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Photonic structures in ordered, quasi-ordered or disordered forms have evolved across
many different animal and plant systems. They can produce complex and often
functional optical responses through coherent and incoherent scattering processes,
often too, in combination with broadband or narrowband absorbing pigmentation.
Interestingly, these systems appear highly tolerant of faults in their photonic structures,
with imperfections in their structural order appearing not to impact, discernibly, the
systems’ optical signatures. The extent to which any such biological system deviates
from presenting perfect structural order can dictate the optical properties of that
system and, thereby, the optical properties that system delivers. However, the nature
and extent of the optical costs and benefits of imperfect order in biological systems
demands further elucidation. Here, we identify the extent to which biological photonic
systems are tolerant of defects and imperfections. Certainly, it is clear that often
significant inherent variations in the photonic structures of these systems, for instance
a relatively broad distribution of lattice constants, can consistently produce what appear
to be effective visual appearances and optical performances. In this article, we review
previously investigated biological photonic systems that present ordered, quasi-ordered
or disordered structures. We discuss the form and nature of the optical behaviour of
these structures, focusing particularly on the associated optical costs and benefits
surrounding the extent to which their structures deviate from what might be considered
ideal systems. Then, through detailed analyses of some well-known 1D and 2D
structurally coloured systems, we analyse one of the common manifestations of
imperfect order, namely, the extent and nature of positional disorder in the systems’
spatial distribution of layers and scattering centres. We use these findings to inform
optical modelling that presents a quantitative and qualitative description of the optical
costs and benefits of such positional disorder among ordered and quasi-ordered 1D
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and 2D photonic systems. As deviation from perfectly ordered structures invariably limits
the performance of technology-oriented synthetic photonic processes, we suggest that
the use of bio-inspired fault tolerance principles would add value to applied photonic
technologies.

Introduction

Animal and plant colour appearances most often result from spectrally selective
pigments or from what are commonly known as structural colour mechanisms or
from a combination of these. Specifically, structural colours arise from the
interaction of incident light with physical structures embedded in or on the
system in question."™ They are invariably responsible for the brightest and most
conspicuous colour appearances and can give rise to other interesting optical
phenomena such as iridescence and polarisation-dependent reflectance. Such
physical structures comprise elements possessing alternating higher and lower
refractive indices on a scale commensurate with visible wavelengths (i.e., a few
hundred nanometres). In some biological systems, these structures appear highly
periodic, sometimes three-dimensionally, and in such cases, are referred to, or
modelled as, photonic crystals. However, most frequently encountered in bio-
logical systems are thin films, multilayers, diffraction gratings, and quasi-ordered
and disordered structures. Photonic structures have been identified as a common
feature in diverse structurally coloured biological systems, some dating to more
than 500 million years,>* for instance: in molluscs,>® in fish,”® in amphibians,’ in
reptiles,’®'* in mammals,” in birds, in arachnids,
bacterial colonies,**** and in plants.***

Perfectly periodic photonic crystals are idealised structures. From a theoretical
perspective, they should be periodic along either one, two or three dimensions
and have an infinite size. In biological systems, photonic structures are neither
perfectly ordered nor spatially very large. Many photonic structures appear highly
periodic on first inspection, exhibiting what appear to be only small variations
from a perfect lattice due to their physical morphology; such variations manifest
via positional disorder, size disorder or shape disorder of the scattering elements,
irregular interfaces or defects in the refractive index of the materials. Such
imperfections have been ascribed to cellular noise during morphogenesis.***° For
example, the long-studied butterflies from the Morpho genus, one of the arche-
types for research related to structurally coloured insects,******** are known for
their striking blue iridescent colours. These are produced by their wings, in which
longitudinal ridges run parallel to the main axis of the upper lamina. The ridges
comprise several lamellae, spaced such that they form effective multilayer
reflectors that confer distinct periodic profiles to the (Christmas tree-like) cross-
sections. Despite the appearance of strong periodic order in these structures,
demonstrable structural irregularity and elements of disorder persist in variables
associated with the ridge alignment, ridge heights and the lamellar period.**™**
The consequences of these relatively low measures of structural irregularity, or
disorder, in Morpho typically translate to lower peak reflectance, broader spectral
reflectance, a wider solid-angle in which light scattering takes place (namely,
more diffuse reflectance) and a weakening of iridescence, the former two result-
ing visually in a less saturated colour appearance. Studies confirm that various
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degrees of disorder prevail, sometimes concurrently, among a range of biological
systems.*>*%->%

Unexpectedly, disordered structures can also enhance reflectance.®** One
example is the silvery appearance of the skins of certain fishes, which is due to
guanine platelets in the cytoplasm of cells called iridophores.**** These structures
form multiple localised multilayer reflectors. In the case of two species in the
family Trichiuridae, the thickness of each layer was described as random over
a given interval, resulting in a so-called “chaotic” reflector displaying high
reflectance in the visible spectrum.> Another example lies in the epicuticular wax
structures occurring on Tradescantia pallida “purpurea” leaves. They were shown
to reflect incident light strongly at yellow wavelengths, thus producing a golden
shine.*® Conversely, biological systems that actively enhance transparency have
also been described. For instance, Greta spp. butterflies are known for their highly
transparent non-scale-bearing wings.””*® Surface structures described as close-
packed thin pillars with cone-shaped pedestals cover the wing membranes.
These cones are positioned in a quasi-ordered arrangement. Owing to an
impedance matching mechanism between the wing material and the surrounding
air, they suppress light reflection from the wings, acting as antireflectors. In the
case of the G. oto butterfly, it was demonstrated that the random height distri-
bution of these pillars helped to increase wing transparency irrespective of the
observation angle.*®

For the purposes of this work, we propose classifying biological structurally
coloured systems, including those with black or white appearances, into three
different regimes: (1) highly ordered photonic systems, (2) quasi-ordered
photonic systems and (3) disordered photonic systems.

Strong coherent scattering by highly periodic photonic crystals gives rise to
photonic bandgaps, i.e., wavelength ranges within which light cannot propagate
through the system and is therefore strongly reflected.**** The extent to which
light propagation is supported or inhibited is a function of several variables, such
as the incident wavelength, the angles of incidence and observation, the number
of periods and the refractive index contrast. In the absence of light absorption by
the system, photonic crystals that have a sufficiently large number of periods and
refractive index contrast can achieve 100% reflectance for wavelengths corre-
sponding to the system bandgap.

Compared to perfectly ordered photonic structures, quasi-order is charac-
terised by the partial absence of organisation in a system’s physical morphology.
Examples in biological photonic systems include scattering elements or layers
that are unimodal in size and interscatterer distance but exhibit a general lack of
spatial organisation, as defined in Prum and co-workers’ seminal papers,'*'*¢>%
but we also include among quasi-ordered systems those exhibiting spatial orga-
nisation with scattering elements that are not unimodal in size or whose nearest
neighbour distances have a distribution of values rather than a single value.
Optical coherent scattering from quasi-ordered structures can produce vivid
colours if there is sufficient order; however, quasi-ordered structurally coloured
systems tend to exhibit reduced or no discernible iridescence.'**¢>63

On the other hand, the interaction of incident light with disordered structures
gives rise to incoherent scattering. Systems comprising groups of scattering
centres, for instance, particles with sizes comparable to visible incident wave-
lengths, scatter light indiscriminately, with the result that any colours produced
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are non-iridescent. In this size regime, Mie scattering theory predicts the response
of spherical scatterers.®**® Two well-known classical examples of Mie scattering
are the white colours of clouds and snow. For non-spherical particles, no exact
solutions can be calculated analytically using the T-matrix method.*” Scattering by
particles smaller than the wavelength is predicted by Rayleigh scattering
theory.®®*” Rayleigh scattering is recognised as the underlying mechanism
explaining celestial colours, that is blue during the day, red-shifting at sunset or
sunrise and the “green flash”.”* Recently, UV reflectance peaks from poultry
eggshells were attributed to Mie backscattering caused by spherical pores.”

