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Structural colours are widespread in nature, where a large variety of
nanoscale structures give rise to a myriad of fascinating optical responses.
These responses are often a combination of complex nanostructuring and
hierarchical organisation. During the last few decades, the understanding of
these photonic nanostructures and their response has improved greatly,
mainly due to the development of imaging techniques and numerical tools to
model light interaction (Vukusic & Stavenga, 2009; Vignolini et al., 2013).

So far, reviews about structural colours in nature have mainly focused on
optical effects caused by interference of light from approximately regular
periodic structures (Vukusic & Sambles, 2003; Kinoshita et al., 2008; Seago
et al., 2009), even though biological organisms are often inherently
structurally disordered (Kinoshita & Yoshioka, 2005). In fact, disorder can
be a desired feature: specific optical appearances, such as angular
independent colour response, silver or bright white diffuse appearances, rely
on partially disordered or fully random structures, respectively (Prum &
Torres, 2003b; Vukusic et al., 2007; Mithger et al., 2009).

The investigation of these photonic nanostructures can help to address
many questions in biological research, both in terms of their function and
taxonomy (Balint et al., 2012). It can, for example, contribute to
investigations in evolutionary biology, or assessing the health of populations
(Parker, 2000; Doucet & Meadows, 2009).



Moreover, structural colouration can have different functions, such as a
cue to pollinators or for seed dispersal in some plants (Whitney et al., 2009;
Vignolini et al., 2012). In some cases, it might be for camouflage, while in
others it might be used for attracting mates (Seago et al., 2009; Wilts et al.,
2014a). The repertoire is manifold, and many more studies are necessary to
elucidate this interplay between structural colouration, function and
behaviour.

Even though the field of structural colouration has progressed
enormously over the last two decades, quantitatively assessing the role of
order and disorder in photonic structures is still challenging. In Section 1, we
introduce common approaches to detect periodicity and discuss light
coherence. Then we consider ordered and quasi-ordered photonic structures,
proceeding from 1D, via 2D to 3D in Section 2. We describe a few random
natural photonic structures in Section 3. Finally, the complex interplay of
order and disorder and colour mixing is described for hierarchical structures
that are found at the surface of various organisms in Section 4.

1. THEORETICAL BACKGROUND

Light interference is the phenomenon at the basis of structural colouration in
nature. When dielectric materials are organised periodically in space at a
distance comparable to the wavelength of visible light, constructive and
destructive interference occurs, providing intense metallic colourations with
a strong angle-dependent behaviour (iridescence). By scrambling the
periodic organisation, it is possible to drastically change the optical
response, ranging from weak iridescence to matt colouration with no angular
dependence to bright whiteness. It is therefore important to introduce
methods to quantify periodicity in natural photonic structures, as we will
return to these key concepts multiple times throughout the chapter.

Light coherence is also discussed, since the coherence properties of
sunlight influence the overall appearance of ordered and disordered
nanostructures.

1.1 The Fourier transform

Spatial periodicity can be quantified using the Fourier transform, which
decomposes a function (most often a 1D profile or a 2D image) into its
periodic components. The Fourier transform G of a function g in one
dimension is given as



G(f) = foog(X)e‘Z”i"fdx,

where f is the spatial frequency, x is the spatial dimension, and i is the
imaginary unit (Lathi, 1998). For processing datasets (e.g. images) on a
computer, a discretised version of the Fourier transform is required, for
which the most common approach is the Fast Fourier Transform (FFT). The
FFT is available in most math-oriented modern computer languages, such as
Matlab, Python (numpy), and R. As an example, Fig. 1 shows the FFT
analysis of the refractive index profile of an ideal artificial multilayer
structure and an experimental dataset. In both cases, the periodicity can be
extracted by reading out peak positions. The clear differences between peak
values and backgrounds for the two examples indicate ordered structures. No
peaks would be observable for completely disordered structures.
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Figure 1. A: Refractive index profiles of an artificial ideal multilayer structure (see inset) and
from the cuticle of a beetle (Gastrophysa viridula) extracted from Onelli et al. (2017). B:
Zero-padded FFT of the two profiles normalised to the peak intensity. The inverse values of
the peak spatial frequencies reveal a periodicity of roughly 180 nm. Periodicities that are a
multiple of the main frequency (so-called harmonics) will normally also be present, thus
explaining the extra peaks observed in both spectra. The distinction between peak and
background signal is weaker for G. viridula than for the artificial example, but still very clear.
In general, a larger difference between peak and background indicates a more ordered
structure.



1.2 Structure factor and crystallography

Several other methods exist to detect periodicity. The mathematics behind
the methods is generally similar to the Fourier transform in the sense that
they also include integration or summation of complex exponentials.

In particular, the structure factor is useful to determine periodicity and
correlations in two- and three-dimensional systems. For the structure factor,
light is assumed incident from a specific direction on an ensemble of
scattering elements that do not couple or shadow each other. In this
configuration, the angularly resolved reflection or transmission of light is
calculated based on information about the scattering elements and their
positioning. The intensity of the structure factor / can be defined as
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where k;, k, are the vector incident and observation directions, respectively,
scaled such that |k;| = |ko| = 2 /A where A is the wavelength; r; is the
vector coordinate of the center of the j'th scatterer; i is the imaginary unit;
and f; describes the scattering intensity for the j'th scatterer.

If there is a periodic correlation of the distribution of scattering elements,
this will show as strong reflection peaks at specific angles. A comparison
between the structure factor for a periodic system and one with random
perturbations is given in Fig. 2. A decrease in peak intensity is associated
with a decrease in order, and the angular position can be calculated from the
periodicity d through the grating equation (Johansen, 2014)

d sin 8, = mA,

where 4 is the wavelength of incident light, 8,, is the m'th reflection angle,
and m is an integer known as the grating order and is calculated as the
number of peaks from the specular reflection. For the example in Fig. 2,
where d=2.54, the peak locations for m=1, 2 are 23.6° and 53.1° respectively.
The methodology can be applied in several ways for assessing disorder.

Small/Wide-angle X-ray scattering (SAXS and WAXS) is used to
investigate order-disorder properties experimentally (Noh et al., 2010). In
this technique, the sample is illuminated by X-rays with a wavelength in the
0.1 nm range and transmission at different angles is recorded. Similar to Fig.
2, the peaks in the angle-resolved transmission spectrum can be associated
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with spatial correlation. The underlying theory is again very similar to that
of the Fourier transform (Sellers et al., 2017).

Reflection from disordered surfaces can be predicted using the structure
factor. More details on the theoretical background is given in Johansen
(2014), and experimental validation and assessment of the quality of
prediction is given in Johansen et al. (2015).

Structural analysis of scatterers can also be performed using the structure
factor even if the scatterers couple and shadow each other, as long as the
positions of the scatterers are known. In this case, the structure factor does
not necessarily predict the optical response, but it works as a quantitative
description of even advanced types of order/disorder relation such as
hyperuniformity (Froufe-Pérez et al., 2016).
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Figure 2. A: A strictly ordered system of 12 scatterers with fj= 1 and a disordered system
where the scatterers have been randomly displaced from their ordered lattice position. The
lattice constant (separation) is 2.54. B: Intensity of the structure factor with respect to angle

calculated for the systems in A. It is observed that for complete order, the response is
confined to a few angles with very strong intensity. For the disordered realisation (dashed),
the same peaks are present but with lower intensity, and a range of other peaks are seen. If
such disordered samples are averaged over many random realisations taken from the same
random distribution (unbroken), the effect is that the strong reflection angles are still present
but less intense, with the remaining intensity almost evenly distributed in between.

