Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Velume 15 = 2014 ISSN 2214-7853

ELSEVIER

materialstoday:
PROCEEDINGS

Living Light: Uniting biclogy and ph ies - A dal i

in honour of Prof Jean-Pol Vigneron
Available onling al www.sclencedirect.com

Guest Editors: Michael Sarrazin, Ph. Lambin and S. Berthier SdBﬂCGDiI'BCt

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights


http://www.elsevier.com/authorsrights

Available online at www.sciencedirect.com

ScienceDirect gg%%gggﬁ)gg%

e E =
ELSEVIER Materials Today: Proceedings 1S (2014) 161 — 171

Living Light: Uniting biology and photonics — A memorial meeting in honour of Prof Jean-Pol
Vigneron
Bouligand Structures Underlie Circularly Polarized Iridescence of
Scarab Beetles: A Closer View
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Abstract

The iridescent metallic green beetle, Chrysina gloriosa, selectively reflects left circularly polarized light, and exhibits
iridescence. The exoskeleton of C. gloriosa is decorated by a polygonal texture: hexagonal cells (~10 micron) coexist with
pentagons and heptagons. We find that the fraction of pentagons and heptagons computed using Voronoi analysis increase with
an increase in curvature, implying that it is energetically favorable to create disordered patterns for higher curvature surfaces. In
bright field microscopy, each cell contains a bright yellow core, placed in a greenish cell with yellowish border, but the size of
the core and spatial distribution of color changes when the angle of incoming incident light is varied. Using confocal
microscopy, we observe that these cells consist of nearly concentric, nested arcs that lie on surface of a shallow cone. We infer
that the patterns are structurally and optically analogous to the focal conic domains formed spontaneously on the free surface of
a cholesteric liquid crystal. In this paper, we describe in detail how the microstructure referred to as Bouligand structure
provides the basis for the morphogenesis, and for generating the intricate optical response of the exoskeleton of the beetle.
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1. Introduction

Colors of many plants and animals are not based on pigment and dyes (biochromes); in fact, some of the
brightest and most fascinating colors result from the interaction of light with structures on the micro- and nano-
scale [1-8]. The structural origin of color of various butterflies [1, 2, 6, 8, 9], birds [10-12], moths [13] and plants
[14, 15] is often identified with thin film interference, multilayer interference, diffraction and scattering [1-5, 13,
16-20] and the color may have contribution from the pigmentation in the underlying layers. Furthermore, colors of
many insects and birds change with visualization angle, exhibiting iridescence [1, 2, 19, 21], quite like the
interference colors seen in thin soap films or bubbles [22]. The term “iridescence” used in different fields of study
can confer on it different characteristics; therefore, in this article we use the term iridescence to mean “a change in
the hue of the object possessing the perceived color as the angle of vision is varied”, a definition quite similar to
what Mason used in 1927 [23]. In the language of color science [1, 24], perception of isolated color (see discussion
in ref. 1) can be identified and specified using three quantities: hue (for example, how yellow differs from red),
brightness (qualitatively associated with sensation of overall intensity, ranging from dim to dazzling) and saturation
or purity of color. The comparison of iridescent colors in butterflies with thin film colors is based on the following
clues [1, 17, 25]: absence of dyes or pigments, shift of color (or reflection maximum) to shorter wavelengths with
increasing angle of incidence and the change of color towards the red end of spectrum when wings are immersed in
fluids that have higher refractive index than air. For a very large number of birds, butterflies, and animals as well as
some plants, the color produced by the organism and perceived by the observer is a result of interaction of light
with the periodic structures on their bodies, and iridescence shows trends consistent with this behavior [1, 5, 25].
However, even though certain beetles exhibit structural color, in contrast with most birds and butterflies, there is a
twist to their reflectance [25-28]: the reflected light is circularly polarized (typically with left handedness) and a red
shift is observed on increasing angle of incidence (or for oblique incidence). The present article examines with the
structural origin of iridescence (with the twist) exhibited by scarab beetle Chrysina gloriosa or Plusiotis gloriosa.
The scarab beetle C. gloriosa possesses a metallic green reflection that is circularly polarized [29-32].

The natural world is full of color stimuli, and humans and animals have evolved their complex visual systems
to identify, distinguish and respond to colors in nature [33-38]. Interestingly, while human eye can cope only with
hue, brightness and saturation, many animals have evolved to perceive and use the natural and artificial polarization
[35, 36, 38]. Electromagnetic radiation has electric and magnetic fields that are perpendicular to the direction of
propagation. In the case of so-called randomly polarized light, the electric field vector oscillates in a random
fashion. Polarized light comes in two flavors: linearly polarized light has electric field oscillating in a single
direction while the field can rotate at the optical frequency for circularly (or elliptical) polarized light. Scattered and
reflected light from the sky is predominantly linearly polarized, as is underwater light. Likewise, light reflected
from polarizing layered structures found on various species of insects, birds, fishes and plants is typically linearly
polarized [35]. Though linearly polarized light is quite commonplace in nature, the selective reflection of circularly
polarized light is somewhat rarer [35, 39].