In addition, biological photonic systems are known to exhibit structural
disorder at longer length scales, such as on the micrometric scale. This creates
multilength-scale optical effects, such as additive colour mixing and the mini-
misation of iridescence. For instance, many arthropods, including butterflies and
beetles, conventionally display structural colours that originate from intra-wing-
scale structures that can exhibit various photonic structures at different length
scales.”*?* Where they occur, elements associated with micrometric disorder
often manifest as misalignment or disorientation within the arrays of juxtaposed
scales,*>**”% or as the close juxtaposition of differently oriented photonic crystal
domains, lattice parameters or morphologies.?***7%7>

Many aspects of disorder can be characterised using a statistical approach
relying on measurements of physical features, for example: the distances between
scattering centres, their sizes and shapes (e.g., number of sides or ellipticity), or
their orientations, radial distribution functions or structure factors.’*°>>*7¢7% In
this paper, we suggest that the distributions of these measured quantities
represent a useful measure of the extent of a system’s disorder. For some systems,
a measure of structural entropy has been defined.>” For instance, in the cases of
the Chrysina gloriosa’ and Eupholus magnificus®* beetles, optical and electron
micrographs were used to characterise the extent of polygonal order. To this end,
the number of nearest neighbours of each lattice point was analysed using
a method suited to structural pattern analysis, namely, Voronoi diagrams.®***
This approach divides the micrographs into polygons, called “cells”. Thus, the
structural entropy S was defined as

- P, In(P,)

§= In N ’

where P, represents the ratio of polygons with n sides and N denotes the number
of types of different-sided polygons. A perfectly ordered structure exhibits an
entropy S tending to 0, whereas a disordered structure corresponds to an entropy
tending to 1. Another method that has been used to highlight disorder, and its
extent, in biological photonic systems comprises the computation of 2D-Fast
Fourier Transforms (FFTs) of electron micrographs. This enables a structure’s
spatial frequencies to be calculated. For micrographs corresponding to perfectly
ordered structures, 2D-FFTs exhibit regular and highly symmetric patterns of
discrete points.””*’® By contrast, the 2D-FFTs of the micrographs of quasi-
ordered structures produce more complex and continuous patterns in which,
typically, distinct ring-like high intensity features are centred around one spatial
frequency (0 m~", 0 m~ ") and surrounded by higher levels of noise.”* These
circular shell-shapes in k-space are sometimes referred to as k-shells.* Finally, for
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structures possessing high levels of disorder, the 2D-FFTs processed from
micrographs typically comprise a filled disk, with an absence of discernible
features, centred at (0 m~", 0 m ™).

Given the myriad factors involved in, and variables associated with, the
formation and growth of biological material, imperfect structural order in
systems adapted for optical purposes is understandable if not inevitable.
However, it may be more than a by-product of morphogenetic processes. There is
strong evidence to suggest that specific forms of quasi-order may have evolved
through natural selection to perform distinct functional roles, such as in inter- or
intra-specific visual communication. For example, Prum et al. have described
non-iridescent structurally coloured caruncles, comprising quasi-ordered
photonic structures, in phylogenetically distinct bird species, indicating
multiple instances of independent evolution.®® Moreover, Moyroud et al. posited
that the extent of disorder in the optical structures among the petals of angio-
sperms demonstrates convergent evolution.” They reported structures
comprising parallel striations in the cuticle on the epidermis of the petal, which
diffract light and lead to directional scattering in the UV and blue wavelength
regions. In this case, the quasi-order is associated with the size and the spacing of
the striations within single organs, and was shown to contribute significantly to
the diffraction effect, thereby enhancing pollinator signalling.

Despite significant progress over three decades in the understanding and
fabrication of synthetic photonic crystals,®®® imperfections and defects still
remain critical limiting factors for many technological applications in photonics.
In manufactured photonic structures, imperfections and variations in the size or
shape of scattering centres, or in their positional order, arising from limitations
of the fabrication processes, are unwanted occurrences as defect-induced optical
scattering often reduces the performance efficiency of photonic devices.

We propose that naturally evolved photonic systems can provide valuable
insights into the optical costs and benefits of deviating from perfectly periodic
photonic structures. Crucially, one specific and particularly interesting feature
associated with biological photonic structures is their tolerance to morphological
imperfections and unintended imperfect order, as evidenced by their functional
optical adaptations. This ascribed tolerance lends increased resilience to their
related functional optical effects which, arguably, are thereby cheaper to deliver.
Invariably, despite systems’ major photonic defects and deviation away from
perfect periodicity, the visual appearances of structurally coloured biological
systems and their related adapted functions are reproduced effectively by all but
the most outlying specimens of a given species. This tolerance to faults or
imperfect structural periodicity is, we suggest, particularly valuable from the
perspective of applied bioinspired technologies. Therefore, biological photonic
structures have the potential to form a basis for enhancing the resilience of
manufacturability of future applications and devices. An example of this relates to
optical anti-counterfeiting devices.*”

This article reviews some key examples of natural photonic structures that
exhibit various extents of quasi-order and disorder. Furthermore, we use analyses
of 1D and 2D photonic crystal structures to inform optical modelling with the
intention of providing a platform to evaluate the optical costs and benefits of
positional disorder among ordered and quasi-ordered structures.
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Ordered gyroids in butterfly scale bodies

Butterfly species including Callophrys rubi,*®*** Parides sesostris,”>**°® Teinopalpus
imperialis,®>***” Cyanophrys remus,”*’** Callophrys gryneus (formerly known as
Mitoura gryneus),”>*>*® Callophrys dumetorum,”®>°® Cyanophrys herodotus®® and
Thecla opisena®® exhibit complex 3D photonic crystal structures incorporated
within the lumens of scales covering regions of their wings (Fig. 1). These
structures have been modelled as single gyroid structures with different filling
fractions and lattice parameters.’®*® Gyroids are intricate structures divided into
two regions that are complexly interlaced and separated by a bicontinuous triply
periodic minimal surface. Mathematically, the surface defining a gyroid can be
described by the function:

F(X, Y, Z)=sin Xcos Y+ sin Ycos Z+ cos Xsin Z =¢,

where the parameter ¢ represents the filling fraction, X = 27x/a, Y = 2mwy/a and Z =
2mz/a, where x, y and z are the space coordinates and a is the lattice parameter.”® The
material is assumed to be chitin where F(X, Y, Z) < ¢ and air where F(X, Y, Z) = ¢. The
resulting structure exhibits a body-centred cubic symmetry that scatters specific
bands of wavelengths in particular directions, thus producing a relatively complex
colour profile. The high degree of structural order associated with the gyroid
morphology has been confirmed for the scales of certain butterfly species using 2D-
FFTs of electron micrographs (Fig. 1c). In some species, multiple juxtaposed and
differently oriented domains of the same gyroid structure abound, frequently
neighbouring each other within a single scale. These domains correspond to several
crystallographic orientations and typically have dimensions measuring a few
microns, which relate directly to the spatial coherence length. The close juxtaposition
of these domains effectively creates polycrystals and suppresses iridescence through
additive colour mixing.”**® The vast majority of butterfly species for which gyroids
have been identified exhibit diffuse, unsaturated and non-iridescent green hues.

Order and quasi-order in beetle scale bodies

The bodies and elytra of many weevils and longhorn beetles are adorned with
scales, showcasing a multifarious colour palette adapted for diverse environ-
mental pressures. Numerous weevils, including Pachyrrhynchus congestus pav-
onius,*>'*  Lamprocyphus augustus,'*'*> Entimus imperialis,”>'****” Eupholus
cuvieri,'*® Eupholus magnificus® and Phyllobius/Polydrusus sp.,'* exhibit ordered
photonic crystal structures (Fig. 2). As with the gyroid morphology discussed in
the previous section, these structures have also been described as two interlaced
regions divided by a bicontinuous triply periodic minimal surface. However, this
surface has been characterised as a diamond structure,®°*** the mathematical
representation of which is

FX, Y, Z)=cos Zsin(X+ Y)+sinZcos(X— Y)=rt.

Typically, such biological photonic structures exhibit high periodicity and
regularity (Fig. 2d, 3a and b), which is confirmed by 2D-FFTs of their electron
micrographs, as shown here for the yellow-green scales of E. magnificus (Fig. 3c).
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Fig.1 For scales covering the dorsal wings of Cyanophrys remus, scale lumens comprise gyroid
photonic structures that give rise to regular patterns in 2D-FFT analysis. Both SEM (a) and TEM (b)
observations (of the top view and a cross-section, respectively) reveal the presence of ridges
separated by cross-ribs in the upper lamina of the scale. Visible through the windows, formed by
the ridges and cross-ribs, are highly ordered photonic structures (seen here as a hexagonal lattice
of small holes) that were demonstrated to be gyroid structures. Different periodic patterns can be
observed: (1) parallel ridges; (2) parallel rows of windows and (3) hollow pattern in the gyroid
structure. The dotted white lines correspond to the axes of the hexagonal lattice of small holes. A
2D-FFT of the SEM image of the top view exhibits a regular pattern (c). White relates to null
intensity and black to maximal intensity. A line of peaks forming a 23° angle with the vertical
direction passes through (0 pm™2, 0 pum™). These peaks are separated by a distance Ak = 3.64
um~tand correspond to the parallel ridges (interspacing of 1726 nm angled at 23° with respect to
the horizontal direction). 11.01 pm™~* from these aligned peaks (to the left and the right), two
strong blurred parallel lines of peaks are observed. These correspond to the windows (inter-
spacing of 566 nm). The blurring is due to the lack of uniformity in the size of these windows. Two
more blurred lines of second-harmonic peaks are also observed. The numbers O to 6 highlight
the peaks of a hexagonal lattice of small holes observed from the gyroid structure. The pattern is
symmetrical. The 35.9 um~L distance between 1-6 and 0 corresponds to the 175 nm spacing of
adjacent holes. The central line O is repeated 6 times along the hexagonal lattice with no apparent
additional blurring. This means the hexagonal lattice has long-range order and is coherent.
Reproduced from ref. 74, with permission from the American Physical Society (APS).
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Fig.2 The matt green non-iridescent colour in the elytral pits of the E. imperialis weevil (a)
is due to scales displaying brilliant colours ranging from blue to orange (b and c). Complex
triply periodic bicontinuous networks exhibiting diamond symmetry are found within
these scales (d). The juxtaposition of several domains with different crystallographic
orientations contributes to additive colour mixing by a multilength-scale effect. Repro-
duced from ref. 75.