1.3 Light coherence

Interference is caused by multiple reflections of light waves at interfaces
between materials. The reflections can constructively or destructively
interfere to promote an overall increase or decrease in reflection at specific
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wavelengths. For this effect to occur, it is essential that reflected waves are
coherent.

Mathematically, light waves are considered perfectly coherent if they are
perfectly sinusoidal. In reality, this is not the case, as every light source is
only coherent over a certain distance. Sunlight, for example, can be
considered the sum of (randomly occurring) spontaneous emissions from the
surface of the sun. This means that the wave profile from the sun deviates
from a perfect sinusoidal shape and can therefore be described as partially
coherent or incoherent. The degree of temporal coherence is most commonly
described by coherence time 7. or coherence length /., which are related
parameters. These parameters indicate the length (in time or space) that the
sinusoidal wave shape is correlated above a certain degree. The coherence
area A, similarly describes the area where correlation is observed for an
illuminated surface (Wolf, 2007; Hecht, 2017). A small degree of correlation
means that less intense interference effects can be observed for a given
structure. For sunlight illumination, the coherence length is of the order of
micrometers (Donges, 1998) and the coherence area of the order of ~4 - 103
um? (Wolf, 2007; Divitt & Novotny, 2015). The parameters vary depending
on the environment (atmosphere, clouds, under water, etc.).

The degree of light coherence is rarely considered when analysing
photonic structures. This is a valid approach if the photonic structures are
small compared to the coherence parameters, since in this case light can be
assumed coherent across the structures.

For larger structures, light cannot be considered coherent across the
structure, but little is known about how this affects natural photonic
structures and colouration. Bell et al. (2014) suggested that a locally ordered
multilayer in a globally disordered arrangement makes the structural colour
of the pyjama squid (Sepioloidea lineolate) unaffected by changes in light
coherence properties, thus producing a consistent appearance in a changing
underwater light environment. Dellieu et al. (2017) show how a structural
colour system desaturates at short coherence lengths. The coherence area is
also important for correctly predicting angle-resolved spectra from
simulations, which would otherwise be dominated by strong, randomly
located intensity fluctuations called speckle patterns. Saito and collaborators
investigated this effect for a 2D natural photonic system, however the work
has not been expanded since (Saito et al., 2011). It is therefore an area that
deserves more attention as it may be an important factor for determining
reflection and correlation properties in disordered natural photonic
structures.



2. ORDERED AND QUASI-ORDERED PHOTONIC
STRUCTURES

Most natural photonic structures are constituted by periodic arrangement
of various materials on the nano- and micro-scale. We will start our
discussion with one-dimensional structures and progress towards two- and
three-dimensional ones.

2.1 One-dimensional photonic structures

The simplest example of a one-dimensional (1D) photonic structure is a
thin film of dielectric material in air. When light impinges on the film, the
rays reflected at the two surfaces interfere with each other. Whether this
results in a constructive or destructive interference depends on the
wavelength and incident angle of the light, the thickness of the film, and the
refractive index of the dielectric medium (Kinoshita et al., 2008).

By stacking multiple layers with different refractive indices, it is possible
to obtain multiple reflections when light impinges on the various interfaces.
This can enhance the reflection in a specific spectral region (Fig. 3). These
structures are generally referred to as “Bragg stacks” or “Bragg reflectors”.
In particular, it can be shown that the condition for constructive interference
in a two-material repetitive structure for incident light of wavelength 4 is

2(npdp cos 8, + ngdp cos ) = m4,

where n, and np are the refractive indices of the two layers of thicknesses da
and dg, respectively; 04 and O represent the refraction angles for each of
those and m is an integer (Kinoshita et al., 2008). Fig. 3, shows how the
intensity of the reflected signal increases with the number of layers and how
the response varies with the angle of incidence.

The most common multilayers in living organisms are made of pigments,
usually melanin, arranged in layers alternating periodically (Land, 1972;
Noyes et al., 2007).

Natural systems are generally regarded as perfectly periodic; however, it
should be pointed out that these systems always have a certain degree of
disorder. For example, in Fig. 1 the multilayer of the G. viridula beetle
shows an imperfect layer periodicity. Furthermore, the refractive index
changes gradually between the layers rather than in abrupt steps, as it is
often modelled. This and other imperfections can lead to a significant
mismatch between experimental data and theoretical calculations.
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Figure 3. Modelling of periodic multilayers in air based on Kinoshita (2008) and carried out
using open source code (Byrnes, 2016). A: Increasing the number of layers (indicated in the
legend) increases the reflectance. B: The refractive index contrast between the layers is
greater and therefore fewer layers are required to achieve a reflectance close to unity. The
peak is now wider than in A. C and D illustrate the phenomenon of iridescence (i.e. the peak
wavelength depends on the angle of incidence of the incoming light). The thickness of layer 1
is 81 nmy; the thickness of layer 2 is 78 nm. The spectra are normalised with respect to an
ideal mirror of unit reflectivity. The two TE and TM polarisations are calculated separately
and averaged to simulate unpolarised light.



2.1.1 Periodic multilayers in nature

Periodic multilayers have been reported in a number of species (Hunt et

al., 2007; Del Rio et al.,, 2016). They are extremely frequent in beetles
(Coleoptera), in which this effect has long been known (see reviews: Land,
1972; Parker, 1998). Researchers have recently investigated this
phenomenon numerically (Noyes et al., 2007; Stavenga et al., 2011b) and
also in relation to external inputs, such as for example an increase in water
content (Mouchet et al., 2016). In vivo imaging of the development of the
layered cuticle was conducted too (Onelli et al., 2017). The study showed
how the deposition of the layers takes place before the polymerisation of the
melanin.
Reports of keratin-based multilayer reflectors in avian feathers are also
numerous (Prum, 2006; Nakamura et al., 2008; Stavenga et al., 2011a; Wilts,
et al.,, 2014a). Interestingly, in these systems, the structural colouration is
particularly conspicuous (Fig. 4) and serves mating purposes as opposed to
most arthropod reflectors, which are considered to have camouflaging
purposes (Seago et al., 2009). Bragg reflectors in the underwater world have
been comprehensively reviewed (Denton, 1970). In the context of marine
creatures, the refractive index contrast is provided by having anhydrous
guanine crystals separated by cytoplasm, as shown in Fig. 4E-G (Gur et al.,
2015). Guanine is highly birefringent, meaning that the refractive index of
the crystals is different along the different axes. By arranging such crystals
in different orientation, Clupea harengus (Atlantic herring) and Sardina
pilchardus (European sardine) can reduce the polarising effect typical of
multilayers to obtain a better camouflage whilst being able to reflect a large
band of wavelengths (Jordan et al., 2012). Denton and Land also noted how
the thickness of the layers was not perfectly periodic in the fish and
cephalopods they investigated, which led to a lower peak intensity than in
the ideal case (Denton & Land, 1971). However, this also means that the
reflectors appear silver even for oblique incidence angles, which is the case
for a fish illuminated by sunlight.
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Figure 4. A: Scheme of a typical multilayer composed of two materials of refractive index ny
and ng, respectively. B, C, D: The bird of paradise P. lawesii (scale bar: 5cm) and its mirror-
like occipital feathers (scale bar: 1cm) imaged with TEM (scale bar: 2um), respectively.
Reproduced with permission from Wilts et al., (2014a). E, F, G: Guanine multilayer giving
rise to the blue colouration in Sapphirina metallina. Adapted with permission from Gur et al.
(2015), copyright (2015) American Chemical Society.

