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ARTICLE INFO ABSTRACT

Dataset link: 10.5281/zenodo.7568053 The diverse colors of longhorn beetles arise from either pigmentary absorption or interference of light with

various photonic nanostructures. Variations in structure, order, and/or material composition give rise to

Keywords: . . . . . . e .
Ph}(x:)nic crystals diverse optical signals. Here, we investigated the colors of the longhorn beetle Sternotomis amabilis sylvia
Disorder (Cerambycidae: Lamiinae). By combining optical microscopy and detailed bulk ultrastructural analysis of the

colored scales that are the basis of the multicolored patterns of bluish-green and orange markings, we document
polycrystalline networks based on the triply periodic minimal surface, Schoen’s I-WP, in the bluish-green
scales. In contrast, amorphous quasi-ordered networks are found in the orange scales. The optical signal from
the photonic networks is further altered by absorbing pigments. Ridged, micrometer-sized protrusions diffuse
reflected light and suppress iridescence in all scale types. We discuss the pivotal role that order and disorder
play in these photonic structures and support our understanding of the function of the scale geometry with
full-wave optical simulations. Detailed knowledge about visible light interactions within intricate mediums,
such as those observed in beetle scales, is highly relevant to current challenges in the design and synthesis of
photonic nanostructures operating in the visible regime.

Diffusive structural color
Longhorn beetle

nanostructure to look at the role of order vs. disorder, interactions
with pigments, and the interplay with the macroscopic geometry. Ex-

1. Introduction

Insects, the most speciose group on Earth, feature a wide variety of
color-producing mechanisms that are used in camouflage, thermoreg-
ulation and/or signaling [1-4]. Pigmentary colors are produced by
chemical compounds that selectively absorb light and are observation-
angle-independent [5]. In contrast, structural color results from the
interference of light in materials that have periodic or quasiperiodic
refractive index variations. Natural variations in refractive index occur
most commonly in thin films [6-8], multilayers [6,9,10], diffraction
gratings [11-13] or photonic crystals [3,14-19] and can lead to strong
iridescence or angle dependence of optical signals, for example, in
many butterflies, moths, bees, beetles and spiders [19-23]. The per-
ceived optical signal often results from a combination of additive
and subtractive mechanisms that combine structural and pigmentary
coloration [21,24-26]. A profound understanding of many natural
photonic structures increasingly requires an analysis going beyond the

amples include the recent discovery of an ordered I-WP-like photonic
network in a longhorn beetle and its amorphous counterpart in a closely
related species [15,27]. Variations in the nature of periodicity, size,
orientation, or composition within the same structure suggest previ-
ously unappreciated precise control mechanisms for order parameters
within biophotonic structures [9,19,27-32]. Disorder in biophotonic
structures generally alters the light scattering leading to non-iridescent
or isotropic coloration [16,27,28,33,34] that are of great interest to
optical physicists and engineers working in the burgeoning field of
amorphous photonics [35,36].

The ecological relevance of gloss and iridescence for camouflage
and signaling is well-studied [1,3,37-39]. While the functions of matte,
non-iridescent optical signals are less well known [40], they could
also support signaling by suppressing directionality or polarization de-
pendence. In addition to directly altering the photonic nanostructures
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that produce structural coloration, some species have evolved other
means to suppress iridescence from photonic crystals. For instance,
the scales of the Cattleheart butterfly, Parides spp., contain either a
polycrystalline gyroid-type photonic crystal slab or a perforated mul-
tilayer underlying a honeycomb-like layer that functions as a diffuser
and scatters light in an angle-independent manner, resulting in a stable
color appearance [41]. Similarly, the monkey beetle Hoplia argentea
bears scales containing a multi-layered photonic structure covered by a
layer of brush-like filaments. This layer diffuses incident and reflected
light, thereby reducing the directionality of the optical signal, probably
supporting camouflage [42].

Angle-independent coloration is widespread in longhorn beetles that
often display colorful body patterns with hues ranging from blue to red.
These beetles mainly feed on wood or roots (larval stage) [43-45] and
typically have long antennae that can exceed the size of the body of
the beetles. The coloration of many beetles is due to hair-like setae
or elongated scales that adorn the elytron and body. These features
can be filled with diverse photonic nanostructures, including chitinous
opals, randomly packed spherical assemblies, or 3D photonic networks
with varying degrees of translational order. Some beetles incorporate
pigments into their composition [9,15,19,27,30]. Within the longhorn
beetle subfamily Lamiinae [46], the Sternotomini [45] is the only tribe
in which photonic networks based on triply periodic minimal surfaces
(TPMS) have been reported, which makes them very interesting for
understanding complex self-assembly mechanisms in nature [19,47-
49]. Saranathan et al. proposed the presence of primitive or simple
cubic networks that are based on Schwarz’s P minimal surface in some
Sternotomis spp. beetles based on synchrotron USAXS measurements
and 2D scanning electron micrographs. However, in green scales of
Sternotomis callais, Kobayashi et al. reported I-WP TPMS-like networks
with body-centered cubic symmetry (bce, “I” lent from the German
“innenzentriert”) and a unit cell resembling a wrapped package (“WP”)
which show polarization-dependent colors [15,50]. The authors also
noted the peculiar shape of Sternotomis callais scales, comprising a
vertically extended, ridge-bearing cortex. Bauernfeind et al. recently
reported an amorphous photonic network with local I-WP character in
Sternotomis virescens [27], where no such scale extensions were visible.
To clarify the differing nanostructural diagnoses and to investigate the
possible function of the particular scale geometry observed in some
Sternotomis beetles, we investigate the origin of color in Sternotomis am-
abilis sylvia beetles using a combination of bulk nanostructural analyses,
complemented by detailed optical measurements and electromagnetic
modeling.

2. Results

Sternotomis amabilis sylvia (Hope, 1843) longhorn beetles are native
to western and central Africa. A male specimen of S. amabilis sylvia
with the characteristic long antennae is shown in Fig. 1a. The beetles
measure about 25 mm in body length and display a colorful pattern of
bright bluish-green (G) areas separated by black (B) stripes running
across their body. Each wing bears one large central orange spot and
a small posterior orange spot (O). When viewing the insect in daylight
at normal and oblique angles, a minimal color change from green to
turquoise was perceivable in the bluish-green areas (green for brevity),
while orange patches did not change their appearance.

