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Abstract
Nature has many examples of structural whites, the most striking of which are

the scales of the Cyphochilus and the Lepidiota stigma (L. stigma) beetles. Previous
work suggested that the reason for their superior reflectance was the highly aniso-
tropic network of random chitin filaments contained within the scales which had a
filling fraction of ∼45%-70% [1, 2]. The work in this thesis will show that the beetle
scales distort upon sectioning and in order to fully understand the microstructure
within these scales, the structure must be characterised using intact scales. This was
accomplished using 3-D x-ray nano-tomography on single scales from both species
which found the filling fractions of both scales to be ∼ 30% and that the Cyphochilus
scales were anisotropic, but the Lepidiota stigma scales were actually isotropic. The
3-D data revealed that the scale structures were highly voided continuous networks
reminiscent of structures that arise from spinodal decomposition. Simulated re-
flectance patterns from finite difference time domain modelling of the beetle struc-
tures and simulated spinodal structures from Cahn-Hilliard theory showed excellent
agreement between the two. This suggested that it could be possible to create a
highly reflective synthetic mimic of the beetle scale structure via the spinodal phase
separation of a polymer solution. This hypothesis was tested through the fabric-
ation of porous films of cellulose acetate, which were confirmed to phase separate
via spinodal decomposition using ultra small angle X-ray scattering to observe the
dynamics of the drying films. Using spin-echo small-angle neutron scattering it
was shown that the films were isotropic and had a filling fraction of about ~22%.
Micro-reflectance results for cellulose acetate films and the beetle scales showed that
the films achieved a higher reflectance for a comparable thickness, verifying that it
is possible to improve upon nature and achieve highly reflective structural whites
through the spinodal decomposition of a commercial polymer system.
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Nomenclature

α Angle

x̄ Weighted average

χ Flory-Huggins interaction parameter

∆ϕ Change in polarization angle

ε Energy of the interaction

γ(x) Autocorrelation function

~ Planck’s constant/2π = 1.054× 10−34J ·s

= Imaginary component

L. stigma Lepidiota stigma

κ Gradient energy coefficient

λ Wavelength

µ Chemical potential

µN Nuclear Bohr magneton = ≈ 3.1× 10−8 eV · T−1

µa Linear attenuation coefficient

ν Frequency

ω Angular variant

ωL Larmor frequency

φ Volume fraction

φc Average composition

φo Phase
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π Pi (constant) = 3.1416

ψ Wave

ρ Density

ρc Free charge

ρs Scattering length density

σi Measurement error

τ Dimensionless time

θ Angle

Λ Characteristic size

ϕL Larmor phase

ϕtot Total precession of the scattered neutron

Σt Fraction of single scattering neutrons

ϑ Angle between polarization and magnetic field vectors

Υ Constant

~µ Magnetic moment

~σ Pauli spin matrix

~B Magnetic induction field vector

~D Displacement field

~E Electric field vector

~J Current density

~M Momentum change

~P Polarization vector

~q Scattering vector

~r Radial vector

~s Neutron spin
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ξ Correlation length

A Wave amplitude

A(~q, t) Fourier amplitudes

A(x) Abel transform

C Constant

c Speed of a wave

co Speed of light in a vacuum = 3× 108m·s−1

D Mutual diffusion coefficient

d Film thickness

Deff Effective diffusion coefficient

E Energy

e Charge of an electron= 1.6× 10−19C

F Free energy

f(φ) Local free energy

F (s) Fourier transform

G(z) Projection of the autocorrelation function as a function of spin
echo length

gn Neutron g-factor

Gr(s) Radial projection of the autocorrelation function

Gx(z) Projection of the autocorrelation function in x showing correla-
tions in z

Gy(x) Projection of the autocorrelation function in y showing correla-
tions in x

Gz(y) Projection of the autocorrelation function in z showing correla-
tions in y

H Magnetic field vector

h Planck’s constant = 6.626× 10−34J ·s
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I Intensity

J Material flux

k Wavenumber

kB Boltzmann constant = 1.38× 10=23J ·K−1

L Length

l Path length

M Mobility

m Order of interference, integer

me Mass of electron

N Degree of polymerisation

n Refractive index

P (∞) Saturation level of the polarization

Po Polarization of the empty beam

q Momentum transfer

qm Fastest growing wavelength

r Radius

R(q) Amplification factor

R(t) Domain size

T Temperature

t Time

V Kinetic energy

v Velocity

wi Weights in error calculation

z Coordination number

z Spin echo length
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ATR-FTIR Attenuated total reflectance-Fourier transform infrared

CA Cellulose Acetate

ESRF European Synchrotron Radiation Facility

FDTD Finite difference time domain

FFT Fast-Fourier Transform

OPD Optical path difference

SANS Small-angle neutron scattering

SEM Scanning electron microscope

SESANS Spin-echo small-angle neutron scattering

SLD Scattering length density

SLD Scattering length density

TEM Transmission electron microscope
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Chapter 1

Introduction

The work presented in this thesis covers a broad range of topics and represents the
intersection of many fields of study including optics, structural colour and polymer
physics. This chapter will aim to tie these three fields together to provide the reader
with a suitable background narrative with which to interpret the results that follow.
Given the scope of the project, only what the author deemed to be pertinent will
be covered and this should not be taken as a complete review of each field. For
more information on any given topic, the reader is invited to consult the given
references as they appear in the text. Additionally, more detailed descriptions of
crucial concepts will be provided as they become relevant in the introduction of each
results chapter.

The main object of study for the work presented in the body of this thesis is
the white scales of the Cyphochilus and the L. stigma beetles. A literature review
of these scales will be covered in Section 1.2.4. Chapter 2 will further introduce
these scales and examine them through the use of electron microcopy. The images
presented in this chapter will provide the reader with a visual understanding of the
internal structure of the scales as well as some of their intrinsic properties.

Chapter 3 will cover the Fourier transform, the autocorrelation function and
the projection of the autocorrelation function. A large section of this chapter is
dedicated to the relationship between 3-D microstructures and their projection of
the autocorrelation function, as this relationship is critical to the work presented in
Chapters 3 - 6. Chapter 3 will also introduce the spin-echo small-angle neutron scat-
tering (SESANS) technique which was performed on a large number of Cyphochilus
scales to try to probe the internal structure of the scales in situ.

Chapter 4 will introduce x-ray tomography which was used to generate 3-D re-
constructions of entire single scales from the Cyphochilus and the L. stigma beetles.
The 3-D reconstructions of the internal scale structures allowed for the complete de-
termination of the crucial structural parameters within the scales through the pro-
jection of the autocorrelation function analysis. Chapter 5 will introduce Maxwell’s
equations and the principles of finite difference time domain (FDTD) modelling
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which was used in conjunction with the 3-D reconstructions in Chapter 4 to further
understand the relationship between the internal structure of the scales and the way
that they scatter light. Chapter 5 will also compare the beetle scale structures to
spinodal structures through the use of simulated spinodal structures.

Chapter 6 will introduce the polymer cellulose acetate as well as methods to
produce porous cellulose acetate films. Using the principles determined in Chapter 5,
this chapter will show how the cellulose acetate films were optimised to make a
highly reflective structural white. Chapter 7 will make use of the linearisation of the
Cahn-Hilliard equation presented in Section 1.3.3.2 to examine the white cellulose
acetate films from Chapter 6 and determine the mechanism through which they
phase separate. The thesis will conclude with Chapter 8 which will give conclusions
and briefly discuss possible directions for future work on this topic.

1.1 Optics
This section will seek to provide a concise introduction into the field of optics,

with a focus on visible light. It will begin with the topic of waves and their various
properties, including the principle of superposition. Next, the concept of electro-
magnetic waves will be presented as well as the definition of visible light and how
humans perceive it. Finally, the key principles of refractive index, reflection and
refraction will be explained in order to understand some of the ways in which light
interacts with matter.

1.1.1 Waves
A familiar description of a wave is that which varies sinusoidally in a repeating

pattern as shown in Figure 1.1.1a. There are a number of properties which can be
used to characterise a wave, such as amplitude, A, which describes the height of a
wave, wavelength, λ, which describes the width of the repeating unit and phase, φo,
which controls the horizontal displacement or offset of the wave. It is also common
practice to describe a wave using its wavenumber, k, which is related to wavelength
through Equation 1.1.1.

If a wave is propagating in time, then it will have an angular variant, ω, which
depends on the wave frequency, ν, which is the number of cycles per unit time, of
a moving wave and the relationship between the two quantities is given by Equa-
tion 1.1.2. The speed of a travelling wave, c, will be the distance a wave moves
per unit time which can be found through Equation 1.1.3. The final property of a
travelling wave to consider is its direction of propagation, which can be described by
a vector, ~r, and leads to the general form for a travelling sinusoidal wave, ψ, given
by Equation 1.1.4 [3].
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k = 2π
λ

(1.1.1)

ω = 2πν (1.1.2)

c = λν = ω

k
(1.1.3)

ψ = A sin(−→k · −→r − ωt− φo) (1.1.4)
Optics can be divided into linear and non-linear regimes [4]. If only the linear

regime is considered, waves follow the principle of superposition which states that,
if individual waves overlap in space and time, then the observed wave will be the
algebraical sum of all of the waves at a given location. To illustrate this, an example
is shown in Figure 1.1.1b for two out of phase waves with the same amplitude and
their sum. There are two special cases of superposition: total constructive interfer-
ence and total destructive interference [5]. When waves exhibit total constructive
interference, the waves have the same phase and sum together to give the maximum
possible combination of the waves. An example of constructively interfering waves
is shown in Figure 1.1.1c. When waves interfere destructively, the waves are out
of sync by a phase difference of π radians or 180 ◦. When this happens the waves
completely cancel one another out as shown in Figure 1.1.1d. These two special
cases of wave superposition will be prevalent throughout the continued discussion
of optics in this chapter.

1.1.2 Visible Light
Electromagnetic theory describes a particular type of waves known as electro-

magnetic waves. These waves are the result of an electromagnetic field in which
varying electric and magnetic fields are bound together and perpetually regenerate
one other in a continuous cycle. As a result, once an electromagnetic wave has been
generated, it can propagate indefinitely in the absence of disrupting media, such
as in a vacuum. The complete derivation of the electromagnetic wave equation as
arises from Maxwell’s equations can be found in Appendix 1 of [3]. The electromag-
netic spectrum categorizes different types of electromagnetic waves based on their
wavelengths. Visible light is defined as electromagnetic waves within a narrow range
of wavelength from about 390 nm to 780 nm. Visible light is so named because it is
the type of electromagnetic radiation that humans can detect with their eyes and is
of particular interest because of its relationship to colour.

Colour is directly related to the wavelength of light as shown in Table 1.1 and
white light is the equal combination of all of the colours or wavelengths of visible
light [3]. However, colour is not an inherent property of light, but is instead a
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(a)

(b)

(c)

(d)

Figure 1.1.1: (a) An example of a sinusoidal wave. (b) An example of the super-
position of two waves with different phases. (c) An example of total constructive
interference. (d) An example of total destructive interference.
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Colour Wavelength range (nm)
red 780 - 622

orange 622 - 597
yellow 597 - 577
green 577 - 492
blue 492 - 455
violet 455 - 390

Table 1.1: The colours of visible light and their commonly defined wavelength
ranges [3].

product of the perception of visible light through photoreceptors in the eye, known
as cones [6]. The number of cones and their particular wavelength sensitivity varies
between different species; humans for example have three cones for red, green and
blue light. A study done by Merbs et al. in 1992 directly measured the wavelength of
maximum absorption from human cone pigments by producing them in tissue culture
cells in to which DNA corresponding to the pigments had been introduced. The
study found the average maximum absorption to be 426 nm for the blue pigment,
530 nm for the green and the red was polymorphic, meaning that there were two
different genetic versions, and had average values of 552 nm and 557 nm [7].

The relationships between light and colour will be further explored in Section 1.2
which will cover examples of structural colour in nature. However, in order to do so
requires an understanding of light propagation or how light interacts with matter.
In the following sections light waves will often be represented as a simple vector or
a ray showing the direction of propagation, ~r. This approach is known as geometric
optics and is done for simplicity, in order to demonstrate specific concepts without
considering the wave nature of light, which can be difficult to render in simple 2D
images.

1.1.3 Refractive index
As previously mentioned, in a vacuum light can travel indefinitely with no

changes in direction or intensity. However, when light encounters matter, the light
wave interacts with the molecules and is scattered. The scattering of light refers
to a process which begins when an electron in an atom is forced into oscillation by
the alternating electric and magnetic fields of a incident light wave and starts to
vibrate at the same frequency as the light. The electrons then act as tiny radiators
and re-emit light in all different directions. If the re-emitted light has the same
wavelength as the incident light then the light was elastically scattered and if there
are significant changes in the wavelength of the light due to changes in energy then
it is said to be inelastically scattered [8].
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When light passes through a homogeneous material, the light is continually
scattered and re-scattered as it propagates through the material. The ratio between
the speed at which light propagates in a given material and the speed of light in
a vacuum is known as the refractive index of the material, n, as defined in Equa-
tion 1.1.5. From Equation 1.1.3 it is clear that the speed of a wave is wavelength
dependent and as a result a material’s refractive index is also wavelength depend-
ent [9]. For consistency, refractive indices are typically reported for a wavelength of
589 nm which is the wavelength of the sodium doublet [10].

n = speed in vacuum

speed in material
= co
c1

(1.1.5)

1.1.4 Reflection
When light is propagating through a dense homogeneous material, most of the

scattered light interferes destructively in all directions, except the forward propaga-
tion direction. However, when light encounters an interface between two materials
with different refractive indices, light can be scattered backwards and this event is
referred to as reflection. If the interface in question is gradual, meaning that the
change in the material properties happens over a distance close to or greater than
one wavelength, then the interface is practically invisible to incident light and only
a very small portion is reflected. For the case in which the interface is abrupt and
occurs over a distance of 1/4 of a wavelength or less, then a significant portion of the
light is reflected which is the case that is illustrated in Figure 1.1.2 [9].

In Figure 1.1.2 an incident wave of light is depicted as a simple ray striking a
smooth interface. There is a refractive index contrast at the interface between the

Figure 1.1.2: A diagram showing a incident ray of light reflecting off a sharp inter-
face. Redrawn from [9].
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two materials and therefore the light is reflected. The angle of incidence is marked
from vertical as θi and the angle of the reflected ray is marked as θr. The Law of
Reflection says that these two angles must be equal as stated in Definition 1.1. If
n1 is less than n2, then the reflection illustrated in Figure 1.1.2 would be known
as external refection. For the reverse case in which n1 is greater than n2 then
Figure 1.1.2 would be an example of internal refection [3].

Definition 1.1. Law of Reflection

θi = θr (1.1.6)

1.1.5 Refraction
In the example for reflection, there are only two beams of light considered, the

incident and the reflected light. However, in most cases not all of the light will be
reflected, some of it will be transmitted through the second medium which is called
the refracted beam. Figure 1.1.3 shows a geometric representation of a refracted
beam of light. The relationship between the angle of incidence, θi, and the angle of
the refracted or transmitted light, θt, can be derived from simple geometry.

Figure 1.1.3 shows two right triangles which share a hypotenuse and therefore

Figure 1.1.3: A diagram showing the change in angle which occurs when an incid-
ent ray encounters an interface and is refracted or transmitted into to the second
medium.Redrawn from [5]
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the line AB and the line OP can be related through Equation 1.1.7. The length of
AB and OP is equal to the speed at which the light is propagating in the medium
multiplied by a set time or cit and ctt respectively which allows Equation 1.1.7 to
be rewritten as Equation 1.1.8. The time terms cancel out and multiplying both
sides by the speed of light in a vacuum, co, allows Equation 1.1.8 to be written in
terms of the refractive index of each medium, ni and nt. This leads to the final
equation given in Definition 1.2 for the Law of Refraction which is also known as
Snell’s Law [5].

sin θi
AB

= sin θt
OP

(1.1.7)

sin θi
cit

= sin θt
ctt

(1.1.8)

Definition 1.2. Law of Refraction (Snell’s Law)

sin θi
sin θt

= nt
ni

(1.1.9)

1.2 Structural colour
The previous section provided a brief, and admittedly simplified introduction

to light and how it interacts with matter. However, these basics will serve as the
foundation for the coming discussion of structural colour which is the heart of this
introductory chapter. Colour which arises from pigments will be briefly covered
because this is the type of colour that the reader is most likely to be familiarly
with and to highlight the key differences between pigmentary colour and structural
colour. Following this will be several examples of structures that result in structural
colour as well as examples of them found in nature. The end of this section will
focus on white structural colour and the scales of two species of white beetles,
the Cyphochilus and L. stigma beetles. A complete literature review for these two
beetles will be presented, to which the reader is asked to pay particular attention
as these two species are the main focus of the research presented in the remainder
of this thesis.

1.2.1 Pigmentary colour
White light has already been introduced as light containing all of the wavelengths

of visible light in approximately equal amounts. When something appears coloured,
this indicates that the there is not a uniform distribution of wavelengths across
the spectrum and the dominating wavelengths control the perceived colour. The
reflected light from a given surface determines its colour and Figure 1.2.1 shows some
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(a) (b)

(c) (d)

Figure 1.2.1: Idealized reflectance spectra which would appear (a) white, (b) red,
(c) green and (d) blue to a human. Plotted based on graphs in [3].

idealized reflectance spectrum which would appear white or coloured to a human.
The colour of most objects is the result of molecular pigments which preferentially
absorb certain wavelengths of light more strongly than others. For example, a
material which contains a pigment which strongly absorbs blue light would reflect
red and green light and would appear yellow in colour. Alternatively, a material
which has pigments that absorb light across most of the visible wavelengths would
appear black [11].

When a pigment absorbs light, electrons in the molecule are promoted to an
excited state. The energy absorbed by the molecules can be dissipated as heat or
through collisions with other molecules. However, other methods of energy dissipa-
tion such as the breaking of chemical bonds and the formation of free radicals can
cause the eventual degradation of the pigment and the observed colour. Most of the
work done on the stability and longevity of pigments has been focused on acrylic
paints, which is unsurprising given the importance of preserving historical works
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of art [12]. One such study showed that exposure of common artistic pigments to
artificial solar radiation over the course of 4 months showed observable changes in
the the absorbance spectra of the pigments [13]. Therefore, one of the downsides to
pigments is that they have a limited lifespan.

In contrast to pigmentary colour, structural colour is the case in which the
observed colour is not the result of molecular absorption, but is instead caused by the
scattering of light due to the presence of a particular structure [11]. The advantage
of a structural colour is that because the colour depends only on the underlying
microstructure, as long as that structure is not compromised or destroyed, the colour
will remain indefinitely. This makes structural colour particularly advantageous in
nature where the replenishment of degraded pigments has a direct metabolic cost.

1.2.2 Thin film interference
One of the simplest examples of a microstructure which will produce structural

colour is a thin-film. A thin film causes what is known as thin film interference,
which is shown schematically in Figure 1.2.2 for a thin film surrounded by two semi-
infinite media. Incident light strikes the thin-film, which has some thickness d, at
an angle θa and the light is both reflected and refracted at the top interface of the
film. The light is refracted at an angle of θb and when the refracted light encounters
the bottom interface the light is again reflected and refracted. The refracted light

Figure 1.2.2: A schematic showing how incident light is reflected and refracted inside
a thin film. Redrawn from [14].
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from the bottom interface exits the film and the reflected light will again encounter
the top interface of the film to be again reflected and refracted. If the thin film is
highly reflective, then this process can continue as the light bounces back and forth
inside the film. The reflected light waves coming off the top of the film will interfere
through the principle of superposition [14].

The optical path difference between the first and the second reflection from the
top of the film is given by Equation 1.2.1 [8]. In order for the light to interfere
constructively, the optical path difference (OPD) must be related to an integer
multiple of the wavelength of the incident light. If the refractive index of the second
media below the film is less than that of the film or nc < nb, then the condition
on film thickness for constructive interference is given by Equation 1.2.2. For the
case when the refractive index of the film is lower than that of the second media or
nc > nb, the interference condition takes the form of Equation 1.2.3. In both cases
m is an integer which denotes the order of the interference [11].

OPD = 2nbd cos θb (1.2.1)

2nbd cos θb =
(
m− 1

2

)
λ (1.2.2)

2nbd cos θb = mλ (1.2.3)
The computation of the reflectance of a thin film, especially if multiple reflections

within the film are considered, is mathematically complex and will not be covered
in this section. The complete set of equations to calculate the reflectance of a single
thin film can be found at [11]. Fortunately, software packages that can be used to
calculate the reflectance of thin films are common and many are freely available.
One such package is the tmm package for Python which was used to generate the
reflectance spectra presented in the reminder of this section.

One of the most striking features of thin-film diffraction is the dependence of the
overall reflectance on the incidence angle. To illustrate this, the reflectance of a thin
film suspended in air, with refractive indices of 1.5 and 1.0, is plotted for a variety
of incidence angles in Figure 1.2.3. The thickness of the film was set at 300 nm. As
the angle of incidence increases the peak in the spectrum shifts to the left from red
to blue. A material which has a reflectance spectrum and therefore a colour which
depends on incidence angle is said to be iridescent. However, the single film shown
in Figure 1.2.3 would only be weakly iridescent because the peaks in the reflectance
are broad and the observable colour changes with angle would be weak [11].

One way to increase the reflectance of a thin film is to increase the refractive
index contrast between the film and the surrounding media. To demonstrate this,
the reflectance of a thin film in air is plotted in Figure 1.2.4 for different refractive
indices at a set angle of incidence of 0◦. The thickness of the film was computed
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Figure 1.2.3: Plots showing how the angle of the incident light effects the reflectance
spectrum of a thin film.

Figure 1.2.4: Plots showing how changing the refractive index contrast between the
film and the surrounding air effects the reflectance of the film. The OPD of the
films was fixed at 2 μm and the angle of incidence was 0◦.
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Figure 1.2.5: A schematic showing how incident light is reflected and refracted
through the layers of a stack of thin films with alternating refractive indices na and
nb. Redrawn from [14].

using Equation 1.2.1 by fixing the OPD between the first and second reflection at
2 μm. The reflectance in Figure 1.2.4 shows a significant increase in reflectance
with refractive index. However, most examples of thin-film reflectors in nature are
made using organic polymers such a chitin which has a refractive index of about
1.5. Fortunately, there is another way to increase the reflectance from a thin film
besides increasing refractive index and that is by stacking multiple alternating layers
together[11].