In the plant kingdom, many examples of multilayers can be found. Among
land plants, the first multilayer example reported is the lycophyte Selaginella
willdenovii. The optical response was first studied by Lee and Lowry and
electron microscopy was later carried out by Hébant and Lee to confirm the
existence of at least two layers atop the epidermal cells (Lowry & Lee, 1975;
Hébant & Lee, 1984). Finally, the optical response was thoroughly analysed
by Thomas et al. who proved that the iridescent colouration is indeed caused
by a multilayer in the cuticle (Thomas et al., 2010). More examples of
multilayers in plants leading to an iridescent appearance can be found,
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including Trichomanes elegans, Phyllagathis rotundifolia, Begonia
pavonina, Elaeocarpus angustifolius and Delarbrea michiana (Glover &
Whitney, 2010).

More recently, Jacobs et al. found that thylakoid membranes in grana in
iridoplasts in Begonia pavonina are arranged in multilayers, thus acting as
photonic crystals, which enhance photosynthetic efficiency (Jacobs et al.,
2016). This enhancement might be crucial in the extreme low-light
conditions in the tropical forest understorey, and similar chloroplast
structures have already been described in a phylogenetically diverse range of
extreme shade dwelling plants.

In addition to those in the land plants, Bragg stacks are also found in
some Rhodophyta (red algae). These algae display extracellular photonic
nanostructures and have been recently analysed and reviewed (Chandler et
al., 2017). For example, in the red alga Chondrus crispus the structural
colouration is strongest at the tips of the frond, which constitute the youngest
tissues (Chandler et al.,, 2015). The authors speculate that the loss of
structural colour is due to the heterogeneity in the number and uniformity of
the layers in the older parts of the alga. This is most probably due to the
progressive deterioration and shedding of layers that are not regenerated,
thus introducing disorder that suppresses the structural colouration.

2.1.2 Zig-zag, chirped, and fractal multilayers

Periodic structures typically reflect a narrow range of wavelengths. To
achieve broadband reflectivity, it is necessary to vary the thickness (and/or
the periodicity) of the layers in the stack so that a larger spectral range can
be reflected efficiently. In the case of the beetles Chrysina chrysagyrea and
Anoplognathus parvulus, the silvery colour originates from a chirped
layering, where the thickness of each layer decreases in the direction of light
propagation (Parker, 2005; Seago et al., 2009). A similar structure has been
observed in the golden chrysalis of the butterfly Euploea core (Steinbrecht et
al., 1985).

Another approach for obtaining a broadband silver reflection is the use of
wavy multilayer reflectors as opposed to flat ones. This arrangement has
been observed in the tissue surrounding the eyes of the squid Loligo pealeii
(Mithger et al., 2009).

In the blue-rayed limpet Patella pellucida, co-oriented layers of calcite
give rise to an intense blue reflection that is remarkably angle-independent
(Li et al., 2015). The strong optical response is the result of the introduction
of complexity in the system: the multilayer is folded into a zig-zag pattern
and the growth of the calcite is anisotropic, leading to the formation of
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domains that have a different tilt with respect to the surrounding area. In
addition, a completely disordered array of light-absorbing particles
underneath the reflector attenuates the transmitted light, providing contrast
to the reflected blue colour, even underwater, a strategy which is also known
to occur in avian multilayers (Mason, 1923).

Completely disordered (or chaotic) reflectors have been reported (Parker,
2005), however more recent studies have found them to follow a fractal
geometry (Bossard et al., 2016).

2.1.3 Helicoids

So far, we have mostly considered photonic stacks where the refractive
index contrast between the layers is given by varying pigment content in
alternating layers. Another strategy to produce bright colouration is to make
helicoidal structures consisting of fibres arranged in birefringent layers
(Middleton et al., 2017). In such structures, fibres lie parallel to each other in
the plane, forming layers that are stacked on top of the previous one with a
small rotation angle, thus forming a helicoidal architecture. This rotating
arrangement gives rise to constructive interference when

A= 2np,

where 4 is the wavelength of the reflected light, » is the average refractive
index of the material, and p is the pitch of the stack. The pitch p is defined as
the distance between fibrils that have the same orientation, i.e. after the stack
has completed a 180° rotation. The refractive index of living tissues
typically lies between 1.0 and 2.0, so the response from the layers will be in
the visible range only if the pitch is comparable to the wavelength of visible
light, as predicted by the equation above.

In nature, various organisms show such structures: in plants, helicoids are
made of cellulose fibres in their cell wall (Fig. 5A), whilst beetles
(Coleoptera) display helicoids of chitin fibres in their cuticle. It is worth
noting that helicoids can be right- or left-handed, thus only reflecting right-
or left-handed circularly polarised light. Fig. 5B-C show such a helicoidal
stack, the height of the pitch p, and how circularly polarised light is
transmitted or reflected, depending on the handedness.
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Figure 5. A: TEM of the helicoidal cellulose structure in the epicarp cell wall of Pollia
condensata. The red lines correspond to the twisting direction of the cellulose fibres. B: (Left)
Scheme showing a wedge of a left-handed helicoid with the arched pattern exposed on the
oblique face, showing the height of pitch p. (Right) Beams of circularly polarised light. C:
Scheme of a cellulose helicoid and a beam of transmitted circularly polarised light. A,C
reproduced with permission from Vignolini et al. (2012). B adapted with permission from
Wilts et al. (2014b).

In the plant kingdom, helicoidal arrangements are very common. However,
in most cases the dimensions of the structure (the pitch p) are too large for
interaction with visible light, producing no optical response.

Various plants from the ferns, monocots and dicots exhibit structural
colouration caused by cellulose-based helicoidal structures. Among the
ferns, the helicoidal cellulose arrangement of the fibres was first observed in
the neotropical fern Danaea nodosa, via TEM (Graham et al., 1993).
Interestingly, only juvenile leaves show the iridescent blue appearance.
Adult leaves are green, and they exhibit considerably fewer and much less
regular layers of helicoidal cellulose layers.

The same type of structure was observed in the Malaysian rainforest
understorey plants Lindsaea lucida and Diplazium tomentosum, and
characterised by spectroscopy and electron microscopy (Gould & Lee,
1996). The helicoidal arrangement of fibres is responsible for the blue, left-
handed circularly polarised reflection.

Among the monocots, the fruit of the pantropical and warm-temperate
perennial Pollia condensata (Fig. 6A-B), in contrast to the previous
examples, shows both left-handed and right-handed circular polarised
reflection. It is the only example of tissue in nature where helicoids of both
handednesses are found (Vignolini et al., 2012). The epicarp contains three
to four layers of cells with very thick cell walls that exhibit the helicoidal
arrangement of cellulose fibres (Fig. 5A).
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Another monocot reported in the literature is the tropical rainforest
understorey sedge Mapania caudata, which only shows reflection of left-
handed polarised light. It exhibits blue structural colour (see Fig. 6C-D)
caused not only by the helicoidal cellulose arrangement in the adaxial
epidermal cell wall, but also by the inclusion of silica granules into the
cellulose layering (Strout et al., 2013).

In the class of dicots, the earliest report of helicoidal structures in plants
is the work of Lee on the fruit of the rainforest tree FElaeocarpus
angustifolius (D. W. Lee, 1991). However, these findings are not confirmed,
since the reported electron micrographs showing the layering cannot resolve
the cellulose fibres.