2.1. Optical characterization

Epi-illumination light microscopy revealed that in colored areas
of the insect body, colored scales cover the otherwise black elytron.
Bright-field micrographs in Fig. 1b,c show green and orange areas on
the beetle wings with scales arranged parallel in tightly juxtaposed or
reticulate structures along the insect’s longitudinal axis (top to bottom,
as in Fig. 1a). In the black areas, the elytron is mostly covered with
black scales (see Figure Sla,b). The base is the widest part of the
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scales, which appears brighter than the more dull-colored, partially
overlapping distal tip of the scales, which we call fin. The base of
green scales is iridescent, while the base of orange scales appears matte.
Individual scales in side-view (Fig. 1d,e) exhibit a spatulate profile.
The scale base is about ~5 pm thick, flat at the bottom, slightly convex
at the top, and extends vertically to form the about 30 um to 45pm
high transparent fin, as marked by arrows in the inset of Fig. 1f. The
colors originate only from one part of the 50 um to 90 pm long scales,
from the interior lumen (sketched in gray in the inset in Fig. 1f).
Close inspection of the fins revealed two sets of chevron-shaped parallel
ridges meeting centrally. These ridges are homologous to typical ridges
seen on the surface of butterfly wing scales, given that scales in insects
are homologs [51]. A detailed analysis of the scale geometry for all
scale colors is provided in the Supplementary Information (Table S1).

We performed integrating sphere measurements to measure the
wavelength-resolved reflectivity of the color patches on the insect. The
reflectivity spectra of green and orange areas, visible in Fig. 1f, showed
a single peak differing in hue and saturation. Spectra of green areas
showed a narrow reflectance band with a peak intensity of about 0.2
at (543 + 7) nm with a FWHM of (91 + 2) nm (green line and shaded area
in Fig. 1f, number of averaged measurements N = 5), as expected for
structural colors generated by a photonic crystal [17,52]. Spectra from
orange areas with an averaged reflectivity of about 0.25 at (696 + 17) nm
had a broader band of about (321 + 9) nm FWHM (orange line in Fig. 1f,
N = 5). Black regions were too small to be reliably measured with our
integrating sphere setup due to the finite spot size of about 5 mm.

For analysis of the reflection and transmission properties of in-
dividual scales, we used a microspectrophotometer (MSP) setup (see
Materials and methods). Reflectance spectra recorded at the base and
fin (see Figure S2c) of individual, pristine scales (N = 30) on the
insect are shown in Figure S2. Minimal differences between the two
measurement positions were observed for all scale colors, even though
the base of green scales reflected more brightly than the fins. The
peak position at ~540 nm was similar for green scales. In contrast, the
peak positions for orange scales from the base and tip were situated at
~670nm and ~710 nm, respectively. The MSP reflectance spectra closely
resembled the spectra obtained from integrating sphere measurements
for both scale colors but differed in the overall intensities due to the
limited numerical aperture of the objective. Black scales reflected less
than 10% of the incoming light (see Supplementary Information).

To investigate whether the origin of the scale colors is purely
structural, we immersed the scales in a refractive index-matching oil
with a refractive index of n = 1.55 close to that of chitin [53,54] and
compared the transmitted intensity to the transmittance of scales in air
(see Supplementary Information, Figure S3). The obtained absorbance
spectra showed that both scale types contain pigments that absorb the
strongest at short wavelengths (Supplementary Information, Figure S4).
The spectra are reminiscent of melanin in green scales and further
indicate the presence of a different narrow-band absorbing pigment in
the orange scales. Black scales were highly pigmented and transmitted
less than 60% of the incoming light upon oil immersion. These mea-
surements further allowed us to calculate the complex refractive index
of the chitinous, pigmented cuticle material that makes up the green
and orange scales (see Supplementary Information, Figure S4).

To investigate whether the ridge-decorated fins influenced the scat-
tering behavior of the green and orange scales, we performed back-focal
plane (k-space) imaging [55,56]. The scattering behavior was measured
on upright scales mounted on carbon tape for narrow-angle illumina-
tion (parallel arrows in Fig. 2, half-opening angle of 15°) and wide-angle
illumination (concentric arrows in Fig. 2, half-opening angle of 64°)
with a constant spot size (see Materials and methods). Micrographs of
scales under narrow- and wide-angle illumination are shown in Figure
S2d,e. Narrow-angle illumination of green scale bases produced specu-
lar, predominantly green reflections (Fig. 2b, top-left) and a gray band
across all scattering angles extending about normal to the longitudinal
scale axis, the specular reflection off of the convex cortex surface (see
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Fig. 1. Vividly colored scales create bluish-green, orange, and black patterns in Sternotomis amabilis sylvia longhorn beetles. a Photograph of a male S. amabilis sylvia specimen,
reproduced with permission of S. Kakunin. b,c Bright-field microscopy images show the arrangement of green (b) and orange (c) scales on the black elytron. d,e Bright-field
micrographs of an individual green (d) and orange (e) scale on carbon tape in side-view. Arrows indicate the base and fin. f Averaged reflectivity spectra (N =5, continuous line)
of colored patches on the insect measured with an integrating sphere. Shaded regions indicate the standard deviation. Inset: Sketch of the scale geometry in side view. Scale bars
a: 0.5cm, b,c: 100 um, d,e: 50 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Scattering behavior of the scale base and fin measured with k-space imaging. a Sketch of a scale in top view showing the unstructured base and ridged fin. The measurement
spots at the “base” and “fin” are drawn as light- and dark-gray circles, respectively. b,c k-space images recorded at the base (top row) and fin (bottom row) of green (b) and
orange (c) scales. The angular distribution of the illumination is indicated by parallel (narrow) and concentric (wide) arrows at the bottom, which apply to the respective column
above. Dotted circles of increasing radius indicate scattering angles of 20°, 40°, and 60°. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

Supplementary Information, Figure S11). Wide-angle illumination of
the base resulted in a gradual color change from bright green to blue
for increasing scattering angles (Fig. 2b, top-right), characteristic of
iridescence.

The fin of green scales scattered light diffusely regardless of the
illumination settings (Fig. 2b, bottom). For wide-angle illumination, a
homogeneous green color from the fin contrasted with the iridescence
observed for the scale base. The first deviated from an even distribution

by a dark wedge typically oriented parallel to the ridged tip, suggesting
a shadowing effect along the scale axis.