The selective reflection of circularly polarized light by beetles was first observed by Michelson [40]. Nearly
fifty years later, in a series of papers Robinson [41], Bouligand [42, 43] and Neville & coworkers [44, 45] provided
critical analysis and experimental evidence to show that the optical properties as well as "ultrastructure" revealed in
electron microscopy of beetle cuticle are quite similar to cholesteric liquid crystals. Cholesteric liquid crystals
(CLCs) possess long range orientational order, described by a unit vector n, known as the director, and their
equilibrium director structure is a helix [46, 47]. The director advances uniformly tracing a helix of pitch p. The
cholesteric phase due to its helical structure exhibits selective reflection when the pitch of the helix is comparable

to the wavelength of visible light, peaked at a wavelength A, given by /”LO = np , where n is the average refractive
index [48]. The spectral width of the reflection peak for a pure cholesteric phase is related to birefringence
(An=n_—n )byAld= pAn where n, and n, are the refractive indices for polarizations perpendicular (ordinary) and

parallel (extraordinary) to the axis of anisotropy, respectively. The reflection has the same handedness of the
cholesteric helix. Bouligand [43, 49-51], who carried out very extensive studies on cholesteric liquid crystals
(CLCs), provided detailed three-dimensional models of textures and morphology of CLCs, and contrasted these
with textures observed in crabs and other organisms. He argued that the formation of CLCs has role in
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morphogenesis [42, 49-53]. Inspired by Bouligand's contributions in this context, Pace described the helicoidal
structure found in beetle C. gloriosa as ‘Bouligand structure’ [31].

Most recently, we examined the morphology and optics of the scarab beetle, C. gloriosa and showed for the
first time [29] that (a) the cellular polygonal pattern exhibits curvature dependant disorder, (b) the complex
architecture of the beetle is structurally very similar to focal conic domains formed by cholesteric liquid crystals
near a free surface, in particular to structures reported by Meister et al [54, 55] (use of non-evasive confocal
microscopy relying on auto-fluorescence of an unidentified fluorophore was another remarkable feature of the
study), and (c) within the polygonal cells, the visualized colors depend critically upon the angle of incidence. The
beetle, the polygonal texture at the top imaged using optical microcopy and confocal microscopy are shown
respectively in Figure 1. On examining transmission electron micrographs from the exoskeleton of C. gloriosa,
Pace [31] also noticed a polygonal texture on the top surface. Even though the cuticle exists as a solid composite,
so different in appearance and properties from fluid-like cholesteric liquid crystals, the texture and optical
properties are remarkably similar. The analogy allows us to at least qualitatively explain the iridescence and the so-
called red shift observed when the angle of incidence is made increasingly oblique. Since the arguments supporting
structural origin of circularly polarized iridescence were presented earlier with brevity appropriate to a report [29],
we reiterate and detail those contextual arguments here. We provide a historical context that has culminated in the
current understanding, and provide critical additional evidence that links the exoskeleton morphology to its
artificial analogues and to morphology observed in other organisms.

Fig. 1: (A). Photograph of the beetle C. gloriosa displaying the bright green color with silver stripes as seen in unpolarized or with left circularly
polarized light; (B) An image using a reflected light microscope of the exoskeleton of the beetle C. gloriosa showing bright yellow core
surrounded by greenish reflection; (c) An x-y section using a confocal light microscope, showing the concentric rings resolved at high
magnification and present near the free surface; (D) A schematic representation of the cholesteric helix for both handedness.

2. Historical Background

The connection between structures and the iridescent color was made early on by Hooke [56]. He observed that
the brilliant colors of peacock and duck feathers were destroyed by a drop of water, and postulated that alternating
layers of thin plates and air might strongly reflect the light. Newton[57] understood that the colors produced in bird
feathers including peacocks must be due to the presence of “thin film structures”. Many researchers like Lord
Rayleigh (the son) [28, 58], Mason?, Onslow[25] and Land[17] cited experimental evidence to suggest that colors
of many insects and organisms are created by physical mechanisms that do not rely on absorption or emission of
light by biochromes or pigments. Even the early researchers recognized the optical effects observed in beetles were
at variance with the observations for butterflies and birds (e.g. see discussions in Onslow paper [25]).

Scarab beetles are often called “jewel beetles” as they are used as ornaments in many Asian countries [59].
Michelson [60, 61] (1911) was first to note that some scarab beetles possessed a metallic reflection and that the
reflection was circularly polarized. Specifically, Michelson [60] studied the color of beetle Plustiotis resplendens
and noted: “This is a beetle whose whole covering appears as if coated with an electrolytic deposit of metal, with a
lusture resembling brass. Indeed, it would be difficult for even an experienced observer to distinguish between the
metal and the specimen”. While C. gloriosa is green in color, it does possess the metallic luster that Michelson
refers to. In his study, Michelson[60] noted that the reflection was circularly polarized but did not specify the
handedness, although he did mention that handedness reverses if one were to look at the reflectance from the blue
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part of the visible spectrum to the red — the polarization was found to reverse near the red end of the spectrum and
was completely reversed in the extreme red. Furthermore, though Michelson correctly postulated that “the effect
must therefore be due to a “screw structure” of ultra microscopic, probably of molecular dimension”, he did not
pursue this further. Several researchers including Gaubert (1924) [62] and Mathieu & Faraggi [63] (1937)
compared the optical properties of beetles to liquid crystals formed by cholesteryl derivatives.

By the time, Robinson[41] took up his studies on beetles in 1966, understanding of textures, patterns,
thermodynamics and optics of liquid crystals had expanded considerably, (due to efforts by Friedel [64], de Vries
[65] and other pioneers [66]), and he extended the comparison of optical properties between beetles and cholesteric
liquid crystals by including CLCs formed by synthetic polypeptide dispersions [67]. Later Bouligand [42, 43] as
well as Neville and co-workers [44, 45] pursued the origin of circularly polarized reflection using electron
microscopy on several scarab cuticles and found that even the architecture is analogous to structures postulated in
cholesteric liquid crystals [64]. Thus, Bouligand and Neville laid the basis for the understanding that “helicoidal
structures” are responsible for the color (selective reflection) and the handedness of the circular polarization. More
recently, Goldstein [30] and Arwin et al [68] summarized the history of optical measurements made in scarab
beetles and performed ellipsometric studies confirming their polarizing behavior.