Finally, beautiful blue structural colour was also observed in the fruit of
the dicot Margaritaria nobilis (Vignolini et al., 2016). Interestingly, the
hydrated fruits exhibit metallic blue appearance but, upon drying, they turn
pearlescent white. This effect is reversible and can be understood by changes
in the ultrastructure that facilitates light absorption when hydrated.

In summary, there are still many plants with helicoidal cellulose fibre
arrangements in their cell walls that have not yet been characterised. To our
knowledge, researchers have not tried to assess the degree of disorder in
these structures.

Figure 6. Pollia condensata A: Single dried fruit, B: Infructescence (cluster of fruits) from
alcohol-preserved specimen; the diameter of each single fruit is about 5 mm. Mapania
caudata: C: Young plants growing in shade, D: Edge of leaf to midrib. Scale bars 5 ¢cm, 1 cm.
Margaritaria nobilis: E: Fresh fruits. Diameter of each fruit is about 1 cm. A,B reproduced
with permission from Vignolini et al. (2012). C,D reproduced with permission from Strout et
al. (2013). E reproduced from Vignolini et al. (2016) licensed under CC-BY version 4.0.

Helicoidal chitin-based photonic structures have been observed in a
number of beetle species (Coleoptera). Generally, such helicoids are
responsible for the left-handed circularly polarised coloration of the beetles
(Sharma et al., 2009). However, a few notable exceptions have been reported
in which the cuticle can reflect both right- and left-handed light, such as
Chrisina resplendens and Chrisina boucardi (Jewell et al., 2007) (note that
both species used to belong to the genus Plusiotis, which has been placed
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into synonymy under the older name, Chrysina, in 2001 (Arwin et al.,
2012)). The physical explanation underpinning this phenomenon created
disagreement for half a century (Michelson, 1911; Rayleigh, 1919; Neville
& Caveney, 1969). Nowadays, the widely accepted interpretation is that the
effect originates from the presence of a birefringent anisotropic layer
between two left-handed helicoids, which acts as a half-wave phase retarder:
left- handed light is reflected by the first helicoid, while right-handed light,
transmitted through to the retarding layer, changes its polarisation from right
to left and impinges on the second helicoid. At this point, the light (being
left-handed polarised) is reflected and transmitted through the plate, which
changes its polarisation back. Right-handed light is transmitted by the first
helicoid, providing the additional right-handed reflected polarisation
(Caveney, 1971; Hwang et al., 2005).

2.14 Diffraction gratings

Gratings are periodic surface undulations that give rise to strong angle-
dependent light reflection when the feature sizes are comparable to the
wavelength of light. The visual effect from a grating is generally
experienced as an abrupt change of colour with respect to viewing angle. A
well-known example is the compact disc (CD), see Fig. 7B, where data is
stored between periodically spaced grooves that constitute a diffraction
grating.

Gratings in nature were first reported in a scarab beetle in 1942, observed
via electron microscopy (Anderson & Richards, 1942), and have found to be
remarkably widespread in beetles from the order Coleoptera. Not much
attention has been given to understanding the role of disorder in these
structures, even though there seems to be a wide diversity of arrangements.
Whether the biological significance of the gratings is the optical function or
not (it might for example be to reduce friction) is still not understood (Seago
et al., 2009).

As seen in Fig. 7, disordered grating-like structures have also been found
in flower petals (Whitney et al., 2009). While the development of these
structures is still not understood (Vignolini et al., 2013), their function seems
important for plant-pollinator signalling (Whitney et al., 2009; Vignolini et
al., 2015a; 2015b). The effect of the iridescence is hard to assess due to the
subtle effect of the grating compared to pigmentation underneath, and many
open questions remain (van der Kooi et al., 2014; 2015).
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Figure 7. A: Top view of an epoxy cast of the tulip T. kolpakowskiana, showing striations
resembling a line grating. Insert: the optical appearance of the flower in transmission under
normal incident illumination. B: Top view of an epoxy cast of a disassembled CD. The insert
shows how similar the reflection properties of a CD are in comparison to the surface of the
flower. C, D: Cross-sectional view of the flower striations from A, showing the disordered
arrangement of the individual scattering elements. The individual elements are arranged in a
hierarchical manner on a structure with much larger undulations. Both hierarchical levels
influence the appearance. Figure reprinted with permission from Whitney et al. (2009).

2.2 Two-dimensional photonic structures

In a two-dimensional (2D) photonic structure, the scattering elements
vary in two dimensions while being invariant in the third one, see Fig. 8A. If
the structural variations are periodic, such as in Fig. 8A, the system is
referred to as a photonic crystal. Such photonic crystals give a specular
reflection, but will also produce diffraction at a few discrete angles as
exemplified in Fig. 2B, producing a glittering appearance that cannot be
observed in one-dimensional multilayers (Fig. 9A).

The best known example of structural colour from a 2D structure is
possibly the vivid appearance of peacock feathers (Zi et al., 2003), which
originates from a regular packing of melanin rods and air channels in a
keratin network that lies parallel to the surface of the barbule. Other
examples of 2D regular and irregular packing with vastly different
appearances are found in avian feathers (Prum et al., 1998), mammalian eyes
and marine creatures (Starkey & Vukusic, 2013). More recently, 2D
photonic structures have also been observed in bacterial colonies (Fig. 9)
(Kientz et al., 2016).
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Figure 8. A: Scheme of a photonic crystal with a structure that is periodic in the xz-plane and
invariant in the y-direction. B: TEM of a cross-section of an array of collagen fibrils found in
the structure around the eyes of the velvet asity (Philepitta castanea). Scale bar: 100 nm. C:
TEM of the longitudinal section of the collagen fibrils (with the distinct banding pattern being
typical for collagen). Scale bar: 200 nm. Figure reproduced with permission from Prum et al.
(1994).

Figure 9. The colourful
appearance of a bacteria
colony of Cellulophaga Ilytica
is caused by the rod-shaped
bacteria packing in a roughly
hexagonal arrangement as seen
in B. The diffraction from this
natural photonic crystal gives
rise to  the  colourful ST s

appearance. The effect is yet to be observed in a natural environment, but readily reproduced
in the lab (Kientz et al., 2016). Images from Kientz et al. (2016).

2.2.1 Modelling of photonic structures

Reflection maxima from periodic photonic structures (in two and three
dimensions) can be computed by a so-called bandgap analysis using the
open source tool MIT Photonic Bands (MPB) by the Massachusetts Institute
of Technology (Johnson & Joannopoulos, 2001) or commercially available
software by Comsol or Lumerical. Such investigations provide a band
diagram that indicates which wavelengths can be expected to be fully
reflected (Eliason & Shawkey, 2012). Even though this method does not
provide the full spectral response, it provides a quick way to gain insight into
a complex problem, and it constitutes a good starting point for understanding
the optical response of a structure (Parker et al., 2001; Zi et al., 2003;
Eliason & Shawkey, 2012). More details on photonic crystals can be found
in the book by Joannopoulos et al. (2008), which is freely available online
from the authors, and also in Yablonovitch (1993).

In order to fully describe the optical response from nanostructures
(ordered or disordered), a full wave electromagnetic solver is needed. A
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review of approaches deserves a chapter on its own, but it is worth
mentioning that the Finite Difference Time Domain (FDTD) method is very
popular within structural colour research, see for example Wilts et al.
(2014a). The most popular tools are the open source software MIT
Electromagnetic Equation Propagation (MEEP) (Oskooi et al., 2010) and the
commercial software Lumerical FDTD.