The spatial distribution of the intensity spots in the 2D-FFT image (Fig. 3c) can be
associated with an element of positional disorder. Furthermore, similar to the
gyroid structures identified in several of the aforementioned butterflies (e.g., P.
sesostris, C. rubi or C. remus), many weevils have intra-scale juxtaposed domains
with different crystallographic orientations that lead to additive colour mixing
(Fig. 2).7>19>1%¢ This effect is particularly striking for E. imperialis, whose crystal
domains are large enough to be resolved (just) by the naked eye. Consequently,
the elytral pits in which the weevil’s vividly coloured scales are concentrated
display a distinctive pointillistic appearance. The non-iridescent matt green
colour of this weevil arises from the additive, and thereby averaging, effect of
combining many brilliantly coloured photonic domains, ranging from blue to
orange, with typical lengths of 30 pm and intra-domain periodicities of approxi-
mately 200 nm.

Interestingly, in addition to lateral bands of yellow-green scales, E. magnificus
also displays lateral bands of blue scales spanning its elytra. In direct contrast to
the highly ordered photonic structures in the scales from the yellow-green
regions, the colour of the blue scales is produced by quasi-ordered structures
(Fig. 3d and e). A 2D-FFT of an electron micrograph of these structures produces
an intensity pattern (Fig. 3f) that reveals their quasi-order.

Other structures in beetle scales have also been identified, including gyroids,
close-packed spheres, perforated multilayers and inverse columns?®3>110113
These structures also exhibit various ranges of disorder. For instance, Bermudez-
Urena et al. highlighted the presence of various extents of disorder in structurally
coloured scales of the Sulawesiella rafaelae longhorn beetle.*” This beetle displays
green, orange and turquoise hues due to perforated multilayer structures (Fig. 4A—-
C). Differing distributions in the layer orientations give rise to variable iridescence
and scattering properties (Fig. 4D-F). The authors also calculated 2D-FFTs of
scanning electron microscopy (SEM) images of scale cross-sections (insets in
Fig. 4D-F). The green scales, with the narrowest layer orientation distribution,
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Fig. 3 E. magnificus weevils exhibit bands of yellow-green (a and b) and blue (d and e)
scales on their elytra. In the yellow-green scales, a highly ordered 3D photonic structure is
observed in each domain (a and b). This structure is modelled by a triply periodic bicon-
tinuous network with a diamond symmetry. The 2D-FFT of an SEM image from a single
domain (c) yields a pattern with a hexagonal symmetry. Black relates to null intensity and
white to maximal intensity. By contrast, the blue scales contain a quasi-ordered structure
(d and e). For these scales, the 2D-FFT of an SEM image generates a complex pattern (f).
Two main components are observed: (1) a diffuse disk, which is a sign of long-range
disorder due to several length-scale spatial frequencies, and (2) 12 intense peaks posi-
tioned at the edge of the disk, corresponding to a shorter range spatial frequency. The
annulus formed by these peaks indicates spatial isotropy and is a signature of quasi-order.
Scale bars represent 10 um (a and d) and 2 um (b and e). Reproduced from ref. 51, with
permission from the Optical Society of America (OSA).
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Fig.4 The Sulawesiella rafaelae longhorn beetle displays orange (A and D), green (B and E)
and turquoise (C and F) coloured areas due to perforated multilayer structures embedded
in the scales covering the beetle elytra. Based on SEM images of the scale cross-sections
(A—-C), variable distributions in the layer orientations (D—F) were measured and 2D-FFT
analyses were performed (insets in D—F). The different extents of disorder in these scales
give rise to various iridescence and scattering properties. Scale bars: 2 um (A-C).
Reproduced from ref. 52, License CC-BY-NC-ND.
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correspond to a 2D-FFT of a highly ordered system, with small spots of high
intensity that are symmetrically distributed. The most disordered structure,
namely the one occurring in the turquoise scales, gives rise to a distinct annulus
in the 2D-FFT image, which is the signature of quasi-order. The quasi-order in
these scales results in diminished iridescence.*

Local variations in structurally ordered scales

Male Argyrophorus argenteus butterflies display broadband silver-coloured wings
(Fig. 5a). This colour arises from scales, the upper lamina of which exhibits

Fig. 5 The silver colouration of the wings of male A. argenteus butterflies (a) is due to an
additive colour mixing process arising from multiply coloured bands (b). Variations in the
lamina thickness of the air gaps (c) are responsible for this range of microscopic colours.
Scale bars: 0.5 cm (a), 15 um (b) and 0.8 um (c). Reproduced from ref. 116.
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a symmetric sawtooth profile whereas the basal lamina is approximately flat"*®
(Fig. 5b and c). This morphology gives rise to elongated air gaps, akin to corridors,
under the ridges. Because of continual thickness variations in the gap and upper
lamina thickness, the scales appear brilliantly multi-coloured when viewed under
an optical microscopy. Macroscopically, from a distance, these closely juxtaposed
multi-coloured bands combine additively to form a silver appearance that, owing
to the extensive localised structural variations, is remarkably diffuse. Arguably,
the structural colour principles underpinning this broadband colour reflection
effect might loosely be considered to include aspects of disorder. Conversely, the
system could equally be described as being based on the organised incorporation
of a range of periodicities.

In other systems, localised curvatures of the scattering structures may also be
a source of disorder. For instance, the blue colour of Maratus nigromaculatus
peacock spiders™ arises from ultra-dense diffraction gratings covering the scales.
In addition to disorder in the arrangement of scales, local microscopic disorder
was observed in the grating period due to the scale curvature.

Quasi-ordered photonic structures in damselflies

In the late 1990s and early 2000s, structural colours produced by coherent scat-
tering were attributed to the quasi-ordered structures of many natural organisms,
including bird caruncles,®*® bird feathers,"***'""**> mammalian derma,'* drag-
onflies and damselflies.””*** These structures have diverse morphologies that
include twisted channels and amorphous packing arrangements of spheres or
fibres. In the case of bird feathers, they are believed to form by self-assembly,
through phase separation of B-keratin from cytoplasm in medullary cells.**®
Prior to these studies, Tyndall and Rayleigh scattering, which are incoherent
scattering processes, were believed to be the underlying cause behind the colours
of these integumentary structures. For instance, in the case of the blue-coloured
familiar bluet damselfly, Enallagma civile, spherical nanostructures are embedded
within living epidermal cells lying below the cuticle (Fig. 6a).">* These spheres are
closely packed in the endoplasmic reticulum of these cells. 2D-FFT analysis of

0.01 0 0.01 0.1

Spatial frequency (nm™)

Fig. 6 Within the epidermal cells lying below the cuticle of the Enallagma civile damselfly,
light scattering spheres are found in the endoplasmic reticulum, as observed here by TEM
(@). The 2D-FFT of a TEM image exhibits ring-shaped patterns of the Fourier power (b)
corresponding to a dominant periodicity at intermediate spatial frequencies along all
directions. Scale bar: 500 nm (a). Reproduced from ref. 126, with permission from The
Company of Biologists.
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transmission electron microscopy (TEM) images of these spheres gives rise to
annuli at intermediate spatial frequencies (Fig. 6b). This 2D-FFT pattern implies
that the spherical scattering elements are not spatially disordered but quasi-
ordered, with unimodal and isotropic distributions of sphere size and spacing.
Any scattering occurring within these integuments must therefore be coherent.
However, as the system is quasi-ordered rather than ordered, the associated
structural colour of the damselfly is not iridescent.

Whereas examples of natural angle-independent blue and green colours due to
such quasi-ordered structures are common, their red counterparts are conspic-
uously rare. This can be explained by the tendency of these close-packed particles
to backscatter light more strongly in the blue wavelength range.'*® Using Ewald
sphere construction, Maiwald et al. demonstrated that natural quasi-ordered
photonic structures are particularly well suited for light scattering at shorter
blue and green wavelengths but much less so for longer red wavelengths.** Using
FDTD simulations, it was later suggested that high red colour purity and satu-
ration cannot be produced by such quasi-ordered structures.'

Biological quasi-ordered structures have inspired the development of fabri-
cated systems that hope to replicate the non-iridescent structural colours of their
biological counterparts. In general, these bioinspired structures are synthesised
through the self-assembly of colloidal spheres.******

White colours due to highly disordered structures
in insect wings

Highly disordered photonic structures occur in the integumentary ultrastructures
of several insects, including the scales of certain butterflies,'***** longhorn*” and

138-140

scarab beetles, as well as the wings of some damselflies.** In terms of

Fig. 7 Randomly disordered granules acting as scatterers in the scales of male Pontia
protodice dorsal wings. Scale bar: 1 um. Reproduced from ref. 135.
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Fig. 8 Chitin fibrils in the scales of Cyphochilus sp. and Lepidiota stigma scarab beetles (a
and c) result in white colour appearances. SEM observations of scale cross-sections enable
observation of the structural anisotropy exhibited by the fibrils (b and d). This anisotropy
was shown to enhance scale brightness. Reproduced from ref. 139, License CC-BY.

appearance, disordered structures are typically manifested as matt white colours.
Examples include the scales of Pontia protodice, Pieris rapae and Delias nigrina
butterflies, where ovoid-shaped pterin beads are located between the longitudinal
parallel ridges and the cross-ribs that interconnect these ridges (Fig. 7).'***%°
These pterin bead scattering centres appear randomly distributed and have sizes
of the order of a few hundred nanometres. They scatter incident white light
diffusely, resulting in a bright white colour appearance. The reflectance intensity
is determined by the density of scattering centres."**'*>'3¢ Additional pigments
can be incorporated alongside these ovoid pterin beads. This is the case for male
P. rapae, the scales of which also comprise xanthopterin and leucopterin.™*?