The base of orange scales scattered light of narrow-angle distri-
bution into a band of orange to gray color (Fig. 2c, top-left), and
strong specular reflections were absent. A homogeneous beige was
observed for all directions and scattering angles up to 64° for wide-angle
illumination. Iluminating the fin of orange scales with narrow- and
wide-angular spread resulted in mostly homogeneous beige to orange
hues of different intensities and the above-discussed shadowing effect.
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Fig. 3. Scanning electron microscopy images reveal the ultrastructure of Sternotomis amabilis sylvia beetle scales. a,b Top-view SEM images of a green (a) and orange (b) scale
show the unstructured base and ridged fin. ¢,d Side-view SEM images of a green (c) and orange (d) scale illustrate the scale geometry. Inset: Sketch of the ridged fin including the
geometrical parameters fin elevation h, fin angle a, ridge width w, and ridge spacing s, as defined in the Supplementary Information and Figure S8. e,f SEM images of fractured
green (e) and orange (f) scales. Regions in white inset boxes are displayed at higher magnification on the right, where a periodic structure is found in green scales and a disordered
network in orange scales. Scale bars: a-d 20pum, e,f 2 pm, insets in e,f 1 um. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

The angle-dependent light scattering at the base of green scales con-
trasted the largely angle-independent scattering at their fin, suggesting
a diffusing effect of the ridged fin, which eradicates any iridescence.
For orange scales, we found the diffusing effect of the ridged fin to have
minimal influence on the scattering behavior and thus concluded that
the angle-independence originates from a structurally isotropic scale
interior.

2.2. Structural analysis

To further investigate the structural origin of light scattering from
the differently colored scales, we performed ultrastructural scale anal-
yses using electron microscopy, slice-and-view volume reconstruc-
tion, synchrotron ultra-small-angle X-ray scattering (USAXS), and syn-
chrotron nanotomography. Scanning electron microscopy (SEM) im-
ages in Fig. 3a—d show complex-shaped single scales on carbon tape; the
arrangement of pristine scales on the elytron is shown in the Supple-
mentary Information (Figure S5). The spatulate scales feature an oblate
base, (3.5 +0.5)pm and (4.9 + 0.6) um thick in green and orange scales
(N = 15), respectively. The base extends vertically into the ridged
fin, reaching an average projected scale length of (55 + 6) pm (green
scales) and (84 + 6)um (orange scales, N = 15). The Supplementary
Information (Figure S6) discusses the ultrastructure of black scales.

Motivated by the different scattering behavior of different scale
areas, two aspects of the scale ultrastructure were investigated in
detail: (i) the fin geometry and (ii) the internal structure of the scales.
To describe the complex fin geometry (see Figure S7, Supplementary
Information), we defined several geometrical parameters accessible
from top-view SEM images and cross-sectional images using focused

ion beam milling (FIB): (1) the fin elevation 4 and (2) the fin angle «
relative to the elytron base, (3) the ridge width w, (4) the ridge depth
d and (5) the ridge spacing s (see inset in Fig. 3c, Figure S8 and Table
S1). The Supplementary Information provides a full description of the
scale geometry of all scale types.

The fins of green and orange scales showed minor differences in fin
elevation ((32 + 5) pm and (44 + 5) um, respectively), fin angle ((64 + 8)°
and (63+6)°), ridge spacing ((1.5 +0.3) pm and (1.8 + 0.5) pm) and ridge
depth ((1.2 + 0.4) pm and (1.1 + 0.4) pm, N = 15). Ridges in green scales,
(370 + 150) nm wide, were about half as wide as those in orange scales
((680 +200) nm), while black scales featured only weakly developed
ridges (see Supplementary Information Figure S7). High-magnification
SEM images of the fins also showed a fishbone grating with ~100nm
spacing (see Figure S7), similar to what has been reported in other
Sternotomini [15,27].

Fractured scales offered insight into the internal structure of the
scales, shown in Fig. 3e,f. Green scales exhibited an ordered three-
dimensional network and motifs similar to the TPMS-like structures
reported in other Sternotomis beetles [15,19,50]. Orange scales con-
tained a more disordered network (Fig. 3f), where many connections
appeared to be 3- or 4-fold coordinated. Interestingly, even black scales
contained visibly disordered networks (see Figure S6).

2.2.1. Synchrotron ultra-small-angle X-ray scattering and nanotomography

We obtained bulk structural information about the photonic net-
works from synchrotron ultra-small-angle X-ray scattering (USAXS)
assays of entire scales. Representative two-dimensional diffraction pat-
terns of a green, orange, and black scale are presented in Fig. 4c—e.
Azimuthally-smeared spots on concentric rings provide evidence of
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Fig. 4. USAXS assays of Sternotomis amabilis sylvia beetle scales and a 3D network reconstruction obtained from synchrotron nanotomography. a Reconstructed part of a green
scale toward the fin with the cross-section showing the photonic crystal inside the scale. b Left: Reconstructed photonic network visible in (a) showing the (001) and (111) planes
framed in black and white, respectively. Right: A unit cell of the reconstructed volume with unit cell parameter (245 +21)nm that, despite visible artifacts, still resembles the
I-WP unit cell [15].¢,d,e False-colored, logarithmic 2D scattering intensity of a green (c), orange (d) and black (e) scale. Scale bars 0.05nm~'. f Azimuthally integrated scattering
intensity, normalized to the peak position ¢/g,, and to the peak intensity of the first peak. The curves are offset in intensity for clarity. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

polycrystallinity in the ordered networks of the green scale (Fig. 4c).
For the orange and weakly scattering black scale, ring features in the
2D patterns in Fig. 4d,e document the structural isotropy of the corre-
sponding networks [19]. However, the shape of the ring in the pattern
from the black scale is ellipsoidal rather than circular suggesting some
degree of anisotropy.

For structural diagnoses via crystallographic indexing, the 2D pat-
terns were azimuthally integrated and plotted as normalized scattering
curves scaled with g/qpc, in Fig. 4f. The curves for the orange and
black scales showed a few broad higher-order peaks, while multiple
sharp Bragg peaks were observed for the green scale. The primary
peaks for the green (G), orange (O) and black scale (B) are at Gpeak G =
0.0291nm™", g o0 = 0.0209nm™~" and g p = 0.0264nm™!, respec-
tively, which correspond to average correlation lengths of dyeu g =
216nm, dyeo = 301nm and dy g = 238nm (see Supplementary
Information).

For the quasi-ordered network, the correlation length of dye o =
302 nm accurately reproduced the average strut length of (300 + 30) nm
obtained from slice-and-view volumetric data discussed in the next
section. A symmetry assignment was only practical for the ordered
network in the green scale where the peaks were compared to expected
peak positions for the alternative space groups Pm3m, Fm3m and Im3m.
While the position of the second peak excluded an assignment to Fm3m,
based on the presence of the peak at q/¢qpeu = \/5, an assignment to
either Pm3m or Im3m is valid. Further, the presence of the \/7 peak is
not clear enough to positively identify the ordered network as Im3m.