Figure 1.2.5 shows a schematic of multiple alternating thin films with thicknesses
da and db and how incident light will scatter at the various interfaces. The light
waves which exit the top of the stack will again interfere with one another to give the
final reflectance. The OPD of the light exiting the stack will be the sum of the OPD
from layer a and layer b and the condition for constructive inference from single
a-b pair is given by Equation 1.2.4 where m is again an integer. The reflectivity of
a multilayer structure was first derived by Lord Rayleigh in 1917 [15]. Since then
many difference methods have been developed such as the transfer matrix method
which is the method implemented in the tmm Python package [16]. Figure 1.2.6
shows the reflectance spectrum for varying numbers of alternating layers of thin
films, n = 1.5, in air, n = 1.0 for normal incidence with an angle of 0◦, a film layer
thickness of 100 nm and an air layer thickness of 125 nm.
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Figure 1.2.6: A plot showing the reflectance of multilayer stacks with an increasing
number of layers.

2 (nada cos θa + nbdb cos θb) = mλ (1.2.4)
The first thing that is immediately obvious about multilayer interference is a

sharpening in the reflectance peak with respect to the number of layers. This means
that multilayer microstructures are strongly coloured and iridescent. Additionally,
as the number of layers increases from 1, to 2, to 3 layers there is a steep increase
in the maximum reflectance. However, after 5 layers the gain in reflectance for each
added layer begins to drop off and by 9 layers the maximum reflectance reaches
unity with the intensity of the incident light at 1. This means that by using just a
few layers an organic polymer with a relatively low refractive index, it is possible to
achieve highly reflective and strongly coloured materials.

A special case of a thin film multilayer is known as a Bragg mirror. If the re-
flected light form the a-b interfaces interferes constructively with the light from the
b-a interfaces meaning that both Equation 1.2.2 for layer a and Equation 1.2.4 are
satisfied, then stack is known as an ideal multilayer or a Bragg mirror. For a Bragg
mirror and m = 1 and an angle of incidence of 0◦, Equation 1.2.2 reduces to Equa-
tion 1.2.5 and the layers have a thickness proportional to a quarter wavelength [17].

nada = λ

4 (1.2.5)
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1.2.2.1 Morpho butterfly

One of the most common examples of structural colour produced by thin-film
interference in nature is found on the wings of butterflies. These highly iridescent
structural colours are found on the wing scales of many species of butterflies. One
of the most highly studied examples is the Morpho butterfly [19, 18, 20, 21] which is
well known for its intensely blue wing as shown in Figure 1.2.7a. On the wing scales
are thin ridges which are responsible for the colour which are shown in Figure 1.2.7b.
A drawing of a cross section of the ridges is shown in Figure 1.2.7c. The ridges are
made up of Christmas tree like structures and the branches act as the thin film
multilayer and are the source of the wing’s colour. Yoshioka et. al found for a

(a) (b)

(c)

Figure 1.2.7: (a) Photograph a Morpho butterfly by Gregory Phillips (Own work)
[GFDL (http://www.gnu.org/copyleft/fdl.html) or CC-BY-SA-3.0 (http://
creativecommons.org/licenses/by-sa/3.0/)]. (b) An SEM image of the ridges
on the wings scales of the Morpho butterfly. (c) Schematic drawing of a ridge cross
sections based on the TEM images in [18].
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Morpho butterfly the thickness of the branch like films was about 100-120 nm and
the air gap was about 60-90 nm [20]. Similar branched ridge reflectors are found in
most of the iridescent butterflies that have been studied to date [22, 23, 24].

1.2.3 Photonic crystals
Photonic crystals refer to a material in which the refractive index varies period-

ically under the condition that the period over-which the refractive index changes
must be on the order of the wavelengths of visible light. In a sense, photonic crys-
tals have already been introduced as the multilayer stacks of thin films described
in the previous section are often referred to as 1-D photonic crystals. However,
photonic crystals are not constrained to stacks of thin films and can also be made
from periodic structures of rods or spheres. The way that light interferes when
it encounters a photonic crystal causes what is known as the photonic band gap
which are wavelengths of light which cannot propagate in the material and are re-
flected out. In the reflectance plots for the multilayer film stacks in Figure 1.2.6 the
photonic band gap is the centre of the reflectance peak.

Typically, photonic crystals exhibit well defined long range order. However, it
is possible to recover some of the reflectance properties of a photonic crystal even
when the long range order has been disrupted. To demonstrate this the multilayer
film is revisited and Figure 1.2.8a shows the reflectance patten of a stack of 50 layers
of a material with a refractive index of 1.5 embedded in a material with a refractive

(a) (b)

Figure 1.2.8: (a) The reflectance pattern for a 1D photonic crystal with 50 layers.
The reflectance shows a clear band gap as marked by the dashed line. (b) The
reflectance of the 1D photonic crystal in (a) except a degree of disorder has been
added by varying the thickness of the layers. The reflectance no longer shows evid-
ence of a band gap, but does have a peak in the reflectance near the band gap of
(a) marked as the dashed line.
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index of 1.4. The thickness of both layers was fixed at 100 nm and the incident
light was normal to the surface. The reflectance pattern shows a clear band gap at
580 nm as marked by the dashed line in Figure 1.2.8a.

Disorder was introduced into this system by allowing the layer with the refractive
index of 1.4 to vary randomly by 100 nm±delta, where delta is a randomly selected
percent change between -35% and 35% of the layer thickness. The layer with
the refractive index of 1.5 remained fixed at 100 nm and the reflectance of this
disordered stack is shown in Figure 1.2.8b. The well defined band gap observed in
the ordered 1-D photonic crystal has been lost for the disordered case. However,
there is still a peak in the reflectance near 580 nm as marked with the dashed
line. Therefore, the disordered multilayer still showed constructive interference due
to the refractive index changes between the randomly thick n = 1.4 layers and
the n = 1.5 layers which had a well defined length scale of 100 nm which lead to
a peak in about the same location as the true photonic crystal. However, in the
disordered case there is a broad distribution about the peak where other wavelengths
are also reflected strongly meaning that the disordered multilayer would be a more
broadband reflector than the perfectly ordered multilayer. This would also result in
the disordered multilayer being less sensitive to changes in the incident angle and
less iridescent [25].

Structures such as the example disordered multilayer which have refractive index
changes on the length scale of visible light and a well defined length scale, but have
a degree of disordered which disrupts the long range periodicity will be referred to
as pseudo photonic crystals. A more rigorous description of the electromagnetic
theory for scattering from quasi-random arrays or pseudo-photonic crystals can be
found at [26].

1.2.3.1 Bird feathers

Structural colour from pseudo photonic crystals which result in coherent scat-
tering from microstructures with a degree of disorder is often found in bird feathers
as observed by C. V. Raman in 1934. Prum et al. (1998) was one of the first to
draw the connection between a disordered system containing refractive index con-
trast between domains which have a dominant length scale, and the blue colour
of the Cotinga maynana feathers [28]. Prum et al. used a fast Fourier transform
(FFT) analysis of transmission electron micrographs of the structure in the feathers
which were responsible for the colour. This revealed that the air vacuoles embed-
ded in the keratin matrix, while randomly oriented, had a well defined length scale.
Similar results were also found by Yin et al. (2012) for the non-iridescent blue of
the scarlet macaw [29]. Structural colours which arise from pseudo-photonic crys-
tals in bird feathers are most commonly blues and reds as the randomness of the
structures results in broad reflectance peaks and blues and reds lie on the edges of
the visible spectrum meaning that the reflectance peaks can dip into wavelengths
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(a) (b)

(c)

Figure 1.2.9: (a) An photograph of the Eurasian Jay glandarius by Luc Viatour
(www.Lucnix.be). This image is licensed under the Attribution-ShareAlike 3.0
Unported license (https://creativecommons.org/licenses/by-sa/3.0/). (b)
Scanning probe image of the structure responsible for the dark blue colour of the
Jay feather. Adapted from [27] under CC BY 4.0 (https://creativecommons.org/
licenses/by/4.0/). (c) Changes in the length scale of the air and keratin domains
correlated with the observed colour of a Jay feather barb. Adapted from [27] under
CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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in the ultraviolet or infrared without effecting the observed colour. However, there
are a few examples of structural greens arising from pseudo photonic crystals in
nature [30, 31].

The size of the the well defined length scale in these pseudo photonic crystals
directly effects the observed colour. This is nicely illustrated in Parnell et al. (2015)
which studied the Eurasian Jay whose feathers have a periodic gradient of colours
from white to blue to black [27]. A photograph of the Jay is shown in Figure 1.2.9a
which shows the periodic feathers and Figure 1.2.9b shows a scanning probe image
of the amorphous network of air and keratin from a region of the Jay feather that
is dark blue in colour. Through the collection and analysis of small-angle x-ray
scattering data taken from a single barb as the colour changed from white to blue
to black Parnell et al. were able to characterise the change in length scale of the
structure as it related to the observed colour changes as shown in Figure 1.2.9c.

The white areas of the feather had the largest long-period which was defined as
the average distance from the start of an air void through the keratin to the next air
void. The long period then decreased continuously as the colour changed to light
blue and then to dark blue. The authors showed that the shape of the scattering
patterns from the white to dark blue regions were self consistent and therefore the
different colours on the wing where made from the same pseudo-photonic structure
and a simple decrease in the dominate length scale changed the reflectance pattern
and the colour. The areas of the Jay feather which were black in colour contained
highly light absorbing melanin domains and showed no evidence of structural colour
or a well defined length scale.

1.2.4 White structural colour
The results from the Jay feather barb presented in the previous section showed

that is was possible to make a structural white with a pseudo-photonic crystal given
the correct length scale. In the literature it is commonly stated that the best known
structural white found in nature is the scales of the Cyphochilus beetle which is
followed by the scales of the L.stigma beetle in a close second. Images of both
beetles are shown in Figure 1.2.10.

The Cyphochilus beetle first gained attention for its exceptional whiteness in 2007
in a paper published in Science by P. Vukusic et al. This paper showed that despite
the scales being a mere 5 μm in thickness and made of chitin, the scales demonstrated
the same whiteness and optical brightness of common synthetic systems two orders of
magnitude thicker. The internal structure of the scales, which is responsible for the
white colour, is composed of a network of chitin filaments in air. Two-dimensional
fast Fourier transforms of the transmission electron microscope (TEM) images of
the scale’s internal structure revealed no evidence of periodicity which confirmed
that it was a disordered network [33]. Vukusic et al. also reported a filling fraction
for the Cyphochilus scales of 70% chitin based on the TEM images.
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(a)

(b)

Figure 1.2.10: Photographs of the (a) Cyphochilus beetle and the (b) L. stigma
beetle.

Figure 1.2.11: Repeat monomer unit for the polymer chitin which makes up the
internal structure of the Cyphochilus beetle. Redrawn from [32].
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Chitin is a common organic polymer that is structurally similar to cellulose and
has a refractive index of ∼ 1.54 [32] . The repeating monomer unit for chitin is given
in Figure 1.2.11. Chitin has three different crystalline forms which are termed α-, β-
and γ-chitin. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR)
spectroscopy data for the scales, as given in Figure 1.2.12, shows that the chitin in
the scales in α-chitin. In α-chitin, the chitin is highly crystalline with tightly packed
chains in an antiparallel arrangement [34]. The crystalline nature of the α-chitin
as well as the extensive intermolecular hydrogen bonding between sheets of chains
prevents the α-chitin from being swollen when soaked in water [35].

The Cyphochilus scales immediately gained industrial attention and in 2009 a
paper by B. Hallam et al. was published that attempted to draw inspiration from
the scales internal structure to improve the efficiency of mineral coatings for paper.
The paper emphasized that the key variables that allow the Cyphochilus to scatter
light so effectively were the filament width, the spacing between filaments, and the
packing density or filling fraction of the scales [36]. Hallam et al. reported the
thickness of the chitin filaments was 250± 50 nm and the mean spacing between
them was 600± 260 nm based on the analysis of the 50 nm TEM sections of the
scales.

In 2011, a paper by S. Luke et al. also attempted to pin down these vital para-
meters. It also introduced the L. stigma beetle as another example of scales with a
chitin filament network that achieves an impressive structural white. Again, through
a detailed analysis of scanning electron microscope (SEM) and TEM images the au-
thors reported values for the key structural parameters of the Cyphochilus and L.
stigma scales as detailed in Table 1.2. The study also converted the TEM images to
2-D model geometries and imported them directly into a commercial modelling pack-

Figure 1.2.12: Peaks associated with the α-chitin are marked with a * at the following
positions; 1654 cm-1, 1620 cm-1, 1163 cm-1, 1115 cm-1, 1076 cm-1, 1032 cm-1, and
952 cm-1. Data was collected and processed by Dr. Andrew Parnell.
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age which allowed the authors to investigate how varying the structural parameters
of the scales affected their ability to scatter light. They concluded that both species
had evolutionarily optimized one or more of the parameters shown in Table 1.2,
however the Cyphochilus was the better broadband scatterer per unit thickness due
to its more optimized filament thickness [2]. However, because the only structural
information present in the models came from TEM images, the accuracy of these
results are dependent are on how well the 2-D TEM images represented the complete
3-D microstructure.

The next research published pertaining to the scales was the 2015 Scientific
Reports paper by M. Burresi et al. which continued to examine the structural
characteristics of the scales as well as how the scales scatter light. Ultra-fast time-
resolved measurements were performed on single scales from the Cyphochilus and L.
stigma beetles and found that the scales multiply scatter light meaning that the light
is scattered many times within the scales. The scales were sectioned using focused
ion beam (FIB) milling and it was determined that the scales have a curvature and
thickness that varies with position. However, for the scales sectioned in the paper
the thicknesses through the centre of the scales for the Cyphochilus and L. stigma
were 8.1± 0.2 nm and 13.7± 0.5 nm, respectively. The supplementary information
for the paper also contained a real time video of a scale being sectioned and imaged
with FIB milling. From the SEM images of the sectioned scales and the video, the
authors claim that, “the elongated chitin elements that constitute the network are
mainly oriented parallel to the scale surface” [37].

In a recent study by Wilts et al. (2017) x-ray tomography of a milled section of a
Cyphochilus scale was used to generate a 3-D reconstruction of the internal structure.
To accomplish this, a scale was mounted on a nano-tomography pin holder and a
pillar was milled from the scale using FIB milling. An SEM image of the milled
section is shown in Figure 1.2.13a. A single 2-D tomography slice with a 28 nm
resolution is shown in Figure 1.2.13b and the final reconstruction of the 7 x 7 x 7 μm
cube of the internal structure is shown in Figure 1.2.13c. The authors reported a
filling fraction of ~ 45% chitin and found that the structure was highly anisotropic
as demonstrated by the two point probability function shown in Figure 1.2.13d. The
plot shows that the spatial correlations in the z-direction were smaller than in the
other two directions. Through FDTD modelling of the 3D structure, they found

Filament
thickness

Mean filament
spacing

Filling fraction
(% chitin)

Cyphochilus 244± 51 nm 580± 120 nm 68± 7%
L. stigma 348± 77 nm 700± 180 nm 48± 3%

Table 1.2: Structural parameters of the Cyphochilus and L. stigma scales based on
SEM and TEM images from [2].
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(a) (b)

(c) (d)

Figure 1.2.13: (a) A pillar of the internal structure of a Cyphochilus scale milled
using FIB milling. (b) A 2D high-resolution tomography slice through the milled
pillar in (a). (c) The 3D reconstruction of a 7 x 7 x 7 μm cube of the scale internal
structure. (d) Two-point probability function of the 3D reconstitutions showing
the correlations in the x, y and z directions. Adapted from [1] under CC BY 4.0
(https://creativecommons.org/licenses/by/4.0/).
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that there was a slight increase in the z-direction reflectance when the structure was
stretched in the z-direction which was a more isotropic and less dense structure [1].

The mechanism through which the internal structure of the Cyphochilus scales
and L. stigma scales form is still unknown. Determining the mechanism and fully
understanding how the structures scatter light is further complicated by the fact that
the exact parameters of the internal structure are not precisely known as evident
by Table 1.3 which shows the 4 reported filling fractions of the Cyphochilus scales
from 2007 - 2017. The filling fractions range from 70% to 45% with a clear trend
of lower filling fractions being reported as time goes on. Therefore, it is difficult
to draw any definitive conclusions about the internal structure of these scales as
the crucial parameters for understanding how light scatters have yet to be pinned
down. It is also worth noting that every morphological study of the Cyphochilus
and L. stigma scales published to date was done on scales which had been sectioned
in some manner and therefore no information is known about the structure in situ.

Cyphochilus
Filling fraction (% chitin) Method Source Year

~ 70% TEM Lit. [33] 2007
68± 7% TEM Lit. [2] 2010
61± 2% Fit to light scattering Lit. [37] 2014
~ 45% Tomography Lit. [1] 2017

Table 1.3: All of the literature values for the filling fraction of the Cyphochilus scales
in terms of percent chitin.

1.3 Polymer physics
The field of structural colour is closely tied to the field of biomimetics which seeks

to engineer materials based on elements from nature. It has been often proposed
that disordered broadband reflectors with a defined length scale, such as those shown
for the Jay feather in Section 1.2.3.1 could be the result of spinodal decomposition,
which is a phase separation mechanism [38, 39]. Therefore, it could be possible to
mimic the broadband structural colours found in nature using commercial polymers
and the principles of phase separation. This section will introduce the field of
polymer physics with a focus on phase separation and spinodal decomposition.

1.3.1 Structure
A polymer is a large molecule which is composed of repeating units of a small

molecule called a monomer. The number of monomers, N , is also referred to as the
degree of polymerisation. If a polymer is composed of a single monomer type then
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Figure 1.3.1: Schematic drawing of three different types of polymers with monomers
A and B.

it is called a homopolymer and if a polymer is composed of multiple monomers then
it is a copolymer. A special case of a copolymer arises when the different monomers
are arranged into discrete blocks which are known as block copolymers. Figure 1.3.1
shows a schematic of these three different cases [40].

In solution a polymer will swell or collapse depending on the whether the in-
teractions between the solvent molecules and the polymer monomers is favourable
or unfavourable. The energy of the interactions between polymer segments, εpp,
the interactions between polymer and solvent molecules, εps, and the interactions
between solvent molecules, εss can be summarized by Equation 1.3.1 where z is the
coordination number or the number of nearest neighbours for a given molecule. The
temperature of the solution is given by T , kB is the Boltzmann constant which is
equal to 1.38 × 10−23J · K−1, and χ is the Flory-Huggins interaction parameter.
The value of the Flory-Huggins interaction parameter can be used to gauge the
quality of the solvent for a given polymer. If χ < 1/2 then the polymer-solvent
interactions are favourable and the polymer chains will swell making the solvent a
good solvent. If χ = 1/2 this is known as the theta condition which corresponds
to the scenario in which the repulsion between polymer monomers is matched by
the attraction between the monomers and the solvent. Finally, if χ > 1/2 then the
polymer-polymer interactions are more favourable than the polymer-solvent inter-
actions and the polymer will collapse on itself to form a dense globule meaning the
solvent is a poor or non-solvent for the polymer [41].

χkBT = 1
2z(2εps − εpp − εss) (1.3.1)

1.3.2 Polymer mixtures
Two species will mix together if the mixture is more energetically favourable than

the separate components. This is quantified by the free energy change of the mixture,
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Fmix, in Equation 1.3.2 where F1 is the free energy of the component 1, F2 is the
free energy of pure component 2 and F1+2 is the free energy of the two components
mixed. The aim of any mixture of two species is to minimise the free energy and a
solution which is at this minimum is said to be stable or at equilibrium [42].

Fmix = F1+2 − (F1 + F2) (1.3.2)
Using Equation 1.3.1 as it applies to two different polymers, 1 and 2, instead

of a polymer and a solvent, the free energy of mixing for the two polymers can be
written as Equation 1.3.3. If the degree of polymerization for both polymers is taken
to be equal or N1 = N2 = N then it is possible to plot the free energy of mixing for
different values of χ as shown in Figure 1.3.2 as a function of the volume fraction of
polymer 1, φ1 [42].

Fmix
kBT

= φ1

N1
ln (φ1) + φ2

N2
ln (φ2) + χφ1φ2 (1.3.3)

The plots show there is an important change in the concavity of Fmix at φ1 = 0.5
from concave down to concave up as χN decreases from 2.5 to 2.0. When χN =
2.5 a 50 / 50 mixture is energetically unfavourable and therefore unstable because
the free energy could be reduced by the mixture separating into two components
with concentrations corresponding to the two local minima on either side of φ1 =
0.5 at φ′

1 and φ
′′
1 as marked on the graph. The location of volume fraction of

these two local minima are known as the coexisting compositions and will share a
common tangent line as stated in Equation 1.3.4. For the case shown in Figure 1.3.2,
the shared derivative will be equal to zero which leads to the expression for the
binodal interaction parameter, χb, for a symmetric polymer mixture as given by
Equation 1.3.5 [40]. (

∂Fmix
∂φ1

)
φ1=φ′

1

=
(
∂Fmix
∂φ1

)
φ1=φ′′

1

(1.3.4)

χbN = ln (φ1/1−φ1)
(2φ− 1) (1.3.5)

As χN decreases to 2.0, a 50 / 50 mixture becomes energetically favourable and
the mixture will be stable as it represents the minimum possible free energy for the
system. This change in concavity from concave down to concave up, which marks a
change from a unstable mixture to a stable one, will manifest itself mathematically
as a change in the second derivative of the free energy of mixing with respect to
φ1 from negative to positive. Therefore, the boundary between unstable and stable
mixtures will occur when the second derivative of the free energy is equal to zero
as described by Equation 1.3.6. The values for which Equation 1.3.6 is satisfied is
known as the spinodal and the expression for the spinodal interaction parameter,
χs, for a symmetric polymer mixture can be derived as Equation 1.3.7 [40]
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Figure 1.3.2: Plots of the free energy of mixing for a symmetric polymer system for
varying values of the internation parameter, χ.

Figure 1.3.3: A phase diagram of a symmetric polymer system showing the stable,
unstable and metastable regions as well as the critical point.

41



∂2Fmix
∂φ2

1
= 0 (1.3.6)

χsN = 1
2

(
1
φ1

+ 1
1− φ1

)
(1.3.7)

Figure 1.3.3 shows a phase diagram for a symmetric polymer mixture as function
of φ1 with the binodal from Equation 1.3.5 plotted with the spinodal from Equa-
tion 1.3.7. Below the binodal curve the mixture is stable and will exist as a single
phase. Above the spinodal curve the mixture will spontaneously phase separate into
a two phase system and the intersection between the binodal and the spinodal is
known as the critical point. Between the spinodal and the binodal is a region which
is known as metastable. In this region the mixture is phase separated, however the
two phases are not at the coexisting compositions, but are stable with respect to
small fluctuations in concentrations. Therefore there is an energy barrier for mixture
in the metastable regime to reach the global minimum in the free energy.

