they also determine the optical
properties of the elytra in some scarab species. Moreover, the insect
tracheae contain spiral folds with corrugated surface called taeni-
dia that function as structural support to prevent them from
collapsing inwards [56]. The taenidia contain proteins and chitin
fibres but lack cuticulin, which gives them awhite appearance [57].
Tracheae and tracheolae increase light reflectance in other insect
structures such as the tracheal tapetum [58e60]. The origin of the
cuticle is also important. In the leaf beetle Gastrophysa viridula, a
thin outermost green layer (absorption between 530 and 550 nm)
is retained from the larva in the imago (adult immediately after
ecdysis) but soon replaced by nanostructures [61]. It could be
interesting to explore if the composite materials of the elytra in the
studied species retain elements form the larva. Studies examining
the development of the elements in composite materials of various
species as well as its frequency among scarabs, could be combined
with ecological and phylogenetic data, to facilitate insight into its
evolutionary origin and adaptive value.

The structural component of the composite material d the
white underlay d strongly determines the differences in total
transmittance, absorbance and reflectance of the whole elytra of
the studied species. For example, densely packed disordered arrays
such as the one in A. prasinus are effective at producing high broad
band reflection [11,62] in beetles [51,63e65], birds feathers [9] and
plant mesophyll [66]. Although we did not attempt to model the
white underlay of A. prasinus and P. olivaceous, we hypothesize that
the chitinous sheets reflect light due to the difference in refractive
indices between the air and chitin (like in plants [67]). The folding
of these sheets creates air cavities, and the ridges and wrinkles
increase their surface and disorder producing multiple scattering
events. This idea is supported by the fact that A. prasinus, with
densely packed chitin sheets in its white underlay has higher
broadband reflectance than P. olivaceous. In addition, each time
light is reflected by a surface, a proportion of that light is absorbed
(structural absorption) [68e70], which could also explain why the
thick white underlay from A. prasinus has the lowest transmittance
of the three species. According to our models the quasi-ordered
array in X. eucalypti formed by air cylinders in a matrix of chitin
produces high broadband reflectance by slightly varying the size,
spacing and spatial alignment [71] of the cylinders in the chitin
matrix. The reason for the lower transmittance in this species could
be that most of the light is reflected, but it could also depend on the
absorption coefficient (determined by the imaginary part of the
refractive index [38]) of the chitin forming the array. Understanding
how beetles can achieve different combinations of transmittance,
reflectance and absorbance in their elytra is key to investigate their
biological role.

The structural component of the composite material determines
the wavelengths reflected and the absence of angle dependent ef-
fects. For example, our results showed that the cylinders in the
white underlay of X. eucalypti can be modelled as an array of
photonic crystals with enough variation in spacing and orientation
to produce broad band diffuse reflectance [52]. Unlike the highly
ordered and aligned Bouligand structures present in other scarabs,
this mechanism does not produce saturated peaks, iridescent
reflectance, specular effects or circular polarization. Instead, the
disorder in the structure results in enhanced white reflection as
observed in other natural structures [72,73]. Worthy of consider-
ation is the correlation between NIR and VIS reflectance. Due to the
strong wavelength dependence of scattering [38], the
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nanostructures able to reflect NIR are likely to be relatively large
and to interact with long wavelengths in the visible spectrum (red)
and NIR. However, this is true considering only inter-scatterer
correlations, i.e., the disposition of the particles in an array. If
instead, the scattering behaviour of individual particles is also
considered, secondary peaks of short wavelengths arise simulta-
neously [74]. This phenomenon combined with variability in the
structures could produce multiple peaks in the NIR and VIS spec-
trum, which in turn explains why structures that reflect NIR tend to
also be white [9] limiting the possibility of producing independent
optical effects in the VIS and NIR wavebands with the same struc-
ture but increasing diffuse total reflectance.