According to Bragg’s law, the first allowed peak for Im3m corre-
sponds to the (110) reflection, while it is the (100) for Pm3m, with
respective lattice parameters of V2 x dpeakg @and 1 X dpey . Based
on the measurement of unit cell parameter as (300 + 10) nm from the
roughly (100) oriented domains in the SEM data Figure S10e, we can
exclude the Pm3m assignment. However, it is not possible to distinguish

between alternative TPMS-based topologies all with the Im3m space
group symmetry, specifically, plumber’s nightmare, I-WP, or Neovius
surfaces based solely on the obtained USAXS [57] or 2D-EM data [18].
The relative intensities of higher order USAXS peaks can be informative
in this regard, although this is complicated when they are weak or get
overlapped by peaks from multiple domains in the azimuthal or radial
directions [57].

Despite its limitations, USAXS can provide quantitative information
on the extent of order in networks by calculating the spatial coherence
length { = 2x/A4q that describes the average size of the crystalline
domains [58]. To determine the average domain size in the three scale
types, we fitted the background and primary peak of the USAXS curves
with Porod’s law and a Lorentzian peak (see Supplementary Informa-
tion). The ordered network in the green scale had crystalline domains
of average size 4.0 pm that contrasted smaller calculated domains in
orange (2.4 um) and black scales (0.8 pm). While the latter two were not
measurable from SEM data, the first matches the domain size measured
from SEM images (see Supplementary Information, Table S1).

To resolve the ambiguity in 2D scattering of the various TPMS-based
topologies with Im3m space group, we obtained volumetric data of a
green and orange scale using synchrotron nanotomography. Fig. 4a
shows the reconstructed volume from the distal part of a green scale.
For the orange scale, disordered patterns were observed in the pro-
jections with a few selected projections shown in the Supplementary
Information (Figure S9). A qualitative assignment to the I-WP-related
structure was possible for the ordered network in the green scale based
on the shape of the extracted unit cells and cross-sectional patterns
(see Fig. 4b, compare Kobayashi et al.). The real space correlation
length of dj., g = 216nm therefore differed from the strut length L,
measured along the (half) diagonal of the unit cell (along (111)) [15].

With the strut length thus defined as L = ‘/T§a and the unit cell length
a =305nm calculated from a = \/Edpeak,g, Lg = 264nm is obtained.
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Given the relatively unambiguous identification of the ordered pho-
tonic networks as I-WP-like structure (Im3m) based on nanotomog-
raphy, we emphasize that reciprocal space USAXS as a standalone
analysis appears unsuitable for space group assignment of complex
TPMS-based cubic networks in the absence of corresponding volumetric
real-space data. The presented nanotomography data could also serve
as a basis for a detailed network analysis using skeletonization, but the
comparably large voxel size significantly affected the reliability of the
results. We, therefore, used a focused ion beam slice-and-view system
to obtain an in-depth understanding of the local network characteristics
in real space. Unfortunately, these systems typically have a volume
restriction to a few tens of cubic microns, thus trading statistics for
resolution.

2.2.2. Focused ion beam slice-and-view tomography

To complement the qualitative structural insights from 2D SEM
images and support our USAXS diagnosis, we investigated the photonic
networks using focused ion beam (FIB) milling and, in the first step, ob-
tained serial cross-sections of intact scales. As seen in Figure S10, only
the scale lumen that appeared colored in light microscopy contained
photonic networks (compare Fig. 1), not the ridged fin. The cross-
sections further allowed measuring the domain size in green scales and
the thickness of the cortex enclosing the photonic networks at the scale
base (see Table S1).

For quantitative network analysis, we performed slice-and-view
(FIB-SEM) tomography to obtain volumetric data that were artifact-
corrected following established protocols (see Materials and Meth-
ods, [27,28]). The analyzed subvolumes of 3 X 3 x 3um’ are shown
in Fig. 5a,c with the top surface oriented face-up as in the actual scale.
The networks with volume fractions ~ 48% (green) and ~ 40% (orange)
differed in the observed cut-plane motifs, which were periodic for the
green scale (Fig. 5a,b) and disordered for the orange scales (Fig. 5c,d).

How can we ascertain whether the periodic network in green scales
is an I-WP TPMS-based solid network as described in the scales of
the related species, S. callais? First, we qualitatively compared the
observed cut-face motifs in Fig. 5b with cross-sections of the I-WP
TPMS-like structure in S. callais scales [15]. The upward-facing pattern
of elongated ovals in Fig. 5b (center, white ovals) locally matched
the (110) plane in the I-WP-based network. The pattern of circles and
concentric dots on the cube’s side (black frame) fits the (111) plane of
the I-WP-based network [15].

Secondly, to quantitatively describe the geometry of the network,
we skeletonized the networks. We then analyzed the resulting skeleton
of vertices and struts, visible in Fig. 5e, g, with respect to (1) the
strut length L, (2) the coordination number CN defined as the number
of struts connected by one vertex, and (3) the bond angle § between
struts connected by the same vertex. The strut length distributions in
Fig. 5j show that struts in the green scale with average length L; =
(255 +22)nm (N = 4917), supporting the result obtained from USAXS,
were shorter than struts in the orange scale with Ly = (300 +30) nm
(N = 1610). Based on the strut length variation in the latter, the
network in orange scales is hereafter called quasi-ordered.

To compare the reconstructed networks with known crystal struc-
tures, we evaluated their connectivity via the average coordination
number. The periodic network in green scales has mostly 8-connected
vertices (see Fig. 5i), with an average coordination number CNg =
(7.3 £ 2.9). This is demonstrated in the unit cell in Fig. 5f. The high
standard deviation in the data was likely due to several structural
defects in the reconstructed volume (see Fig. 5a,b,e). The quasi-ordered
network in orange scales with few visible defects has an average
coordination number of CN = (4.9 +£0.9). A selected subunit is shown
in Fig. 5h.

The bond angle distributions in Fig. 5k revealed further differences
between the two networks. The angle distribution of the periodic
network peaks at ~70°, ~110°, and ~175° (N = 32775). The first two
peaks coincided with values expected for the I-WP structure (70.5°,
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109.5°) (see [27], Supplementary Information), while the third peak,
expected at 180°, was shifted to smaller angles. The quasi-ordered
network showed an asymmetric distribution of bond angles with a peak
at 87° (N = 5808) and a shoulder toward 170°, similar in shape to the
bond angle distribution in the I-WP-like amorphous photonic networks
in Sternotomis virescens [27].