2.2.2 Analysing order and disorder in 2D structures

The effect of disorder in 2D natural photonic structures was first
investigated in the structure surrounding the eye of the velvet asity Philepitta
castanea (Fig. 10C) (Prum et al., 1994). The structure consists of a 2D array
of collagen fibres as seen in Fig. 8B-C. In this work, the authors conclude
that even if the system lacks perfect ordering, it is still capable of supporting
constructive and destructive interference, as also demonstrated in Benedek
(1971), due to correlation in the structure factor, see Section 1.

Since 2D structures are invariant in the third direction, a cross-sectional
image of the material is adequate to assess the degree of disorder of the
entire structure. Fourier transformation (Section 1) of cross-sectional
electron microscope images (e.g. Fig. 8B) is therefore a good method to
reveal the fundamental level of periodicity in the structure. The approach
was introduced (Prum et al., 1998) and further developed in the following
decade by Prum and co-workers (Prum et al., 1999; Prum & Torres, 2003a;
2003b; 2013) and recently employed by other groups (Jordan et al., 2016).

The interplay between order and disorder in 2D photonic structures in
birds is elucidated by Prum and Torres, who characterised an impressive
number of species, showing a great diversity of optical effects (Fig. 10)
(Prum & Torres, 2003b). The spectral responses were roughly estimated
from the Fourier transform as well, whereas nowadays a better correlation
can be obtained from the methods in Section 2.2.1. An interesting
observation from the FFT spectra in Fig. 10G-H is the rotational symmetry.
This implies that the periodicity of the system is the same in all directions
perpendicular to the rods, which leads to decreased iridescence, and an
appearance that will have the same reflection properties regardless of in-
plane rotation. In contrast, the FFT in Fig. 10l shows a hexagonal pattern
with clear spots, indicating direction dependence and a higher level of order,
leading to a more angular dependent response. Such differences are hard to
observe visually, since the overall optical appearance is affected by other
factors such as pigmentation and feather orientation. The isolated photonic
crystal response can, however, still be observed in small areas (Noh et al.,
2010).
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Gymnopithys leucapsis Tragopan satyra Philepitta castanea

Figure 10. A, B, C: Photographs of three different avian species, whose feathers show
photonic properties. D, E, F: Electron micrograph of the 2D photonic arrangements found in
the feathers. Scale bar 200 nm. G, H, I: Fast Fourier Transforms of the electron microscopy
images in D, E, F. The axis of the plots are all spanning -0.2 to 0.2 nm". Images reproduced

with permission from the author (Prum, 2003b) apart from B from Wikimedia Commons
(2008).

As an alternative to Fourier analysis for the investigation of disorder,
Delaunay triangulation was used to determine centre-to-centre distances
between inclusions in the Pherusa worm (Trzeciak & Vukusic, 2009). This
method provides additional statistical information about the relation between
order and disorder in 2D natural photonic structures and can be more
accessible for quantitative comparison than the Fourier transformed images.

The approach is also used in Kientz et al. (2016) to assess the organisation of
the bacteria colonies shown in Fig. 9.
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By comparing the different examples presented in this section, it seems
that for 2D photonic structures, disorder is not just an unavoidable feature in
nature’s photonic systems, but is used to control the optical response of the
organisms.

2.2.3 Diatoms

A huge variety of photonic structures are found in the bio-mineralised
silica cell wall of diatoms (Fig. 11) (Sumper & Brunner, 2006); here we
classify them as 2D structures but, as we will see, some species can be
considered three-dimensional. However, it is important to highlight that this
categorisation is debatable as the photonic properties of diatoms might be a
concomitant effect of their geometry and ultrastructures (Noyes et al., 2008).

In 2004 it was reported that the pores on the surface of the cell wall of
Coscinodiscus granii act as a photonic crystal, selectively enhancing the
transport of light towards the chloroplasts in the cell (Fuhrmann et al., 2004).

However, De Tommasi et al. (2010) later suggested that, for a similar
species, Coscinodiscus wailesii, the nano-structured silica contributes to
light diffraction. Numerical modelling showed how light is selectively
confined within the edges of the pores according to its wavelength. The
same species of diatoms was studied by Kieu and co-workers, who further
investigated the role of the position of the pores. In fact, due to the imperfect
periodicity of the pattern, the photonic structure in this system was defined
as “quasi periodic” (Kieu et al., 2014).

Assessing disorder in diatoms’ photonic structures can be challenging,
however both Fourier analysis and X-ray diffraction experiments have been
carried out (Almeida & Fujii, 1979; Yun et al., 1987). In the first study, the
Fourier study was used to distinguish various species of diatoms for
taxonomic purposes. The latter study was, instead, one of the first reports of
X-ray diffraction measured in a microscopic, biological specimen.
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Figure 11. A: Scanning electron microscope images of the inner (top) and outer (bottom)
valve of C. wailesii. B: micrographs of several pennate diatom species that show photonic
properties. C: digitally enhanced Jamin-Lebedeff light microscopy image of the marine
centric diatom fossil Triceratium morlandii. Cell width 120 mm. A adapted from De
Tommasi et al., 2010, The Optical Society. B and C reprinted with permission from Elsevier,
copyright (2009) (Gordon et al., 2009).

2.3 Three-dimensional photonic structures

Disentangling the roles that order and disorder play in three-dimensional
(3D) architectures is extremely challenging because sophisticated 3D
tomography methods, such as 3D X-ray and electron tomography, are
necessary to investigate the architectures (Noh et al., 2010). Hence, three-
dimensional structures are typically approximated by a unit cell, which is
repeated periodically to form a highly ordered stack. Similar to 1D and 2D
structures, when the periodicity of a 3D photonic crystal is comparable to the
wavelength of visible light, only certain wavelengths will be reflected. Thus,
3D photonic structures can give rise to brilliant colours, which vary
depending on the orientation of the photonic crystal with respect to the angle
of incidence of light. The analysis tools to investigate these structures are
analogous to the ones presented in Section 2.2.1.

231 Polycrystalline structures

In nature, such 3D structures are typically polycrystalline - meaning that
the photonic structure is composed of a number of smaller crystallites
(Seago et al., 2009). Each of the crystallites can be approximated by a
perfectly repeating lattice, but the grains themselves can have different sizes
and orientations. Hence, a polycrystalline structure has a high degree of
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order within each domain but no correlation between the domains, causing
colour desaturation and a more angle-independent response. This may here
provide an evolutionary advantage due to a more consistent colour for
signalling and camouflage (Michielsen & Stavenga, 2008).

In nature, diamond-like 3D photonic structures have been observed
inside the iridescent scales of the weevils Lamprocyphus augustus (Galusha
et al.,, 2008) and Entimus imperialis (Wilts et al., 2012b). In both cases,
micron-size domains which are differently oriented guarantee an almost
entirely angle-independent optical response.