The component of the composite material analogous to a
pigment-based filter has similar optical properties and structure in
the three studied species. A. prasinus and P. olivaceous belong to
different genera of the subfamily Rutelinae, while X. eucalypti be-
longs to the subfamily Melolonthinae. Yet, all three species have
very thin cuticles (here considered synonymous with the upper
lamination) between 22 and 57 nm, and the transmittance profile
suggests that they contain similar pigment nanoparticles possibly
less than 50 nm diameter [11]. The origins of these green cuticles
are intriguing. The most common pigments observed in beetles are
melanins, ommochromes, carotenoids and flavonoids [75]. In the
leaf beetle Gastrophysa viridula, it has been proposed that a thin
outermost green layer (absorption between 530 and 550 nm)
contains quinones and melanin [61]. Another possibility is that the
green colour is produced by mixtures of blue tetrapyrroles (bile
pigments) and yellow plant-derived carotenoids as in other plant
eating insects [75,76]. Further studies are needed to confirm the
presence and absorption profile of the pigments in the cuticle of
different green scarab species, to determine if their absorption
profile varies according to the environment in the chitin matrix,
and to evaluate if the pigments of different species have indepen-
dent evolutionary and/or developmental origins.

Given that this is the first observation of a broadband reflective
white underlay in the beetle elytra, we can only hypothesize its
biological function. The presence of a pigment-based filter over-
lying a white NIR reflective structure is an elegant solution to allow
reflectance in differentwavebands lacking in a single structure. This
may be an adaptation to different selective pressures. For example,
an untested hypothesis for the broad band scattering produced by
some scarabs in the subfamily Melolonthinae [63,65] is that it is
useful for camouflage against local white fungi. A non-mutually
exclusive hypothesis is that broad band reflection extending to
the NIR can aid in passive thermoregulation [9,71,77]. The species
studied in this experiment may exploit the versatility of composite
materials for passive thermoregulation (maximizing the reflected
light and reducing the amount of radiative energy transferred to
the beetle body) while maintaining a green appearance favourable
for camouflage against a green background, e.g. a forest or any other
habitat rich in vegetation. Conversely, some species of insects
benefit from a light trapping mechanism to increase their tem-
perature efficiently until they achieve their optimal temperatures
[70] and this could be the case for beetle if there is heat transfer
between the elytra and body. The air trapped in the densely packed
structure such as the one in A. prasinus underlay could also favour
thermal insulation, but measurements of emissivity of the beetle
body and elytra would be needed to support this hypothesis. The
absence of air sacs in the elytra of some species may also have
specific mechanical functions such as providing extra resistance to
fracture or collapse of the elytra [78] or cushioning to reduce the
energy transfer to the beetle body and internal organs [79]. How-
ever, beetles with larger air sacs are more likely to rely on flight
since these adaptations facilitate the demands of aerial locomotion
[2]. Furthermore, natural composite materials are invariably
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multifunctional and it is possible that more than one selective
pressure has driven the evolution of the white underlay in these
scarabs. Ecological habits, microhabitat data and behavioural ex-
periments are needed to better understand the biological relevance
of the composite structure of the elytra for each species.

Studying natural composite materials and their biological sig-
nificance has the potential to inform passive cooling technologies.
Natural materials combine characteristics that allow them to
outperform human-fabricated technologies; they can absorb spe-
cific wavelengths in the visible spectrum while still allowing more
than 80% NIR reflectance [11]. This is a desirable feature in tech-
nologies such as coatings to control the temperature of buildings by
minimizing radiative heat transferred to the building while
simultaneously achieving the desired colour [11]. In addition, air
pockets in a composite material are useful as barrier materials for
food packing [80] or to enhance thermal insulation in textiles [81]
and even increasing fire resistance in light weight cement to
implement in construction [82]. Further research could focus on
comparing the effectiveness and scalability of different geometries
of the scatterers and the self-assemble properties of natural com-
posite materials.
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