The visual characteristics and statistical structural examination of
the skeletonized networks align with the identification of a polycrys-
talline I-WP-like network in the green scales [15,27,50]. The quasi-
ordered network in orange scales differed from the ordered I-WP-like
structure in appearance and connectivity. Clearly, an assignment to
the 3-connected gyroid-like networks [14,34,49,59] or 4-connected
diamond-like structures [3,28,34,60,61] was precluded by the mis-
match in coordination number. A concordance with the Schwarz’s P
surface [19,62], characterized by a coordination number of 6 and bond
angles of 90° and 180° similarly appears unlikely. Moreover, photonic
networks with I-WP character seem prevalent among Sternotomini
[15,27] and reports of one insect genus with two different space groups
are scarce [19]. We, therefore, identify I-WP-like networks in scales of
Sternotomis amabilis sylvia with varying amounts of structural disorder,
with the lower coordination number likely caused by a relatively higher
amount of disorder [15,27].

2.3. Full-wave optical simulations

Finally, to examine the interplay of the scattering from photonic net-
works with complex macroscopic features such as the cortex and ridges
and understand the origin of the angle-independent colors, we per-
formed full-wave optical simulations using the finite-difference time-
domain (FDTD) method. Simulations were performed in three dimen-
sions (3D) on (i) the photonic networks and (ii) models of the scale
cortex, oblate at the base and folded at the scale fin (simulated in two
dimensions, 2D). Fig. 6 summarizes the simulation results.

We simulated the network reflectivity along different orientations
to test for orientation dependence of the photonic networks. While
the quasi-ordered network reflected about 10 to 20% between 650 nm
to 750nm along all directions, we observed more distinct variations
only for the I-WP-like network (see Fig. 6a,b). It reflected up to 40%
around 510nm for orientations close to (110) (direction (1), (2), (3),
(5), compare inset of Fig. 6b). Variations in the peak intensity for
equivalent directions ((1), (2), (3), (5)) likely resulted from the domain
misalignment with the (110) orientation and scattering at network
defects (see Fig. 5a,b,e). When illuminated along (111) ((4), (6) in
Fig. 6a), an almost constant reflectivity below 10% was obtained. No
photonic band gap is expected along the (111) (P) direction for a per-
fect I-WP-type photonic crystal [50], consistent with our simulations.
The observed non-zero reflectivity was likely related to surface reflec-
tions and scattering from defects. Overall, the orientation-dependent
simulated reflectivity of the reconstructed I-WP-like network, there-
fore, agreed with the calculated band structure of the I-WP structure
reported earlier by Ohnuki et al..

We examined the scattering behavior of the different networks with
simulated scatterograms along the scale normal, (1) in Fig. 6b, for 0°
horizontal polarization. As visible from the scatterogram in Fig. 6a
(inset), the reconstructed I-WP-like domain preferentially scattered
turquoise light into a spot at about 25°. This observation was consistent
with the experimental specular reflections at the base of green scales for
narrow-angle illumination. Further, it allowed estimating a relative tilt
angle of 12.5° between the (110) direction and axis of the reconstructed
domain. In contrast to the normal illumination in the simulation, omni-
directional ambient light will broaden the specular reflection toward a
gradual color change at higher scattering angles per the photonic band
structure [50].

The simulated scatterogram for the quasi-ordered network in Fig. 6b
displayed dull green, yellow, and red spots distributed with little angle
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Fig. 5. 3D reconstructions of the photonic networks in green and orange scales using FIB slice-and-view tomography. a,c Perspective view of the reconstructed networks in a
green (a) and orange scale (c). Light gray, dark gray and black squares indicate cross-section orientations. b,d Cross-sections of the volumes in the xy plane, xz plane (cut-face),
and yz plane framed by light gray, dark gray, and black markers, respectively. e,g Sections of the skeletonized networks in the periodic network (e, green scale) and quasi-ordered
network (g, orange scale). Black spheres represent vertices, white tubes struts. f Unit cell of the periodic network in a green scale. h A representative subunit with a five-fold
coordination number extracted from the quasi-ordered network in an orange scale. i,j,k Graphs i—k show the distributions of i the vertex coordination number, j strut length, and
k bond angles in the green (top, G) and orange scale (bottom, O). Dotted lines indicate Gaussian fits to the distributions, and dash-dotted lines represent Gaussian kernel density
estimations (KDE). Gray lines and diamonds indicate expected values for the I-WP structure (compare [27]). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

dependence. The simulated pattern approximated the brown back-
ground in the experimental k-space image (compare Fig. 2) but did
not capture the orange-gray band because the simulation neglected the
convex cortex, as discussed below. While the simulated scatterogram
based on normal incidence plane wave illumination was also not di-
rectly comparable to the appearance of the scales, the observed colors
still matched those observed in light microscopy images of individual
scales under narrow-angle illumination as seen in Figure S2d (bottom).
For ambient illumination, one can expect a smearing out of the colored
spots and, hence, an angle-independent beige or brown coloration,
matching the experimental result.

To understand the optical role of the ridged distal cortex structure,
a second set of simulations investigated the scattering behavior of the
cortex enclosing the photonic networks, oblate at the base, and folded
into a series of ridges at the fin. Cortex models were illuminated with
(1) a plane wave from above and (2) a Gaussian beam from below to
mimic the light reflected by the photonic network in the scale lumen,
as sketched in Fig. 6c.

The model of the oblate cortex at the scale base acted as a convex-
concave distributive lens for top illumination with a plane wave and
produced a green-gray reflection band in the simulated scatterogram in

Figure S11, matching the observed gray reflection band in experimental
k-space images.