1.3.3 Phase separation
Phase separation of a mixture occurs when a mixture moves from a stable re-

gion of the phase diagram into an unstable region. Based on the phase diagram in
Figure 1.3.3 this could be accomplished by a change in the interaction parameter,
a change in the concentration or combination of the two. The Flory-Huggins inter-
action parameter is temperature dependent and therefore a common way to induce
phase separation is to change the temperature of the system [43]. Temperature
changes tend to be a well controlled type of quench because it is possible to take
the system from a well defined point A in the stable region of the phase diagram to
a single point B in the unstable region.

It is also possible to have quenches that are dynamic in that the quench depth
is continuously changing. One example of this type of quench is solvent removal or
addition which will change the concentration of the system and the quench depth
continuously [44]. Another type of dynamic quench is through chemical reactions,
such a polymer cross-linking, which will again induce continuous changes in the
system parameters as it moves from the stable region into an unstable one [45].

The two mechanisms of phase separation are spinodal decomposition and nuc-
leation and growth. Spinodal decomposition occurs above the spinodal line when a
mixture is unstable. In this region the diffusion coefficient is negative meaning that
diffusion moves against the concentration gradient from regions which are depleted
to regions that are rich in a particular component.

In the metastable region phase separation occurs by nucleation and growth . In
this region phase separation requires a large fluctuation in concentration to occur
to create a nucleation site which can then increase in size. In a real mixture it
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is uncommon for these large fluctuations to occur and instead nucleation sites are
usually the result of impurities in a mixture which cause a reduction in the energy
required for nucleation. In nucleation and growth diffusion occurs with the concen-
tration gradient from regions of high concentration to regions of low concentration
and therefore the diffusion coefficient will be positive [41].

1.3.3.1 Spinodal decomposition

Cahn and Hilliard are well known for their work on developing the theory of
spinodal decomposition [46, 47, 48, 49, 50]. In their work they considered a mixture
which is free from defects and whose molar volume is independent of pressure and
volume fraction which allowed the total Helmholtz free energy to be written as a
function of the local free energy, f(φ), and the gradient energy coefficient, κ, as
given by Equation 1.3.8. The diffusion of material within a mixture is driven by
concentration gradients and the flux, J1, of component 1 can be written in terms
of the mobility, M , and the difference in the chemical potential, µ, as given by
Equation 1.3.9. The mobility term must be positive in order for phase separation
to occur spontaneously.

F =
∫
V
f(φ) + κ∇2φdV (1.3.8)

− J1 = M∇(µ1 − µ2) (1.3.9)
The chemical potential difference µ1−µ2 is equal to the first derivative of Equa-

tion 1.3.8 with respect to φ as shown in Equation 1.3.9. By assuming that κ is
independent of concentration and neglecting the non-linear concentration term in
Equation 1.3.10, substituting it into Equation 1.3.9 and taking the divergence, it is
possible to arrive at the the final diffusion equation given by Equation 1.3.11. This
equation describes the rate of change of the volume fraction of a spinodally-phase
separating mixture and is known as the Cahn-Hilliard equation.

µ1 − µ2 = ∂f

∂φ
− ∂κ

∂φ
(∇φ)2 − 2κ∇2φ (1.3.10)

∂φ

∂t
= M

(
∂2f

∂φ2

)
∇2φ− 2Mκ∇4φ (1.3.11)

One of the most important consequences of the Cahn-Hilliard theory is that it
predicts a characteristic size of the developing microstructure. This characteristic
size, Λ, is related to the second derivative of the local free energy through Equa-
tion 1.3.12 [51].

Λ = 2π
√
− 4κ
∂2f/∂φ2

(1.3.12)
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1.3.3.2 Linear theory for spinodal decomposition

Cahn’s linearisation of spinodal phase separation was first published in 1961 [49].
Cahn determined that if only the initial stages of spinodal decomposition were con-
sidered, then any terms that did not depend linearly on composition, φ, could be
neglected. This lead to a linear formulation for the rate of change of a local compos-
ition in time or the Cahn-Hilliard equation in Equation 1.3.11. Cahn noted, that for
small fluctuations, this equation cannot describe phase separation via nucleation and
growth because it “describes a system whose free energy decreases monotomically
by a diffusion process, and therefore does not permit the small but finite excursions
necessary for nucleation” [49].

Equation 1.3.11 has a general solution given by Equation 1.3.13 where ~q is a
wavevector, ~r is a position vector and φc is the average composition. The function
A(~q, t), known as the Fourier amplitudes, must obey the differential equation given in
Equation 1.3.14 where R(q) is an amplification factor as defined by Equation 1.3.15.
Equation 1.3.14 is a first order partial differential equation which has a general
solution as given by Equation 1.3.16 [50].

φ− φc = A(~q, t) cos ~q · ~r (1.3.13)

∂A(~q, t)
∂t

= A(~q, t)R(~q) (1.3.14)

R(~q) = −M
(
∂2f

∂φ2

)
~q2 − 2Mκ~q4 (1.3.15)

A(~q, t) = A(~q, 0) exp
[
R(~q)t

]
(1.3.16)

Cook built upon this work in 1969 to develop a relationship between the intensity
measured in an x-ray scattering experiment and the Fourier amplitudes [52]. A good
way to test the linearisation of spinodal theory presented so far would be to confirm
the relationship between the amplification factor and the Fourier amplitudes given
in Equation 1.3.16. Fortunately, while the Fourier amplitudes cannot be directly
measured, they are related to the x-ray scattering intensity of the system through
Equation 1.3.17 in which N is the number of atoms and φ1 is the mean atomic
fraction of one of the components. This lead to an expression which related I(~q, t)
to the amplification factor as given in Equation 1.3.18.

I(~q, t) = N

φ1(1− φ1)A(~q, t)A∗(~q, t) (1.3.17)

I(~q, t) = I(~q, 0) exp [2R(~q)t] (1.3.18)
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Equation 1.3.18 allows for the amplification factor to be experimentally determ-
ined by plotting the logarithm of I against time and finding the slope, m, as demon-
strated by Equation 1.3.19 which shows how Equation 1.3.18 can be transformed to
give the equation of a line with the form y = mx+ b.

ln (I(~q, t)) = 2R(~q)t + ln (I(~q, 0))
↓ ↓ ↓ ↓
y = m x + b

(1.3.19)

If the effective diffusivity of the system, Deff , is defined in terms of the mobility
and the local free energy as given in Equation 1.3.20, then the substitution of this
equation into Equation 1.3.15 will result in Equation 1.3.21 which gives the rela-
tionship between the effective diffusivity and the amplification factor. Cook stated
that if the relationship between R(q)/q2and q2 is linear then “this can be taken as
strong evidence that the solid solution is decomposing spinodally” [52]. Based on
this linear relationship, Deff can be found by extrapolating the linear relationship
between R(q)/q2and q2 to obtain the value at q = 0 based on Equation 1.3.21. From
the slope of a linear R(q)/q2and q2, a value for 2κ/∂

2f
∂φ2 can be determined which can

be used in Equation 1.3.12 to find the initial length scale of the developing spinodal
structure.

Deff = M
∂2f

∂φ2 (1.3.20)

R(~q) = −Deff
~q2

1 + 2κ~q2

∂2f
∂φ2

 (1.3.21)

The application of this linear theory for early stages of spinodal decomposition
has been experimentally verified using various systems and the reader is directed to
the following references for specific examples [53, 54, 55, 51].

1.3.3.3 Late stage phase separation

It must be stressed that the description presented in the previous section for
the linearisation of the of the Cahn-Hilliard equation is only valid for the early
stages of spinodal phase separation. Once phase separation begins and different
domains have begun to form, through spinodal decomposition or nucleation and
growth, these domains will then grow in size. If a system is phase separating by
spinodal decomposition and is in the unstable regime of the phase diagram, then
the concentrations of the growing domains will be moving towards the coexisting
compositions.

Phase separation via spinodal decomposition is often classed into three stages,
early, intermediate and late. In the early stage the concentrations of the different
domains are still close to the average concentrations and are the amplification of
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small concentration fluctuations. In the intermediate stage, the domains begin to
approach the coexisting compositions and grow in size though the divisions between
the domains remain a gradient as opposed to sharp step changes. In the late stage
the domains have reached the equilibrium concentrations and the interfaces between
them have become distinct. These three stages have been represented schematically
in Figure 1.3.4 [41].

Once a system reaches the late stage, the large domains, of size R(t) will grow
at the expense of the smaller domains in a process which is known as coarsening.
Late stage growth theories, such as the Lifshitz-Slyozov theory, predict that the R(t)
can completely characterise a given structure in the late stage. Therefore, a pair
distribution function of the structure in this stage will only depend on the time and
the domain size. Lifshitz and Slyozov calculated that for a system of coarsening
droplets the domain size will scale as R(t) ∝ t1/3 [56]. This scaling applies not only
to systems of droplets, but to any system which is coarsening by diffusion only.
During this coarsening process the observed structure is self similar to the structure
at previous times [41]. It is structures which formed via spinodal decomposition and
then coarsen to give a late stage structure with a characteristic domain size that is
of interest for this project.

Figure 1.3.4: A schematic showing the three stages of phase separation for a two
phase system separating into domains at the coexisting compositions φ′

1 and φ
′′
1 with

a domain size of R(t) as marked with the arrows. Redrawn from [41].
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1.4 Research objectives
Having covered the majority of the theoretical background, the discussion must

now turn to the objectives in which the research contained in the subsequent chapters
was undertaken. Prior to the author’s involvement in the project, an in depth survey
of white structural colour in nature was done by Dr. Andrew R. Parker who at the
time worked at the Natural History Museum in London, UK. This survey was done
as part of an InnovateUK grant in collaboration with the decorative paints division
at Akzo Nobel. The aim was to find examples of white structural colour in nature
that had the potential of producing thin layers of highly reflective materials. Akzo
Nobel’s interest was primarily in developing an additive for their paints inspired by
a structure in nature with the end goal of reducing the amount of titanium dioxide
(TiO2) present in their white paints as it has a large carbon footprint. The industrial
side of the project was carried out by a team in the Department of Mechanical
Engineering at the University of Sheffield lead by Prof. Patrick Fairclough and the
results from this collaboration can be found at [57, 58].

Of the various structures presented by Dr. Parker, it was determined that the the
white scales of the Cyphochilus and L. stigma beetles were the best examples of white
structural colour in nature. When the author joined the project in 2014 there were
three main objectives to be met. First, the internal structures of the white beetle
scales would be thoroughly and accurately studied to determine which physical
properties of the structures which are responsible for the white colour. Second, the
various physical properties of the beetle scale structures would be isolated through
modelling to determine the key parameters for producing highly reflective materials.
Third, the design rules based on the white beetle scales would be tested using known
polymer processing and phase separation techniques to determine if it was possible
to create a synthetic mimic of the white beetle scale structures.
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Chapter 2

Real space imaging of the
Cyphochilus and L. stigma scales

2.1 Introduction
This chapter will present a series of real space images of the Cyphochilus and

L. stigma beetles with the intent to build on the understanding of the internal
structure covered in Section 1.2.4. The introduction will cover the basics of the
main experimental technique used in this chapter, electron microscopy.

Scanning electron microscope (SEM) images of the different scales were useful
for understanding how the scales themselves are oriented on the beetle elytra and
provided some basic insight into the morphology of the internal structure, but the
information they provided was only qualitative. Values for the percent chitin within
the internal filament network for both scales were obtained through transmission
electron microscope (TEM) imaging and were in good agreement with previous
literature values based on TEM analysis. However, there is some question as to the
accuracy of these results due to the potential of scale distortion when infiltrated and
sectioned before imaging.

In the hope of generating a 3D data set allowing for a detailed directional analysis
of the structural parameters within the scales, a master’s project was put together
in collaboration with the University of Loughborough. The premise of the project
was to use FIB milling to section, image, and reconstruct the internal structure of
the scales in 3D. The results of the project showed that the scales distorted when
they were cut open. Therefore, the results of this chapter highlight the drawbacks
of traditional microscopy and lead to the conclusion that in order to probe the true
internal structure of the scales a non-destructive means of analysis must be utilized.
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2.1.1 Electron microscopy
Since its first successful application by Brüche, E. & Johannson, H. in 1932, the

electron microscope has been crucial to understanding the fine structures of mater-
ials [59]. With a theoretical instrumental resolution of 2Å, the electron microscope
provides visual access to features that lie outside the limits of traditional light micro-
scopy [60]. The following will provide a general discussion of the theory of electron
microscopy as well as introduce transmission and scanning electron microscopes

2.1.1.1 Basic Theory

The resolution of a traditional optical microscope is limited by diffraction. Dif-
fraction is the spreading of light which occurs when waves of light pass through
an aperture as illustrated in Figure 2.1.1a. The direct consequence of diffraction
is that when a beam of light illuminates a pinhole aperture, and the light passing
through the aperture is focused by a “perfect” lens, the resulting image will not be a
pinpoint of light. Instead, it will be a bright circle surrounded by concentric rings of
decreasing intensity known as an Airy disk, as shown in Figure 2.1.1b [61]. Known
as Abbe’s equation, the magnitude of the diffraction effect for an Airy disk is given
by Equation 2.1.1, where r is the radius of the first dark ring of an Airy Disk, λ is the
wavelength of the light, n is the refractive index of the material between the point
source and the lens, C is a constant between 0.61-1.22, and α is the half-aperture
angle.

(a) (b)

Figure 2.1.1: (a) Light from a source illustrated by plane wave fronts which pass
through a pinhole aperture and are diffracted. Redrawn from [60] (b) Computer
generated Airy disk. By Sakurambo [Public domain], via Wikimedia Commons.
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r = Cλ

n sinα (2.1.1)

If two point sources are imaged, they will each produce an Airy disk. If the
two point sources are separated by a distance greater than r from Equation 2.1.1,
then the resulting Airy disks will not overlap and the two point sources will be
clearly distinguishable as two separate points in the image plane. However, if the
point sources are separated by a distance less than r, then the overlap between
the two Airy disks will result in an image in which the two point sources are not
resolved as separate entities. Therefore, the value of r determines the resolution of
the microscope. The theoretical resolution obtainable by an optical microscopes is
r=200 nm when n=1.5, sinα=0.87, and λ=400 nm which is the lowest wavelength
for light in the visible spectrum. To increase the resolution of a microscope it is
necessary to decrease the wavelength of the illuminating radiation beyond that of
visible light.

From de Broglie’s theory that moving particles exhibit wave-like properties, the
wavelength of a moving electron can be calculated using Equation 2.1.2 where h is
Planck’s constant, me is the mass of the electron, and v is the electron velocity [62].
When an electron of charge e passes through a potential difference V its kinetic
energy can be calculated by Equation 2.1.3. Solving Equation 2.1.3 for velocity and
substituting it into Equation 2.1.2 results in Equation 2.1.4. Since the mass and
charge of an electron are constant, the wavelength of an electron depends only on
the potential difference through which it passed.

λ = h

mev
(2.1.2)

1
2mev

2 = eV (2.1.3)

λ =
√

h2

2meeV
(2.1.4)

Once the wavelength of an electron beam is known, it can be used to calculate the
theoretical resolution of an electron microscope using Equation 2.1.1. For example,
an electron beam accelerated through a potential of 105 volts with a half-aperture
angle of 10-2 radians gives r≈ 0.24 nm which is three orders of magnitude better
than the lowest resolution possible using light as the illuminating radiation.

2.1.2 Transmission electron microscope (TEM)
A simplified diagram of a TEM with its major components labelled is shown in

Figure 2.1.2. At the top of the microscope is an electron gun which generates a
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beam of electrons that provides the illuminating radiation for the microscope. Elec-
trons are generated from a filament which is typically a thin piece of tungsten wire.
Electrons are ejected from the wire through a process called thermionic emission in
which an electron current is passed through the tungsten wire providing sufficient
energy to the system to allow free electrons to overcome the binding attractive forces
in the solid metal. These filaments have a finite lifetime, but if well maintained and
used under excellent vacuum conditions they can last up to 200 hours.

Source

Projector 

Objective

Sample

Condenser

Screen

Figure 2.1.2: Simplified schem-
atic of a TEM. Redrawn
from [63].

In addition to the filament, the electron gun
also consists of a shield and an anode. The shield
is a structure that completely surrounds the fil-
ament with the exception of a 2-3mm aperture
situated directly in front of the tip of the fila-
ment. The shield is given a negative potential
with acts as a repulsive field and ensures that
the majority of the electrons exit in the desired
direction through the aperture After exiting the
shield, the electrons are drawn through the an-
ode, a grounded apertured disk. The potential
difference between the filament and the anode
causes the electrons to be accelerated and then
leave the gun at a consistent velocity.

After leaving the electron gun, the electron
beam encounters various lenses and the sample
before reaching the image screen. In a light mi-
croscope, carefully shaped glass lenses are used
to focus the light onto the sample, however elec-
trons are small enough to be stopped by gas mo-
lecules in the air, making a glass lens is of no
use in an electron microscope. Instead magnetic
lenses are used to focus the electron beam. If an
electron passes through a magnetic field, gener-
ated by a solenoid, it will follow a predictable
helical trajectory which will converge at specific
distance after the electron has exited the field.
A solenoid is a coil of wire. When an electron
current is passed through it, each turn of the
coil acts as a magnet and the overall effect is a
magnetic field with the maximum flux passing
through the centre of the coil. In a traditional

glass lens the focal length of the lens is changed by physically moving the lens, but
in an electron microscopy, the magnetic lenses are fixed. However, it is possible to
focus the electron beam at a desired focal distance by varying the strength of the
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magnetic field which is controlled by the magnitude of the current passing through
the solenoid as shown in Figure 2.1.3.

The first lens that the electron beam passes through is known as the condenser
lens which focuses the beam onto the sample. The focal distance of this lens is
relatively long, approximately a few centimetres, and controls the intensity of the
illumination hitting the sample. The sample to be imaged lies between the condenser
lens and the objective lens. The objective lens is the most important component
of a TEM and it forms the first enlarged image of the sample. As the focused
electron beam transverses the sample, the path of the electrons will be altered by
interactions with the electrons and atomic nuclei in the sample. As a result the
width of the beam will be widened upon exiting the sample. Electrons that are
strongly scattered by the sample will not be able to pass through the aperture
of the objective lens. Subsequently, the contrast between features observed in an
electron microscopy image is the result of reduced intensity at points in the sample
that strongly scatter electrons. This differs significantly from the contrast observed
in a light microscopy image, which is the result of differences in the absorption of
light across the specimen.

The final lens the electron beam encounters is the projector lens which projects
the final image onto the screen. The intermediate image formed by the objective lens
has a fixed magnification and only electrons from a small area of this intermediate

Figure 2.1.3: Fixed magnetic lenses have a variable focal distance depending on the
current passing through the solenoid. (a) A lens with a focal distance that produces
an in focus image. (b) A lens with too long of a focal distance which produces an
out of focus image. (c) A lens with too short of a focal distance which produces an
out of focus image. Diagrams redrawn from [60]
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image pass through the projector lens and are refocused resulting in a final image at
high magnification. Therefore, the adjustment of the focal length of the projector
lens is responsible for the focus and magnification of the final image. The final image
is formed by variations in electron intensity and these variations must be converted
to visible light if they are to be observed by a human eye. Historically this was
done using a photographic film that would be developed and printed, a process that
took several hours and had to be done in a dark room. Modern TEM images are
captured digitally using a camera [60].

2.1.2.1 Sample Preparation

There are a large number of methods that can be used to prepare samples for
TEM imaging, and they are often specific to the particular sample of interest. How-
ever, as a general overview, sample preparation consists of fixation, embedding,
sectioning, and staining. The purpose of the fixation step is to preserve and protect
the structure of the sample through the rest of the sample preparation. There is
no perfect fixative and there are typically some artefacts from the fixation process
visible in the final images. Historically osmium tetroxide or potassium permangan-
ate were used as fixatives, but the current laboratory standard is a glutaraldehyde
fixation, followed by a post fixation using osmium tetroxide.

After fixation, the sample is embedded in another media which allows for thin
sections of the sample to be cut. Samples are embedded by infiltrating the sample
with a liquid embedding media which then cures or hardens into a solid final matrix.
An ideal embedding media would not interact chemically with the sample, disrupt
the specimen physically, would be soluble in a common solvent, and have the right
hardness and plasticity so that ultra-thin sections can be cut once cured. One of
the first embedding media was poly-butyl methacrylate, but epoxy resins, such as
Araldite, are widely used today.

As TEM imaging relies on electrons passing through the sample, only very thin
sections of material can be used. Sections suitable for TEM imaging are typically
between 50-200 nm and are cut using an ultramicrotome. Once suitable sections are
cut, the sections are often stained before imaging. As previously mentioned, the
observed contrast in a TEM image is between the areas of a sample which strongly
scatter electrons and areas which do not scatter electrons as effectively. Therefore,
the purpose of staining is to increase the mass density of certain features in the
sample which will cause those areas to more effectively scatter elections, resulting in
an increase in image contrast. Most stains consist of heavy metal ions such as lead
or uranium ions which are useful due to their high atomic number. Once stained,
the sample sections are ready for imaging using a TEM [60].
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2.1.3 Scanning electron microscope (SEM)
In contrast to a TEM, which is only useful for viewing thin slices of a sample,

a SEM can be used to study 3-D objects. A simplified diagram showing the basic
construction of a SEM is shown in Figure 2.1.4. A SEM begins the same as a TEM
with an illumination source, which consists of an electron gun which produces a
beam of electrons. The image quality of a SEM is directly related to the intensity of
the electron source. As a result, most SEMs use a lanthanum hexaboride filament,
as opposed to a tungsten one, to improve the brightness of the source.

After exiting the gun, the electron beam passes through a series of condenser
lenses which are the same magnetic lenses discussed for a TEM. Most SEMs have
three condenser lenses and they all precede the interaction of the electron beam
with the sample. All of the lenses serve the same purpose, which is to demagnify
the electron beam as a small spot size is crucial to obtaining high resolution images
at large magnifications. Unlike a TEM where the electron beam passes through the
sample to form an image, a SEM works by scanning a highly focused and demagnified
beam across the surface of the sample. To achieve this, the final condenser lens
contains two sets of deflection coils which are connected to a scan generator. The
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Condenser 2
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Amplifier
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Secondary 

Electron Detector 

Figure 2.1.4: Simplified schematic of a SEM. Redrawn from [63].
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scan generator provides the necessary voltages to the deflector coils such that the
electron beam is deflected across the sample to produce a raster scan.