In 1970 Alan Shoen, an engineer at NASA, discovered a 3D periodic
structure, based on the mathematical concept of minimal surfaces, that he
named gyroid (Schoen, 1970). This structure is composed of two distinct
networks intertwined: one shows a six-fold geometry while the other is
tetrahedral. Given the complexity and technically abstract nature of this
crystal, the discovery of its occurrence in the cuticular structures of the
lycaenid and papilionid butterflies is truly fascinating (Michielsen &
Stavenga, 2008). Later, similar structures have been found responsible for
the optical responses in various species such as Callophrys rubi (Michielsen
et al., 2010; Schroder-Turk et al., 2011), Cyanophrys remus, Parides
sesostris (Wilts et al., 2012a), and Thecla opisena (Wilts et al., 2017b). Just
like in the case of the weevils, the crystalline structure is constituted of
multiple domains with variable size and orientation as shown in Fig. 12. In
fact, the absence of circularly polarised reflection (expected due to the
inherent chirality of the gyroid network) in the wing of C. rubi and
Teinopalpus imperialis has been attributed to disorder (Saba et al., 2014).
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different domains in the cuticular crystal. The grain boundaries are indicated by vertical lines.
Scale bar: 2.5um. B: Projections of domains modelled computationally. Image reproduced
from Michielsen & Stavenga (2008) licensed under CC-BY version 4.0.

2.3.2 Short-range ordered structures

Even in the absence of long-range ordering, structural colours can be
generated if short-range periodicity is present. The colouration is much more
diffuse in this case as reported and studied in detail in the beetle
Anoplophora graafi (Dong et al.,, 2010). Another example of colour
produced by short-range order is the complex keratin network in the blue
feathers of the eastern bluebird S. sialis (Fig. 13A) (Shawkey et al., 2009). A
3D reconstruction of the tissue was obtained by electron tomography, and a
subsequent Fourier transformation revealed a periodic arrangement of the
material for the reconstructed model (Fig. 13B-C).

Another way of probing complex networks is by small-angle X-ray
scattering (SAXS), see Section 1. The method has been used to analyse bird
feather barbs (Noh et al., 2010) as well as the wing scales of the butterfly C.
gryneus (Sellers et al., 2017).
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Figure 13. A: The eastern bluebird S. sialis. B: 3D reconstruction of the keratin structure in
the feathers. C: 3D Fourier transform of the keratin structure. The doughnut shape reveals that
the material is distributed periodically just like in Fig. 10G-H. This periodicity causes the blue

colouration. Figure reproduced with permission from Shawkey et al. (2009) and Wikimedia

Commons (2010).

3. RANDOM PHOTONIC STRUCTURES

Light propagating through a completely disordered structure will be
scattered multiple times and exit the medium in random directions, thus
giving a white, diffuse colouration (Wiersma, 2013). We can understand this
phenomenon by considering each inhomogeneity in the medium’s refractive
index as a scattering centre: when light impinges upon one of these
obstacles, it is scattered at a random angle and propagates until another
collision occurs (Fig. 14A).

Natural random media can be extremely difficult to study and model, as
the knowledge of their 3D morphology is challenging to obtain. However,
the understanding of these systems is growing with availability of advanced
tomography techniques, such as focused ion beam (FIB) milling and high
resolution X-ray tomography that provide the required nm-resolution in
three dimensions (Wilts et al., 2017a).

24



= : :
zo08}f ]

(&)

g o6f 3
€04 T
5]

4

02}
0 L A L
o400 600 800 1000

Wavelength (/nm)

Figure 14. A: Light (represented by the arrow) is scattered multiple times by an
inhomogeneous, complex medium (black dots). B: Cyphochilus beetles with their chitin
network shown in C. Reproduced from Burresi et al. (2014) licensed under CC BY 4.0. D, E:
Petals of Diphylleia grayi in sunlight and in the rain, respectively. Reproduced from Yong et
al. (2015) with permission from The Royal Society of Chemistry. F: The reflectivity of
various white materials compared to the white beetle Cyphochilus (red line). The green line
corresponds to common filter paper (Whatman ®), the light blue to the hair of a polar bear
(U. maritimus) and the dark blue to a transparent glass slide. The reflectivity was normalised
with respect to a standard diffuser (black line). The numerical aperture of the microscope
objective was 0.95.

The scattering strength of a standard diffusive material can be quantified
by the average step length between the collisions. This quantity is known as
the scattering mean free path and is used to compare the whiteness in
different materials: a short mean free path implies that the scattering is very
efficient, giving a whiter appearance. In fact, a long step length (i.e. the
scatterers are inefficient) implies that light will be mostly unperturbed by the
structure, leading to a transparent appearance of the material.

The scattering mean free path depends on three key parameters
(Toninelli, 2007):
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1. The size and shape of the scatterers. By comparing the
dimensions of the scatterers with respect to the light wavelength,
we can identify different scattering regimes (Akkermans &
Montambaux, 2007). Intuitively, we see that if the obstacles are
very small (i.e. much smaller than the wavelength of the incident
light), light will not interact with them but will propagate as if
the medium was homogeneous. Similarly, if the scattering
centres are much larger than the wavelength, the medium will
appear homogeneous, and light will propagate through it as in a
bulk material.

2. The packing and density of the scatterers (or filling fraction). For
efficient light scattering materials, the density of the scattering
elements needs to be optimised. When the density of the
scatterers is very low, the probability of having a scattering event
decreases, making the material inefficient for scattering.
However, if the density of the scatterers is too high, scattering
from individual elements decreases as a consequence of the
presence of others. This effect is known as optical crowding.

3. The refractive index ratio between the propagation medium and
the scattering centres. If the difference between these two
quantities is large, light will be scattered more efficiently. On the
other hand, if the two refractive indices are similar, the medium
will be effectively uniform.

31 Refractive index matching: Diphylleia grayi

The flower petals of the small herb Diphylleia grayi are white in dry
weather. The numerous lacunae in between the cells on the petals are filled
with air: the difference in refractive index between the two media causes
light to be scattered and therefore produces a white colouration (Yong et al.,
2015).

However, if it rains, the air gaps fill with water, whose refractive index is
very similar to the one of cells. The petals become a uniform medium and
light can propagate through them almost undeflected, giving a transparent
appearance (Fig. 14D-E).

3.2 The whitest natural material: the Cyphochilus genus
Whiteness increases when there are a large number of scattering events.
Thus, whiteness increases with thickness. In general, white materials are

relatively thick, of the order of millimetres or larger. In the case of
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Diphylleia grayi, the scattering events are probably not very efficient,
however the tissue is thick enough to provide a white response. Similarly,
polar bear hairs (Ursus maritimus) appear white not because the scattering
events are particularly efficient (each hair is only slightly more reflective
than glass, Fig. 14F) but because the overall fur is composed of numerous
hairs that are arranged in layers. White paper is in comparison much more
reflective than a single hair (Fig. 14F).

However, some organisms have extremely well optimised whiteness. The
scales of the beetle genus Cyphochilus show a brilliant white colouration
whilst only being 5-7um thick, see image 14B-C. This makes them the
whitest natural material known to date. The discovery was first reported in
Vukusic et al. (2007), and it has been speculated that the white appearance
helps the beetle camouflage amongst white fungi. Since then, many research
groups have tried to explain how the Cyphochilus achieves such
performance given that the biological material involved has a low refractive
index and is therefore not well adapted for optimal whiteness. In fact, the
scales are made up of long filaments of chitin, a long chain polysaccharide
with a refractive index around 1.55-1.56.

By comparing Cyphochilus scales to other white beetles whose scattering
efficiency is lower (Lepidiota stigma and Calothyrza margaritifera), it was
observed that in all cases the filling fraction (i.e. the amount of chitin versus
the amount of air) is optimised for scattering, but in Cyphochilus the
scattering centres' spacing and diameters are particularly adapted to this
function (Luke et al., 2010).