On observing polygonal structures in the exoskeleton of C. gloriosa, we reasoned that these patterns could be a
result of a characteristic texture observed in cholesteric liquid crystal literature. In typical textbooks, the polygonal
structure of cholesteric focal conics is drawn based on Bouligand’s classic paper from 1972 (see texts by: de
Gennes and Proust [46]; Oswald and Pieranski [47]; or Kleman and Lavrentovich [69]), and on a cursory glance, it
looks different from imperfect hexagonal arrays present on the beetles. But when we stumbled upon the detailed
study of textures formed in a siloxane based oligomer carrying two mesogens published by Meister et al [54, 55],
the similarity between the textures reported by them to those observed in C. gloriosa was unmistakable [29]. In
synthetic samples of Meister et al [54, 55], the cholesteric texture formed can be preserved by quenching the
samples below glass transition.

The cuticle of many beetles (and crustaceans) is composed of chitin-protein complex [45]. Many
polysaccharides form rigid-rod like nanocrystals or microfibrils through interchain hydrogen bonding [70-75], and
their nanocrystal suspensions exhibit a cholesteric liquid crystalline phase [74]. During the formation of the cuticle
of beetles, over hundred proteins and other biomolecules interact with chitin (a polysaccharide based on N-acetyl-
B-D-glucosamine [76]) to produce microfibrils that self-organize to form cholesteric liquid crystals, eventually
resulting in observed morphology and in optics with a twist [45, 77-79]. The circular polarizing reflectors appear to
be limited to a narrow group of beetles, namely the Scarabaeidae family and further to the subfamilies such as
Rutelinae, Scarabaeidae and Cetoniinae[27]. Leaving aside the obvious, but poorly understood questions about
biological function of color (discussed later), we focus our attention to patterns observed in a scarab beetle called
C. gloriosa, with the aim of understanding its complex architecture and colors. Here, we describe how the origin of
metallic sheen and selective reflection of circularly polarized iridescence of this beetle lies in the interaction of light
with the patterns and microstructure formed by the cholesteric liquid crystal embedded in its exoskeleton.

3. Results and Discussion

In randomly polarized daylight, the scarab beetle C. gloriosa selectively reflects left-circularly polarized light
and possesses a brilliant metallic green appearance (see Fig. 1A). If left circularly polarized light is blocked by the
use of a right circular polarizer, the beetle ‘loses’ its characteristic bright green reflection [29-32]. The reflectance
of C. gloriosa beetle has a broad halo from 500-600 nm with two peaks at 530 (green) and 580 nm (yellow),
respectively. The body of the beetle when observed under a reflected light microscope consists of a richly
decorated mosaic of regularly spaced polygons that cover the entire cuticle of the beetle. When viewed in
brightfield microscopy (see Fig. 1B), the structure seems to consist of mostly hexagonal cells (~ 8-10 um), and
each cell has a bright yellow core surrounded by green. Similar cellular pattern has been observed for another jewel
beetle called P. boucardi [80]. To better understand the structure of the beetle exocuticle, we used a laser scanning
confocal microscopy (Leica TCS-SP) to reconstruct a three-dimensional map of the underlying structure using the
auto-fluorescence of the beetle. The fluorescence was excited by the 488nm laser line of an Argon ion laser. The
relief of the cells, when observed under high magnification, reveals itself to consist of bright and dark, nearly
concentric regions (Fig. 1C).

The auto-fluorescence response from the unidentified fluorophore present in the elytra is dependent on the
polarization state and intensity of incoming light. Hence the darker regions could point to either changing
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fluorophore orientation or to a change in the fluorophore concentration [81, 82]. The 3-D reconstruction of the
images suggests the former and it shows the existence of a microstructure of nested arcs and the cells seem to have
a conical protrusion at the center (Figure 2). The cells under the fluorescence microscopy exhibit nearly concentric
bands that are bright and dark which we attribute to the underlying structure of the exocuticle: the 3-D
reconstruction suggests the existence of nested arcs. In our previous report[29], we had concluded that the structure
that is found by confocal microscopy on the beetle exocuticle is completely analogous to the structure found on the
free surface of a synthetic cholesteric liquid crystal reported by Meister et al [54, 55] using AFM studies. A detailed
and careful survey of patterns reported for cholesteric liquid crystals reveals that the concentric circles apparent in
confocal microscope image (see Fig. 1C) are also observed in polypeptide dispersions reported by Robinson [41],
chitin and cellulose dispersions [70] as well as in certain conjugated polymers [83]. Historically scientists studying
liquid crystals as well as beetles have argued that it is not possible to cut these samples in a way, which does not
perturb the structure [54, 55, 84, 85]. According to Bouligand [84, 85], the surfaces produced by the freeze fracture
process for investigations with electron microscopy can possess a relief due to the anisotropic propagation of
fracture and due to the action of a microtome knife. As we imaged the three-dimensional microstructure of the
beetle elytra in a non-destructive fashion using confocal microscopy, the question of microtome-related artefacts
does not arise.

g RS
a 100x100%20.7 um, top 50x50 um, 100x, Reflection

50%50 um, 100x, Fluorescence d

Fig. 2: Fluorescence confocal microscopy images of the cellular exoskeleton of the beetle Chrysina gloriosa, obtained using excitation at
488nm. 3D reconstruction of the beetle microstructure is shown in (a). Side views (xz section) of the skeleton obtained in reflection mode (b)
and in fluorescence mode (c). The seemingly concentric bright/dark regions in Figure 1c are actually due to the multiple layers of bright/dark
regions in the shape of nest arcs, which eventually turn into a conical frame at the top. The apparently incomplete cones/spikes are located
behind the complete ones, hence not fully in focal plane resulting in such images. (d) Schematic of the microstructure of the nested arcs. The
shallow conical frame at the top is not sketched.