When the electron beam reaches and interacts with the sample, the electrons
can be elastically or inelastically scattered. Elastically scattered electrons are elec-
trons which have changed direction upon interaction with the sample, but have
experienced no change in energy or velocity. They are typically the result of strong
interactions between the incoming electrons and the nucleus of an atom. Elastically
backscattered electrons can be detected with a designated detector, however they
are not the type of scattered electrons which are useful in generating an image of the
sample. Electrons interacting with the sample can also be inelastically scattered,
which occurs when collisions between the primary electrons from the beam interact
with inner shell electrons in the sample and produce low energy secondary electrons.
Most commonly, it is these secondary electrons that are used to produce the final
sample image.

Electron Beam

Final Lens

Backscattered 
Electrons

Sample

Secondary 
Electrons

Faraday Cage

Scintillator w/ 
Aluminium 

Coating

Photomultiplier 

Figure 2.1.5: Detailed schematic of the generation and collection of the secondary
electrons used to generate SEM images. Redrawn from [63].

The secondary electrons are collected using an electrode maintained at a positive
potential. The secondary electrons do not have to be focused because each time they
are emitted, they could only have come from the tiny area of the sample on which
the electron beam is focused on. Once collected by the positive potential the sec-
ondary electrons strike an aluminium coated scintillator which generates a burst of
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light that then travels down a light guide, typically made of lucite or quartz. When
the photons have reached the end of the light guide, they strike the photomultiplier
window which is coated with a material that produces photoelectrons upon contact
with photons. The generated photoelectrons are then amplified in the photomul-
tiplier through series of electrodes. The result is such that a single photoelectron
produced at the photomultiplier window will yield 100,000 to 50 million new elec-
trons. In other words, the light produced by the secondary electrons striking the
scintillator is converted to an electron current through the photomultiplier. The
recorded SEM images are then displayed on a cathode ray tube or, in the case of
modern instruments, on computer monitors [63].

2.1.3.1 Sample Preparation

While an SEM is capable of providing valuable information about the surface of
a sample, the accuracy of this information is completely dependant on the sample
being as undistorted as possible. Fortunately, unlike the sample preparation for
a TEM, the sample preparation process for a SEM is relatively simple and many
samples only require a small amount of handling. There are two main requirements
for an SEM sample. First, samples must be able to withstand the vacuum conditions
in which the SEM operates. Second, the sample must be conductive so that it does
not become charged when exposed to the electron beam.

Since SEM is a surface technique, the first thing to consider during sample
preparation is whether the surface of interest is exposed. If it is not, it may be
necessary to cut the specimen to reveal internal structures. SEM images of cut
or torn surfaces must be regarded with a level of scepticism because during the
dissecting process samples are susceptible to high levels of distortion. In the case that
the sample is both dry and static, no other sample preparation beyond sectioning
is needed before mounting.

SEM samples are attached to standard SEM holders such as metal stubs through
the use of conductive paints, epoxy resins, adhesive pads, etc. The only constraint
in mounting material is that the orientation must allow for the formation of a con-
ductive path upon coating. Samples that are electrically conductive, such as metals,
can be imaged directly using an SEM because charge from the electron beam will
be able to dissipate. However, if the sample in question is insulated, such as carbon
based polymer films, then the surface of the sample must be coated in a thin layer
of gold. The layer of gold should be between 10 nm and 20 nm thick to prevent it
from obscuring details on the surface of the sample [60].

Samples are often coated by either vacuum evaporation or sputter coating. In
evaporation coating, the sample is placed in a vacuum chamber which is pumped
down to 0.001Pa. The gold source is then heated so that it evaporates into a
monoatomic state. Gold atoms then move in a straight line from the source to the
sample where they strike the surface and coalesce into a thin film. Sputter coating
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is also done under vacuum but the chamber only needs to be pumped down to about
0.1Pa to remove water and oxygen molecules that could damage the specimen. Once
pumped down, the chamber is then flushed with an inert gas, typically argon. A
high voltage field negative is then applied to the gold target to ionize the argon
molecules to Ar+ and electrons. When the gold target is struck by the Ar+ions,
some gold atoms are ejected from the target producing a “gas” of gold atoms. The
gold atoms eventually strike the sample and produce a thin gold film on the surface.
Once coated, the sample is ready for imaging [63].

2.2 SEM images of the Cyphochilus and L. stigma
scales

2.2.1 Experimental Methods
A sample of the L. stigma beetle was obtained from the Natural History Museum,

London courtesy of Dr. Andrew Parker. A sample of the Cyphochilus beetle was
courteously provided by Prof. Pete Vukusic from the University of Exeter. Pieces of
elytra, the surface of which is covered in scales, were carefully cut from each specimen
using a scalpel blade. To be able to view the internal structures of the scales, some
sections of elytra were cut such that several scales were bisected in the process. The
pieces of the elytra were mounted on SEM stubs using conductive silver paint or
adhesive pads (AGAR, UK). The samples were then coated with ~ 10 nm of gold
by sputtering to render them electrically conductive. Once prepared, the samples
were imaged using a JEOL JSM-6010LA analytical scanning electron microscope
together with InTouchScope software.

2.2.2 Results and Discussion
Figure 2.2.1 and Figure 2.2.2 show a selection of SEM images of cut scales on

elytra for the L. stigma and Cyphochilus beetles respectively. The images show
that the scales lie flat on the elytra and are exceptionally thin, approximately 9 μm
as measured from Figure 2.2.1d for the L. stigma and approximately 7 μm for the
Cyphochilus as measured from Figure 2.2.2e. Both of the internal scale structures
seem to be composed of a random rod network and based on the perspective of the
images, the rods appears to be mostly oriented in and out of the image plane. How-
ever, determining if this perceived anisotropy is a real feature of the microstructure,
or is a result of crushing the scale when it was cut open, is impossible to determine
from these images alone. Finally, the last thing to gain from these images is to note
the striking differences in the surface features of the scales. The Cyphochilus images
reveal that the surface of the scales are covered in spikes while the L. stigma scales
are mostly smooth with small indents along the surface.
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(a)

(b) (c)

(d) (e)

Figure 2.2.1: (a-e) SEM images of L. stigma fractured scales on the elytra cut with
a scalpel blade.
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(a)

(b) (c)

(d) (e)

Figure 2.2.2: (a-e) SEM images of Cyphochilus fractured scales on the elytra cut
with a scalpel blade.
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Unfortunately, the depth of field of these images makes them very difficult to
analyse numerically as a single plane of focus cannot be isolated. Any measure-
ments of filament thickness or spacing would have to be done subjectively by eye
to determine where a filament might have been cut in cross section and the nearest
neighbouring filament in the plane of focus. This is a poor method to use to try
to accurately determine information about the microstructure as the results would
vary by personal opinion. To further complicate the analysis, only the cut section
of the scale is visible in the images and this is the area most likely to be distorted
by sample preparation, meaning any results may not be representative of the micro-
structure as a whole. Therefore, while the SEM images do provide the reader with
an accessible real space image to familiarize themselves with the shape and gen-
eral microstructure of the scales, they are not particularly useful for any rigorous
quantitative analysis.

2.3 TEM images of sections the Cyphochilus and
L. stigma scales

2.3.1 Experimental Methods
Scales from the L. stigma beetle and the Cyphochilus beetle were mounted in a

1:1 mixture of 1,2 epoxypropane (EPP): Araldite resin and left in a rotating mixer
overnight. The solvents were then replaced with fresh Araldite CY212 resin (Agar
Scientific) and the samples imbedded in “coffin moulds”. The samples were allowed
to cure at 600C for 48-72 hours before 0.5 μm sections were cut with an ultra-
microtome (Reichert-Jung Ultracut E). After being stained with 1% Toluidine blue
in 1% Borax, the sections were washed with deionized water, dried, and mounted
using DPX (Agar Scientific). Finally, using the ultra-microtome, sections were cut
on 200 mesh copper grids and imaged using a TEM (FEI Tecnai).

This process favours those with skill and familiarity with the technique. To
that end the mounting, sectioning and imaging of the scales was kindly carried out
by Mr. Christopher Hill from the University of Sheffield Department of Biomedical
Science.

2.3.2 Results and Discussion
Sections of the Cyphochilus and L. stigma scales were prepared and imaged as

described in Section 2.3.1. The thickness of the TEM sections was estimated to be
about 85-90 nm. In order to determine the filling fraction of chitin within the scales,
the images needed to be thresholded into binary images so the number of pixels
corresponding to chitin in the images could be quantified. The subsequent image
analysis in this section was carried out using the freely available ImageJ software.
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2.3.2.1 Cyphochilus

There were a total of seven TEM images of the Cyphochilus collected that clearly
showed the internal structure of the scales. Figure 2.3.1 shows a selection of four
of these images. The first step in the analysis was to crop the images such that
each one only included the internal structure of the scales. Subsequently, each
image was rotated for ease of display. The cropped region used from Figure 2.3.1c
is shown in Figure 2.3.2 along with a histogram of its pixel intensity where 255 is
a pure white pixel and 0 is a black pixel. This histogram shows a clear bimodal
distribution between the dark pixels which correspond to the chitin filaments and
the lighter pixels which correspond to the resin used to infiltrate the scale. This
bimodal distribution was clearly present for all seven images.

To determine the threshold value, which should be somewhere between the two
peaks in the bimodal distribution, each of the 16 automatic thresholding algorithms
available for ImageJ were tested. Each algorithm used a different method to de-
termine the threshold value. Of all of the algorithms, the MinError algorithm most
accurately found the dividing pixel value between the distributions as 162, which
is shown in Figure 2.3.2b as the dotted grey line. Details on how the MinError
algorithm calculates the threshold value can be found at [64].

Figure 2.3.3a shows the thresholded image for Figure 2.3.2a. To improve the
quality of the thresholded image the Remove Outliers function in ImageJ was ap-
plied. This function removes some of the noise by replacing outlying pixels with
the median of the surrounding pixels [65]. The thresholded image with the remove
outliers filter applied is shown in Figure 2.3.3b. All seven images were thresholded
and filtered using this method. The final binary images were used to the calculate
of the filling fraction using Equation 2.3.1.

filling fraction = black pixels

total pixels
× 100 (2.3.1)

The average filling fraction for all of the TEM images was 66±3%. This is in
good agreement with the literature values for a filling fraction based on TEM images
of ~ 68%.

2.3.2.2 L. stigma

There were a total of eight viable TEM images of the internal structure of the
L. stigma scales. A selection of four of the images in shown in Figure 2.3.4. As
with the Cyphochilus images, the TEM images were cropped and rotated to contain
just the internal structure of the scales. Figure 2.3.5 shows the cropped region of
Figure 2.3.4a as well as its histogram. Unfortunately, unlike the Cyphochilus images,
the histogram shows that there is a very poor contrast between the two phases in
the image as the two distributions heavily overlap. The MinError algorithm resulted
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(a) (b)

(c) (d)

Figure 2.3.1: (a-d) Various TEM images of sections of a Cyphochilus scale.
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(a)

(b)

Figure 2.3.2: (a) A TEM image of a section of a Cyphochilus scale cropped to only
include the internal structure. (b) A histogram of the pixel intensities in (a).
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(a)

(b)

Figure 2.3.3: (a) The thresholded image of Figure 2.3.2a using the MinError al-
gorithm. (b) The image in (a) with the outliers removed.
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in a threshold value of 92 as marked on the histogram with the dotted grey line,
however the resulting thresholded image in Figure 2.3.6a clearly shows that there
are multiple sections of the image have been incorrectly thresholded even after the
outliers are removed, as shown in Figure 2.3.6b.

Unfortunately, because of the poor phase contrast in the images, it is difficult
for any automatic thresholding algorithm to accurately separate the chitin from
the resin. As a result, the only means to improve the thresholded images to more
accurately represent the original image was to edit them by hand. The result of
editing Figure 2.3.6a by hand can be seen in Figure 2.3.6c. When the outliers were
removed from the hand edited image, the result was a binary image that more
closely matched the original image as seen in Figure 2.3.6d. This method of hand
editing the MinError thresholded image before removing the outliers was performed
for all eight of the TEM images, and the filling fraction was again calculated using
Equation 2.3.1. The average filling fraction for the L. stigma scales was 42±3%
which was slightly lower than expected based on the filling fraction of 48± 3%
reported by Luke et al. The discrepancy between the two filling fractions could be
due to the differences in the fixation and infiltration methods used in Luke et al.
and those employed by Mr. Christopher Hill.

2.4 Focused ion beam (FIB) milling of white beetle
scales

No 3D data set for the L. stigma scales exists in literature and the one presented
for the Cyphochilus in [1] was not made available with the publication. Therefore,
it was proposed that FIB milling could provide a means of generating a 3D data
set for both scales that could be used to probe the structure along multiple axes
as well as test the accuracy of the TEM filling fractions. This idea was presented
to Dr. Simon Martin from Loughborough University who developed the idea into a
master’s project which was completed by Mr. Mark Hutchings. The work done on
this project helped to inform the continued work on the beetle scales in subsequent
chapters and was undertaken at the request of the author. A brief summary of the
key results from Mr. Mark Hutchings’ master’s thesis will be presented below.

2.4.1 Experimental Methods
Scales of the L. stigma and Cyphochilus were provided by the University of Shef-

field. The FEI Nova 600 DualBeam FIB-FEGSEM in the Loughborough Materials
Characterisation Centre (LMCC) was used for all of the experiments performed by
Mr. Mark Hutchings. This instrument combines an electron column for imaging
with an ion column from a gallium source for milling the scales. Ion beam milling
was used to mill, slice, and open the scales as well as cut out small sections to be
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(a) (b)

(c) (d)

Figure 2.3.4: (a-d) Various TEM images of sections of a L. stigma scale.
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(a)

(b)

Figure 2.3.5: (a) A TEM image of a section of a L. stigma scale cropped to only
include the internal structure. (b) A histogram of the pixel intensities in (a).
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(a) Thresholded image (MinError algorithm) (b) Thresholded image with outliers removed

(c) Thesholded image edited by hand (d) Hand edited image with outliers removed

Figure 2.3.6: (a) Binary image of Figure 2.3.5a produced using the MinError al-
gorithm. (b) The image in (a) after the outliers have been removed. (c) The
thresholded image in (a) edited by hand to make it more representative of the ori-
ginal image. (d) The image in (c) after the outliers been removed.
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mounted on TEM grids. An OMNIPROBE micromanipulator was used to handle
the samples while in the instrument.

Several different methods were used to study the scales. One Cyphochilus scale
was cut open and stained with a saturated aqueous solution of potassium perman-
ganate before being sliced and imaged using the FIB microscope. A L. stigma
scale was stained using iodine vapour before being examined. Another Cyphochilus
scale was iodine stained and then infilled with cyanoacrylate which was allowed to
permeate the internal structure of the opened scale before being cured. The filled
Cyphochilus scale was then sectioned and imaged using an automated function of the
FIB microscope which took 160 images and milled away a 0.125 μm layer of the scale
between each image. The top surface in each of the 160 images was isolated from
the background using the ‘magic wand tool’ in Adobe Photoshop 10, thresholded in
ImageJ, cleaned using the ImageJ erode/dilate tools, aligned using the ‘turbostack’
ImageJ plugin, and the thickness of each slice calculated based on the viewing angle
of the electron beam in the instrument. With the aligned thresholded images and
the thickness of each slice known, the 160 image stack of the Cyphochilus scale could
be rendered in 3D.

2.4.2 Summary of Key Results
All of the figures in this section are taken, with permission, from Mr. Hutchings’

master’s thesis entitled, Reconstructing Natural Optical Structures.
One of the most challenging aspects of the project was caused by the apparent

warping of the beetles scales when opened for staining and infilling. Figure 2.4.1a
shows a L. stigma scale which had been mounted intact onto a stub. The dark
squares on the surface of the scale were the result of focusing the electron beam on
a small section for a short period of time which meant that the scales were highly
susceptible to electron beam damage. Figure 2.4.1b-c shows the same scale after
the top and bottom of the scale were milled off using the FIB. The milled scale
showed signs of severe warping once the top and bottom had been removed which
most likely damaged the internal structure of interest within the scales.

Similar warping was observed for the Cyphochilus scales as evident by Fig-
ure 2.4.2 which shows images of a Cyphochilus scale which again had the top and
bottom milled off using FIB. The extent of the warping is most evident in Fig-
ure 2.4.2b where the top part of the scale appeared to have curled upwards making
it concave up, while the SEM image of the intact scales in Figure 2.2.2 show them
to be concave down. There also appeared to be a change in the surface features
which have curled backwards after milling as shown in Figure 2.4.2c.

Mr. Hutchings proposed that there were two likely reasons for the observed
warping of the scale upon sectioning. The first possibility was that the scales were
under some sort of internal stress which caused the scales to deform when sectioned.
The second possible reason for the distortion was that it was caused by the energy
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Figure 2.4.1: (a) A mounted intact L. stigma scale. (b-c) Images of the same scale
once the top and bottom were FIB milled off. These images show that the scale
crumpled and structurally distorted once sectioned.
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Figure 2.4.2: (a) Dual beam FIB image of the milled tip of a Cyphochilus scale. (b)
Side view of a scale which had the top and bottom milled off which shows severe
structural warping. (c) A magnified image of the cut edge of the scale which shows
the distorted surface features.

of the ion beam itself. The exact cause of the distortion is difficult to prove and it
could be that it was caused by a combination of internal stress and the ion beam.
However, the severe distortion of the scales observed once they had been cut open
calls into question the validity of any analysis performed on the internal structure
of the scales after they have been opened.

Even though there was a strong possibility that the internal structure could
have been compromised by opening the scales, Mr. Hutchings did proceed with the
staining and infilling of the scales in order to generate 3D reconstructions. Sectioning
and imaging was performed for both scales and the results are shown in Figure 2.4.3.
A selection of results from the reconstructions and images of the whole scales are
given in Table 2.1. The results for the filling fractions of the scales posed more
questions about the structure than they answered. A filling fraction of 41.2± 6.4%
chitin for the Cyphochilus scale closely matched the reported filling fraction from
the published tomography data by in [1] of ~ 45%. However, it is significantly lower
than the values obtained from TEM analysis which gave results >60%. The results
for the L. stigma were also surprising because Mr. Hutchings’ results were higher
that the ~42% predicted by the TEM analysis.

While the FIB master’s project produced some fascinating results, particularly
the 3D reconstruction of the Cyphochilus scale in Figure 2.4.3a, it did not succeed
in putting to rest the question of the filling fraction of the scales. In fact, the
results of this project called into question everything known about the scales based
on measurements of sectioned scales as there is a strong possibility that the scales
distort upon sectioning. This means that the only way to truly examine the internal
structure of the scales is to do so on intact scales.
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Figure 2.4.3: (a) 3D reconstruction of a section of a Cyphochilus scale. (b) The
potassium permanganate filled L. stigma scale which shows surface defects from the
ion beam. (c) 3D reconstruction of a section of a L. stigma scale.
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L. stigma Cyphochilus
Filament width 394.6± 90.0 nm 226.8± 59.2 nm

Filling fraction (% chitin) 63.1± 3.9% 41.2± 6.4%
Filament spacing 407.0± 126.4 nm 655.8± 191.9 nm

Scale width 120 μm 64 μm
Scale length 300 μm 240 μm

Scale thickness 9.4 μm 7.7 μm

Table 2.1: Key scale parameters of the Cyphochilus and L. stigma scales as reported
by Mr. Hutchings.

2.5 Summary
This chapter investigated various microscopy techniques to try to gain a complete

understanding of the internal structure of the white scales found on the elytra of
the Cyphochilus and L. stigma beetles. The SEM images for both beetles showed
that the inside of the scales are filled with a voided network of chitin rods arranged
in space. Based on the images it appears that the rods are mostly oriented parallel
to the top and bottom of the scale cuticle, however this is difficult to prove from
SEM images alone with only one cross section visible. Filling fractions for both the
Cyphochilus and L. stigma scales were found to be 66±3% and 42±3% respectively
based on the TEM images. These values were in good agreement with literature
values also obtained using TEM. However, there is some question as to the accuracy
of these results due to the intense sample preparation required for TEM imaging.
Additionally, neither the SEM or TEM images provided any further insight about
the anisotropy of the internal network.

To try to generate a 3D data set for both of the scales, a masters project was
proposed by the author in collaboration with Loughborough University which was
undertaken by Mr. Hutchings. The project aimed to section and image through a
single filled scale using FIB milling to generate a 3D reconstruction. Mr. Hutch-
ings was able to successfully generate several 3D reconstructions and found a filling
fraction of 41.2± 6.4% chitin for the Cyphochilus scale which agreed with the tomo-
graphy data published for a milled column of a scale by [1]. The filling fraction found
for the L. stigma was 63.1± 3.9% which completely contradicted the TEM results.
However, the most surprising result of this project were the images showing how
the scales distorted and warped when they were cut open. This suggested that the
scale could be under internal tension calling into question all of the work that has
been done on the morphology of the scales which relied on sectioning them. Based
on this evidence, the only way to ensure that scale structure is preserved is to only
examine the scales using non-destructive techniques that do no require sectioning
the scales as part of the sample preparation process. These conclusions governed all
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of the continued work on the scales in the subsequent chapters.
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Chapter 3

Spin-echo small-angle neutron
scattering of Cyphochilus scales

3.1 Introduction
This chapter will explore the technique of spin-echo small-angle neutron scat-

tering (SESANS) as a possible method to verify the structural parameters of the
Cyphochilus scales, with respect to orientation. The advantages of scattering tech-
niques are that they can be done on intact scales, require no sample preparation and
return an average result across the sample. This is especially useful when considering
that there is most likely some structural deformation occurring in the scales when
cut open, calling into question the results obtained through traditional microscopy
methods, as discussed in Chapter 2.

The introduction of this chapter not only introduces the basic principles of SES-
ANS, but contains a detailed discussion of the mathematical formulation of its res-
ults which will not only inform the discussion section of this chapter, but is essential
to the analysis performed in subsequent chapters. To that end, the introduction
begins with a description of the autocorrelation function of a given density dis-
tribution and its relationship with the Fourier transform. In order to understand
if the structure inside the beetle scales is isotropic, it was necessary to introduce
the projection of the autocorrelation function along a single coordinate axis. This
allows for the deconvolution of the correlations along a single axis from the total
correlation function of the system. Following the introduction of the autocorrelation
function and its projection, some practical examples will be covered to illustrate the
relationship between the two as well as demonstrate how projection of the autocor-
relation function is particularly useful for studying anisotropic samples. Once the
target functions have been established, a basic introduction into elastic scattering
will be given. This will be followed by an explanation of small angle neutron scat-
tering (SANS) and spin-echo small-angle neutron scattering (SESANS), which is the
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primary experimental technique of this chapter.
Due to the availability of samples and the large number of scales required to

get signal in a neutron experiment, only results for the Cyphochilus scales will be
presented as not enough samples of the L. stigma beetle were able to be obtained.
SESANS was performed on a stack of Cyphochilus wings covered in scales, which
were removed intact from preserved beetles. The elytra of the wings themselves
were solid and contained no structure, meaning the correlations of the scales them-
selves could be measured without removing the scales from the wings. The wings
were measured in three orientations, only one of which reached a saturation value
within the maximum spin-echo length of the SESANS instrument. The orientation
which saturated allowed for the calculation of the projection of the autocorrelation
function, showing correlations in and out of the scales. This result showed that the
average thickness of scales was ~ 12 μm, which is thicker than expected based on the
SEM images and suggests that the scales were crushed when cut open for imaging.