Time-resolved measurements confirmed that light is, indeed, scattered
multiple times as it propagates through the scales (Burresi et al., 2014). The
flux of photons through the scales was measured as a function of time
elapsed from the illumination of the sample. This showed a significant time
delay as compared to the time expected for light propagating ballistically
(i.e. without being scattered). Later work demonstrated that the anisotropy of
the chitin rod distribution was also important in the optical response (Cortese
et al., 2015). In fact, the high filling fraction of the scales implies that some
degree of angular correlation has to be introduced. In Fig. 14C it is possible
to see such anisotropy as the chitin filaments are mostly distributed with a
planar orientation.

Further measurements on Cyphochilus insulanus confirmed that the
cuticle also shows a low degree of polarisation and gloss, which is a
desirable characteristic in a camouflaging material (Akerlind et al., 2015).
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4. HIERARCHICAL STRUCTURES AT THE
SURFACE

So far we have described structures on a scale comparable to the
wavelength of light. However, the reflection properties can also depend on
the hierarchical ordering of photonic elements on a larger scale and how
these are distributed across a surface. In this section, two (among many) very
different types of disorder on a meso- and macroscopic scale are described to
exemplify the importance of hierarchical organisation for photonic
properties and how disorder also plays a role here, namely diffractive
surfaces and pixellated surfaces.

4.1 Diffractive surfaces on the Morpho butterfly wings

The interplay between order and disorder in the photonic structures
presented in the previous sections can be used to obtain different optical
effects ranging from strong iridescence to matt, diffuse colouration.
However, even by varying the degree of order in these photonic materials,
little freedom is provided to fully design the angular response of reflected
light. This limitation can be overcome by hierarchically structuring the
surface of the photonic material. The most well-known example is found in
the scales of the Morpho butterfly.

4.1.1 Wing structure and appearance

The most studied structural colouration strategy in nature is probably the
one used in the scales of several species of the Morpho butterfly, whose
reflection properties were first quantified in 1999 (Vukusic et al., 1999). The
colouration is mainly due to the distribution of long ridges of Christmas tree-
like structures on the wing scales (Fig. 15). The nanostructuring of the ridges
provides a colour reflection similar to a standard multilayer structure, see
Section 2.1. Several other features, such as multiple layers of scales, scale
tilt angles, and an absorbing background also influence the striking visual
appearance of the butterfly (Ingram & Parker, 2008; Kinoshita et al., 2008;
Giraldo et al., 2016). Vukusic et al. (1999) noticed that the reflection from
the Morpho scales extended its blue colour roughly 100° along the longest
direction and 15° along the shortest under normal illumination. This is
illustrated by the elliptical shape in Fig. 16B. Such controlled reflectance
properties are generally not easy to obtain.
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Figure 15. Hierarchical structuring on a Morpho didius wing. The ordering is typical for
several Morpho species. A: Image of the wing from two different angles, showing iridescence
caused by the structural colouration. B: Optical microscopy of the wing scales. The blue
scales are covered by transparent scales. C: Top view of nanostructured ridges present on the
blue scales. D: Cross-sectional view of the ridges in C, which are responsible for colour
selectivity. A, C are reproduced with permission from the author (Saito et al., 2013). B, D

reprinted with permission from Elsevier from Jiang et al. (2014).

A Light
Figure 16. Experiment to elucidate the reflection properties of "
the Morpho butterfly. A: The wing is mounted on the sample \
holder (light blue square) and illuminated through a hole in a
screen. B: Photograph of screen in A, where the reflection from
the butterfly wing is seen. The elliptical shape is caused by the
anisotropic disorder properties of the nanostructures of the wing.
A circular shape is much more common, both for pigmented and
structurally coloured structures. The figure is reproduced with
permission from the author (Saito et al., 2013).
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4.1.2 Hierarchical organisation

The physical mechanism behind the Morpho colouration was proposed
by Kinoshita et al. to mainly rely on multilayer interference and the height
difference between the individual ridges, which can be seen in Fig. 15C
(Kinoshita et al., 2002). This interpretation inspired the fabrication of a
surface mimicking the Morpho’s structural colouration only two years later
(Saito et al., 2004). Since then, several contributions have uncovered more
details in the understanding of the importance of disorder for the reflectance
properties of the butterfly (Lee & Smith, 2009; Saito et al., 2011; Johansen,
2014).

In general, three disorder parameters seem crucial for reproducing the
visual appearance of the Morpho: (i) the length distribution of the tree-like
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ridges (Fig. 15C), which controls the angular width of the reflection cone in
the compressed direction (cf. Fig. 16B); (ii) the width of each individual
ridge, which determines the angular size of the reflection cone in the other
direction; (iii) and the distribution of height displacements, which suppresses
the diffraction grating effect normally obtained from periodic structures (like
the ridges in a Compact Disc) in order to give a smooth angular reflection
(Saito et al., 20006).

The diversity of structural colouration strategies found in butterflies
suggests a large degree of tunability of the structures through evolution
(Nijhout, 1985; Ghiradella, 1991; Wickham et al., 2006; Ingram & Parker,
2008), and there is also evidence that different types of disorder can provide
similar results (Song et al., 2017). Given the impressive control of reflection
properties that Morpho butterfly wings have, it is therefore likely that the
scattering elements and disorder properties are highly optimised with respect
to their optical response.

4.2 Pixellated surfaces

Pixellated surfaces can give rise to vivid metallic as well as
inconspicuous colourations. We define pixellated colouration as the
phenomenon that occurs when the macroscopic appearance of an organism is
constituted by the individual reflections of many small units that are
differently coloured so that their appearance can be resolved individually
when magnified but not by the naked eye. Such small areas of different
colour could be individual cells in plants, or single iridocytes, or the
differently coloured areas could be e.g. caused by the strong curvature of
wing scales of a butterfly. To our knowledge, pixellated surfaces have not
been summarised and reviewed before, so we decided to classify them as in
the list below. Each strategy will be discussed in more detail later in this
section. Briefly, different ultrastructures have been found to provide a
pixellated colouration in cases where:

* Individual units, like plant cells or iridocytes, reflect different
wavelengths, e.g. Pollia condensata, Margaritaria nobilis, and
Tridacna maxima.

* Individual units, such as iridocytes, reflect varying wavelengths
within them, e.g. Tridacna derasa.

* The surface has areas or patches that reflect different colours,
e.g. caused by different thicknesses in cuticular multilayers, e.g.
Cicindela oregona, Cicindela repanda, and Cicindela
campestris. This variation in layer thicknesses can also be linked
to the structure of the surface, like in the elytra of Chlorophila
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obscuripennis where the layer thickness is higher at ridges but
lower in the basins.

* The surface is structured in a way that reflects different colours
from different features, e.g. concavities made up of multilayers,
with different colours reflected from the tops or the walls of the
concavities, like Papilio palinurus, or butterfly scales with a
strong curvature, like in Chrysiridia rhipheus. This effect is
based on the angular dependency of reflection of multilayers.

Examples of pixellated appearance are the fruits of Pollia condensata
and Margaritaria nobilis (Vignolini et al., 2012; 2016). In these fruits, each
individual cell in the pericarp reflects a slightly different colour, by having a
slightly different pitch in each cell, and the overall macroscopic appearance
of the fruits is a metallic blue, see Section 2.1.3.