As the cellular organization on beetle exoskeleton appears to be hexagonally ordered, we decided to
characterize the extent of hexagonal order in patterns using Voronoi analysis, a method typically used in materials
science for patterns recognition and for modeling the properties of spatial structures [86] as well as studying phase
transitions and order in colloidal assemblies [87-89]. The Voronoi cell (or Dirichlet region) is the smallest convex
polygon surrounding a point, whose sides are perpendicular bisectors of lines between the point and its neighbors
[86]. We imaged different parts of the beetle with a reflectance microscope and mapped the centroids of cells using
Image pro. These datasets were used to construct Voronoi polygons using Matlab codes, as illustrated with an
example in Figure 3. The regular lattices of cells contain not only hexagonal cells but also cells that are pentagonal
and heptagonal. It was also noticed that, as the curvature of the beetle exocuticle increased, the number of
heptagons decreased a little and that of hexagons decreased more, while that of pentagons increased most [29]. In
other words, the more curved the surface of the beetle was, the more number of pentagons was found, thus leading
higher disorder with increasing curvature. While hexagonal packing affords the most efficient use of space on a
plane, defects (pentagons and heptagons) are essential for tessellating a curved surface, thus leading to higher
disorder of the structures on the head, thorax and the abdomen of the beetle due to the curved nature of the body of
the beetle. Research efforts in spherical crystallography [90-92] illustrate the importance of grain boundaries and
defects in creating minimum-energy configurations for the curved substrates. According to Nelson [91], the
energetic cost associated with creating defects scales as YR?, where Y is the two-dimensional Young’s modulus and
R is the curvature radius. Since the cost becomes substantial for systems with large R/a, (a is characteristic length:
e.g. the size of particles in a colloidosome) the system reduces this energy in one of two ways: A buckling
transition can occur for hollow spherical shells, thus rationalizing the faceted morphology of viruses [91].
Conversely, if surface tension limits the buckling out of the local tangent plane, disclinations can emanate grain
boundary scars as have been observed for particles packed on a spherical droplet, (a colloidosome) [90]. Thus in
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the context of C. gloriosa, the disordered hexagonal morphology (Figure 3) as well as shallow cone at the center of
every cell (Figure 2) are possibly a result of similar energy minimization.
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Fig. 3 a) Original image of cellular pattern obtained using the microscope. b) Image mask exposing the centroids. c) Voronoi analysis of a
section from the corresponding image. Pentagons are colored blue, heptagons are red and hexagons are white. The fraction of pentagons and
local disorder increase with curvature.

We have argued that the formation of cellular pattern, organization of chitin within the cuticle as well as the
shallow cone observed using confocal microscopy on this beetle are quite analogous to structural features reported
by Miester et al [54, 55]. In fact, Miester et al [54, 55] argued that the interplay between surface tension and the
anchoring and distortion energies results in the microstructure of the focal conic domains formed from a cyclic
siloxan oligomer bearing two mesogens, and visualized using atomic force microscopy and electron microscopy. In
presence of free surface where interface exists between a liquid crystal and isotropic phase, the surface reliefs can
appear. The creation of patterns, defects and disclinations at the free surface belong to a class of problems known as
free-boundary variational problems. Qualitatively, we can infer that the pattern observed on beetle exoskeleton is a
result of the influence of the anchoring conditions at free surface, in addition to the physiochemical properties of
chitin-protein suspension that self-organizes into cholesteric phase. Using suspensions made with chitin extracted
from purified shrimp and crab, Revol, Marchessault and coworkers [74] showed that characteristic chiral ordering
of cholesteric liquid crystals can be realized in vitro, and both helicoidal morphology and fingerprint-like pattern
are manifested. Similar observations have been reported for textures created from other polysaccharides [70, 72-
75]. Furthermore, the order is preserved in dried samples, though the periodicity (and pitch) changes on drying.
Thus the imperfect hexagonal array is indeed a focal conic texture produced by cholesteric liquid crystals, when
this equilibrium structure results from a competition between surface and bulk energy.

Having attributed the polygonal structure on the beetles to an array of focal conic defects, we next provide an
explanation for the iridescent colors. When unpolarized light is incident on the cholesteric helix, with the helical
axis oriented normal to the surface, it reflects 100% of the light with the same handedness. Unpolarized light can be
thought of as a mixture of left circularly polarized and right circularly polarized light, and therefore, light of the
same handedness (~ 50%) is reflected while the rest is transmitted. It should be pointed out that there is very little
absorption in a cholesteric fluid; however, that may not be the case for the beetle exocuticle. In focal conic textures
present in the beetle described here, light incident on the beetle interacts with nested arcs where the orientation of
helical structure is continuously changing. As was argued in our previous report [29], the optical properties of such
a structure are quite complicated [48, 93], and require a description corresponding to oblique incidence where
interaction of light with a perturbed focal conic texture embedded in a planar texture are considered. The red shift
in wavelength on increasing angle of incidence can be shown in an optical microscope (see Fig. 4) by either
varying aperture size in bright field mode or using dark field mode (where only obliquely incident rays are
allowed). The red shift is simply a result of locally satisfying pseudo-Bragg reflection at lower angle (alternatively,
for obliquely incident light on a helical structure that is not parallel to beetle surface, the local angle of incidence
becomes smaller and smaller as apparent angle at air-material interface is increased). In a recent study Agez et al
[93] used same oligomer as Meister et al[54, 55] and showed that longer annealing times lead to textures that are
artificial mimics of the morphology seen in C. gloriosa. Furthermore, the authors also found color contrast and
changes on angle of incidence consistent with our observations, and likewise they concluded that the spatial
distribution of color observed is due to variation in helical axis orientation with respect to the air-material interface.
Thus we surmise the patterns that are found on these beetles are largely a consequence of the array of focal conic
defects and the color is due to the selective reflection mediated by the defect array on the surface of Bouligand
structure. This explanation is ssomewhat different from that offered for color generation in other beetles /80, 94-
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96]. For example, both P. boucardi [80] and the New Zealand manuka beetle [94], the presence of chiral reflectors
with two different pitches was cited as responsible for color.