In contrast, the diffuse white colours of the longhorn beetle Calothyrza margar-
itifera® and the scarab beetles Cyphochilus sp. and Lepidiota stigma ***'° originate
purely from incoherent light scattering by highly disordered networks of chitin beads
or fibrils (Fig. 8), respectively. The structural anisotropy in the optical systems of
Cyphochilus sp. and L. stig;ma enhances the brightness through increased out-of-plane
scattering.*****'** Moreover, this evolutionarily optimised scattering has drawn
interest for paper coating technologies through a bioinspiration approach.*** Other
longhorn beetles, such as Celosterna pollinosa sulfurea, Phosphorus virescens and
Trictenotoma childreni, also combine disordered structures with yellow and fluores-
cent pigments in order to produce a range of yellow hues.'*>*

Positional disorder in periodic multilayer
structures

Significant interest lies in understanding the prevalence and extent of structural
disorder in highly adapted biological systems whose functions include the
generation of colour appearances and the general control of colour and light flow.

This journal is © The Royal Society of Chemistry 2020 Faraday Discuss., 2020, 223, 9-48 | 21
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To this end, we undertook an analysis of such disorder, its effects and the optical
costs and benefits with which it is associated.

Structural colour effects in beetles belonging to the genus Chrysochroa, for
example, C. ragjah,"*”**® C. fulgidissima,***™> C. vittata***** and C. fulminans,"*® have
been studied extensively and are well established. As with many buprestid beetles,
the species of the Chrysochroa genus typically have a shiny iridescent metallic-
coloured carapace, which is predominantly green but is often augmented by
stripes that range from violet to red. All relevant studies showed that the colours
are the result of periodic multilayers embedded within the topmost few micro-
metres of the exocuticles.**”™* In the case of C. rgjah, each elytron is highly
iridescent green with a single orange or red stripe'*” (Fig. 9). The variation in the
thickness of each layer comprising the elytral colour-generating multilayer struc-
tures, as observed by TEM, was analysed statistically (see Materials and methods
section). This variation may be described as one type of positional disorder. In
TEM images, these multilayers appear as repetitions of electron-dense and
electron-lucent layers (Fig. 9c and d). As reported in previous publications,
multilayers comprising up to a total of twenty layers are typical; Noyes et al. re-
ported nine electron-lucent layers and eight electron-dense layers for both the
green and orange areas in C. rgjah (Fig. 9 and 10). Greyscale contrast in TEM
images is a proxy for contrast in electron density across the TEM section and
results from the differential uptake of heavy metal staining in the preparation
process. It has been closely associated with the presence of melanin-rich regions in
structurally coloured biological samples.’”” Hence, TEM greyscale contrast is
a proxy for the refractive index contrast that underpins a system’s optical prop-
erties. For the purposes of this narrative, we describe the positional disorder in C.
rajah’s layers as that corresponding to the variation in layer thickness (Fig. 9c and
d) across each single layer within the TEM image width. For this analysis, the
thicknesses of the 17 layers in our sample were measured from TEM images of the

Fig. 9 The elytra of C. rajah are iridescent green with orange stripes (a and b).**” These
colours are produced by multilayer structures embedded within the exocuticle of the
beetle. The multilayer structure was investigated using TEM for both the orange (c) and
green (d) regions of the elytra. Reproduced from ref. 147, with permission from the Optical
Society of America (OSA).
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Fig. 10 Positional disorder occurs in the multilayers of both green (a—d) and orange (e—h)
regions of the elytra of C. rajah. Box and whisker plots of the distributions of the nor-
malised layer thicknesses for the green (a) and orange (e) regions of the elytra of C. rajah
(N = 152 and N = 771, respectively) and the related standard deviations (b and f) as
functions of the layer position (#1 corresponds to the topmost layer and #17 to the
deepest layer). The straight lines in (b) and (f) are a linear regression to guide the eye. The
distributions corresponding to one selected electron-dense layer (#6) and one selected
electron-lucent intensity layer (#11) are given for both the green (c and d) and the orange
(g and h) regions.

multilayer cross-sections. In total, we obtained N = 152 sample profiles from the C.
ragjah green region and N = 771 sample profiles from the C. rgjah orange region.
Each profile comprised adjacent positions over widths of approximately 300 nm
and 1000 nm, respectively. For this positional disorder analysis, each measured
layer thickness was normalised with respect to the median value of each layer,
which is common practice where it is useful to compare similar distributions.**®
The extent of variation, or disorder, in the thickness of each individual layer was
assessed via the distribution of these normalised layer thicknesses (Fig. 10, S1 and
S2, ESIf) using conventional box and whisker plots of the normalised thickness
distributions (Fig. 10a and e). The layer-by-layer thickness distribution comparison
(Fig. 10) provides a visual measure of disorder for systems generally described as
archetypal well-ordered multilayers. The two colour regions of C. rqgjah appear to
comprise multilayers that exhibit similar variations in thickness, i.e., the thick-
nesses of each of their layers are similarly disordered. In general, this disorder
decreases with depth below the surface, especially in the case of the green elytral
region (Fig. 10b and f). The elytral lamellar structure of the beetle cuticle develops
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Fig. 11 Positional disorder in the multilayers contributes to the variations of colour
observed by optical microscopy in both green (a) and orange (b) regions of the elytra of C.
rajah. This can be quantified by microspectrophotometry: the mean values (red curves)
and standard deviations (blue zones) of the reflectance intensity were calculated from the
green (c) and orange (d) regions of the elytra of C. rajah as a function of the incident
wavelength (N = 150 for both data sets). The mean reflectance spectra are represented on
the 1931 CIE diagram, assuming a Dgs illuminant, for both the green (e) and orange (f)
regions. All experimental spectra are represented by black circles whereas the mean
spectra are represented by white circles.
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from the epithelium during morphogenesis, starting with the outermost
layers.'>**** During the overlaying process, it is possible that disorder decreases as
a result of the metabolic formation of the epithelium and mechanical constraints
arising from the previously developed layers. Fig. 10 also shows that the extent of
disorder tends to be larger for the electron-dense layers (Fig. 10b and f), especially
for the orange coloured elytral region. We suggest that the variations in layer
thicknesses, exemplified by the positional disorder illustrated in Fig. 10, underpin
the variations in the colour appearance observed in both the green and orange
regions of the elytra of C. rgjah (Fig. 11). In optical micrographs featuring areas
typically several hundred microns wide, such as those in Fig. 11a and b, a range of
hues are observed (greens and yellows in Fig. 11a; reds, oranges, yellows and
greens in Fig. 11b). Macroscopically, these juxtaposed colours combine additively
for a homogeneous mono-coloured, albeit iridescent, appearance.'*®'*”'%> Re-
flected light from both surface regions was quantified by microspectrophotometry
(Fig. 11c-f). Normal incidence reflectance spectra, measured as intensity normal-
ised with respect to a white reflectance standard, were collected from a large
number of different spots (N = 150 per region) with a size of approximately 0.3
mm?, and from elytral positions separated by at least 0.7 mm. These spectra, and
their variation, were compared (Fig. 11c—f). Specifically, at the two reflectance
maxima, located at 527 nm and 597 nm for the green and orange regions,
respectively, the standard deviations describing the variation in normalised
intensity between the sampled spots were 15% (for the elytral green region; N =
150) and 11% (for the orange elytral region; N = 150) (Fig. 11c and d). Each of these
300 experimental spectra are represented by black coloured data points on the CIE
diagrams (Fig. 11e and f); the white circles represent the mean of each series of
spectra. Unsurprisingly, the experimentally measured CIE coordinates of the re-
flected colours from the beetle elytra are well distributed around the mean colour
coordinates for both the green and the orange regions. Although the width of the
detection spots from which the optical measurements were collected was larger
than the widths of the TEM images from which the disorder in layer thicknesses
was analysed (Fig. 9), we suggest that positional disorder in the layer thicknesses
contributes directly to the variation of colours observed by optical microscopy and
microspectrophotometry.