The correlations from the thickness of the scales obscured those from the internal
scale structure, meaning that this technique was not successful in extracting new
information about the internal structure. This was an unfortunate result for this
experiment, however the principles of SESANS obtained from the Cyphochilus data
directly lead to the successful application of the SESANS technique on synthetic
films which mimic the white beetle structure. These results will be presented in
Chapter 6.

3.1.1 The Autocorrelation Function
A two phase structured material can be represented on a 3-D grid as a density

distribution described by the piecewise function given in Equation 3.1.1. The volume
of the system, V , is given by V = N∆x∆y∆z, where N , is the number of grid sites
and ∆x, ∆y, and ∆z define the grid spacing. The dimensions of the grid are
given by Lx, Ly, and Lz. One way to quantify a given two phase structure is to
examine its autocorrelation function, γ(x, y, z), which is a pair correlation function
calculated from every point in the system. Given a density distribution it is possible
to calculate this directly using Equations 3.1.2-3.1.5 where N1 is the number of sites
that are phase 1 and φN is the average scattering length density (SLD) of the
grid[66]. Essentially, for every point on the grid the autocorrelation function is the
normalized sum of the product of the original grid and a copy of the grid shifted
by a given x, y, z. Unfortunately, the number of computations required to directly
calculate γ is equal to N2. Therefore, for a grid of size 10 × 10 × 10 only 1 × 106

computations are required, yet for a grid of size 100 × 100 × 100 it would require
1×1012 computations. This makes directly calculating the autocorrelation function
computationally prohibitive for large grid sizes.
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ρ(x, y, z) =
{

1 phase 1
0 phase 2 (3.1.1)

γ(x, y, z) = 1
1− φN

[ 1
N1

C(x, y, z)− φN
]

(3.1.2)

C(x, y, z) = 1
V

Lx∑
x′=1

Ly∑
y′=1

Lz∑
z′=1

ρ(x′, y′, z′)ρ(x′ + x, y′ + y, z′ + z) (3.1.3)

N1 =
Lx∑
x=1

Ly∑
y=1

Lz∑
z=1

ρ(x, y, z) (3.1.4)

φN = N1/N (3.1.5)
Fortunately, there exists a relationship between the autocorrelation function and

the power spectrum of the density distribution that allows for the quick calculation
of the autocorrelation function using fast Fourier transforms (FFT). Understanding
this relationship begins with the Fourier transform. Repeated Fourier transforma-
tions on the same function will yield the original function and this cyclic property
of the Fourier transform often leads to Fourier transform being defined as a pair of
functions, as given in Definition 3.1 such that if F (s) is the Fourier transform of
f(x) then f(x) is the Fourier transform of F (s). Conventionally, Equation 3.1.6 is
defined as the Fourier transform and Equation 3.1.7 as the inverse Fourier transform,
however this distinction is only arbitrary [67].

Definition 3.1. Fourier transform

F (s) =
∫ ∞
−∞

f(x)e−i2πxsdx (3.1.6)

f(x) =
∫ ∞
−∞

F (s)ei2πxsds (3.1.7)

The convolution of two functions is defined by Equation 3.1.8 where ⊗ is the
convolution operator. Conceptually, convolution can be thought of as is the blending
or blurring of one function with another. The convolution operator is commutative
and therefore f(x) ⊗ g(x) = g(x) ⊗ f(x). When a Fourier transform is performed
on the convolution of two functions the result is simply the product of the Fourier
transforms of each function, as stated in Theorem 3.1 [68].

Definition 3.2. Convolution

f(x)⊗ g(x) =
∫ ∞
−∞

f(u)g(x− u)du (3.1.8)
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Theorem 3.1. Convolution Theorem: The Fourier transform of f(x) ⊗ g(x) is
F (s)G(s) if F (s) and G(s) are the respective Fourier transforms for f(x) and g(x).

Proof. ∫ ∞
−∞

(f(x)⊗ g(x)) e−i2πxsdx =
∫ ∞
−∞

[∫ ∞
−∞

f(u)g(x− u)du
]
e−i2πxsdx

=
∫ ∞
−∞

f(u)
∫ ∞
−∞

g(x− u)e−i2πxsdxdu

=
∫ ∞
−∞

f(u)e−i2πusG(s)du

= F (s)G(s)

The cross-correlation of two functions is given in Definition 3.3 as the convolu-
tion of the reflection of one function with the other where, ? represents the cross-
correlation operator. When a function is cross-correlated with itself it is known as
the autocorrelation function. For the case when f(x) is complex and f ∗(x) is its
complex conjugate, the autocorrelation function is given by Equation 3.1.10. The
autocorrelation function is always at its maximum at its origin and it is common
practice to normalize the autocorrelation function by its maximum value.

Definition 3.3. Cross-correlation

f(x) ? g(x) = f(−x)⊗ g(x) =
∫ ∞
−∞

f(u)g(u+ x)du (3.1.9)

Proof.
f(−x)⊗ g(x) =

∫ ∞
−∞

f(−u)g(x− u)du

=
∫ ∞
−∞

f(u− x)g(u)du

Let u′ = u− x and du′ = du

=
∫ ∞
−∞

f(u′)g(u′ + x)du′

= f(x) ? g(x)
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Definition 3.4. Autocorrelation function

γ(x) = f ∗(x) ? f(x) =
∫ ∞
−∞

f ∗(u)f(u+ x)du (3.1.10)

The autocorrelation theorem for Fourier transforms is a special case of the convo-
lution theorem and shows that the Fourier transform of the autocorrelation function
of f(x) is equal to the modulus of F (s) squared, as stated in Theorem 3.2. As a result
of Theorem 3.2, the autocorrelation function can be written as the inverse Fourier
transform of the power spectrum, |F (s)|2, of f(x), as stated in Equation 3.1.11.
Therefore, given a density distribution, the autocorrelation can be quickly and effi-
ciently calculated by taking a fast Fourier transform (FFT) of the matrix, squaring
the modulus of the result and then performing an inverse fast Fourier transform
(iFFT)[68].

Theorem 3.2. Autocorrelation Theorem: The Fourier transform of f ∗(x) ? f(x) is
equal to |F (s)|2 if F (s) is the Fourier transform of f(x).

Proof. ∫ ∞
−∞
|F (s)|2 ei2πxsds =

∫ ∞
−∞

F (s)F ∗(s)ei2πxsds

= f(x)⊗ f ∗(x)

=
∫ ∞
−∞

f(u)f ∗(u− x)du

=
∫ ∞
−∞

f ∗(u)f(u+ x)du

= f ∗(x) ? f(x)

γ(x) =
∫ ∞
−∞
|F (s)|2 ei2πxsds (3.1.11)

3.1.2 Projections of the Autocorrelation Function
If the density distribution is anisotropic and the properties of the material vary

by orientation then it is often useful to look at the projection of the autocorrelation
function along a single coordinate axis. Equation 3.1.12 gives the projection of
γ(x, y, z) along the x axis showing correlations in the z direction as a function of z.
The correlation length, ξx, is calculated according to Equation 3.1.13[66]. There are
six possible combinations of projection and correlation directions in three dimensions
which are Gx(z), Gx(y), Gy(x), Gy(z), Gz(y), and Gz(x). However, the correlations
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along a given axis should be the same regardless of which projection axis is used
meaning that the set of projections Gx(z), Gy(x), and Gz(y) will show the sample
correlations as Gy(z), Gz(x), and Gx(y). For the sake of consistency, the set of
projections Gx(z), Gy(x), and Gz(y) will be used in all computed examples and are
given by Equations 3.1.12-3.1.17.

Gx(z) = 2
ξx

∫ ∞
0

γ(x, 0, z)dx (3.1.12)

ξx = 2
∫ ∞

0
γ(x, 0, 0)dx (3.1.13)

Gy(x) = 2
ξy

∫ ∞
0

γ(x, y, 0)dy (3.1.14)

ξy = 2
∫ ∞

0
γ(0, y, 0)dy (3.1.15)

Gz(y) = 2
ξz

∫ ∞
0

γ(0, y, z)dz (3.1.16)

ξz = 2
∫ ∞

0
γ(0, 0, z)dz (3.1.17)

If a given density distribution is isotropic, meaning that it is uniform in all
directions, then its autocorrelation function only depends on the modulus of the
radial vector. If the density distribution is three dimensional, then γ(r) = γ(x, y, z)
where r = |−→r | =

√
x2 + y2 + z2. By performing a change of variables substitution

on Equations 3.1.12 - 3.1.13, one arrives at the expressions for the projection of an
spherically symmetric system ,Gr(s), where s is an arbitrary direction within the
system[66].

Gr(s) = 2
ξr

∫ ∞
s

γ(r)r√
r2 − s2

dr (3.1.18)

ξr = 2
∫ ∞

0
γ(r)dr (3.1.19)

Equation 3.1.18 is easily recognizable as an Abel transform of γ(r). The Abel
transform and its inverse are given below by Definition 3.5[69].

Definition 3.5. Abel transform

A(x) = 2
∫ ∞
x

f(r)r√
r2 − x2

dr x > 0 (3.1.20)

f(r) = − 1
π

∫ ∞
r

d
dx

(A(x))√
x2 − r2

dx (3.1.21)
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By making use of the inverse Abel transform it is possible to recover γ(r) if only
G(s) is known, as shown in Equation 3.1.22[70].

γ(r) = −ξr
π

∫ ∞
r

d
ds

(G(s))√
s2 − r2

(3.1.22)

Unfortunately, the application of of Equation 3.1.18 and Equation 3.1.22 is made
challenging by the denominator of each integrand, which goes to zero at the lower
integration limit[71]. Therefore, in order to actually use these equations for dis-
crete data sets it is necessary to remove the problematic denominator from inside
the integral which as be done using integration by parts. The modified versions
of Equation 3.1.18 and Equation 3.1.22 are given by Equation 3.1.23 and Equa-
tion 3.1.24, respectively. For discrete data sets, the summation approximation is
used instead of an integral and a spline fit to the data is used to find the necessary
values for the first and second derivative.

Gr(s) = 2
ξr

(
γ(r)
√
r2 − s2

∣∣∣∞
s
−
∫ ∞
s

d

dr
(γ(r))

√
r2 − s2dr

)

≈ 2
ξr

(
γ(r)
√
r2 − s2

∣∣∣∞
s
−
∞∑
r=s

d

dr
(γ(r))

√
r2 − s2∆r

) (3.1.23)

γ(r) =−ξr
π

 d
ds

(G(s))
s

√
s2 − r2

∣∣∣∣∣
∞

r

−
∫ ∞
s

(
d2

ds2 (G(s))
s

−
d
ds

(G(s))
s2 )

√
r2 − s2dr



≈−ξr
π

 d
ds

(G(s))
s

√
s2 − r2

∣∣∣∣∣
∞

r

−
∞∑
s=r

(
d2

ds2 (G(s))
s

−
d
ds

(G(s))
s2 )

√
r2 − s2∆r


(3.1.24)

The exact density distribution is unknown for most experimental samples. Fortu-
nately, the projection of the autocorrelation function is a measurable quantity using
a neutron technique known as spin-echo small-angle neutron scattering (SESANS).
A detailed explanation of the SESANS technique will be covered in Section 3.1.6.

3.1.3 Practical examples
The relationship between a given density distribution, its autocorrelation func-

tion and the projection of the autocorrelation function along various axes is best
understood by looking at specific case studies.
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3.1.3.1 Sphere

The autocorrelation function and the correlation length of a sphere with dia-
meter,D, is analytically known and given in Equation 3.1.25 and Equation 3.1.26 [72].
These analytical solutions can then be substituted into Equation 3.1.18 to arrive at
the numerical solution for Gr(s) for a sphere as given in Equation 3.1.27.

γsphere(r) =
{

1− 3
2( r

D
) + 1

2( r
D

)3 r ≤ D
0 r > D

(3.1.25)

ξr = 3
4D (3.1.26)

Gr(s) =



√
1−

(
s

D

)2
(

1 + 1
2

(
s

D

)2
)

s ≤ D

+ 2
(
s

D

)2 (
1− s

2D

)2
ln
 2s/D

2 +
√

4− (2s/D)2



0 s > D

(3.1.27)

(a) (b)

Figure 3.1.1: (a) Test sphere rendered in 3-D dimensions. The size of the box is
174 x 174 x 174 pixels and the diameter of the sphere is 100 pixels. (b) A single slice
through the test sphere matrix where the white pixels are one and the black are
zero.
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Figure 3.1.2: The autocorrelation function of a sphere with a diameter of 100 pixels,
as calculated analytically and using FFTs

Figure 3.1.3: The radial projection of the autocorrelation function for a sphere with a
diameter of 100 pixels. The projection has been calculated using the Abel transform
of a spline fit to the autocorrelation function, which is then compared to the known
analytical solution.
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Figure 3.1.4: The autocorrelation function of a sphere with a 100 pixel diameter
recovered from a spline fit and numeric integration of Gr(s) compared to the known
analytical solution.

A test sphere can be generated with a diameter of 100 pixels centred on a
174 x 174 x 174 grid, such that each pixel inside the sphere was 1 and everything
outside was 0. The test sphere is shown rendered in 3-D and as a 2-D slice through
the centre of the matrix in Figure 3.1.1. The autocorrelation of this test sphere is
shown as a function of r, calculated both analytically and using the FFT method, as
shown in Figure 3.1.2 . The analytical solution was calculated using Equation 3.1.25
for r = 0 → 150 pixels because the maximum radius contained inside the cube is√

3/2 times the edge length of the cube or :: 150. The FFT method was calculated
using Equation 3.1.11, which returned a 3-D autocorrelation matrix giving the value
of γ as a function of x, y and z. As a sphere is radially symmetric, the 3-D autocor-
relation matrix determined by FFT was radially integrated to get γ as a function of
r where r = 0 represents the centre of the matrix. The resulting 1-D function was
then normalized so that its maximum at r = 0 was 1. As shown in Figure 3.1.2,
both methods give the same result. The sphere is the only example in this sec-
tion for which the autocorrelation function is analytically known. In each of the
following examples the autocorrelation matrix is always calculated using FFTs and
Equation 3.1.11.

Once the autocorrelation function has been determined as a function of r, the
projection of the autocorrelation function along an arbitrary direction, s, could be
calculated using a spline fit of γ(r) and the summation form of Equation 3.1.23.
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The correlation length, ξr, can be found numerically by integrating the spline fit of
the autocorrelation function using Equation 3.1.19. The resulting Gr(s) of the test
sphere is plotted with the analytical values from Equation 3.1.27 in Figure 3.1.3.

If only the projection of the autocorrelation function is known, it is possible
to recover the the autocorrelation function from a spline fit to Gr(s) using Equa-
tion 3.1.24. Here the correlation length, ξr, is considered to be unknown but is easily
recovered as the autocorrelation function is known to be 1 at 0. Therefore, by norm-
alising the numerically determined autocorrelation function to one, the correlation
length once again can be determined using Equation 3.1.19. The normalised γ(r)
recovered from a spline fit to Gr(s) is shown in Figure 3.1.4, compared once again
to the numeric solution for the autocorrelation function. The correlation length for
the recovered autocorrelation function was 75.043 as compared to theoretical value
of 75 from Equation 3.1.26. There is excellent agreement between the γ(r) and the
correlation length recovered from Gr(s) and the analytical solution values. There-
fore, if only the projection of the autocorrelation function is known it is possible to
recover the autocorrelation function through numeric integration.

3.1.3.2 Cylinder

In the previous example of a sphere, the density distribution was isotropic, there-
fore no matter which axis or direction the autocorrelation function was projected,
the same result would be achieved. This is not the case for samples with an an-
isotropic density distribution. This example will examine the projections of the
autocorrelation function of an oriented right cylinder. A test cylinder was gener-
ated such that it had a diameter of 100 pixels and a length of 200 pixels and was
contained in a 300 x 300 x 500 grid such that every pixel inside the cylinder was 1 and
everything outside was 0. The cylinder was oriented as shown in Figure 3.1.5. The
autocorrelation matrix was obtained using Equation 3.1.11 and because the density
distribution of the cylinder is anisotropic, the radial integration method presented
for the sphere was not appropriate. Instead, the projection of the cylinder along
each principle coordinate axis was examined using Equations 3.1.12 - 3.1.17. The
results of these calculations are shown in Figures 3.1.6 - 3.1.8.

Figure 3.1.6b shows the projection along the x-axis of the autocorrelation func-
tion which give the correlations of the cylinder along the the z-axis. The correlations
die out at 200 pixels, which is the length of the cylinder and the only correlation
present along the z-axis. Figure 3.1.7b shows the projection along the y-axis and
the correlations along the x-axis die out at 100 pixels, which is the diameter for
the test cylinder. The shape of the curve for the Gy(x) is similar to that shown in
Figure 3.1.3 for a sphere because in the yx plane the cylinder is a circle. Finally,
Figure 3.1.8b shows the projection along the z-axis and correlations along the y-axis,
which again die out at the diameter for the cylinder. This example shows the power
of projecting the autocorrelation function along a single axis so that correlations
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in a single orientation can be observed, which is particularly useful when studying
anisotropic samples or trying to determine if a sample is isotropic.

Figure 3.1.5: Test cylinder rendered in 3-D dimensions. The size of the box is
300 x 300 x 500 pixels in x,y and z, respectively. The cylinder has a diameter of 100
pixels and a height in z of 200 pixels.

3.1.3.3 Random Rods

When structures are simple and contain a single structure, as in the two previ-
ous examples of the cylinder and the sphere, the projections of the autocorrelation
function are well defined and easy to interpret. However, when the structure is more
complicated the projections become noisy and harder to interpret. In this example
we will explore a matrix containing randomly distributed rods, all oriented parallel
to the z-axis and having a diameter of 20 pixels. These matrices were generated
by first working with a blank 2-D grid of 256 by 256 pixels. Next, using a random
number generator, a random coordinate was chosen for the centre of a circle. If the
centre coordinate was at least 15 pixels away from any other circle already on the
grid, a circle with a diameter of 30 pixels was generated. This was continued until
the filling fraction, the area of all of the circles divided by the number of grid sites,
was at least 20%. Next, the 2-D grid of circles was copied and stacked in the z-
direction to creates rods. A sample 2-D matrix of circles generated by this algorithm
as well as a 3-D representation of the final structure is shown in Figure 3.1.9.

The projections of a single matrix of random rods along each coordinate axis are
shown in Figure 3.1.10. The structure is completely identical along the z-axis which
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(a)

(b)

Figure 3.1.6: (a) A 2-D slice through the centre of the test cylinder matrix showing
the xz plane as well as the projection and correlation direction for the Gx(z) cal-
culation. (b) A plot of Gx(z) versus pixel distances which shows the projection of
the autocorrelation function along the x-axis of the test cylinder and its correlations
along the z-axis.
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(a)

(b)

Figure 3.1.7: (a) A 2-D slice through the centre of the test cylinder matrix showing
the yx plane as well as the projection and correlation direction for the Gy(x) cal-
culation. (b) A plot of Gy(x) versus pixel distances which shows the projection of
the autocorrelation function along the y-axis of the test cylinder and its correlations
along the x-axis
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(a)

(b)

Figure 3.1.8: (a) A 2-D slice through the centre of the test cylinder matrix showing
the zy plane as well as the projection and correlation direction for the Gz(y) cal-
culation. (b) A plot of Gz(y) versus pixel distances, which shows the projection of
the autocorrelation function along the z-axis of the test cylinder and its correlations
along the y-axis.
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(a) (b)

Figure 3.1.9: (a) A sample structure composed of random rods with a diameter of
20 pixels oriented parallel to the z-axis (b) A 2-D slice of the random rods structure
in the xy-plane showing the single slice with which the 3-D structure was built.

Figure 3.1.10: Projections of the autocorrelation function of a single cube containing
random rods with a diameter of 20 pixels
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results in the Gx(z) being 1 at all values of z. In the other two directions, Gy(x)
and Gz(y), the curves have minima at about 20 pixels. However, the curves show
several fluctuations and without prior knowledge of the input structure it would be
difficult draw any meaningful conclusions from these projections.

In the previous examples the structure of interest was solid and completely pad-
ded with zeros which resulted in the correlations going to zero outside the structure.
However, none of the projections in Figure 3.1.10 finish at zero. This is because
the structure of interest for the random rods is a two phase material that fills the
entire test matrix and is not empty at the edges of the matrix. If the matrix was
padded with zeros on all sides, the correlations would die out to zero as shown in
Figure 3.1.11. However, by padding the matrix of random rods, the observed correl-
ations die out at the original matrix size of 256 pixel and the correlations of actual
interest, the ones caused by the rods, are obscured because the Abel transform of the
structure is dominated by larger length scales [73]. Therefore, the best practice is to
normalise the projection between 0 and 1 by subtracting the average value for the
projection after the correlations have died out to a flat line of the unpadded matrix.
This is difficult to do if the projections are noisy due to small sample size such as
the projections for a single cube shown in Figure 3.1.10. One way to solve this is to
average the projections of multiple cubes of the same structure. Figure 3.1.12 shows
the average projections for 500 cubes of random rods with a diameter of 20 pixels
and a filling fraction of 20%.

When the results in Figure 3.1.12 are compared to the results for 1 cube in
Figure 3.1.10 is it clear that averaging the cubes reduces the noise and secondary
oscillations observed in the projections. This allows the end values of the projections
to be normalised to 0 using Equation 3.1.28 where the value for the background av-
erage value of the projection after all the correlations have died out. The normalised
projection curves are shown in Figure 3.1.13, which shows clear minima at 20 pixels
in Gy(x) and Gz(y). This is consistent with the input structure as Gy(x) picks up
the diameter of the rods from correlations across the face of each rod in the yx plane
and Gz(y) picks up the diameter of the rods across the length of each rod in the
zy-plane. There are not observed correlations Gx(z) because the matrix is identical
along the z-axis. Additionally, the averaged projections show no correlations other
than that of the rod diameter because the spacing between the rods was randomly
assigned, giving no coherent correlations across the 500 cubes.