Fig. 4: Optical micrographs of C. gloriosa under microscope (A) bright field, open aperture or (B) bright field, closed aperture and (C) dark
field. Increasing the aperture size in bright field broadens the range of incident angles, and near-normal incidence is absent in dark field
illumination.

The perceived color of C. gloriosa is metallic green. We argue here that color mixing results in perception of
single color, for interaction of light with microstructure underlying different regions within each polygonal cell
produces a peak in intensity for very different colors (wavelengths) (see Fig. 4). There are a few other beetles and
butterflies that use color mixing to produce iridescent colors [1, 5]. The beetle Calidea panaethiopica exhibits a
complex color pattern that contains blue-green iridescent stripes. In this case the color is produced by a multilayer
structure that has tiny cups with the cups producing two different colors that are again color mixed to provide the
perception of a single color. Such is the case also with the butterfly Papilio palinurus; each wing scale is about 120
mm long with 5-10 um diameter bowls, each lined with a multilayers stack of alternating layers of chitin and air
[97, 98]. The distinct green color of the wing results from an additive color mixing of yellow and blue reflections.
The yellow colored reflection is from the center/bottom of the bowl and blue results from two reflections at 45" at
the edge of the bowl. It is remarkable that the natural world has a number of different but elegant solutions to
producing iridescent colors for a variety of purposes.

The progress in understanding of defects and optics of cholesteric liquid crystals as well as biological
analogues found in nature owes a huge debt to the elegant studies published by Yves Bouligand [42, 43, 49-53, 84,
85]. In fact, driven by the belief that Bouligand could have commented on the paper by Pace that identified cellular
patterns observed in C. gloriosa, we looked meticulously through all the papers published by him and found a
paragraph in a conference proceeding that corroborates our findings quite nicely [53]. (This paper was presented in
V International Liquid Crystal Conference: it does not appear on ISI Web of science or google scholar or among
papers citing Pace’s article). In 1975, Bouligand [53] did not have the kind of evidence that we provide, yet in his
characteristic style, he argues as to how and why morphogenesis can create polygonal fields generated on C.
gloriosa. Since Bouligand Structures underlie scarab beetle iridescence, we dedicate this manuscript to his memory
(see obituary [99]), and are convinced that the sheen of his work will continue to dazzle many scientists.

Insofar as the colors and circularly polarized reflection are created by an underlying cholesteric phase, one
might wonder about the purpose of such colors and the resulting polarization. In the text "Polarized Light in Animal
Vision" published in 2003, the authors reiterate this question by saying [35] "whether the eyes of these animals are
able to detect circularly polarized light...The answer is unknown". As for the purpose of detecting circularly
polarized light, they write, "the biological function, if any, of this phenomena is completely obscure." Questions
like these are just beginning to be answered. Brady and Cummings [100] studied the response of C. gloriosa toward
different light stimuli. They found that these beetles exhibit flight orientation that is dependent on the polarization
of the light thus showing that these beetles in fact are sensitive to circular polarization of the light. It is possible
that this sensitivity to circular polarization allows C. gloriosa to communicate in some fashion as the signals are
independent of their orientation. However, another study published by Miklos et al[101] challenges these results,
and concludes there is no evidence of circularly polarized light sensitivity in behavioral responses exhibited by
several scarab beetles. Though the perception of circularly polarized iridescence continues to be an unresolved
puzzle, it must be emphasized that the helicoidal structure formed provides the beetle with a material that has
exceptional structural, mechanical, chemical and thermal properties [45, 102, 103]. It is possible that the primary
objective of morphogenesis was creating body armor, but the formation of CLC textures spontaneously led to
spectacular colors.
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4. Summary and outlook

In brief, our report a) applies the Voronoi analysis to characterize the extent of order observed in optical
micrographs of the imperfect hexagonal pattern found on the beetle exoskeleton, and infers that disorder increases
with curvature (possibly to minimize the energetic cost of creating patterns on curved surfaces), b) uses non-
evasive confocal microscopy, and auto-florescence of exoskeleton to characterize the microstructure and
morphology of the exoskeleton of beetle, highlighting that these are similar to focal conic domains formed
spontaneously on the free surface of a cholesteric liquid crystals and c) deduces the basis for circularly polarized
iridescence of C. gloriosa, using measured optical response and analogy to optics of cholesteric liquid crystals.