In order to model the theoretical variation in the optical response that arises
from positional disorder in multilayer systems like these, the reflectance, trans-
mittance and absorption spectra were calculated (Fig. 12a-d) at normal incidence
for a system based on the structure of C. rajah (using the formulation of Noyes
et al.*). To incorporate layer-thickness disorder into these models and investi-
gate the associated optical effects, the layer thicknesses were generated as follows.
The refractive indices of both electron-dense and electron-lucent layers were set
using values reported in the literature for Chrysochroa spp. multilayer systems,
namely n = 1.68 + 0.031 for electron-dense layers and n = 1.55 + 0.14i for electron-
lucent layers.'” Positional disorder was introduced into the model by increasing
or decreasing individual layer thicknesses in the system from their starting values
of 92 nm and 60 nm for the high and low refractive index layers, respectively.'*
The thickness of each layer in each computed model was increased or decreased
by an arbitrary value, the random choice of which was dictated by the full width at
half maximum (FWHM) of an associated normal distribution of layer thicknesses
for the model Chrysochroa spp. system. Thus, the extent of disorder applied to
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Fig. 12 Stability in the optical response of natural photonic structures arises from their
high resilience to positional defects. Reflectance (R), transmittance (T) and absorption (A)
spectra calculated at normal incidence from a typical multilayer model in which positional
disorder is added progressively (a—d). The multilayer model comprises 9 bilayers,**” and
the high (n =1.68 + 0.03/) and low (n = 1.55 + 0.14) refractive index layers have randomly
selected thicknesses following normal distributions with mean parameters equal to 92 nm
and 60 nm, respectively. The FWHM of these normal distributions were varied from 0 nm
to 40 nmin 0.2 nm steps (e and f). (a—d) correspond to FWHM = 0 nm, 15 nm, 25 nm and
40 nm, respectively.

each modelled system was controlled by the variable representing the FWHM,
with FWHM = 0 nm corresponding to a perfectly ordered multilayer, with alter-
nating layer thicknesses of 92 nm and 60 nm. For each chosen FWHM value
(representing systems with lower or higher thickness disorder) 100 structure
models were generated. The spectra for all 100 simulations for each chosen
FWHM value were analysed by calculating their mean spectral intensities and
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their associated standard deviations. This data is shown in Fig. 12. Perhaps
surprisingly, Fig. 12 demonstrates that as the FWHM increases (i.e., the disorder
in the layer thicknesses increases), the peak reflectance intensity and wavelength
position, as well as the signal-to-background intensity ratio, do not change
significantly for FWHM values below ca. 15 nm. This is interesting from the
perspective of the system’s optical tolerance to the applied disorder in layer
thickness. Above this FWHM-based disorder threshold, the peak intensity of the
mean reflectance decreases and the standard deviation of the intensity variation
increases, especially at the foot of the mean reflectance peak. These features,
arguably indicators of ‘poor’ optical performance, are the direct result of more
significant variation in the peak reflectance wavelength position among each set
of 100 simulated spectra. This arises from increased disorder in the layer thick-
nesses. In the CIE diagrams (Fig. S3, ESI{), the predicted colours become more
widely distributed with increased values of FWHM. For FWHM values exceeding
ca. 25 nm, the colour desaturation of the mean reflectance spectra is particularly
evident. These results indicate the extent to which simple multilayers are resistant
to, or tolerant of, layer thickness disorder. In the case of C. rqjah’s multilayers, the
layers exhibited standard deviations of the normalised thickness distribution
ranging from 4% to 22% of their median values (Fig. 10). For the C. rajah structure
model (Fig. 12), a normalised standard deviation of 4% corresponds to a FWHM
of ca. 5 nm, whereas a normalised standard deviation of 22% corresponds to
FWHM of ca. 20 nm and ca. 30 nm for the low and high refractive index layers,
respectively. Hence we infer that the multilayers in C. rgjah combine highly
ordered and relatively disordered layers. However, most layer thicknesses in the
C. rajah exocuticle have a standard deviation of about 12%, which corresponds to
a FWHM of ca. 10 nm and ca. 15 nm for the low and high refractive index layers,
respectively. In sum, the layers in C. rqjah appear to be sufficiently ordered so that
the resulting peak reflectance intensity and the signal-to-background intensity
ratio are not affected significantly by the structural imperfections in the system.

Positional disorder in 2D photonic structures

In the case of photonic structures exhibiting 2D order or quasi-order, positional
disorder is distinct from size disorder, with these disorder parameters repre-
sented by represented by, for example, the scattering centre nearest neighbour
distance distribution and the scattering centre size distribution, respectively. In
addition to spectral effects, an increase in 2D disorder is expected to lead to an
increase in the scattering solid angle. This section focuses on the former, with
reference to several biological 2D structurally coloured systems.

Prum and co-workers performed extensive investigations of structural colours
generated by 2D structures in dermal collagen for a range of bird species
(Fig. 13).6203163.164 The birds investigated in these works exhibited non-iridescent
structural colours ranging from yellow to blue, with a number of species also
demonstrating scattering at UV wavelengths. Prum and co-workers showed that
the structurally coloured caruncles of these birds often contain quasi-ordered
dermal arrays of parallel collagen fibres that collectively give rise to coherent
scattering. These 20-100 pm-long fibres exhibit circular cross-sections and are
surrounded by mucopolysaccharide. They run approximately parallel to the skin
surface. Each TEM observation shows similar fibre diameters (varying from 5 pm
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Fig. 13 TEM images of cross-sections of dermal collagen arrays for a selection of birds, in which
parallel collagen fibres are embedded in a mucopolysaccharide matrix. Through coherent
scattering, these arrays give rise to non-iridescent colours ranging from orange to blue (A-I, K
and L), as well as possible UV scattering (J).%* Pictures of the related birds are inserted, with an
arrow pointing to a specific zone added when required. The orange visual appearance (F) arises
from the interplay between the collagen array and pigments (presumably carotenoids).®? (A)
Oxyura jamaicensis, light blue; (B) Numida meleagris, dark blue; (C) Tragopan satyra, dark blue;
(D) Tragopan caboti, dark blue; (E) Tragopan caboti, light blue; (F) Tragopan caboti, orange; (G)
Syrigma sibilatrix, blue; (H) Ramphastos toco, dark blue; (I) Philepitta castanea, light blue; (J)
Gymnopithys leucapsis, light blue; (K) Procnias nudicollis, green and (L) Terpsiphone
mutata, dark blue. All scale bars represent 200 nm. This figure was reproduced from ref. 63,
with permission from The Company of Biologists. Insets were reproduced from John
Mosesso Jr, https://commons.wikimedia.org/wiki/File:Oxyura_jamaicensis_NBII2.jog, public
domain (A); Diego Delso, delsophoto, License CC-BY-SA-4.0 (B); Kuribo, https://
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to 20 pm depending on the species) and interfibre distances. In most cases, the
fibres do not present a perfect geometrically symmetric organisation. 2D-FFT
analyses of the TEM images revealed the familiar patterns of approximately
concentric rings over a range of spatial frequencies corresponding to the refrac-
tive index variations that account for the observed colours. These studies postu-
lated that this colour production mechanism had evolved convergently in several
tens of bird species. By contrast, in a few species, such as the blue and green of
Philepitta castanea, these fibres were found to be organised in regular hexagonal
arrays,'®*'** the 2D-FFTs of which revealed regular hexagonal patterns. Despite
this structural order, iridescence is suppressed by long-range disorder, via vari-
ations in the orientation of the collagen fibre bundles. The bird caruncles
investigated by Prum and co-workers included examples of scattering at longer
wavelengths, such as the orange facial and lappet skin of the pheasant Tragopan
caboti (Fig. 13F) and the yellow facial skin of Ramphastos toco (Fig. 13H). These
colours were found to arise from the interplay between photonic structures and
pigments such as carotenoids.®® In the case of Gymnopithys leucapsis (Fig. 13]),
nanostructures were identified that may also give rise to UV scattering.'**

We consider three other documented cases of 2D biological systems here: the
setae of the polychaete worm Pherusa sp. (Fig. 14a), self-organised bacterial
colonies of Cellulophaga Ilytica (Fig. 14b), and the blue feathers of the male
peacock Pavo cristatus (Fig. 14c). The structure within the setae of Pherusa sp.
comprises water-filled chitin cylinders arranged in close-packed domains of
hexagonal order (Fig. 14a).’*® These hollow cylindrical channels are packed into
monocrystalline domains of different orientations that create a polycrystalline
effect overall. The water-filled cylinders have a diameter that is linearly dependent
on the seta diameter and typically measures from 120 nm to 170 nm.**