Normalised Projection = (Projection−Background)/(1−Background) (3.1.28)

3.1.4 Basic theory of elastic scattering
The general equation for a propagating wave, ψ, is Equation 3.1.29 where A is

the amplitude, ω is the angular frequency, t is time, φ◦is the phase, −→r denotes a
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Figure 3.1.11: Projections of the of the original random rods matrix, which has been
padded on all sides with zeros. The projections in each direction are dominated by
the length scale of the original matrix, 256 pixels.

Figure 3.1.12: The average projections of 500 cubes of size 256 x 256 x 256 pixels, all
containing random rods with a diameter of 20 pixels and with a filling fraction of
20%.
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Figure 3.1.13: The average projections of 500 cubes containing random rods with 20
pixel diameters. The projections have been normalised according to Equation 3.1.28,
such that the final value of the projections is zero after the correlations have died
out.
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spatial position, and−→k is the wavevector denoting the direction of propagation. By
making use of Euler’s formula, eiθ = cos(θ) + i sin(θ), and noting that ={} denotes
the imaginary component of an equation, the general wave equation can also be
represented as an imaginary exponential as given in Equations 3.1.30-3.1.31. The
wavenumber, k, is the modulus of the wavevector and is dependent on wavelength,
λ, as shown in Equation 3.1.32 [67]..

ψ = A sin(−→k · −→r − ωt− φ◦) (3.1.29)

ψ = Ao=
{
ei(

~k·−→r −ωt)
}

(3.1.30)

Ao = Aeiφo (3.1.31)

∣∣∣−→k ∣∣∣ = k = 2π
λ

(3.1.32)

When a particle with an incident wavevector of ki is scattered off of a sample
resulting in a scattered particle with wavevector kf , this event can by character-
ised by a change in the particle’s momentum. Utilising de Broglie’s proposal that
moving particles exhibit wave-particle duality and Equation 2.1.2, the change in
momentum between the incident and the final scattered particle, −→M , can be writ-
ten as the difference between the wavevectors, as given by Equation 3.1.33. The
scattering vector, −→q , is equal the difference between between the incident and final
wavevectors, ki − kf . If the particle is scattered elastically, such that no energy is
exchanged with the sample, then

∣∣∣−→ki ∣∣∣ =
∣∣∣−→kf ∣∣∣. For the case of elastic scattering, the

momentum transfer, q, is the magnitude of the scattering vector and can be determ-
ined as a function of one half the scattering angle, θ, using simple trigonometry, as
shown in Figure 3.1.14 and Equation 3.1.34.

−→
M = h

2π
−→
ki −

h

2π
−→
kf (3.1.33)

q = |−→q | =
∣∣∣−→ki −−→kf ∣∣∣ = 4π sin(θ)

λ
(3.1.34)

If two scattering centres are considered, one at the origin, O, and one at a
point, P, some distance from the origin specified by a vector −→r , then the phase
difference between the wave scattered at O and the wave scattered at P is given
by −−→r · ~q. This is shown graphically in Figure 3.1.15. Using Equation 3.1.31, the
amplitude of the secondary wave scattered at P can be expressed as Ae−i(

−→r ·~q). If
every scattering centre in a sample is considered, the total amplitude will be the
sum of all of the phase differences. However, instead of considering every scattering
centre individually, it is helpful to consider just a scattering length density (SLD)
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Figure 3.1.14: Vector diagram showing that the momentum transfer vector, ~q, is
equal to ki − kf . Additionally, using the right triangle marked on the diagram,
|~q| = 2

∣∣∣ ~kf ∣∣∣ sin(θ). Redrawn from [67].

Figure 3.1.15: Vector diagram showing an incident wave scattered from the origin,
O, and from a point, P, separated from the origin by ~r. The phase difference between
the two scattered waves is −~r ·~ki +~r · ~kf and given that ~q = −→ki −

−→
kf , the final phase

difference is equal to ~−r · ~q to . Redrawn from [72].

95



distribution, ∆ρs(~r), which represents the distribution of scattering centres in a
sample per unit volume. Therefore, the amplitude of the scattered waves as a
function of the scattering vector, ~q, will be the scattering density times the phase
change integrated over the sample volume, as described in Equation 3.1.35. Recalling
the form of the forward Fourier transform in Equation 3.1.6 and comparing it to
Equation 3.1.35 reveals that the amplitude is simply the Fourier transform of the of
SLD distribution [72].

A(~q) =
∫
V

∆ρs(~r)e−i(~r·~q)dV (3.1.35)

In its current form the Equation 3.1.35 is complex and in order to obtain the
real and positive value for intensity actually measured in a scattering experiment,
Equation 3.1.35 must be multiplied by its complex conjugate. The resulting equation
for the intensity as a function of ~q is given by Equation 3.1.36.

I(~q) =AA∗ =
∫
V1

∆ρs(~r1)e−i(~r1·~q)dV1

∫
V2

∆ρs(~r2)ei(~r2·~q)dV2

=
∫
V1
dV1

∫
V2

∆ρs(~r1)∆ρs(~r2)e−i~q(~r1−~r2)dV2

(3.1.36)

Equation 3.1.36 can be simplified by considering that ∆ρs(~r1)∆ρs(~r2) is the SLD
density distribution multiplied with itself shifted by a constant, or ∆ρs(~r)∆ρs(~r +
u) which, when integrated over the entire volume, is simply the autocorrelation
function. Therefore, Equation 3.1.36 becomes Equation 3.1.37, where ~r = −→r1 − ~r2 =
constant [74].

I(~q) =
∫
V
e−i(

−→r ·~q)γ(~r)dV (3.1.37)

The basic principles of elastic scattering remain the same regardless of what is
used as the scattering radiation.

3.1.5 Small-angle neutron scattering (SANS)
Neutrons are uncharged particles found in the nuclei of atoms. When neutrons

are used as the radiation in a scattering experiment, they scatter off the nuclei of
atoms via the strong nuclear force or by dipole-dipole interactions if the sample is
magnetic. Contrast between media in a SANS experiment is the result of different
chemical compositions, as each atom has a characteristic neutron scattering length.
As a result, the scattering for a specific sample is based on the number and type of
atoms presents in a sample . The general setup for a SANS experiment is shown in
Figure 3.1.16. The neutrons from a source are passed through an aperture to create
a narrow beam, which then impinges on the sample of interest. The scattered waves
are then collected by a 2-D detector a distance, L, from the sample [74].
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Figure 3.1.16: A general schematic for a SANS experiment showing the relationship
between the detector distance, the detector radius and the scattering wavevectors.
Redrawn from [74].

From the diagram in Figure 3.1.16, it is clear that the intensity for a given
scattering angle will be related to the detector distance, L, and the distance from
the centre of the detector, r, by the equation tan(2θ) = r/L. The reason for limiting a
scattering experiment to only small scattering angles is because for sufficiency small
angles the small angle approximation applies, meaning sin(θ) ≈ θ and tan(θ) ≈ θ.
Using this approximation, Equation 3.1.34 for the momentum transfer, q, can be
expressed as a function of r and L, as shown in Equation 3.1.38. From this expression
for q, it is clear that the range of q values sampled by a given SANS experiment
can be adjusted by either changing the wavelength of the source radiation or by
changing the distance between the detector and the sample. A 1D plot of intensity
versus q, can be obtained from the 2D detector image by simply integrating radial
about the centre of the detector. Distances in q are in reciprocal space which is
inversely related to real space distances such that scattering from large length scales
will scatter at very small angles or low-q values and scattering from small length
scales will scatter at high-q values. The real space distance for a given q value can
be recovered using Equation 3.1.39 [72].

q = 4π
λ

sin(θ) ≈ 2π
λ

( r
L

) (3.1.38)

Real space = 2π
q

(3.1.39)
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3.1.6 Spin-echo small-angle neutron scattering (SESANS)
While small-angle neutron scattering (SANS) is a purely reciprocal space tech-

nique, it is possible to directly measure real space correlations using neutron scat-
tering by exploiting the interactions between neutrons and magnetic fields in a
technique known as spin-echo small-angle neutrons scattering (SESANS).

Each neutron has a spin, ~s, expressed in Equation 3.1.40 in terms of ~, which is
equal to Planck’s constant over 2π and the Pauli spin matrix, ~σ, which is defined by
Equation 3.1.41. The eigenvalues of the z-component of the spin are +~/2 and −~/2,
which are commonly known as spin up and spin down [75]

~s = ~
2~σ (3.1.40)

~σ = (σ̂x, σ̂y, σ̂z)

where σ̂x =
(

0 1
1 0

)
, σ̂y =

(
0 −i
i 0

)
, σ̂z =

(
1 0
0 −1

) (3.1.41)

In order to fully quantify a beam of neutrons, one must take into account its
momentum and its spin state. If all of the spins of the neutrons are randomly
orientated then the neutron beam is said to be unpolarized. However, if within a
neutron beam, some of the neutrons have spins with have a preferred orientation,
then the neutron beam is partially polarized. The polarization of a beam of neutrons
is defined as two times the average spin or the average of the Pauli matrices for all
the neutrons in the beam, as given by Equation 3.1.42. The magnitude of the
polarization vector varies between zero and one, where for a completely unpolarized
beam |~P | = 0 and for a completely polarized beam |~P | = 1 [76].

~P = 〈σ̂〉 (3.1.42)
The magnetic moment, ~µ, of a neutron is expressed in Equation 3.1.43 where Υ is

a constant, µN is the nuclear Bohr magneton, and gn is the experientially measured
neutron g-factor [76].

~µ = ΥµN~σ

where Υ = gn
2 ≈ −1.91 and µN ≈ 3.1× 10−8 eV · T−1

(3.1.43)

If a neutron passes through a magnetic field that is non-parallel to its magnetic
moment then it will revolve around the magnetic field vector, ~B, in what is known
as the Larmor precession. The equation of motion for a Larmor precession is given
in Equation 3.1.44. This equation arises from classical physics, which states the
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Figure 3.1.17: Diagram showing the precession of the polarization vector about a
magnetic field vector as well as its geometric relationship to ∆ϕ.

torque on loop carrying current is the magnetic moment of the loop crossed with
the magnetic field vector [75].

d~σ

dt
= ~µ× ~B = ΥµN(~σ × ~B) (3.1.44)

For a beam of neutrons, instead of considering how each neutron is effected by
the magnetic field, it is convenient to just use the average spin of the beam, which
allows Equation 3.1.44 to be written in terms of polarization. Given a small change
in time, ∆t, there will be a change in the polarization vector given by ~P + ∆~P . It
is possible to derive Equation 3.1.48, for the Larmor frequency, ωL, of a beam of
neutrons in a magnetic field, based on the geometry shown in Figure 3.1.17 and using
Equations 3.1.45-3.1.47. The change in angle between ~P and ~P + ∆~P is denoted as
∆ϕ and the angle between ~P and ~B is ϑ [77].

d~P

dt
= ΥµN(~P × ~B) (3.1.45)

|∆~P | ≈ ΥµN |~P × ~B|∆t = ΥµN |~P || ~B| sinϑ∆t (3.1.46)

∆ϕ = |∆~P |
|~P | sinϑ

= ΥµN | ~B|∆t (3.1.47)
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Figure 3.1.18: Diagram showing the path of a neutron through a parallelogram
shaped magnetic field at an angle of α with a path length of l.

ωL = ∆ϕ
∆t = ΥµN | ~B| (3.1.48)

If a neutron passes through a magnetic field of length, L, then the final angle
between its original spin vector and the final spin vector when it exits the field will
depend on the Larmor frequency and the time spent in the magnetic field. This final
angle is also known as the Larmor phase, ϕL, and is given in Equation 3.1.49 which
uses Equation 2.1.2 to express the velocity of the neutron beam, v, in terms of its
wavelength, λ. In the final form of Equation 3.1.49, all of the constants have been
combined to give a single constant, C which is equal to 4.6368 × 1014T-1m-2[70].

ϕL = ωLt = (ΥµN | ~B|)(
L

v
) = (ΥµNmN

h
)| ~B|λL = C| ~B|λL (3.1.49)

If a completely polarized neutron beam enters a magnetic field, the result of the
Larmor precession will be the complete depolarization of the beam. The polarized
beam can be recovered if the neutrons enter an identical but opposite magnetic
field. This reversal of the depolarization can be used to encode the scattering angle
of neutrons which have scattered off a sample.

Consider a magnetic field that is inclined at some angle θo, the resulting magnetic
field will be shaped as a parallelogram. A diagram of a neutron travelling through
an inclined magnetic field is shown in Figure 3.1.18. Using the geometry defined in
Figure 3.1.18, the path length, l, can be derived as Equation 3.1.50 if the angle, α,
is assumed to be sufficiently small to use the small angle approximations.

l = L(1 + α cot θo) (3.1.50)
If the situation in Figure 3.1.18 is expanded such that after exiting the first mag-

netic field, the neutron scatters off a sample, then enters an identical but reversed
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Figure 3.1.19: Schematic of a neutron entering a parallelogram shaped magnetic
field at an angle of α1 and then scattering off a sample. The scattered neutron will
take a different path through the second magnetic field at an angle of α2.

magnetic field, the resulting path lengths are shown in Figure 3.1.19. By examining
Figure 3.1.19, it is clear that the path length of the scattered neutron through the
second field, l2, will be different than its path through the first region, l1. The
angle between incident neutron vector and the scattered vector, 2θ, will be equal to
α1 − α2. The total precession of the scattered neutron, ϕtot, can be found through
Equation 3.1.49 by using a total path length of l1 − l2 resulting in Equation 3.1.51.

ϕtot = C| ~B|λ(l1 − l2) = C| ~B|λL(2θ) cot θo (3.1.51)
If only elastic scattering is considered, the derivation of the momentum transfer,

q, in Section 3.1.4 applies and the small angle approximation of Equation 3.1.34
can be used to rewrite Equation 3.1.51 as Equation 3.1.52 in terms of momentum
transfer, q. The coefficient of q in Equation 3.1.52 is defined as the spin echo length,
z, which has units of length and is given by Equation 3.1.53.

ϕtot = C| ~B|λ(l1 − l2) = C| ~B|λ2L cot θo
2π q = qz (3.1.52)

z= C| ~B|λ2L cot θo
2π (3.1.53)

Unfortunately, the total procession of a neutron cannot be directly measured.
However, the total procession angle is related to the normalised polarization of the
neutron, P (z), through Equation 3.1.54, where Po is the polarization of the empty
beam. It is the normalised polarization of the beam as a function of spin echo length
that is the measurable quantity in a SESANS experiment.

P (z)
Po

= cosϕtot (3.1.54)
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By taking into account the multiple scattering of neutrons within the sample,
the normalised polarization is related to the previously derived projection of the
autocorrelation function, G(z) through Equation 3.1.55, where Σt is the fraction of
neutrons that only scatter a single time in the sample [78].

P (z)
Po

= eΣt(G(z)−1) cosϕtot (3.1.55)

For a sample with thickness, d, the fraction of single scatters can be calcu-
lated from Equation 3.1.56 using the neutron SLD of the sample, ∆ρs, the neutron
wavelength, λ, the normalized volume fraction of a phase in the sample, φ and the
correlation length of the sample, ξ, as previously defined in Section 3.1.2.

Σt = λ2d(∆ρs)2φ(1− φ)ξ (3.1.56)
As the spin echo length goes to infinity, the projection of the autocorrelation

function will go to zero as eventually there will be no correlations above a specific
length scale. This results in Equation 3.1.57 for the case when G(z) has gone to zero,
which is known as the saturation level of the polarization, P (∞), and represents the
fraction of neutrons which are not scattered when passing through the sample.

P (∞) = e−Σt (3.1.57)
By combining Equation 3.1.55 and Equation 3.1.57, one can derive the final re-

lationship between the projection of the autocorrelation function and the measured
normalised polarization of the beam in a SESANS experiment as given in Equa-
tion 3.1.58 [77].

G(z) = 1−
ln P (z)

Po

lnP∞
(3.1.58)

3.2 SESANS of Cyphochilus scales

3.2.1 Experimental Methods
The samples were prepared by using a scalpel blade to remove entire wings from

whole Cyphochilus beetles, as shown in Figure 3.2.1a. Both wings were removed for
all of the Cyphochilus beetles in the author’s possession at the time, resulting in
more than 40 individual wings. There was no need to removed the scales from the
wings because the underlying elytra were solid and unstructured, as shown in the
SEM images in Figure 2.2.2. Individual wings were stacked together and wrapped
in aluminium foil which is transparent to neutrons.

The SESANS data for the Cyphochilus scales was collected on the dedicated SES-
ANS instrument at Delft University of Technology (TU Delft) in the Netherlands.
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The actual experiment and data collection was kindly performed, at the request of
the author, by Dr. Steven Parnell.

The number of wings required was determined through trial and error by increas-
ing the number of wings in the beam until sufficient depolarization of the beam was
observed. The final number of wings used in the beam was 28. In order to estimate
the number of scales this equates to, a simple area estimation was done using op-
tical images of the wings, as shown in Figure 3.2.1b. By estimating the number of
scales inside a known area of the wing, an approximate scale density was calculated
to be ~ 9.7 x 10-5 scales / μm2 . The single wing shown in Figure 3.2.1a had an area
of ~ 1.37 cm2 which resulted in a rough estimate of 13,348 scales/wing and a grand
total of ~ 3.7 x 105 scales for 28 wings.

When mounting a sample for SESANS, the orientation in which the sample is
mounted determines the particular projection of the autocorrelation function that
is measured. As explained Section 3.1.3.2 there are two directions of note, the
projection axis and the correlation axis. The projection direction in a SESANS
experiment is always along the neutron beam and the correlation direction for the
instrument at Delft is vertical. In order to be able to communicate the orientation
of the wings in the beamline, a coordinate system with respect to the wings was
established, as noted in Figure 3.2.1a. The scales lie on the elytra such that the long

(a) (b)

Figure 3.2.1: (a) A preserved Cyphochilus beetle from which one wing cover-
ing containing the white scales of interest has been removed. (b) An optical im-
age of the wing shown in (a) on which a circle with a diameter of ~ 970 μm has
been drawn and in which ~ 72 scales lie. Therefore the estimated scale density is
9.7 x 10-5 scales / μm2 .
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period of the scales is along the z-axis, the width of the scales is along the y-axis
and the thickness of the scales is along the x-axis.

As the aim of this experiment was to try to understand how the projection of
the autocorrelation function varies with respect to the orientation, the wings were
mounted in three different orientations. First, the wings were mounted vertically
in the same orientation shown for a single wing in Figure 3.2.1a, which measured
Gx(z). Next, the wings were rotated 90 degrees and mounted horizontally such
that Gx(y) was observed. Finally, the wings were rotated down into a longitudinal
position such that the thin edge of the wings were facing the beam, which recorded
Gz(x). By doing these three orientations, the correlations along each principle axis
were measured.

3.2.2 Results and Discussion
Figure 3.2.2 shows the raw SESANS data for the Cyphochilus wings for all three

orientations. Here the data is presented as the logarithm of the normalised polariza-
tion divided by one over the square of the neutron’s wavelength versus the spin echo
length, as defined by Equation 3.1.53. Data was collected up to a spin echo length of
17 μm. The results for the vertically and horizontally mounted wings are similar in
value and shape, however the correlations measured for the longitudinally mounted
wings are completely different from those observed in the other two directions.

In order to be able to pull out the projection of the autocorrelation function from
the raw data, the use of Equation 3.1.58 is required, which relies on the saturation
value of the sample. The saturation value is the plateau value for the normalized
polarization or where the correlations die out completely to a constant value. Unfor-
tunately, the data in Figure 3.2.2 shows that the saturation value was not reached
for the wings mounted vertically and horizontally within a spin-echo length of 17 μm,
the maximum for this instrument. In the third orientation for longitudinally moun-
ted wings, the data appears to have reached a saturation value at about 12 μm. In
order to understand why the samples did not saturate in two of the orientations,
an understanding of which length scales are being probed in each orientation is
required.

The scale are orientated on the wings with their roots near the top of the wing.
If the coordinate system assigned to the wings in Figure 3.2.1a is applied to the
scales it would be as shown in Figure 3.2.3. When the wings are mounted vertic-
ally, correlations in the z direction of the scale are being measured which would be
sensitive to the largest length scale in that direction, which would be the length
of the scales or ~ 160 μm. As previously discussed in the random rods example in
Section 3.1.3.3, the Abel transform is dominated by larger length scales. Therefore,
a SESANS measurement in the vertical direction, in the absence of all other factors,
would theoretically saturate at about 160 μm. In the horizontal orientation, the
width of the scales is being picked up by correlations in the y direction and would

104



Figure 3.2.2: Raw SESANS data for stacked wings of the Cyphochilus beetle moun-
ted in three orientations.

theoretically saturate at about 60 μm. Therefore, even though the internal structure
of the scales contain significantly more scattering interfaces per scale than the edges
of the scales, the results show that the correlations in these two directions are being
obscured by the dimensions of the scales.

The longitudinally mounted wings measured correlations in the x-direction, which
would pick up the thickness of the scales, which from the SEM images in Section 2.2.2
was estimated as 7 μm. This explains why the results for this orientation saturated,
as the largest length scale in the correlation direction was less than the maximum
spin-echo length of the experiment. Since this orientation saturated, a weighted
average, x̄, and standard deviation of the values past 12 μm were calculated using
Equation 3.2.1-Equation 3.2.3 where the weights, wi, for each value are one over the
square of the error in the measurement, σi, and N is the number of data points [79].

weights = wi = 1
σ2
i

(3.2.1)
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Figure 3.2.3: An SEM images of scales on the wing of the Cyphochilus beetle. The
scales lie with their root nearest the top of the wing with the long period of the
scale along the z-axis and with width of the scale along the y-axis according to the
coordinate system defined for the wings in Figure 3.2.1a.
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weighted mean = x =
∑n
i=1(xiwi)∑n
i=1wi

(3.2.2)

weighted error =

√√√√∑n
i=1 wi(xi − x)2∑n

i=1wi

(
N

N − 1

)
(3.2.3)

The saturation value was then used in Equation 3.1.58 in order to calculate Gz(x)
for the Cyphochilus scales. The errors in the Gz(x) values were calculated according
to Equation 3.2.4 for the propagation of error for divided values and the results are
shown in Figure 3.2.4.

for R = X
Y

σR = |R|
√(

σX
X

)2
+
(
σy
Y

)2
(3.2.4)

Figure 3.2.4: The calculated projection of the autocorrelation function Gz(x) from
the raw data in Figure 3.2.2 and Equation 3.1.58. The inset is a magnified plot of
the projection for length scales less than 2.5 μm.
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The complete Gz(x) curve shows that the correlations die out at ~ 12 μm, which
represents the average maximum thickness across all of the scales and is considerably
larger than the 7 μm measured on the SEM images. This could be the result of
the scales being compressed when the elytra was sectioned to allow for the SEM
imaging of the internal structure, which lends further credibility to the argument
for measuring these scales intact. The original aim of this experiment was to examine
the correlations of the scale’s internal structure, which has features with length scales
less than a micron. The inset graph in Figure 3.2.4 shows just the portion of the
Gz(x) for correlations less than 2.5 μm. The inset shows no evidence of correlations
less than a micron which means that the correlations from the internal structure have
been completely obscured by the thickness of the scales. Therefore, the domination
of the correlation function by larger length scales makes it impossible to probe the
internal structure of the intact scales with this technique.