A similar example is the epithelium of certain clams (7ridacna maxima,
Tridacna derasa), which has areas that show an intense white appearance,
where individual iridocytes (cells that are Bragg-like reflectors) reflect
different wavelengths (Ghoshal et al., 2016a; 2016b).

Whiteness can be caused either by the mixing of iridocytes of different
colours, as in the case of Tridacna maxima, or by having different colours
coming from just a single iridocyte, containing multiple Bragg stacks with
different lamellar spacings, as in Tridacna derasa. Fig. 17A-B shows a
juvenile Tridacna maxima, where the reflective epithelium of the mantle
overlapping the shell is visible, and a close-up of a white investigated area.
The microscope image 17E depicts an individual iridocyte, and a TEM of an
individual iridocyte of the white area is shown in 17F, while a representative
spectrum and the peak wavelength distribution are shown in Fig. 17G-H,
respectively. A dissected Tridacna derasa and close-up of a white area are
depicted in Fig. 17C-D.
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Figure 17. A: Juvenile Tridacna maxima (the length of the clam is 6 cm), B: and close-up. C:
Photo and D: close-up of dissected Tridacna derasa. E-H Tridacna maxima: E: Microscope
image of an individual iridocyte, F: TEM of iridocyte, G: Reflectance spectra and H: Colour
distribution from individual iridocytes. A-E, G, H reproduced with permission from Ghoshal
et al. (2016a). F courtesy of Daniel E. Morse.

The first example of colour mixing on pixellated surfaces was reported
by Schultz and Bernard (1989) for tiger beetles. The dorsal wings of
Cicindela oregona are covered by so-called alveoli, hexagonal pits of 13 um
across, consisting of cuticular multilayers. Fig. 18A shows a SEM of the
elytral surface with clearly visible alveoli. Two different morphs of
Cicindela oregona were investigated, a brown and a black one. The surface
of the brown morph is structured by such alveoli and has patches of blue-
green surrounded by a red field. The surface of the black morph has magenta
patches surrounded by a dull green field. These different colours are
obtained by different spacing of the cuticular multilayers. The different
patches can be resolved by microscopy. The spectra at the microscopic scale
were collected in an area of 30-40 pm diameter, comprising 5-8 alveoli of
the same colour. However, at the macroscopic scale, the colours of the
patches and the surrounding field mix and an overall brown or black
appearance is observed. The spectral response at the macroscopic scale is
measured on a 300 um diameter area comprising around 530 alveoli and 7-8
colour patches. In this case, the reflectance is flat and unsaturated, giving the
beetles a dull brown or black appearance, ideal for camouflage in their
habitat.

The same macroscopic mixing effect is observed in the elytra of
Cicindela campestris, see Fig. 18B (Berthier et al., 2007).

Finally, a similar mechanism is found in the elytra of Cicindela repanda,
where blue-greenish punctae, surrounded by yellow circles in a red field
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(Fig. 18C-F) can be distinguished at the microscopic scale, while at the
macroscopic scale, the colours mix and give a dull brown reflectance (filled
circles), comparable to wet sand (open circles), Fig. 18F, optimised for
camouflage (Seago et al., 2009).
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Figure 18. A: SEM of elytral surface of Cicindela oregona, each alveoli measures 13 pm
across. B: Dorsal surface of elytra of Cicindela campestris. C-F: Photo, SEM, microscope
image, and micro- and macro-scale spectra of Cicindela repanda, respectively. A reproduced
with permission from Schultz and Bernard (1989). B reproduced with permission from
Berthier et al. (2007). C-F adapted from Seago et al. (2009), courtesy of Thomas D. Schultz.

A similar effect is observed in the elytra of the beetle Chlorophila
obscuripennis in Fig. 19A, which has a blue-green appearance. Here, the
layer thicknesses of the chitin-melanoprotein multilayer are higher at the
ridges than in the basins, so the bottom of the concavities reflects in the blue,
while the sidewalls in the green (19D), as depicted in Fig. 19A-D. SEM
(19B) and TEM (19C) images show the concavities built up of cuticular
multilayers with thicker layers at the ridges and smaller layers in the basins
(Liu et al., 2008).
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Figure 19: Chlorophila obscuripennis. A: Photo of Chlorophila obscuripennis, scale bar 1
cm. B: SEM of elytra: top view, and transverse cross-section, scale bars 10 um, 5 pm. C:
TEM cross-section of ridge and basin, scale bars 0.5 pm. Note the layer thicknesses are
smaller in the basin region. D: Micrograph, scale bar 5 pm Reproduced with permission from
Liu et al. (2008).

Another mechanism of pixellated colour is found in the butterfly Papilio
palinurus (Fig. 20A) (Vukusic et al., 2000). In this case, the hierarchical
surface structure consists of scales made up of multilayers. These
multilayers are arranged in concavities of about 4-6um in diameter and 0.5-
3um deep (Fig. 20B). The dimensions of the concavities are such that light
reflected from the bottom of the structure shows a yellow reflection. In
contrast, light impinging on the side walls of these concavities is reflected
twice and yields an intense blue colouration, due to the different angle of
incidence of the light with respect to the multilayer (Fig. 20C).
Macroscopically, the contributions from the bottom and the side walls of
these concavities cannot be resolved, and the butterfly wings look green.

A similar effect is found in Chrysiridia rhipheus (Fig. 20D) where the
wing scales have a strong curvature (Fig. 20H) leading to light being directly
reflected from the top of the curvature, and dual reflection for light
impinging in between (see scheme in 20G). The distance between these two
reflected bands is only around 200pum, so they cannot be resolved
macroscopically (Yoshioka & Kinoshita, 2007; 2009).
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Figure 20. A-C: Papilio palinurus. A: Photo of Papilio palinurus. B: TEM of cross-section
through concavity of an iridescent scale. Inset: SEM image of same surface. Scale bar, 1 pm
(inset, 7 pm). C: Micrographs with unpolarised light, inset same area between crossed
polarisers, and scheme, scale bar, 12 um (inset, 6 um). D-L: Chrysiridia rhipheus. D, E, F:
Photo and microscope images (different polarisations) of Chrysiridia rhipheus, scale bar: 200
um. G: Scheme of reflection from top and sides of curvature, and H: SEM cross-section, scale
bar 300 um. I-L: Reflectance spectra of purplish red, orange, pale blue, and green part of the
wing, respectively. Individual (tops and bottoms of curvatures, black dashed and grey dashed
lines) and additive spectra (taken by unfocusing the sample, black line, and summed from the
individual spectra, grey line). A reproduced with permission from Sun et al. (2013). B, C
reproduced with permission from Vukusic et al. (2000). D-H reproduced with permission
from Yoshioka & Kinoshita (2007). I-L reproduced with permission from Yoshioka &
Kinoshita (2009).

S. OUTLOOK

In summary, we conclude that disorder at different length scales adds
functionalities to photonic structures in nature, providing control of colour
and angular selectivity. In this chapter we reviewed examples of different
types of disordered structures and their optical responses.

In contrast to perfectly periodic structures, where the knowledge of the
unit cell is sufficient, the anatomical and theoretical description of disorder
is very challenging because it requires the knowledge of the structures on a
large area (larger than tens of microns) with nm-scale precision.
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Investigation of disorder is a useful tool for understanding evolution and
aiding taxonomic classification, with more results to come in the next few
decades. At the same time, many of these principles will provide bio-
inspiration for fabrication of new optical materials and further research will
not only benefit biological understanding but also lead to new discoveries in
other areas of science.
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