We explored the 2D scattering behavior of a triangular model with
ridges (see Materials and methods) and a featureless triangular prism
of equal volume, shown in Fig. 6¢c. To test for wavelength-selective
scattering, we extracted 2D far-field scattering intensity distributions
for wavelengths ranging from the ultraviolet-visible to the near infrared
region. The far-field intensity distributions in Fig. 6d share a logarith-
mic intensity scale and highlight polarization-independent differences
in scattering between the plain triangular prism and the ridge-bearing
model (compare Figure S12a,b). The triangular prism caused min-
imal reflection when illuminated by plane waves. In contrast, the
ridge-bearing structure scattered the light significantly, exhibiting little
dependence on wavelength in the visible spectrum (see Figure S12c),
thus demonstrating a diffusive function for incoming light. To also
understand the interplay of the ridges with the light reflected by the
photonic network in the scale lumen, we compared in-plane power
distributions of both models for a single wavelength, 4 =3509nm,
dominantly reflected by the I-WP-like network in green scales. The
logarithmically-scaled power distributions in Fig. 6e illustrate that the
plain prism (left) focused light from below the structure at the top
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prism) and star (ridged model) with a horizontal bar on top (plane wave illumination from the top) or a circle below (Gaussian beam illumination from below). d Far-field
scattering intensity distributions for the triangular prism (left) and the ridge model (right) for 0° polarized plane wave illumination from above. e In-plane power distributions for
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data sets shown in the Supplementary Information. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and then dispersed a fraction to high scattering angles. In contrast,
the ridged model (right) scattered light away below the top, visible as
intensity streaks in Fig. 6e (right), and weakly focused light at its top.
The ridged model thus produced a more homogeneous power distribu-
tion than the triangular structure independent of the polarization angle
(compare Figure S12).

Our simulations ignored the ~60° inclination of the ridges (compare
Materials & Methods), which we expect to cause dominant forward
scattering of light from above that could explain the shadowing effect
observed in k-space of the scale fins.

3. Discussion

This study investigated the physical origin of the non-iridescent,
multicolored body pattern of longhorn beetles in the tribe Sternoto-
mini, focusing on Sternotomis amabilis sylvia. The colors arise from
elytral scales, which combine structural coloration altered by absorbing
pigments and feature a distinctive scale geometry with an oblate,
bright-appearing scale base, and a vertically extended, ridge-bearing,
transparent cortex structure, the fin. Back-focal imaging revealed differ-
ences in the scattering behavior of the base and the fin and confirmed
a diffusive function of the ridged fins.

Ultrastructural analysis of the scales employed synchrotron USAXS
assays, high-resolution FIB-SEM, and synchrotron nanotomography to
characterize the photonic nanostructures inside scales and the ridged
scale geometry. The green scales were found to contain a polycrys-
talline network with mostly 8-connected vertices and dominant bond
angles of ~70°, ~110° and ~170° (see Fig. 5). Together with the shape
of the unit cell (Fig. 5f), these network characteristics are consistent
with their identification as an I-WP TPMS-based solid network, similar
to the photonic networks found in Sternotomis callais beetle scales
[15,27]. 2D USAXS data of entire scales further supported the FIB-
SEM results and found a polycrystalline network with cubic symmetry.

While peak broadening and the ambiguity in the low-index scattering
intensity of Pm3m and Im3m prevented an unambiguous symmetry
assignment, synchrotron nanotomography confirmed the I-WP charac-
ter of the network and underlined the importance of volumetric data
sets for analyzing photonic networks with cubic symmetry. Kobayashi
et al. pointed toward this pitfall upon their discovery of the I-WP-like
network in S. callais [15], which contrasted previous assignment of the
network to Pm3m based on reciprocal USAXS scattering data [19]. With
USAXS tomography still being a scarcely accessible technique, our work
thus highlights the power of FIB-SEM tomography, particularly as FIB-
SEM systems are more readily available, provide higher resolution than
currently widely accessible USAXS tomography beamlines, and do not
require deconvolution approaches.

In contrast to green scales, orange scales contain a structurally
isotropic, quasi-ordered network with an average connectivity CNg =
(4.9 + 0.9) and a bond angle distribution with a broad peak at 87°. With
a bond angle distribution similar to the amorphous I-WP-like networks
in S. virescens, this is likely a disordered I-WP-like network with a
higher degree of disorder (compare Fig. 6 in [27]).

All scale types are pigmented (Figure S3, Figure S4) and share
a common cortex geometry. At the distal scale tip, the cortex forms
a triangularly shaped, vertical extension several tens of microme-
ters high and folded into a chevron pattern of two sets of parallel
micrometer-scale ridges fusing at a central ridge. While previous studies
on longhorn beetles studied scales that were rather featureless [9,24,27,
30,63,64], a similar ridged geometry was described in S. callais beetle
scales [15] (see Figure 2 and Figure S1 in the Supplementary Material
of ref. [15]). The absorbing pigments within the scales act as effective
spectral filters of short-wavelength scattered light (Figure S3, Figure
S4), similar to what has been seen in numerous butterflies, beetles, and
birds [9,26,42,65]. To explore the optical function of the complex scale
geometry and understand the interplay of the cortex with the scattering
from the photonic networks inside the scales of S. amabilis sylvia beetles,



V. Bauernfeind et al.

we combined structural and optical modeling of the cortex structures
and photonic networks.

In optical simulations, the I-WP-like network in green scales re-
flected light specularly as predicted for an ordered photonic crystal
[501, and the quasi-ordered network in orange scales scattered light
angle independently, thus reproducing the general spectral shape and
peak characteristics of the experimental results (Fig. 1). The triangu-
larly shaped fin of the scales further alters the scattering of the photonic
networks and was found to be an effective diffuser. It is unclear why
the ridged structure does not extend over the entire scale surface to
suppress the iridescence of the scale base, as in monkey beetles and
butterflies [42,66], where the diffusive elements cover nearly the entire
scale surface.

Thus, S. amabilis sylvia beetles showcase two independent mecha-
nisms toward angle-independent coloration, either through pigmented,
isotropic, quasi-ordered photonic networks or polycrystalline networks
whose iridescence is suppressed by a superimposed diffusing structure
that also features a pigment. The previously studied related beetles
S. callais [15], S. mirabilis [19], S. pulchra [19], and S. virescens [27]
all display angle-independent coloration using a combination of these
mechanisms. This study thus broadens our understanding of the diver-
sity of color-producing mechanisms across arthropods [1,19]. It will be
interesting to investigate further how insects regulate the interplay of
order and disorder to produce both ordered and quasi-ordered photonic
networks within the same individual. Such developmental knowledge
could unlock the secrets to the facile biomimetic synthesis of designer
photonic networks at the visible scales for engineered applications.

4. Conclusion

Sternotomis amabilis sylvia longhorn beetles display a striking non-
iridescent pattern of green, orange, and black areas across their bodies.
Green and orange colors on the otherwise black elytron arise from
colored elongate scales that contain polycrystalline I-WP-like and quasi-
ordered photonic networks, respectively. Our work highlights the need
for high-resolution volumetric real-space data to accurately diagnose
complex 3D nanostructures and the perils of relying on reciprocal
scattering data even when coupled with 2D EM images [19,57,67].
By exploring the function of the distinctive scale shape in S. amabilis
sylvia longhorns, we show that the light reflected by the photonic
networks passes through a complex cortex structure, a ridge-bearing
fin that suppresses iridescence by acting as a diffuser. The obtained
diffusive structural color is further altered by absorbing pigments in
the scales, thus creating an angle-independent optical signal across all
color patches on the insect. Our study demonstrates that considering
the overall scale geometry is crucial for understanding the optical
appearance of organisms, an aspect that future studies should consider.