3.3 Summary
This chapter covered in detail the mathematical formulation of the autocorrel-

ation function, its projection along a single axis and its relationship to the Fourier
transform. This was followed by practical examples which illustrated how these
various functions could be computed from test structures generated as 3D binary
matrices. These examples were crucial to the understanding of the SESANS data
for the Cyphochilus wings presented in the discussion section of the chapter, but
also serve as the foundation for the analysis performed on the tomography data
presented in the next chapter.

The results of this chapter centred on the SESANS results for a stack of Cyphochilus
wings mounted in three orientations in the beam allowing the correlations along each
of the principle axes, as defined in relation to the complete wing to be examined.
Unfortunately, although the number of interfaces within the scales outnumbered
the interfaces at the perimeters of the scales, the correlations were dominated by
the largest length scale observable in each orientation. For the vertically mounted
wings the the largest length scale was the length of the scales, ~ 160 μm, and the
width of the scales, ~ 60 μm, when the wings were mounted horizontally. As these
length scales were outside the spin-echo length capable of being measured by the
Delft instrument, the raw data for these two orientations did not reach a saturation
value so no autocorrelation projection could be computed.

The third orientation measured correlations through the thickness of the scales,
and this length scale was within the capability of the instrument. Therefore, the
longitudinally mounted wings reached a saturation value, which allowed for the
calculation of Gz(x). This result showed that the correlations died out at about
~ 12 μm indicating that this is the average thickness of all of the scales in the beam.
This is almost double that of the measured value of 7 μm from the SEM images,
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indicating that these had most likely been crushed when sectioned. Unfortunately,
even though a saturation value was reached in this orientation, the Gz(x) for length
scales less than 2.5 μm showed no evidence of the expected correlations from the
internal structure, as they were obscured by the correlations from the thickness of
the scales.

Though the SESANS data for the Cyphochilus wings did not provide conclusive
results about the internal structure of the scales, this experiment was an interesting
test of the theoretical work presented in the chapter to underline the relationship
between structure and the projection of the autocorrelation function. It is important
to keep in mind that SESANS is a relatively new neutron technique and up to this
point most of the published literature pertains to solutions of dilute spheres or
standard gratings. Therefore, while this experiment did not yield the results that
were hoped for, it did provide valuable insight into the SESANS technique and its
experimental methods. These insights were utilized in Chapter 6, which returned
to SESANS to examine directional correlations in thin films.
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Chapter 4

X-ray tomography of Cyphochilus
and L. stigma scales

4.1 Introduction
Building on previous results, this chapter will aim to confirm the internal struc-

ture of the white beetle scales by making use of the non-destructive imaging tech-
nique of x-ray tomography. The basic principles of x-ray tomography will be covered
in the introduction of this chapter. X-ray tomography data has been previously pub-
lished for a milled column of a Cyphochilus scale in [1], however that work did not
take full advantage of the potential of x-ray tomography to examine the internal
structure of intact scales. Currently no tomography data has been published for the
L. stigma scales.

Following a successful proposal to the European Synchrotron Radiation Facility
(ESRF) in March 2016, 3D x-ray tomography was performed on the ID16B nano-
imaging beamline on both species of beetle scales. The tomography was performed
on scales which had been left completely intact where the only sample preparation
required was to mount the scales on the tip of a needle, a process that will be
described in this chapter. The post processing of tomography data involves the
reconstruction of thousands of 2D projection images of the scales for each completed
scan, the assembly of all of the tomography scans into a single matrix for each scale
and a series of image processing steps to filter and threshold the 3D matrix. The
final result for each scale is a binary matrix containing the complete structural
information of the scale with a pixel resolution of 25 nm. A detailed account of this
process is covered in this chapter to ensure that it can by easily replicated by anyone
wishing to perform a similar analysis.

The results from the x-ray tomography data showed that the filling fraction of
the scales, in terms of percent chitin, were as much as 50% lower than the expected
values based on previous results in literature and the TEM analysis performed in
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Section 2.3. This difference in filling fraction is likely due to previous results distort-
ing the scale when destructive methods were used to determine the filling fraction.
In order to determine if the internal structure within the scales varied with respect
to orientation the projections of the autocorrelation function along the principle
axes were calculated using 275 cubes from each scale containing only the internal
structure of the scales. This is the computational equivalent to the experimental
analysis attempted in the previous chapter using SESANS. The resulting correla-
tions in each direction confirmed that the Cyphochilus scales are in fact anisotropic
with different correlations observed in the x-direction, in and out of the scales. Sur-
prisingly, the results showed that the L. stigma scales are in fact isotropic, with the
same correlations observed in all directions.

The final results presented in this chapter are 3D renders of 5 μm cubes of the
internal structure of each scale. These cubes showed that the internal structure of
both scales is a highly interconnected voided network which draws the comparison to
structures observed in polymer blends phase separating via spinodal decomposition.
This lead to the conclusion that it may be possible to model the optical properties
of the scales using spinodal structures generated through computer simulations.

4.1.1 X-ray tomography
X-ray tomography is a way of obtaining a 3D reconstruction of the internal

structure of an intact sample. Tomography has two stages, the first is the data
collection during which 2D projection images are taken from a large number of
angles using x-rays. The second stage is the digital processing of the 2D projection
images into a single 3D reconstruction of the sample.

To collect a 2D projection image, the sample is illuminated with an x-ray beam
and the transmitted beam is collected by a detector. Contrast in a 2D tomography
projection can be generated through absorption contrast or phase contrast. When
an x-ray passes through matter it is scattered and this results in a loss in intensity
of the beam which is known as attenuation. The degree to which an x-ray beam is
attenuated when passing through a sample is characterised by the Beer-Lambert law
which is stated in Equation 4.1.1. This equation is valid for an x-ray beam consisting
of a single wavelength with an energy, E, an initial intensity, I0, and a transmitted
intensity, I, where the sample is homogeneous and has a thickness, d. The µa in
Equation 4.1.1 is the linear attenuation coefficient of the sample which depends on
the density of the sample, its atomic number and the energy of the beam. For a
two phase sample, the absorption contrast is the result of the difference in the linear
attenuation coefficient of each phase [80].

I = I0e
−µad (4.1.1)

In order to perform tomography using only absorption contrast, the following

111



criteria must be met. The sample must be placed very close to the detector to
avoid phase effects. The transmission intensity should be around 10% of the initial
beam intensity because too little transmission leads to poor statistics and too much
transmission results in a reduction in contrast. Finally, the Beer-Lambert law is only
valid for radiation with a single energy, therefore the best quality reconstructions
are obtained using a monochromatic x-ray beam [81].

Phase contrast tomography is the result of the interference between scattered
waves on either side of a material interface. To observe this type of contrast, the
sample is again illuminated by an x-ray beam, however the beam must be at least
partially coherent, meaning that the source x-rays have a constant phase difference.
Additionally, the distance between the sample and the detector is increased com-
pared to absorption tomography in order to allow the waves time to interfere. The
resulting projection will contain a combination of absorption and phase contrast.
The level of phase contrast observed in the final projection is directly related to the
detector distance such that longer camera distances lead to stronger signals from the
edges. Phase contrast tomography is much better at detecting interfaces, even those
that have very low linear attenuation coefficient contrast. However, this increase in
edge detection may result in difficulties in segmentation of the final reconstruction
as the final grey levels may not directly linked to the attenuation coefficient as it is
when only absorption contrast is used [81].

X-ray holotomography is a technique that allows for the phase contrast to be
separated from the absorption contrast. In a holotomography experiment, 2D pro-
jections are taken of the sample at several detector distances. The projection maps
from these different distances can be combined to allow a pure phase map to be
obtained. These phase maps are then used in place of the 2D projection images in
the final tomographic reconstruction. The result is a reconstruction in which the
greyscale level of a particular 3D pixel, or voxel, is directly proportional to the elec-
tron density and therefore the mass density in that location. Holotomography allows
for the accurate reconstruction of materials with minimal absorption contrast, but
unlike phase tomography which uses a single distance, the greyscale values of the
final holotomography reconstruction are straightforward to interpret and allow for
the simple thresholding and image processing of the data [82].

Regardless of which type of tomography is being done, obtaining a 3D recon-
struction requires projections to be collected from multiple angles for a complete
rotation of the sample. In the case of medical tomographic imaging, such as in
magnetic resonance imaging (MRI), it is convenient to rotate the sample radiation
source around the patient to acquire the necessary images. When tomography is
being performed on microscopic samples, the opposite approach is usually used and
the sample is rotated with respect to the radiation source. Often, sections of samples
are mounted on the tip of a needle to allow it to rotate unrestricted in the x-ray
beam.

Once all the projections have been obtained, they are used to generate the 3D
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reconstruction of the sample. In principle, reconstructing the sample from the pro-
jections is done by solving for a 3D object that would result in the collected projec-
tion images at every angle. There are numerous algorithms for doing this, but the
most common is the Filtered Back Projection (FBP) algorithm. First, the 2D pro-
jections are filtered with a corrective filter, which is different for each projection and
generally depends on the angle at which it was collected. Next, each projection is
treated as a set of line integrals through the sample which are back projected across
the 3D reconstruction at the angle the projection was collected. When all of the
projections have been filtered and back projected, the final reconstructed volume is
obtained. For a more detailed account of the maths involved, the reader is advised
to consult the following references [80, 83, 84]

4.2 Experimental Methods
X-ray tomography was selected because it was capable of probing the internal

structure of a single beetle scale in 3-D without requiring it to be sectioned prior
to imaging. Previous results from electron microscopy suggested that the chitin
filaments within the scales could be as small as 100nm. Therefore, it was necessary
to have a resolution of at least 25nm in the final tomography reconstruction. Only
a few beamlines in the world are capable of this resolution these being the ID16A
and ID16B beamline at the ESRF. Following a successful proposal to the ESRF, 3
days of time was awarded to examine these white scales.

4.2.1 Sample mounting
A tomography scan requires that the sample is able to be rotated 360◦ in the

beam completely unobstructed by the sample mount. The standard mounting pro-
cedure at the ESRF is to mount samples on the tip of a needle and then mount the
needle inside a HUBER pin. Due to limits associated with the precision motors,
there is a very limited range through which the sample can be moved into the field
of view of the instrument, therefore the following conditions must be met. First, the
sample must be mounted 8-10mm above the top of the sample position. Second,
the needle must be mounted as straight as possible inside the HUBER pin. If the
needle is slanted to one side it might not be possible to bring the tip of the needle
into the field of view.

The way the lateral movement for the rotational stage is adjusted on ID16B
is by simply pushing the magnetic mount from one side. This means that there
is no repeatability for lateral movements and there is no way of returning to a
specific lateral position. Therefore, the best way to perform multiple overlapping
scans on a single sample is to align the rotational axis only once and then make
multiple scans moving vertically up or down the sample as the vertical motors have
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Figure 4.2.1: A schematic of the ideal mounting of the beetle scales on the tip of a
needle for x-ray tomography. This schematic is not drawn to scale.

repeatable movements. If a sample is not mounted straight on the top of the needle
as the sample is scanned vertically it will eventually leave the field of view. Taking
these constraints into consideration, it was determined that the beetle scales should
be mounted as straight as possible on the tip of a needle with the long period of
the scales vertical. A diagram of the suggested mounting geometry is shown in
Figure 4.2.1. This diagram is purely conceptual and is not drawn to scale.

The mounting of the beetle scales was achieved through the use of a 3-axis optical
alignment stage. The stage consisted of two platforms, one of which was stable and
the other could be controlled using three micrometers. A glass slide was fixed to the
stable side of the stage and a needle was attached to the translation stage. Before
being attached to the stage the needle was cut using wire cutters to 9mm longer
than the HUBER pin so that the sample would be the right height above the top of
the HUBER pin once the needle was inserted. This setup is shown in Figure 4.2.2.
The entire alignment stage was then placed underneath an optical microscope in
order to be able to view the scales. Beetle scales were gently scraped onto the the
glass slide and positioned by hand using the tip of another needle so that the scale
was straight and half of the scale was hanging off the edge of the glass slide in order
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to allow the tip of the needle to make contact with the beetle scale.
To allow for a greater working time, an UV-curable adhesive was used to attach

the beetle scales to the tip of the needle. The adhesive used was the Norland Optical
Adhesive 81 which could be cured with a low power UV light in approximately 5
minutes. A drop of the adhesive was placed on the glass slide next to the beetle scale.
The needle was then moved and dipped into the adhesive. Finally, the needle was
positioned and touched to the tip of the beetle scale and the adhesive was then cured
under the UV lamp. A basic diagram of this procedure is shown in Figure 4.2.3.
Once the beetle scale was mounted on the tip of the needle, the needle was glued
into the HUBER pin using the UV activated adhesive and taking care to make
sure the needle was as vertically straight as could be achieved by eye. Figure 4.2.4
shows a completely mounted sample next to a ruler showing centimetres for scale.
Figure 4.2.5 shows images taken with an optical microscope of the final mounted
samples for a Cyphochilus and a L. stigma scale.

4.2.2 X-ray holotomography on ID16B
To achieve the required resolution, an x-ray energy of 17.5 keV was used. Each

sample was in turn mounted in the sample holder and placed in the x-ray beam.
The PCO Edge 5.5 CMOS camera was used for the acquisition of the projection
images. This camera had a spacial resolution of 2560 x 2160 pixels which translated
to a field of view of 64 μm horizontally and 54 μm vertically for a pixel size of 25 nm.
In order to ensure that multiple tomography scans could be effectively stitched
together, it was decided that each tomography scan should overlap by 10 μm . The
Cyphochilus scale was approximately 250 μm in length, therefore to scan the entire
scale required 6 tomography scans. The L. stigma scale was approximately 350 μm in
length and therefore required 8 tomography scans. Each tomography scan consisted
of collecting the 2D projection images as described in Section 4.1.1 at every angle
from 0-360 ◦ in steps of 0.12 ◦. Since the aim was to perform holotomography on the
scales, this process was then repeated for 3 different sample positions with respect
to the detector.

4.2.3 ESRF routine for data reconstruction
The following describes the ESRF routine for generating a 3-D reconstruction

of a given tomographic scan. The following is a case study done for a single scan
of the Cyphochilus beetle scale CY_25nm_B_. The results from this case study
determined the reconstruction methods that were used for all other scans referenced
in this chapter.

As discussed in Section 4.1.1 a single tomographic scan consisted of x-ray images
taken at 3000 angles from 0-360 degrees at 4 different distances from the detector.
The difference in sample position between distance 1 and distance 2 was 1mm,
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Figure 4.2.2: Image of the optical alignment stage used to mount the beetle scales
on the tip of a needle. A glass slide had been mounted on the left half of the stage
which is stationary. A needle had been attached to the right half of the stage which
can be controlled with three independent micrometers.

(a) (b)

Figure 4.2.3: (a) A schematic showing the beetle scale arranged on a glass slide next
to a drop of the adhesive. The needle is shown being dipped into the adhesive. (b)
A schematic of the beetle scale being attached to the needle once a drop of adhesive
had been put on the tip of the needle. Once the beetle scale was straight with
respect to the needle, the adhesive was cured using a UV lamp for 5 minutes. Both
diagrams are for illustrative purposes only and are not drawn to scale.
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Figure 4.2.4: An image showing a L. stigma scale completely mounted for tomo-
graphy. The ruler is showing centimetres for scale.

(a) (b) (c) (d)

Figure 4.2.5: (a-b) A mounted L. stigma scale. (c-d) A mounted Cyphochilus scale.
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Distance Sum Absolute Movements (μm)
1 0.13713
2 0.50650
3 0.39689
4 0.24256

Suggested Reference Plane 1

Table 4.1: The results from the reference plane calculation which gives the sum of
the absolute movements between images taken before and after the scan at the same
angle at each of the sample distances. The plane with the least movement is the
suggested reference plane which in the case of scan CY_25nm_B_ was distance 1.

between distance 2 and distance 3 was 4mm, and between distance 3 and distance
4 was 10mm. In order to achieve an accurate reconstruction, the 4 images taken
at each angle had to be aligned with respect to the sample. The first step in this
process is to determine what is referred to as the reference plane or the distance,
1-4, in which there is the least movement in the images when the same angles are
imaged before and after the scan. The reference angles used were 0, 60.04, 120.08,
180.12, 240.16, 300.20, and 360 degrees which correspond to frame numbers 0, 500,
1500, 2000, 2500, and 2998 before the scan and 3005, 3004, 3003, 30001, 2999 and
2998 after the scan. For the scan CY_25nm_B_ the absolute movements for each
distance are given in Table 4.1 and the observed horizontal and vertical movements
at each reference angle are shown Figure 4.2.6. Based on the absolute movements,
the suggested reference plane for this tomography scan is distance 1.

Once the reference plane is established, this is entered into the master script
and then the alignment for all angles is started. The way the code works is that
it aligns the images for the 4 distances every 100 of the 3000 total angles. Once
the alignment is completed, the displacement in pixels is plotted for each distance
and fitted to a polynomial. This polynomial fit is used to determine the pixel shift
for all 3000 angles. The quality of the final reconstruction is directly related to
the quality of the fit and the image alignment. Therefore, the ESRF guidelines for
reconstructions note that the shifts between images should be small, on the order of
a few pixels, and recommends that that the fit deviate by no more than 3 pixels for a
given angle. The ESRF had two viable algorithms to align the images, a real-space
cross-correlation and a (FFT)-based cross-correlation. The resulting vertical and
horizontal shifts for every hundred angles and the fits are shown in Figure 4.2.7(a)
using the real-space cross-correlation and in Figure 4.2.7(b) using the FFT-based
cross-correlation.

The vertical and horizontal displacement of distance 2 with respect to distance 1
appear reasonable for both the real-space and FFT-based cross-correlation methods
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(a)

(b)

Figure 4.2.6: The results from the reference plane calculation for scan
CY_25nm_B_ which shows the calculated movement in the (a) vertical and (b)
horizontal direction for each of the reference angles sampled.
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(a) Real-space cross-correlation alignment

(b) FFT-based cross-correlation alignment

Figure 4.2.7: The displacements in pixels between images taken at the same angle at
each of the 4 distances. The blue markers represent the pixel displacement found by
(a) a real-space cross-correlation and (b) a FFT-based cross-correlation calculated
for every 100 angles. The red lines represent a polynomial fit which is used to
calculate the pixel displacements for all 3000 angles in the final reconstruction.
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(a) Distance 1

(b) Distance 4

Figure 4.2.8: 2-D x-ray images at 0 ◦ for the first and last imaging distance. These
images are unaligned as demonstrated by the white crosshairs near the dark spot on
both images. However, with the exception of the highlighted dark spot, there are
very few distinctive features in the images for an alignment algorithm to pick out.
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as shifts are less than a pixel and the fit shown in red is very good. The vertical and
horizontal displacements for distances 3 and 4 for the real-space cross-correlation
contains jumps greater than 10 pixels. Though the fits are relatively reasonable,
there are 19 instances where the calculated pixel shift is more than 3 pixels away
from the fit. The FFT-based cross-correlation fails to give reasonable results as
it shows completely non-physical shifts of over 100 pixels. If the actual images to
be aligned are examined, such as those for distance 1 and distance 4 for angle 0 ◦
as shown in Figure 4.2.8, it becomes apparent that the algorithms are struggling
to align the images due to the overall lack of distinct features. After consulting
the local contact for the beamline, Dr. Julie Villanova, it was decided that the best
course of action was to align the images for every 100 angles manually. This requires
the manual alignment of 3 distances to the reference plane images, at 31 angles, for
a total of 93 alignments for each scan.

The manual alignment process works by bringing up two images at at time,
the reference plane image and one of the other 3 distances to be aligned for each
angle. From there, an ImageJ plugin is used to move the image to be aligned up,
down, left, and right by anywhere from a fraction of the pixel to 10s of pixels.
By flipping back and forth between the reference plane image and the image to be
aligned, it was relatively easy to see how well aligned the images were. The results
for the manual alignment are shown in Figure 4.2.9. Using manual alignment, the

Figure 4.2.9: The displacement results for manual alignment of the images for every
100 angles. The blue markers represent the pixel displacement determined by eye
and the red lines represent a polynomial fit which is used to calculate the pixel
displacements for all 3000 angles in the final reconstruction.
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displacement results show only small shifts between images of a few pixels and the
fits are very good with no instances of fit deviating from the results by more than 3
pixels. Therefore, manual alignment was determined to be the best method to find
the shifts between images. While effective, manual alignment was time intensive
and took about 2.5 hours to complete for each tomography scan.

Once a good fit for pixel shifts between images was established, the next step in
the data processing routine was to do the phase retrieval in which the pure phase
maps were generated for every rotation angle. Due to the large number of angles, this
was done on the ESRF cluster. Once completed, the rotational axis position had to
be optimised. This is done using a standard ESRF script which selects a range of 5
possible locations for the centre of rotation and then generates a single reconstruction
slice for each guess. Figure 4.2.10 shows a sample of the 5 reconstructed slices, each
one computed with a different axis position. Qualitatively, it is easy to see that the
quality of the reconstruction improves as the axis position moves towards an axis
position of 1278. The user is then asked to select a region of interest which contains
the sample. The standard deviation is then computed inside the region of interest
for each of the 5 reconstruction slices. The optimum axis position is considered to be
the position that generates the maximum standard deviation which is simply found
by fitting a parabola to the 5 standard deviations. The results for the standard
deviation of the 5 test slices are shown in Figure 4.2.11 with the fitted parabola and
the calculated maximum value showing the optimum axis position to be 1278.2. If
no maximum is found in the current range, the program simply chooses a new range
of starting axis positions and starts again until an optimum position is found.

With the optimum axis position known, the final step in processing the raw
tomography data was to reconstruct the 3D volume using the phase maps and
the High Speed Tomography in Python (PyHST) software which was created by
Andy Hammersley and optimised by Alessandro Mirone. Again, due to the size
and computational power required for this calculation, the final reconstruction of
the data set was performed on the ESRF computing cluster. The final tomography
reconstruction is exported at a .vol file that is ∼ 56GB and contains the complete
3-D information for the sample volume.
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(a) Axis position 1275

(b) Axis position 1276.5

(c) Axis position 1278

(d) Axis position 1279.5

(e) Axis position 1281

Figure 4.2.10: An example of 5 reconstructed slices, each reconstructed with a
different rotational axis position. It is clear that the resolution of the reconstruction
is best with an axis position at ∼ 1278 pixels.
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Figure 4.2.11: A plot showing the standard deviation of the images shown in Fig-
ure 4.2.10 versus axis position. The five points have been fit with a parabola allowing
the axis position of maximum standard deviation to be calculated as 1278.2, which
is marked on the graph.