There is a recent surge in interest in structural color, driven by the desire and need for multifunctional
properties, often requiring high degree of control over reflectivity and additional properties like wetting [104-108].
Furthermore, the sensitivity to changes in periodicity or refractive index contrast brought out by sorption of vapors
or solvents and say swelling-deswelling of microstructures responsible for structural color can be used for creating
sensors that respond to chemical, thermal or mechanical stimuli [109-111]. Recent advances in optical
characterization, synthesis and self-assembly, computer simulation as well as search for photonic and photovoltaic
materials are driving advances in design and realization of desirable optical properties in biomimetic and
bioinspired materials [106-108, 112-116]. The study of iridescent beetles shows there is rich complexity in
structural colors found in nature [68, 100, 117-119], and there are many unsolved problems yet related to the
specifics of how light interacts with micro and nanoscale patterns, including chiral structures as well as how these
patterns are produced in nature [6, 94, 114-120].

Acknowledgements: MS acknowledges support from the National Science Foundation under the grant DMR-
0907529. VS acknowledges support from the College of Engineering, University of Illinois at Chicago. We
dedicate this work to the memory of Jean-Pol Vigneron, and thank Phillippe Lambin and Karin Derochette for their
hospitality during the “Living Light 2014” conference in Namur, Belgium.

References

[1] M. Srinivasarao, Chemical Reviews, 99 (1999) 1935-1961.

[2] S. Bertheier, Iridescences: The Physical Color of Insects, Springer2007.

[3] A.R. Parker, Journal of Optics a-Pure and Applied Optics, 2 (2000) R15-R28.

[4] S. Kinoshita, S. Yoshioka, J. Miyazaki, Reports on Progress in Physics, 71 (2008) 076401.

[5] P. Vukusic, J.R. Sambles, Nature, 424 (2003) 852-855.

[6] V. Saranathan, C.O. Osuji, S.G. Mochrie, H. Noh, S. Narayanan, A. Sandy, E.R. Dufresne, R.O. Prum,
Proceedings of the National Academy of Sciences, 107 (2010) 11676-11681.

[7] L.P. Biro, J.-P. Vigneron, Laser & Photonics Reviews, 5 (2011) 27-51.

[8] H. Ghiradella, Applied Optics, 30 (1991) 3492-3500.

[9] H. Ghiradella, D. Aneshansley, T. Eisner, R.E. Silberglied, H.E. Hinton, Science, 178 (1972) 1214-1217.
[10] J.P. Vigneron, J.-F. Colomer, M. Rassart, A.L. Ingram, V. Lousse, Physical Review E, 73 (2006) 021914.
[11] C.H. Greenewalt, W. Brandt, D.D. Friel, Proceedings of the American Philosophical Society, (1960) 249-253.
[12] C.H. Greenewalt, Hummingbirds, Courier Dover Publications1960.

[13] H. Ghiradella, Applied Optics, 30 (1991) 3492-3500.

[14] S. Vignolini, P.J. Rudall, A.V. Rowland, A. Reed, E. Moyroud, R.B. Faden, J.J. Baumberg, B.J. Glover, U.
Steiner, Proceedings of the National Academy of Sciences, 109 (2012) 15712-15715.

[15] B.J. Glover, H.M. Whitney, Annals of Botany, 105 (2010) 505-511.

[16] A.R. Parker, Journal of Experimental Biology, 201 (1998) 2343-2347.

[17] MLF. Land, Progress in Biophysics and Molecular Biology, 24 (1972) 75-106.

[18] S. Vignolini, E. Moyroud, B.J. Glover, U. Steiner, Journal of The Royal Society Interface, 10 (2013)
20130394.

[19] P. Vukusic, D.G. Stavenga, Journal of the Royal Society Interface, 6 (2009) S133-S148.

[20] J.-P. Vigneron, P. Simonis, Advances in Insect Physiology, 38 (2010) 181-218.

[21] S.M. Doucet, M.G. Meadows, Journal of The Royal Society Interface, 6 (2009) S115-S132.



Vivek Sharma et al. / Materials Today: Proceedings 1S (2014) 161 — 171 169

[22] C.V. Boys, Soap Bubbles: Their Colours and the Forces which Mould Them, 1916.

[23] C.W. Mason, The Journal of Physical Chemistry, 31 (1927) 1856-1872.

[24] G. Wyszecki, W.S. Stiles, Color Science, Wiley New York1982.

[25] H. Onslow, Philosophical Transactions of the Royal Society of London. Series B, 211 (1923) 1-74.

[26] L. Rayleigh, Proceedings of the Royal Society of London. Series A, 103 (1923) 233-239.

[27] A.E. Seago, P. Brady, J.-P. Vigneron, T.D. Schultz, Journal of The Royal Society Interface, 6 (2009) S165-
S184.

[28] L. Rayleigh, Proceedings of the Royal Society of London. Series A, 128 (1930) 624-641.

[29] V. Sharma, M. Crne, J.O. Park, M. Srinivasarao, Science, 325 (2009) 449-451.

[30] D.H. Goldstein, Applied Optics, 45 (2006) 7944-7950.

[31] A. Pace, Science, 176 (1972) 678-&.

[32] S. Caveney, Proceedings of the Royal Society of London. Series B, Biological Sciences, (1971) 205-225.
[33] M.F. Land, D.-E. Nilsson, Animal Eyes, Oxford University Press2012.

[34] N. Wade, M. Swanston, Visual Perception: An Introduction, Psychology Press2013.

[35] G. Horvath, D. Varju, Polarized Light in Animal Vision: Polarization Patterns in Nature, Springer2004.
[36] P.A. Buser, M. Imbert, The MIT Press1992.

[37] L. Chittka, J. Walker, Optics & Laser Technology, 38 (2006) 323-328.

[38] A.D. Briscoe, L. Chittka, Annual Review of Entomology, 46 (2001) 471-510.