5. Materials and methods
5.1. Specimens

One female and two male, dried, and unmounted specimens of
Sternotomis amabilis sylvia longhorn beetles were acquired online via
etsy.com and ebay.com from insect collectors in France, Europe.

5.2. Integrating sphere spectroscopy

We measured the reflectivity of the specimens with a setup consist-
ing of an integrating sphere connected by two optical fibers (OceanOp-
tics, QP230-2-XSR and OceanOptics, QP450-1-XSR) to a high-power
xenon light source (OceanOptics, HPX-2000), and a UV-VIS spectrom-
eter (OceanOptics, Flame-T-XR1-ES), respectively. For normalization,
a white diffuser (SphereOptics, Zenith Polymer® SG 3051, 99 %) was
used as the reflectance standard, and the dark reference was measured
for the open cavity in the integrating sphere. The limited spot size of
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about 5 mm allowed for measuring several spots in the green and orange
areas, while the black stripes were too narrow to avoid overlaps of the
measurement spot with differently colored areas. N = 5 spectra for
each color type were taken and averaged, smoothed with a window
length of five and linear interpolation, and plotted using Python. To
determine the peak full width at half maximum (FWHM), we used
the Python package Imfit [68] and fitted the smoothed spectra with
a Gaussian distribution on a constant background between 400 nm to
800 nm.

5.3. Optical microscopy

Optical microscopy analysis was performed with an Axio Scope.Al
(Zeiss, Germany) light microscope connected to a xenon-mercury lamp
(ThorLabs, SLS400) and custom fitted with an optical fiber attachment
for spectral measurements (optical fiber OceanOptics, QP230-1-XRS,
spectrometer OceanOptics, QEPRO-VIS-NIR). Images were taken at
magnifications of 20 x (Zeiss, EC Epiplan-Aporchromat, NA = 0.6,
DH DIC) and 50 x (Zeiss, EC Epiplan-Neofluar, NA = 0.8, DH DIC)
with a white diffuser (Labsphere, Spectralon USRS-99-010) as white
standard. Scales were imaged directly on the insect or on carbon tape
after manual removal. For microspectrophotometry, the white diffuser
served as the reflectance standard. A tilted glass slide covered with
carbon tape was used as a dark reference, taking into account internal
reflections of the microscope optics. Reflectance spectra were recorded
from scales on the insect elytron with the 50 x objective. Single-scale
transmission spectra were obtained from scales scraped off the insect
onto a glass slide.

To quantitatively analyze the scales for pigment content, a refractive
index matching oil of n = 1.55 was used (Series A; Cargille Laboratories,
Cedar Grove, USA). A drop of oil was put on scales on a glass slide,
covered with a cover slip, and the transmission spectra repeated with
appropriate calibration in an empty region. Spectra were recorded in
all measurement modes at 50 X magnification with a measurement spot
of about 5pm in diameter. The spectra were subsequently averaged,
smoothed with a window length of five data points and linear interpo-
lation, and plotted using Python. To determine the refractive indices,
we calculated the mean absorbance as A = —log,((T') from the averaged
transmittance T of scales immersed in oil (N = 30). Following [54],
the absorbance was fitted with D = D, exp(—4/4,), where the resulting
Ao =90nm and Ay = 109 nm motivated further calculations based on
pheomelanin pigmentation [54], an approximation for the pigment in
the orange scale. Fitting with A, = 4, = 115nm resulted in Dy = 3.64
and D, = 9.43 used to determine the real refractive index. We calcu-
lated the complex refractive indices using effective scale thicknesses of
3.98 um and 3.00 pm for the green and orange scales, obtained from an
estimated 80% of the base width (scales were measured in side view)
multiplied by the volume fraction.

For back-focal plane imaging (k-space imaging), the system was
color-calibrated with the white diffuser at 100 x (Zeiss, EC Epiplan-
Neofluar, NA = 0.9, DH DIC) magnification. A Bertrand lens (Zeiss
453671) was inserted into the light path above the objective at max-
imally closed field diaphragm, corresponding to a spot diameter of
9.4 pm, so that the plane imaged by the camera would display the signal
in Fourier space. The aperture diaphragm was either maximally closed
or opened, corresponding to maximal illumination angles of about 15°
and 64°, respectively. We analyzed individual scales on carbon tape that
were lying upright as on the elytron of the insect.

5.4. Scanning electron microscopy

For scanning electron microscopy, scales were scraped off the in-
sects with single-use needles onto carbon tape and sputtered with 4 nm
gold or platinum (Cressington 208HR, United Kingdom) before imaging
at 5kV in a Mira3 LM FE, Tescan (Czech Republic) instrument acquired
in 2014. Geometric parameters were measured from SEM images using
Fiji [69].
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5.5. Focused ion beam sequential cross-sectioning

We used a Scios2, Thermo Fisher Scientific (United States) FIB-SEM
dual-beam system to obtain cross-section images from individual scales
on carbon tape sputtered with 4 nm gold or platinum. Electron imaging
was performed at 5kV and 0.2 nA, for cutting Ga*-ion milling currents
between 0.5nA to 3nA were used at 30kV ion acceleration voltage.
Images recorded at 52° were tilt-corrected accordingly.

FIB-SEM tomography data were recorded automatically with the
Auto Slice & View Software (Thermo Fisher Scientific) and recon-
structed with Avizo (Thermo Fisher Scientific). The scales used for
FIB-SEM tomography were plasma treated at 50 W for 11 min to remove
the upper cortex and obtain direct access to the photonic network, and
sputtered with 4nm gold or platinum. Scales with well-visible photonic
networks and properly removed cortices were prepared for tomography
by backfilling the networks with platinum (Pt) using the electron beam-
induced platinum deposition (EBID) at 30kV and 1.6nA. Sequential
milling of 10nm thick slices and intermediate SEM imaging produced
data with voxel size 10nm X 10nm X 10nm of a cube measuring about
Spm X 5Spm X 5pm.