Similarly, several rod-shaped bacteria (phylum Bacteroidetes), specifically
from the orders Flavobacteriales and Cytophagales, were found to produce
structural colours when forming colonies, with large domains of close-packed
structures displaying hexagonal quasi-order.*** The refractive index contrast
between the bacteria (n = 1.38 (ref. 32 and 166-168)) and their host medium
(typically agar with a refractive index of n = 1.34 (ref. 32 and 169) in the laboratory)
underpins striking photonic colours, such as in the case of the bacterium C. lytica,
which is found on the surface of sea anemones and exhibits a predominantly
iridescent green appearance, although a diverse colour palette (including red,
orange, yellow, green, cyan, blue and magenta) was observed for various angles of
incidence and observation, most notably at the edges of the colonies.**~

commons.wikimedia.org/wiki/File:Satyr_Tragopan_Osaka,jpg, License CC-BY-SA-3.0 (C); A.
Ocram, https://commons.wikimedia.org/wiki/File:Sekret’%sC3%A4r_VogelJPG, public domain
(D-F); Jimmy  Baikovicius,  https://commons.wikimedia.org/wiki/File:Syrigma_sibilatrix_-
Punta_del_Este,_Uruguay-8jpg, License CC-BY-SA-2.0 (G); Bernard Gagnon, https://
commons.wikimedia.org/wiki/File:Toco_toucan_in_lgua%C3%A7u_National_Park,jpg, License
CC-BY-SA-4.0,3.0252010 (H); Frank Vassen, https://commons.wikimedia.org/wiki/
File:Velvet_asity_(Philepitta_castanea),_Ranomafana_National_Park,_Madagascar,jpg,  License
CC-BY-2.0 (I); Dick Daniels, https://commons.wikimedia.org/wiki/File:Bicolored_Antbird
_RWD7jpg, License CC-BY-SA-3.0 (J); Ben Tavener, https://commons.wikimedia.org/wiki/
File:Procnias_nudicollisjpg,  License CC-BY-20 (K} and Kris  Norvig,  https://
commons.wikimedia.org/wiki/File: Terpsiphone_mutata_001,jpg, License CC-BY-SA-3.0 (L).
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Fig. 14 Structural colours can be generated by 2D morphologies with various extents of
positional disorder. TEM images showing the cross-sections of 2D photonic crystal
structures present in the sea mouse Pherus sp. (a), the colony structure of the marine
bacterium C. lytica (b) and the blue feather barbules of the peacock P. cristatus (c). The
statistical analysis (histograms and Gaussian fits) of the distributions of normalised nearest
neighbour distances facilitates assessment of the extent of disorder in the photonic
systems related to Pherus sp. (d), C. lytica (e) and P. cristatus (f) (N =690, N =650 and N =
151, respectively). Comparing the Gaussian fits of the statistical distributions (g) and the
related box and whisker plots (h) allows the extent of disorder in these photonic structures
to be evaluated. Scale bars: 1 um (a), 2 um (b) and 400 nm (c). (a) was reproduced from ref.
165 with permission from the American Physical Society (APS). (b) was reproduced from
ref. 32, License CC-BY-4.0. (c) was reproduced from ref. 16, with permission from the
authors.

The blue feathers of the male peacock Pavo cristatus represent another 2D
photonic structure that has received considerable attention from researchers.
Here, melanin rodlets (called melanosomes), arranged in a square array, sit in
a keratin matrix (interlaced with air gaps).**'”*”°*”> The colours of all blue, green,
yellow and orange neck and breast feathers are caused by identical optical effects
in the observed 2D photonic crystals. The difference in reflected hue simply arises
from different periodicities, typically 150 nm for blue feathers and closer to
190 nm for the yellow and green feathers.'®'”'”® More recently, it was shown that
simple effective-medium multilayer modelling is suited to modelling these
feather colour appearances.”’*'”>
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Fig.15 Positional disorder occurs frequently in 2D biological photonic structures. The box
and whisker plots of the distributions of normalised nearest neighbour distances show that
structural colours can be produced by structures with various extents of disorder. The
results from the analysis of TEM images from: ref. 165 for Pherusa sp.; ref. 63 for the light
blue area of P. castanea, the dark blue area of T. caboti, the light blue area of T. caboti, the
dark blue area of T. satyra, the dark blue area of R. toco, the dark blue area of N. meleagris,
the dark blue area of T. mutata, the blue area of S. sibilatrix, the orange area of T. caboti, the
light blue area of G. leucapsis, the light blue area of O. jamaicensis and the green area of P.
nudicollis; ref. 62 for the blue area of P. castanea and the green area of P. nudicollis; ref. 31
for C. lytica; and ref. 16 for the blue feathers of P. cristatus. The labels “ICB" and "JEB”
associated with the green area of P. nudicollis correspond to ref. 62 and 63, respectively.

To analyse the extent of order or disorder in these systems, a Delaunay
triangulation algorithm®?® was applied to TEM images of the cross-sections of
these structures and the avian dermal structures studied by Prum et al. (Fig. 13
and 14), using the method described in ref. 31 and 165. This approach allows
direct measurement of the distribution of the distance from each scattering
centre (collagen fibre, chitin channel, melanin rodlet or bacterium) to its nearest
neighbour (e.g., Fig. 14d-f). The distribution widths of these distances, normal-
ised to their median values, represent the deviation from a perfectly ordered
structure. All distributions were relatively narrow and, accordingly, their associ-
ated standard deviations were small. This is illustrated by the range of box and
whisker plots shown in Fig. 15. The standard deviations of the distributions of the
nearest neighbour distances in each system range from 2.9% of the median value
for the sea worm Pherusa sp., to 15.3% of the median value for the green skin of
the bare-throated bellbird Procnias nudicollis. The most ordered arrangements in
avian dermal structures were observed for the cases of the light blue and green
regions of the velvet asity P. castanea (standard deviations equal to 3.7% and 5.7%
of the median value, respectively, Fig. S4, ESIT). In fact, they correspond to the
same probability distribution (using a two-sample Kolmogorov-Smirnov test, p-
value = 0.1946, significance level « = 0.001); this implies that the extent of
positional disorder is the same in the tissues of both the light blue and the green
regions of the wattle of P. castanea. In other words, two different colours arise
from analogous structures, but with different size collagen fibres, and both have
the same level of positional disorder regarding their scattering elements. One
interesting case to consider lies in the caruncular colours of the bird T. caboti. The
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dark and light blue regions both exhibit a relatively low extent of positional
disorder, with the normalised nearest neighbour distance distributions in each
system having standard deviations of 6.4% and 6.8%, respectively, with respect to
their median values (Fig. 15 and S4, ESIt). However, this is in direct contrast to the
distribution of nearest neighbour distances in the array of collagen fibres found
in the orange-coloured dermal region, the standard deviation of which is 11.4% of
its median value and which, alongside the dermis of P. nudicollis, is among the
most disordered systems displaying functional structural colours documented to
date (Fig. 15 and S4, ESIt). The disorder in the dark and light blue integuments of
this specimen was found to be identical (two-sample Kolmogorov-Smirnov test, p-
value = 0.3371, & = 0.001). However, a comparison of the distributions of nor-
malised nearest neighbour distances identified differences between the dark blue
and orange areas (two-sample Kolmogorov-Smirnov test, p-value = 4.8462 x
107°, « = 0.001) as well as in the light blue and orange areas (two-sample Kol-
mogorov-Smirnov test, p-value = 7.9124 x 10>, @ = 0.001). It is possible that the

W
=3

N
o
T

N =61
Std = 0.0572 |

Frequency
= N
o o

o

oo
3

0.75 1 1.25 1.5

N =137
Std = 0.1242 1

[N
o

Frequency

0.5 0.75 1 1.25 15
Normalised distance

Fig.16 Green colour can arise from relatively different levels of disorder: the green area of
P. castanea exhibits a low level of disorder in its collagen fibres whereas the structure
within the dermis of P. nudicollis corresponds to a higher extent of disorder. The data
results from the analysis of TEM images from ref. 62. Insets were reproduced from Frank
Vassen, https://commons.wikimedia.org/wiki/File:Velvet_asity_(Philepitta_castanea),_
Ranomafana_National_Park,_Madagascar.jpg, License CC-BY-2.0 (a) and Ben Tavener,
https://commons.wikimedia.org/wiki/File:Procnias_nudicollis.jpg, License CC-BY-2.0 (b).
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extent of positional disorder in the structurally coloured caruncles of T. caboti
evolved to deliver specific visual signals (such as scattering angle) in certain
regions of tissue but not in others. We performed a similar analysis using TEM
images of the green dermis of P. nudicollis (Fig. 16) from two different studies.®>*
This showed that these two measured distributions correspond to the same
probability distribution (based on a two-sample Kolmogorov-Smirnov test, p-
value = 0.0740, « = 0.001).

Moreover, TEM images of cross-sections of the setae of the polychaete worm
Pherusa sp. (Fig. 14a), the self-organised bacteria C. lytica in colony biofilms
(Fig. 14b) and the blue feathers of the male peacock P. cristatus (Fig. 14c) were also
analysed using this approach. These systems exhibit differing extents of disorder,
as observed from the box and whisker plots of their normalised nearest neighbour
distance distributions (Fig. 14h). In the case of Pherusa sp., the structures are
highly ordered, with a standard deviation of the normalised distance distribution
equal to 2.9% of the median value (Fig. 14d and g). Conversely, the analysis
showed that C. lytica colonies are quasi-ordered systems, with a standard devia-
tion of the normalised distance distribution equal to 6.6% of the median value
(Fig. 14e and g). Both structures exhibit hexagonal packing. A two-sample Kol-
mogorov-Smirnov test confirmed that these structures correspond to two
different probability distributions (p-value = 1.3623 x 10~ "°, « = 0.001). The
barbule ultrastructure in the blue feathers of P. cristatus resembles a quasi-
ordered square arranged lattice (Fig. 14f and g), with a standard deviation of
the normalised distance distribution equal to 10.4% of the median value.