[39] K. Jarrendahl, H. Arwin, Polarizing Natural Nanostructures, Ellipsometry of Functional Organic Surfaces and
Films, Springer2014, pp. 155-169.

[40] A.A. Michelson, Philos. Mag. , 21 (1911) 554-567.

[41] C. Robinson, Molecular Crystals and Liquid Crystals, 1 (1966) 467-494.

[42] Y. Bouligand, Journal of Microscopy-Oxford, 6 (1967) A41-&.

[43] Y. Bouligand, Tissue and Cell, 4 (1972) 189-217.

[44] A.C. Neville, S. Caveney, Biological Reviews of the Cambridge Philosophical Society, 44 (1969) 531-&.
[45] A.C. Neville, Biology of Fibrous Composites: Development beyond the Cell Membrane, Cambridge
University Press, Cambridge, 1993.

[46] P.G. de Gennes, J. Prost, The Physics of Liquid Crystals, 2nd ed., Oxford University Press, USA1995.
[47] P. Oswald, P. Pieranski, Nematic and Cholesteric Liquid Crsytals, Taylor & Francis, Boca Raton, 2005.
[48] V.A. Belyakov, V.E. Dmitrienko, Optics of Chiral Liquid Crystals, Harwood Academic Publishers, New
York, 1989.

[49] Y. Bouligand, Comptes Rendus Chimie, 11 (2008) 281-296.

[50] Y. Bouligand, F. Livolant, Journal De Physique, 45 (1984) 1899-1923.

[51] P. Bourgine, A. Lesne, Morphogenesis: Origins of Patterns and Shapes, Springer2010.

[52] Y. Bouligand, Journal De Physique, 33 (1972) 715-&.

[53] Y. Bouligand, Journal De Physique Colloque, 36 (1975) C1-331-C331-336.

[54] R. Meister, H. Dumoulin, M.-A. Hallé, P. Pieranski, Journal de Physique II, 6 (1996) 827-844.

[55] R. Meister, M.A. Halle, H. Dumoulin, P. Pieranski, Physical Review E, 54 (1996) 3771-3782.

[56] R. Hooke, Micrographia, London, 1667.

[57] I. Newton, Royal Society of London, (1704).

[58] L. Rayleigh, Philosophical Magazine, 37 (1919) 98-111.

[59] E. Motte-Florac, J.M.C. Thomas, Les Insectes Dans La Tradition Orale/Insects In Oral Literature And
Traditions, David Brown2004.

[60] A.A. Michelson, Philosophical Magazine, 21 (1911) 554-567.

[61] A.A. Michelson, Studies in Optics, The University of Chicago Press, Chicago, 1927.

[62] P. Gaubert, Compt. Rend, 179 (1924) 1148-1150.

[63] J. Mathieu, N. Faraggi, Compt. Rend, 205 (1937) 1378-1380.

[64] M.G. Friedel, Les états mésamorphes de la matiere, 1922.

[65] H. de Vries, Acta Crystallographica, 4 (1951) 219-226.

[66] C. Mauguin, Bull. Soc. Fr. Mineral, 34 (1911) 71-117.

[67] D. Dunmur, T. Sluckin, Soap, Science and Flat-Screen TVs: A History of Liquid Crystals, Oxford University
Press2010.

[68] H. Arwin, R. Magnusson, J. Landin, K. Jarrendahl, Philosophical Magazine, 92 (2012) 1583-1599.



170 Vivek Sharma et al. / Materials Today: Proceedings 1S (2014) 161 — 171

[69] M. Kleman, O.D. Lavrentovich, Soft Matter Physics: an Introduction, Springer-Verlag Inc., New York, 2003.
[70] D.G. Gray, Carbohydrate Polymers, 25 (1994) 277-284.

[71] M.-M. Giraud-Guille, Current Opinion in Solid State and Materials Science, 3 (1998) 221-227.

[72] J.-F. Revol, H. Bradford, J. Giasson, R. Marchessault, D. Gray, International Journal of Biological
Macromolecules, 14 (1992) 170-172.

[73] J.-F. Revol, L. Godbout, X.-M. Dong, D.G. Gray, H. Chanzy, G. Maret, Liquid Crystals, 16 (1994) 127-134.
[74] J.-F. Revol, R. Marchessault, International Journal of Biological Macromolecules, 15 (1993) 329-335.

[75] A.D. Rey, E.E. Herrera - Valencia, Biopolymers, 97 (2012) 374-396.

[76] S. Dumitriu, Polysaccharides: Structural Diversity and Functional Versatility, CRC Press2012.

[77] M.-M. Giraud-Guille, International Review of Cytology, 166 (1996) 59-101.

[78] H. Merzendorfer, L. Zimoch, Journal of Experimental Biology, 206 (2003) 4393-4412.

[79] M.-M. Giraud-Guille, Y. Bouligand, Chitin-protein molecular organization in arthropod, Chitin in Nature and
Technology, Springer1986, pp. 29-35.

[80] S.A. Jewell, P. Vukusic, N.W. Roberts, New Journal of Physics, 9 (2007).

[81] O.D. Lavrentovich, Pramana-Journal of Physics, 61 (2003) 373-384.

[82] J. Zhou, J.O. Park, G. De Luca, A.D. Rey, M. Srinivasarao, Physical Review Letters, 97 (2006) 157801.

[83] H. Goto, K. Akagi, Macromolecules, 38 (2005) 1091-1098.

[84] Y. Bouligand, Tissue and Cell, 18 (1986) 621-643.

[85] Y. Bouligand, Journal De Physique Colloque, 30 (1969) C 4-90 - C 94-103.