Tomography data were post-processed in Avizo, including cropping,
automatic image stack alignment, shear correction, non-local means
filtering, binarization, and scaling up by 15% to compensate for uni-
form shrinkage due to electron beam imaging and plasma treatment.
Subvolumes of size 3 pm X 3 pm X 3 pm were extracted for analysis of a
direction-dependent reflectivity using FDTD simulations (see below). In
orange scales, we observed a uniaxial compression along the Pt-filling
direction as blueshifted reflectivity, which we related to the fact that
the extracted volume was closer to the Pt-filling face than in green
scales. We corrected the observed compression in the data set of the
orange scale by additional uniaxial upscaling by 10% along the Pt-
filling direction. After artifact-correction, subvolumes of size 3 pum X
3pm X 3pm and resulting voxel side length 11.5nm were extracted
and skeletonized in Avizo, producing a skeleton of vertices and struts.
This network was corrected for skeletonization artifacts by imposing a
minimum strut length of 130 nm using the Fiji plugin BonelITA and cor-
rected for border effects (120 nm) with custom-written Matlab code (see
Materials and methods [27]). For visualization, reconstructed volumes
were surface smoothed.

5.6. Synchrotron ultra-small-angle X-ray scattering and nanotomography

Individual scales were scraped off the insect elytron onto Kapton®
tape. Ultra-small-angle X-ray scattering experiments were conducted
in pinhole transmission geometry at the ID02 beamline at the ESRF,
Grenoble, with a wavelength of 1 f\, a sample detector distance of 31 m
and a spot size of 120 x 50 um?. The scattering intensities from the
scales were about two orders of magnitude larger than the background
from the Kapton® tape and made background subtraction expendable.
Following beam stop masking in the software SAXSUtilities, plots of
the 2D scattering intensity were obtained in logarithmic scaling, for
which values below one were set to unity using Python code. Az-
imuthal integration of the 2D intensity distributions was performed
with SAXSUtilities, while custom-written Python code was used for
peak identification, curve normalization, and plotting. For comparison
of the 1D scattering curves, the curves were offset manually for better
visibility. The low-g slope and primary peak of the 1D scattering curves
were fitted in SasView [70] with Porod’s law and a Lorentzian, which
yielded the peak positions and FWHM for further calculations.

For X-ray nanotomography, individual scales were glued onto insect
pins (Entochrysis, Stainless Steel) with two-component epoxy (UHU).
Tomography was performed at the PO5 imaging beamline, operated
by the Helmholtz-Zentrum Hereon at PETRA III (Deutsches Elektronen-
Synchrotron (DESY), Hamburg). The measurements were performed at
11 keV using the transmission X-ray microscope with Zernike phase
contrast [71,72]. Samples were rotated in the beam, and the projection
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patterns were processed with Python code (TomoPy [73]). The dataset
of the orange scale was binned and interactively thresholded in Fiji.
Avizo (Thermo Fisher Scientific, v2021.1) was used to binarize and
export selected slices. For the dataset of the green scale, denoising was
based on a machine learning algorithm [74]. The resulting image stacks
with a voxel resolution of 22.8 nm were subjected to histogram equal-
ization in Fiji [69]. Stack alignment, thresholding, and segmentation
using a propagating contour algorithm and histogram filtering were
again performed in Avizo as well as the final reconstruction.

5.7. 3D modeling of the fin structure

Three-dimensional cortex and fin structure models were created in
the open-source 3D modeling software Blender (v. 2.92). The cortex at
the base was modeled as a hollow cylinder, compressed and manually
edited to approximate the shape and dimensions of the base of orange
scales — 240 nm thick, 9 pm wide and 4.9 pm high.

For modeling the scale fin, we filtered and binarized cross-sectional
profiles of the fin of a green scale in Avizo and extracted the contours
separating the different regions. This line profile was extruded in
Blender and superimposed onto a triangular basis of opening angle
7.75°. The structure obtained was symmetrized to approximate the fin
shape. To remodel the fin without ridges, a triangular prism with equal
height and volume as the scale fin, resulting in a half opening angle of
16.1°, was created directly in the simulation software (see below).

5.8. FDTD simulations

We performed full-wave simulations on the photonic structures in
S. amabilis sylvia scales using the finite-difference time-domain method
in Lumerical (FDTD suite, Ansys, 2023 v. R1.3) as described else-
where [27,28].

The optical response of the reconstructed photonic networks in-
side the scales was simulated in three dimensions (3D) with perfectly
matched layers (PMLs) as boundaries. The reconstructed networks were
assigned the calculated refractive indices for the respective scale type
(see Supplementary Information), with the real part ranging from 1.53
to 1.57. The structures were illuminated with a plane wave of 0° or
90° polarization and discretized with a 15nm mesh size. The results
for the reflectivity of the two polarization angles were subsequently
averaged to approximate unpolarized illumination. Similarly, the op-
tical response of the base cortex model was simulated in 3D (30 nm
mesh size) but assigned a constant refractive index of n = 1.55 (without
absorption). In an additional simulation, the cortex model was illumi-
nated by a Gaussian beam from below. The source was placed inside
the hollow cylinder to mimic the scattering from the photonic networks
in the scale lumen.

The scattering behavior of the photonic networks and cortex base
model was evaluated by calculating simulated scatterograms from the
far-field scattering intensity distributions for 0° polarized plane wave
illumination with custom-written Python code using the module color-
science. The scatterogram thus obtained is an average of the scattering
intensity distributions for all wavelengths between 380nm to 780 nm
weighed with their respective intensity value in the simulated re-
flectivity spectrum and normalized in the CIE XYZ color space. To
approximate the intensity of the experimental k-space images where
the limited numerical aperture of the objective captures directional
reflections relatively more, the obtained image contrast was then scaled
by a factor x4.

The optical behavior of the fin cortex structure was simulated in two
dimensions (2D) with periodic boundary conditions to approximate the
scale arrangement on the elytra. The models were assigned a constant
refractive index of n = 1.55 without absorption. A 15 nm mesh filled the
simulation region around the materials, and for the fin models with
a 100 nm mesh in the outer areas to minimize computation time. Two
illumination settings were used: (i) plane wave illumination from above
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the structure and (ii) Gaussian beam illumination from below to mimic
the effect of the photonic crystal inside the scale. While the source
was placed inside the hollow cylinder for the base mode, it was placed
inside the material for the fin models. All simulations were performed
for 0° and 90° polarization.

The scattering behavior of the cortex fin models was assessed from
2D far-field scattering intensity distributions and 2D power distribu-
tions for light of 4 = 509 nm. Intensities were scaled logarithmically,
and the shared intensity range was set to the minimum and maximum
values for each data set.
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