Finite element method (FEM) modelling, using Comsol Multiphysics® (http://
www.uk.comsol.com), was used to determine how the distribution of periodicities
within the three structures affects their optical response. Positional disorder was
introduced into the 2D photonic structures such that the nearest neighbour
distributions of the models were analogous to the 2D biological systems observed
via electron microscopy (Fig. 14). This involved displacing the scattering centres
(i.e., chitin channels, bacteria or melanin rodlets) from their positions in an
initially ordered lattice. Our TEM image structural analysis also informed on the
scattering centre sizes and the distribution of periodicities. Periodic boundary
conditions for the model were used to minimise diffraction effects associated
with finite cell size, with the models represented by a large computational
supercell (typically 15 pm wide). This ensured that the models comprised a large
number of cylindrical elements (N > 1000) and that the dominant optical effects
were those associated with the scattering centres. These simulations showed that
infusing a perfectly ordered system with disorder modifies its total reflectance
spectrum (Fig. 17). The primary components of the change in reflectance, once
a certain disorder threshold are reached, are a lower peak reflectance intensity
and a higher background intensity. As the width of the reflectance peak does not
seem to change significantly, its reduced intensity is likely the principal factor
underlying any positional disorder-induced changes to the perceived saturation
or brightness. The disorder-induced increase in background reflectance is
indicative of an increase in diffuse scattering, which corresponds to scattering of
the reflected light at a wider solid angle.

As described earlier in relation to the 1D multilayers of C. rgjah, there are
parameters other than positional disorder to consider in such optical systems. For
2D systems, this includes refractive index contrast, particle shape, size
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Fig. 17 Positional disorder affects the optical response from 2D photonic structures.
Modelled total reflectance spectra for 2D photonic structures identified in three natural
samples (Fig. 14), namely (a) the setae of the polychaete worm Pherusa sp., (b) the colonies of
the marine bacterium C. lytica and (c) the feather barbules of the male peacock P. cristatus. (a)
and (b) correspond to a hexagonal lattice, whereas (c) is related to a square array. The solid
lines represent the total reflectance spectra for structure models in which disorder was
introduced so that it matched the distribution of nearest neighbour distances observed
experimentally (Fig. 14). Different FWHM were chosen for the distributions of nearest
neighbour distances. P. cristatus barbules were described as the most disordered structure in
terms of the distribution of normalised nearest neighbour distances; however, the median
distance is shorter (122 nm) than that for both the Pherusa sp. setae (135 nm) or the C. lytica
colonies (258 nm). This demonstrates that a larger FWHM does not necessarily translate to
greater disorder when comparing different lattice geometries. The dashed lines correspond
to the predicted total reflectance spectra associated with perfectly ordered structure models.
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distribution and lattice geometry. It is clear from a simple comparison of Fig. 17a
and b, for example, that while these systems exhibit relatively low values for the
standard deviations of their respective normalised nearest neighbour distance
distributions (2.9% and 6.6%, respectively, Fig. 14g and h), there are marked
differences in their reflectance spectra. For all three cases modelled in Fig. 17,
a similar number of periods were considered, which, for the perfectly ordered
Pherusa sp. model (Fig. 17a), was sufficient to create a band with 100% reflec-
tance. However, for the perfectly ordered P. cristatus model, a similar number of
periods results in a reflectance peak with an intensity of approximately 80%
(Fig. 17¢). The key difference between these structures, other than the positional
disorder and the lattice arrangement, is their associated inherent refractive index
contrast. For the channels in Pherusa sp., the refractive index contrast of the
materials (namely, chitin and water with refractive indices equal to 1.56 (ref. 24,
152,174 and 175) and 1.33,"° respectively) is relatively higher than for P. cristatus
barbules in which melanin rodlets (refractive index assumed to be equal to 1.67
(ref. 177 and 178)) are surrounded by keratin (refractive index assumed to be
equal to 1.56)."” Unsurprisingly, the contrast between the refractive indices of the
scattering centres and the matrix medium plays a key role. Furthermore, and as
mentioned in the specific case of the P. castanea dermis, other factors, such as
additional length-scale disorder and polycrystallinity, affect the optical response
of a photonic structure.'®*57:16>

As with the 1D examples described earlier, the multi-variable nature of these
systems makes the disorder-focused modelling of the full parameter space
extremely complex. Therefore, more manageable models with reduced para-
metric variability were generated. To this end, two 2D photonic structure
models with cylindrical scattering elements were chosen, representing the
hexagonal and square lattice geometries, respectively (Fig. 18a and b). The
mean periodicity and the scattering particle radii were fixed at 400 nm and
100 nm, respectively, whilst the cylindrical elements and the surrounding
medium were assigned refractive indices of 1.50 and 1.00, respectively. Posi-
tional disorder was implemented by displacing the individual cylindrical
elements of the model from their lattice positions. As described in our earlier
analyses, disorder was introduced to the model via nearest neighbour distance
distributions. For each particle, positional disorder was generated randomly
following a normal distribution of the nearest neighbour distances with FWHM
ranging, in a controlled manner, from 0 nm to 110 nm. Thus, the extent of
disorder was controlled by the active selection of the FWHM value, with
FWHM = 0 nm corresponding to a model with a perfectly ordered structure.
Each model comprised a large unit cell featuring at least 1000 individual
elements. Incidence was normal to the upper boundary of the cell. For low
FWHM values, the simulated total reflectance spectra (Fig. 18) display very
intense and well-defined reflectance peaks due to coherent backscattering. The
reflectance peaks are centred at wavelengths of ca. 800 nm and ca. 900 nm for
the hexagonal and square arrays, respectively. This is an artefact of the primary
scattering planes within the hexagonal model being closer together than those
in the square model for equivalent periodicity; therefore, the principal reflec-
tance peaks associated with scattering from these planes occur at shorter
wavelengths in the hexagonal lattice model than for the corresponding square
lattice model.
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Fig. 18 The 2D natural photonic structures proved to be highly tolerant and resilient to
positional disorder, giving rise to apparently constant and stable optical response. Total
reflectance spectra were predicted at normal incidence from 2D structure models with
hexagonal (a) and square (b) lattices, with increasing levels of positional disorder. The
extent of disorder was controlled by the FWHM of the normal distribution of nearest
neighbour distances. A FWHM of zero represents perfect order. Angle resolved reflectance
intensities were calculated for the hexagonal structure model (c). Light reflection changes
from specular to diffuse as positional disorder is increased in the structure model.

From these spectra (Fig. 18a and b), it is evident that the principal reflectance
peaks are remarkably resilient to the application of positional disorder with
respect to the scattering centre distribution. This is particularly true for the
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square structure model, for which the main reflectance peak is relatively intact
even for high FWHM values of the nearest neighbour distance distribution (ca.
80-90 nm). Nevertheless, whilst the reflectance peak remains relatively
unchanged, the background reflectance levels increase with increasing disorder.
Furthermore, as the intensity of the background reflectance increases, it spreads
over a wider solid angle (Fig. 18c). This is expected. For a perfectly ordered model
(FWHM = 0 nm), the backscattered power is concentrated entirely in the specular
direction (although its finite width arises from the angular width of the incident
beam, approximately 10°, used in the modelling). As the positional disorder in the
model increases (accompanied by an increase in the FWHM value), an increase in
the background scattering manifested as a broad-angled reflectance distribution
is predicted. Notably, however, the central specular maximum is maintained in
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Fig. 19 For the hexagonal and square lattices (blue and red disks, respectively), an
increasing background reflectance desaturates the reflected colour. The peak-to-back-
ground reflectance ratio exhibits a rapid decrease with increasing disorder (quantified in
terms of the FWHM of the normal distribution of nearest neighbour distances) (a). The peak
value was chosen as the maximum reflectance value within the main reflectance peak
(800 nm and 900 nm for the hexagonal and the square lattice, respectively). The back-
ground value was chosen as the average reflectance in the range between the reflectance
peaks (i.e., from 500 nm to ca. 800 nm). The high peak-to-background ratios of the
ordered photonic structures result in highly saturated colouration, as represented on
a 1931 CIE diagram, for both hexagonal (black circles) and square (white circles) lattices,
assuming a Dgs illuminant. With increasing disorder, the predicted colours desaturate (b).
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a similar fashion to the reflectance peak position in the total reflectance spectrum
(Fig. 18a). As the positional disorder within the model structures increases, the
angular distribution flattens to an approximately Lambertian scattering profile, as
expected for a random arrangement of scattering elements.

An increase in background reflectance leads to reduced saturation of the re-
flected colour because a high-intensity narrowband reflection is normally
required to achieve bright saturated hues. One of the primary factors representing
this is the ratio of the reflectance peak to the background reflectance level
(Fig. 19a). For both the hexagonal and the square geometry, the ratio of peak-to-
background reflectance is attenuated rapidly with increasing positional disorder.
A strong negative correlation is observed, with the steepest gradient associated
with the initial increase in background reflectance. This is to be expected; for zero
and very low extents of positional disorder, diffuse scattering is minimal and
therefore background levels are low. As positional disorder is introduced, the
diffuse scattering intensity rises, as observed in the reflectance colour maps
(Fig. 18a and b): the greatest change in background intensity occurs between
FWHM values of 0 nm and 30-40 nm. This rapid initial rise in background
scattering explains the shape of the peak-to-background ratio (Fig. 19a); however,
the peak reflectance is not impacted appreciably until mid-to-high FWHM values
are implemented (Fig. 18a and b). The main factor responsible for changing the
peak-to-background ratio appears to be the increase in background reflectance,
which occurs for relatively low extents of positional disorder.