[86] A. Okabe, B. Boots, K. Sugihara, S.N. Chiu, Spatial Tessellations: Concepts and Applications of Voronoi
Diagrams, John Wiley & sons, Inc., New York, 2000.

[87] L. Song, V. Sharma, J.O. Park, M. Srinivasarao, Soft Matter, 7 (2011) 1890-1896.

[88] A. Van Blaaderen, P. Wiltzius, Science, (1995) 1177-1177.

[89] C.A. Murray, W.O. Sprenger, R.A. Wenk, Physical Review B, 42 (1990) 688.

[90] A.R. Bausch, M.J. Bowick, A. Cacciuto, A.D. Dinsmore, M.F. Hsu, D.R. Nelson, M.G. Nikolaides, A.
Travesset, D.A. Weitz, Science, 299 (2003) 1716-1718.

[91] D.R. Nelson, in: F. Mallamace, H.E. Stanley (Eds.) The Physics Of Complex Systems: New Advances And
Perspectives: Proceedings of International School of Physics Enrico Fermi, IOS Press2004.

[92] V. Vitelli, J.B. Lucks, D.R. Nelson, Proceedings of the National Academy of Sciences of the United States of
America, 103 (2006) 12323-12328.

[93] G. Agez, R. Bitar, M. Mitov, Soft Matter, 7 (2011) 2841-2847.

[94] L. De Silva, I. Hodgkinson, P. Murray, Q.H. Wu, M. Arnold, J. Leader, A. McNaughton, Electromagnetics, 25
(2005) 391-408.

[95] S. Lowrey, L. De Silva, I. Hodgkinson, J. Leader, Journal of the Optical Society of America a-Optics Image
Science and Vision, 24 (2007) 2418-2425.

[96] D.J. Brink, N.G. van der Berg, L.C. Prinsloo, I.J. Hodgkinson, Journal of Physics D-Applied Physics, 40
(2007) 2189-2196.

[97] M. Crne, V. Sharma, J. Blair, J.O. Park, C.J. Summers, M. Srinivasarao, EPL (Europhysics Letters), 93 (2011)
14001.

[98] P. Vukusic, J.R. Sambles, C.R. Lawrence, Nature, 404 (2000) 457-457.

[99] J. Charvolin, J.-F. Sadoc, Interface Focus, 2 (2012) 567-574.

[100] P. Brady, M. Cummings, The American Naturalist, 175 (2010) 614-620.

[101] M. Blahd, A. Egri, R. Hegediis, J. J6svai, M. Té6th, K. Kertész, L.P. Bird, G. Kriska, G. Horvéth, Physiology
& Behavior, 105 (2012) 1067-1075.

[102] J.F. Vincent, U.G. Wegst, Arthropod Structure & Development, 33 (2004) 187-199.

[103] S.O. Andersen, Annual Review of Entomology, 24 (1979) 29-59.

[104] Z.Z. Gu, H. Uetsuka, K. Takahashi, R. Nakajima, H. Onishi, A. Fujishima, O. Sato, Angewandte Chemie
International Edition, 42 (2003) 894-897.

[105] O. Sato, S. Kubo, Z.-Z. Gu, Accounts of Chemical Research, 42 (2008) 1-10.

[106] S. Nishimoto, B. Bhushan, RSC Advances, 3 (2013) 671-690.

[107] A.R. Parker, H.E. Townley, Nature Nanotechnology, 2 (2007) 347-353.

[108] Y. Zhao, Z. Xie, H. Gu, C. Zhu, Z. Gu, Chemical Society Reviews, 41 (2012) 3297-3317.

[109] C.M. Eliason, M.D. Shawkey, Optics Express, 18 (2010) 21284-21292.



Vivek Sharma et al. / Materials Today: Proceedings 1S (2014) 161 — 171

[110] R.A. Potyrailo, H. Ghiradella, A. Vertiatchikh, K. Dovidenko, J.R. Cournoyer, E. Olson, Nature Photonics, 1
(2007) 123-128.

[111]J. Ge, Y. Yin, Angewandte Chemie International Edition, 50 (2011) 1492-1522.

[112] K.E. Shopsowitz, H. Qi, W.Y. Hamad, M.J. MacLachlan, Nature, 468 (2010) 422-425.

[113] J.A. Kelly, M. Giese, K.E. Shopsowitz, W.Y. Hamad, M.J. MacLachlan, Accounts of Chemical Research, 47
(2014) 1088-1096.

[114] G.E. Schroder-Turk, S. Wickham, H. Averdunk, F. Brink, J.D. Fitz Gerald, L. Poladian, M.C.J. Large, S.T.
Hyde, Journal of Structural Biology, 174 (2011) 290-295.

[115] M. Saba, M. Thiel, M.D. Turner, S. Hyde, M. Gu, K. Grosse-Brauckmann, D.N. Neshev, K. Mecke, G.E.
Schroder-Turk, Physical Review Letters, 106 (2011) 103902.

[116] M.D. Turner, M. Saba, Q. Zhang, B.P. Cumming, G.E. Schréder-Turk, M. Gu, Nature Photonics, 7 (2013)
801-805.

[117]J. Sun, B. Bhushan, RSC Advances, 2 (2012) 12606-12623.

[118] L. Fernandez del Rio, H. Arwin, K. Jarrendahl, Thin Solid Films, (2013).

[119] C. Pouya, D.G. Stavenga, P. Vukusic, Optics Express, 19 (2011) 11355-11364.

[120] S.T. Hyde, Interdisciplinary Science Reviews, 38 (2013) 12-34.

171