Unsurprisingly, the models confirm that highly saturated reflected colours
correspond to structural order (Fig. 19b), owing to strong narrowband reflectance
in parallel with low off-peak levels of scattering. Neither model reflects fully
saturated colour, principally owing to the choice of structural parameters (i.e., the
geometries and refractive indices). These parameters produced reflectance peaks
on the fringes of the visible wavelength range, namely 380-700 nm. The primary
reflectance peaks for both modelled structures fall just outside of this range,
whereas the short-wavelength peak is located at blue wavelengths for the square
model and at the UV-visible boundary for the hexagonal model. For both lattice
arrangements, as positional disorder increases, the reflected colours desaturate
and converge to the neutral point (0.33, 0.33) of the 1931 CIE chromaticity
diagram (Fig. 19b). This corroborates the transition from narrowband to broad-
band reflectance as the structures are infused with increasing levels of positional
disorder. Interestingly, this trend is not homogeneous for the two geometries
under consideration. For the hexagonal model, the reflectance desaturates in an
approximately exponential manner, in line with the trend observed for the peak-
to-background ratio (Fig. 19a). The square model, on the other hand, demon-
strates less dramatic desaturation, following a more linear trend.

Materials and methods
Electron microscopy and statistical analyses of positional disorder

TEM observations of cross-sections of C. rajah elytra from both green and orange
areas were performed using a JEOL 100S TEM instrument. Prior to analysis, the
samples were fixed in 3% glutaraldehyde at 21 °C for 2 hours followed by rinsing
in sodium cacodylate buffer and fixing in 1% osmic acid in buffer for 1 hour. This
step was followed by block staining in 2% aqueous uranyl acetate for 1 hour,
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dehydration through an acetone series (ending in 100% acetone) and embedding
in Spurr resin.'”® After microtoming, sample cross-sections were stained with lead
citrate. All other TEM images were taken from the literature.'®?>>16> We
assumed all TEM sections to be have been taken perpendicular to the long axes of
the scattering structures, namely, the collagen fibres of the bird caruncles, the
chitin cylinders within the setae of Pherusa sp., the colony of the marine bacte-
rium C. lytica and the melanin rodlets of P. cristatus barbules.

Detailed investigation of C. rgjah cross-sections was performed by statistical
analysis of the thicknesses of the layers embedded within the elytral exocuticle.
The thicknesses of these layers were measured from the TEM images along N =
152 sample profiles from the green region and N = 771 sample profiles for the
orange region. The profiles comprised adjacent positions on the exocuticle
surface over widths of 298 nm and 962 nm, respectively. Thus, N =152 and N =
771 greyscale profiles were obtained. In order to calculate the layer thicknesses,
we defined the layer interfaces as the mean grey scale values between two
consecutive extrema within a single profile. To highlight positional disorder, we
normalised the measured layer thicknesses to the median values for each layer.
Unlike the mean value, the median value is known for being less skewed by
small numbers of extremely large or small values."® In addition, this normal-
isation allowed appropriate consideration of existing systematic errors. The
extent of positional disorder was measured by the distribution of these nor-
malised thicknesses.

Statistical analyses of the 2D scattering structures observed by TEM were
performed after preliminary image processing steps, including the removal of the
background and the binarisation of the TEM images. The resulting binary images
allowed discrimination of the scattering particles from the background material.
For each particle, the centroid coordinates were computed. Using Delaunay
triangulation,'”® the nearest neighbour distances were computed. As described
earlier, the nearest neighbour distance distributions were normalised to their
median values. Therefore, the extent of positional disorder was measured by the
distribution of these normalised nearest neighbour distances. To test whether
two different measured distributions corresponded to the same probability
distribution, we used the two-sample Kolmogorov-Smirnov test with significance
level @ = 0.001.18%'%

Optical microscopy and microspectrophotometry

Optical microscopy observations of the green and orange regions of C. rajah elytra
were performed using a Zeiss Axioskop 2 MAT MOT microscope, a Zeiss AxioCam
MRc 5 camera, a Zeiss HAL 100 light source and a Zeiss LD Epiplan 50x/0.50 HD
DIC objective. The elytra of the investigated specimens were detached from the
bodies and placed on microscope slides. Images were captured from elytral
regions exhibiting the least surface curvature; however, owing to the curvature of
the elytral surface, an extended depth of focus function was used to generate in-
focus microscopic images.

The reflection factor spectra R = (I — B)/(W — B) were defined as the ratios
between the intensity I reflected by the sample and the intensity W reflected by
a Labsphere white reflectance standard, with noise corrections B. They were
measured with an Ocean Optics USB2000 fibre spectrophotometer connected to the
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optical microscope described herein, the Zeiss HAL 100 light source and a Zeiss LD
Epiplan 100x/0.75 HD objective. The analysed area spanned approximately 0.3
mm?. Several sets of N = 150 spectra were measured. The distance between two
measurement spots was at least 0.7 mm. The integration time of the spectropho-
tometer was chosen to be 300 ms and each spectrum was averaged over 15
measurements. Because of the microscope configuration, all incidence and detec-
tion directions were normal to the sample surface. From the measured spectra, the
related colours were represented by chromaticity diagrams as defined by the
Commission Internationale de I’Eclairage (CIE) in 1931, assuming the Dgs standard
illuminant also defined by the CIE in 1931.%%>'%

Optical simulations

Reflectance spectra of the typical multilayer models were calculated using
a thin-film modelling computer code based on 1D scattering matrix
formalism™* to rigorously solve Maxwell’s equations in the case of planar
layered photonic structures. Simulations were performed for unpolarised light
at normal incidence. The generated models were based on the TEM analysis of
C. rgjah’s multilayers in terms of dimensions and the extent of positional
disorder. They were composed of 9 bilayers. The high (n = 1.68 + 0.037) and low
(n = 1.55 + 0.141) refractive index layers**” had thicknesses that were generated
randomly with probabilities weighted by envelopes shaped by normal distri-
butions that had mean parameters equal to 92 nm and 60 nm, respectively, for
each layer type following ref. 147. The FWHM of these normal distributions
were varied from 0 nm to 40 nm in 0.2 nm steps. This FWHM parameter was
used to control the extent of disorder in each multilayer model. The refractive
indices of the incident and emergent media were equal to 1.00 and 1.68 + 0.031,
respectively.

Finite element method (FEM) modelling, using Comsol Multiphysics®
(http://www.uk.comsol.com), was used to determine the way in which the
distribution of periodicities within the three 2D photonic structures, namely
the extent of disorder applied, affects their optical response. Two different 2D
FEM models were created, one with hexagonal geometry and one with square
geometry, each comprising cylindrical scattering centres. Positional disorder
of the scattering centres was incorporated such that the nearest neighbour
distributions of the models matched the experimental observations (Fig. 14).
The mean periodicity and the scattering particle radius were chosen to be
400 nm and 100 nm, respectively. The cylindrical elements and the
surrounding medium were assumed to have refractive indices equal to 1.50
and 1.00, respectively. Positional disorder was introduced by displacing the
cylindrical elements from their original perfectly ordered geometric positions.
The positions of the cylindrical elements in each model iteration were
generated randomly so that the ranges of nearest neighbour distances fol-
lowed a normal distribution, with FWHM ranging from 0 nm to 110 nm. The
extent of applied positional disorder was controlled by the selection of the
chosen distribution associated with a given FWHM. Periodic boundary
conditions were used for each model. To minimise any optical effects intro-
duced by this periodicity, a large FWHM supercell was generated (typically 15
pm wide). This ensured that the models comprised a large number of
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cylindrical elements (N > 1000) and that the dominant optical effects were
those associated with the positional disorder of the scattering elements,
rather than those associated with the discrete size of the periodic FEM cell.
The total reflectance spectra were simulated for normal incidence.

Conclusions

Coherent scattering from ordered and quasi-ordered photonic structures,
a common phenomenon in many animals and plants, gives rise to a range of
structurally coloured appearances. Highly scattering diffuse broadband appear-
ances or highly absorbing appearances result from disordered structures in
systems presenting white or grey appearances, respectively. The inherent extent of
order, quasi-order or disorder in such systems contributes to their optical
signatures through, for example, reflected colour saturation or enhancement of
the specular or diffuse nature of the reflection. In this work, we have reviewed
a range of examples of natural photonic systems that exhibit differing extents of
order, quasi-order and disorder. We have explored and discussed the optical costs
and benefits associated with systems that diverge from perfectly periodic
photonic structures to generate their appearances. We discussed what appears to
be a valuable feature of biological photonic systems, namely their tolerance to
natural variations, defects, faults or ranges of imperfections in their photonic
structures. Despite this phenotypic diversity, or what might be described as bio-
logical noise, these systems nevertheless produce visual appearances throughout
the animal and plant kingdoms, with distinct optical signatures that are effective
and highly functional and are reproduced by the vast majority of specimens of
a single animal or plant species. In comparison, optical scattering associated with
the presence of imperfectly ordered structures in synthetic technology-based
systems usually reduces their efficiency and effective performance. Exploiting
the tolerance of biological photonic systems to faults and imperfections would be
valuable for bioinspired technological applications.
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