4.3 Image processing routine for tomography data
Once all of the tomography scans were reconstructed for each sample, several

subsequent processing steps were required to achieve a final binary matrix for the
entire sample. The following sections will detail the assembly of all the tomography
scans for a given sample, the rotational alignment of the sample within the matrix,
the filtering of the data to remove the swirl artefacts that arise during reconstruction
and finally the thresholding method for the final matrix.

4.3.1 Assembly
As previously discussed, multiple overlapping tomography scans were performed

on single scales. A single tomography scan is represented by a matrix of 2560 x 2560
x 2160 pixels, which will be given the axis directions of x,y and z respectively. The
values are stored as single precision floats which are 4 bytes each. This makes each
tomography scan ~ 56.6GB. The size of the matrix can be reduced by reading the
tomography data into a new matrix where instead of floats, the data is stored as
unsigned integers which results in a greyscale image where each pixel is represented
as a single integer between 0-255 where 0 is a black pixel and 255 is a white pixel.
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This allows the data to be stored using just 1 byte per pixel resulting in a 4 x
reduction in matrix size to ~ 14GB. All tomography scans were reduced to greyscale
before assembling the entire data set for a single scale.

The next step in data assembly was to find the overlapping frame between each
adjacent scan. A frame is the 2D image for a constant z value of the tomography
matrix. Each scan overlapped by 10 μm in z such that the bottom of one scan and
the top of the next, theoretically had 400 frames in common. To find the same frame
in two different scans, a custom script was written for Python to do the following.

First, the last 400 frames of a scan were loaded into memory along with the first
400 frames of the next scan. Next, an initial guess was made assuming no drift in
the measurements between tomography scans meaning that frame 1960 of the first
scan is equivalent to frame 200 of the next scan. The script then animated the two
frames and brought up a video which flipped back and forth between the two images.
Ideally, if the frames were perfectly aligned, the video would show no difference or
perceived movement between the two frames. From here, the user was asked if
they wanted to adjust the position of the second scan for a better alignment. The
user can ask the program to change the frame number forward or backward in z or
move the scan left/right or up/down by any number of pixels. Once an adjustment
had been made, the program again animated the two images and brought up a
video of them flipping back and forth. If the images were still out of alignment
the user was asked to continue making adjustments until they were satisfied that
the best possible alignment had been found. At this point, the program exported
the equivalent frames in each tomography scan, the frame offset from the predicted
overlap, and the necessary lateral shifts. The lateral shifts are carried over into the
following alignments such that all of the tomography scans are aligned to the first
scan.

The results of this program are shown for all of the Cyphochilus and L. stigma
scans in Table 4.2 and Table 4.3 respectively. The scans are numbered alphabetic-
ally from the top of the the mounted scale to the bottom. The Cyphochilus scans
maintained alignment between scans and therefore required no lateral shifts. Fig-
ure 4.3.1 shows an example of the two aligned frames for the first two tomography
scans of the Cyphochilus scale. The L. stigma scans start at B instead of A because
the A scan was interrupted during collection and redone as scan B. The L. stigma
scans showed greater drift between scans and, as a result, required large lateral
corrections between scans to bring them into alignment.

Once the alignment parameters were known for each scan for both scales, all
of the scans needed to be assembled into a single matrix. However, with each
tomography matrix being ~ 14GB it was not possible to assemble them on a personal
computer with only 15GB of random-access memory (RAM) available. To continue
with the assembly and processing of the tomography data it was necessary to use
high memory nodes. Fortunately, the Research Software Engineers (RSE) group
at The University of Sheffield own 3 nodes with 768GB of RAM each and 4 nodes
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Cyphochilus

top scan frame
(z value) bottom scan frame

(z value) frame offset x shift y shift

A 2010 B 256 6 0 0
B 2080 C 325 5 0 0
C 2130 D 379 9 0 0
D 1960 E 210 10 0 0
E 2110 F 355 10 0 0

Table 4.2: This table gives the alignment parameters for the assembly of all 6
tomography scans from the Cyphochilus scale. The scans are numbered A-F starting
at the top of the scale, the frame values give the position of the same fame in each
scan, and the lateral shifts are in pixels. The Cyphochilus scans were surprisingly
well aligned and needed no lateral corrections.

L. stigma scans

top scan frame
(z value) bottom scan frame

(z value) frame offset x shift y shift

B 2110 C 356 6 7 0
C 2130 D 371 1 13 4
D 2130 E 378 8 15 8
E 2130 F 373 3 17 15
F 2130 G 372 2 20 22
G 2150 H 390 0 20 31
H 2150 I 394 4 15 37

Table 4.3: This table gives the alignment parameters for the assembly of all 8
tomography scans from the L. stigma scale. The scans are numbered B-I starting
at the top of the scale, the frame values give the position of the same fame in each
scan, and the lateral shifts are in pixels.
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with 256GB of RAM each. Permission to use these nodes to process the tomography
data was kindly granted by Dr. Mike Croucher. This allowed all of the tomography
scans to be assembled into a single matrix per scale. For the 6 Cyphochilus scans
the complete matrix was ~ 67GB and for the 8 L. stigma scans the complete matrix
was ~ 96GB.

(a) CY_25nm_A frame: 2010

(b) CY_25nm_B frame: 256

Figure 4.3.1: (a) A single frame from scan A of the Cyphochilus scale. (b) The same
frame located in scan B. Once these two frames have been identified as the same
frame in both scans, the scans can be assembled into a single, continuous matrix.

4.3.2 Alignment
The next step in processing the tomography data was to align each scale within

the matrix. While every effort was taken to mount the scales as straight as possible,
small rotational corrections were still required to align the scale with the x,y and z
axes of the matrix. The required rotational angles were determined by examining
a single slice through the matrix for each 2D plane and using ImageJ to find the
angle required to straighten the scale with respect to the edges of the matrix. As
an example, Figure 4.3.2a shows a single slice through the assembled Cyphochilus
matrix showing the xz plane on which the required rotational angle has been marked.
Using this angle, the entire 3D matrix for the Cyphochilus scale was then rotated
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(a) Before rotation

(b) After rotation

Figure 4.3.2: A single slice through the xz plane of the Cyphochilus matrix. (a) The
original matrix showing the required rotational angle to align the scale horizontally
within the matrix. (b) The same slice through the matrix after performing the
rotation showing that the scale is now aligned horizontally.

xz plane yz plane xy plane
Cyphochilus -8.5 ◦ -2.5 ◦ -3 ◦
L. stigma -1 ◦ 2 ◦ 45 ◦

Table 4.4: The rotational angles required in each 2D plane of the matrix to digitally
straighten the scale within the matrix for the Cyphochilus and L. stigma tomography
matrices.
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(a) xz plane

(b) yz plane

(c) yx plane

Figure 4.3.3: 2D slices through the aligned and cropped matrix for the Cyphochilus
scale.
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(a) xz plane

(b) yz plane

(c) xy plane

Figure 4.3.4: 2D slices through the aligned and cropped matrix for the L. stigma
scale.
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by -8.5 º using a cubic spline interpolation between pixels. Figure 4.3.2b shows the
same slice through the Cyphochilus matrix in the xz plane after it has been rotated.
The rotated matrix was padded so that it contained the complete original matrix.
A greyscale value of 134 was assigned to all matrix positions outside the boundaries
of the original matrix.

Table 4.4 gives all of the rotation angles for each plane for the Cyphochilus and
L. stigma matrices. Once the scales were aligned in all 3 directions, the matrix
was cropped as small as possible without losing any pixels corresponding to the
scales. The slices through the final aligned matrices are shown in Figure 4.3.3 and
Figure 4.3.4 for the Cyphochilus and the L. stigma respectively.

4.3.3 Filtering
Once the scales had been straightened within their matrices, the contrast between

chitin and air pixels needed to be improved and the data had to be filtered to reduce
the swirl artefacts that arise during reconstruction. To improve the contrast, the
darkest and lightest 0.5% of the greyscale values were saturated to the edge values.
This was done by determining maximum greyscale value for 99.5 percentile of the
data and the minimum greyscale value for the 0.5 percentile. Next, greyscale values
which fell above and below these maximum and minimum values were simply set to
these new edge values. Figure 4.3.5 shows a slice of the Cyphochilus matrix in the
xy plane before and after saturation which clearly shows the improvement in the
contrast between the dark chitin pixels in the matrix and the lighter air pixels.

Figure 4.3.6 shows four possible filtering methods for the data using the Cyphochilus
data as an example. All of these filters were capable of handling 3D image matrices
and were applied to small 3D volumes, but only a single slice is shown from each
test section. Figure 4.3.6a shows a cropped version of the saturated image shown
in Figure 4.3.5b. In this cropped version, the ring artefacts that need to be filtered
out are clearly evident. Figure 4.3.6b shows the saturated image after a Gaus-
sian filter has been applied. The Gaussian filter works by calculating a normalized
Gaussian curve centred on each point in the matrix. The normalized values for the
Gaussian are then multiplied by the actual matrix values spanning the width of
the Gaussian at the point of interest. The sum of these values is then used as the
new smoothed greyscale value. Essentially, each point is blurred with its neighbours
using a weighted sum based on a normalized Gaussian of the surrounding pixels.
The degree to which a pixel is blurred depends on the width of the Gaussian used.
A Gaussian blur is effective at reducing noise in an image, however, it comes at
the cost of blurring the sharp edges in the image which can be clearly seen when
Figure 4.3.6b is compared to the original image. As a result, the Gaussian filter
is not ideal to use for the tomography data as edges are particularly important for
thresholding.

Figure 4.3.6c shows the saturated image after a median filter has been applied.

132



(a) original greyscale values

(b) saturated greyscale values

Figure 4.3.5: A single slice in the xy plane of the Cyphochilus matrix before and
after saturation.
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(a) original, saturated

(b) Gaussian filter (c) median filter

(d) total variation denoising (e) non-local means denoising

Figure 4.3.6: (a) A cropped section from the saturated image shown in Figure 4.3.5.
(b-e) The image in (a) with various filters applied to remove the swirl artefacts.
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A median filter works by moving through a matrix pixel by pixel and replacing each
pixel value with the median value of the surrounding pixels. Since pixel values are
replaced with the median value, an actual neighbouring pixel value instead of an
average, the median filter is better at preserving edges than the Gaussian filter.
This is evident when comparing Figure 4.3.6c to Figure 4.3.6b. However, while the
median filter is an improvement on the Gaussian filter, there is still clear evidence
of the ring artefacts in the image which will lead to artefacts in the thresholding.

The two other types of filters that are considered in Figure 4.3.6d-4.3.6e are
the total variation denoising filter and the non-local means denoising filter. Both of
these filters are specifically designed to preserve the edges in an image while reducing
noise. The results of the total variation denoising filter are shown in Figure 4.3.6d
which was calculated using an implementation of the algorithm proposed by Antonin
Chambolle in [85]. This implementation is freely available as a part of the scikit-
image processing module for Python. The simplest explanation of a total variation
denoising filter is that it minimizes the total variation of the image which is defined
as the integral of the gradient of the image [86]. When the resulting image from the
total variation denoising filter is compared to the results from the median filter it
can be observed that the total variation filter does as good a job preserving edges as
the median filter, however the total variation filter does a better job of smoothing
the background to a consistent greyscale value and removing the ring artefacts.

The final filter tested was the non-local means denoising filter. This was cal-
culated using an implementation of the algorithm proposed by Antoni Buades in
[87]. Again, this algorithm is freely available as part of the scikit-image processing
module for Python. The non-local means filter is another filter that is good at pre-
serving edges, but it is also able to preserve the textures or the spatial arrangement
of intensities within the image. This algorithm is based on replacing a pixel with
the averages of the greyscale value of similar pixels. However, the algorithm does
not assume that the pixels around the pixel of interest are a good indication of what
the pixel should be and instead searches the area around the pixel of interest for
pixels that are truly similar to it. This algorithm has two main input parameters,
the patch size and the patch distance. The patch size, in pixels, tells the algorithm
the patch size used for denoising while the patch distance tells the algorithm the
maximum distance from the pixel of interest to search for similar pixels [88]. The
results of using this filter are shown in Figure 4.3.6e. When compared to the ori-
ginal image, it is apparent that this filter does several things very well. The filter
successfully reduces the ring artefacts in the image, it smooths the background into
a more uniform intensity and it preserves the sharp interfaces between the features
in the image. When this non-local means denoising filter is compared to the other
filters tested, it is evidently the best filter to use for this data set.

Unfortunately, the non-local means denoising filter is computationally intensive.
The scikit-image implementation of this algorithm offers two different options for
computing the filtered image. The first is the original implementation from [87] for
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which the number of computations scales as Equation 4.3.1. The second option is
the one suggested in [89] as a faster implementation of the algorithm in which the
number of computations scales as Equation 4.3.2, but this decrease in the number
of computations comes at the cost of using twice as much memory. Therefore, in
order to use this filter for the entire tomography matrix, a suitable balance between
image size, computational time and memory usage had to be struck.

image size× patch size(image dimension) × patch distance(image dimension) (4.3.1)

image size× patch distance(image dimension) (4.3.2)
The solution was to use the fast implementation of the algorithm and to cut

the matrix into small, overlapping segments which could be run independently and
therefore parallelise the entire process. The patch size used for filtering the tomo-
graphy data was 5 pixels and the patch distance was 7 pixels. Therefore, in order
to eliminate edge effects between matrix sections, each section of the matrix needed
to overlap with its adjacent sections by more than 7 pixels. To that end, the entire
tomography matrix was divided into slabs 70 pixels tall, which corresponded to an
actual slab 50 pixels tall with an overlap of 10 pixels above and below it. Next,
each slab was dividend into 8 subsections, each with an overlap of 10 pixels with
its neighbours. A schematic showing how a slab was cut and divided is shown in
Figure 4.3.7. The Cyphochilus matrix was 1000 x 2700 x 9400 pixels, which resulted
in 188 slabs times 8 sections per slab for a total of 1,504 sections. The L. stigma
matrix was 1000 x 2800 x 14500, which resulted in 2,320 sections.

To filter a single section using the non-local means denoising filter took ~40minutes
and 1.5GB of memory. To do this sequentially on a single computer would have
taken ~42 days for the Cyphochilus matrix and ~64 days for the L. stigma matrix.
However, because each section could be filtered independently this work could be
spread among multiple central processing units (CPUs) on a computing cluster al-
lowing multiple sections to be processed in parallel. As a result, all of the sections
were able to be filtered on the Sheffield Advanced Research Computer (ShARC) in
less than a week.

Once all of the sections were filtered, each set of 8 sections was reassembled
into a slab and then the slabs were stacked together to regain the complete filtered
matrix for each scale. Figure 4.3.8 shows a complete filtered slice of the Cyphochilus
matrix in the xy plane before and after the 8 sections of a slab were assembled.
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Figure 4.3.7: (a) A geometric representation of a 3D matrix. From this matrix a
slab is cut that is 70 pixels tall in the z direction. (b) The slab cut from the matrix
includes 50 slices that are unique to that slab which are represented by the white
area of the slab. The slab also includes 10 slices above and below, which overlap
with other slabs, and are shown in grey. (c) The slab is divided into 8 sections, each
with a unique area as represented by the white pixels, as well as a 10 pixel overlap
with its neighbours, as represented by the grey areas. (d) The smallest section cut
from the original matrix. The section overlaps with its neighbours on all sides by
10 pixels in each direction allowing it to be filtered independently. These diagrams
are not drawn to scale.
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(a) A single slice through each of the 8 sections that were filtered independently

(b) The 8 sections above which have been reassembled into a single image by removing the overlap
between each section

Figure 4.3.8: A single slice of the Cyphochilus matrix in the xy plane after filtering
using independent, overlapping sections.

4.3.4 Thresholding
Once the scales had been filtered, they could be thresholded into binary matrices.

Figure 4.3.9 shows a histogram of pixel intensity for the cropped section of a filtered
slice of the Cyphochilus matrix shown in Figure 4.3.10a. The bimodal distribution
of the histogram shows that the previous image processing steps have succeeded in
separating the pixel intensity into dark pixels of chitin which are contained in the
broad lower intensity peak and pixels of air which are in the high intensity peak.
However, there was still a section of overlap between the two distributions and it was
necessary to determine an optimal thresholding method to deal with the overlapping
pixels.

Figure 4.3.10 shows a single cropped slice of filtered Cyphochilus matrix as a grey-
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Figure 4.3.9: Histogram of pixel intensities for the filtered slice of the Cyphochilus
matrix shown in Figure 4.3.10a.

scale image compared with 3 possible thresholding methods. The first thresholding
method shown in Figure 4.3.10b is just a basic single value threshold where all the
pixels with an intensity greater than 0.5 are considered to be air and all those less
than 0.5 are taken to be chitin. The result is a reasonable binary approximation
of the original image, however this method has a few drawbacks. First, it does a
poor job of dealing with the areas of the image which have an overall lighter pixel
intensity such as the left half of the original image. Second, the surface features are
blurred in the thresholded image when compared to the original image. This is a
result of the surface features themselves being very dark and surrounded by darker
background pixels of approximately the same intensity as the internal chitin pixels.

The next thresholding method tested was an adaptive Gaussian thresholding and
the result is shown in Figure 4.3.10c. This adaptive thresholding method works by
computing a weighted mean of the surrounding pixels using the same Gaussian filter
previously discussed based on a user defined region size. The final thresholded image
is the weighted mean minus a user determined offset. The results in Figure 4.3.10c
are based on a region size of 60 pixels and an offset intensity of 0.06. This method
of thresholding is very good at picking up where pixel intensity changes compared
to its neighbours, and as a result, does an excellent job of thresholding the internal
structure. However, because it is looking for local changes in intensity, it does a
poor job of picking up solid regions of chitin, as evident by the gaps in the top
cuticle of the scale.
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(a) Filtered greyscale (b) Pixels < 0.5

(c) Adaptive Gaussian (d) Random walk

Figure 4.3.10: (a) A cropped slice of the Cyphochilus matrix (b-d) The image in (a)
thresholded using various methods.
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(a)

(b)

Figure 4.3.11: (a) A cropped slice of the filtered greyscale Cyphochilus matrix with
a region of interest marked with the red box. (b) The filling fraction of chitin in the
region marked in (a) calculated using the adaptive Gaussian thresholding method
with varying thresholding parameters.
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(a) Filtered greyscale (b) Pixels < 0.4

(c) Adaptive Gaussian (d) Result of (b)× (c)

Figure 4.3.12: (a) A cropped slice of the Cyphochilus matrix (b) A basic threshold
only picking up the darkest pixels (c) Adaptive Gaussian threshold (d) The product
of (b) and (c) giving the final thresholded image of (a).
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The final thresholding method for consideration was a random walk threshold-
ing method which allows pixels in the overlapping region of pixel intensity to diffuse
within the image by means of a random walker algorithm. The user gives the al-
gorithm a penalization coefficient for pixel motion. As this coefficient increases,
diffusion becomes more difficult. The results for this algorithm are shown in Fig-
ure 4.3.10d and the overlap region was considered to be pixels with intensity values
between 0.4 and 0.6 and the penalty coefficient was 1000. This thresholding method
was the least effective of the three methods at thresholding the internal structure,
losing several of the small features in the left half of the image. Additionally, this
method was time and computationally intensive making it a poor choice for large
data sets.

Since the internal structure was the focus of the data set, it was decided that
adaptive Gaussian thresholding was the best method to use. The chosen region
size of 60 pixels and offset intensity of 0.06 were determined based on comparisons
with the original image to give the most faithful representation of the greyscale
data. However, in order to investigate how stable this thresholding method was
to changes in the input parameters, a small test region was selected as shown in
Figure 4.3.11a. The filling fraction, or the percent of black chitin pixels in this
region was the calculated after using the adaptive Gaussian thresholding method
for varying region sizes with a constant 0.06 offset intensity and for varying offset
intensities with a constant 60 pixel region size. The resulting filling fractions for
the varied thresholding parameters is shown in Figure 4.3.11b. The results show
that the adaptive Gaussian thresholding method is locally stable around the chosen
thresholding parameters in that a ± 10 pixel change in the region size or a ± 0.01
change in the offset intensity resulted in a <1% change in the calculated filling
fraction.

While the adaptive Gaussian thresholding struggled to resolve the surface fea-
tures of the scale, it was possible to recover them in the binary image by use a com-
bination of the adaptive thresholding together with the basic single value threshold-
ing as demonstrated in Figure 4.3.12. Figure 4.3.12b shows a basic threshold where
only the darkest pixels with an intensity less than 0.4 are considered to be chitin.
This threshold accurately picks up the surface features and cuticle of the scale. The
final image, Figure 4.3.12d, is the product of the adaptive Gaussian threshold, Fig-
ure 4.3.12c, and the basic threshold, Figure 4.3.12b. The result is a final thresholded
image that is representative not only of the internal structure of the scale but also
the surface features and the cuticle. This is best shown in Figure 4.3.13 which is the
complete, uncropped slice, from Figure 4.3.10a over which the outlines of the final
thresholded image from Figure 4.3.12d have been plotted. It is this combination of
the adaptive Gaussian thresholding and a threshold of only the darkest pixels that
was used to threshold the complete scale matrices.
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4.4 Results and Discussion
One of the main objectives of doing tomography on the beetle scales was to in-

timately understand how the internal structure varies with orientation, something
that was impossible to probe with traditional 2D microscopy and returned incon-
clusive results when it was investigated using scattering techniques. The complete
3D data set allows for the structure to be investigated along any axis, but the follow-
ing results will focus on the principle x, y and z axes as defined in Figure 4.4.1. The
y-axis runs along the width of the scale and the z-axis runs along the length of the
scale and the x-axis has been defined to be the direction that points in and out of
the scale. When the scales are lying on the beetle elytra, as shown in Figure 4.4.1c,
light will be incident on the scale from the x-direction.

Figure 4.4.2 shows a slice of the Cyphochilus scale for a fixed value along the
x-axis showing the yz plane. Figure 4.4.2a is a slice from the saturated and filtered
matrix and Figure 4.4.2b shows the binary matrix where all of the chitin pixels are
shown in black. Figure 4.4.3 shows a filtered and a thresholded slice of the L. stigma
scale in the same orientation. These figures show that the filtering and thresholding
were able to accurately pick out the internal structure of the entire scale for both
species. Figure 4.4.4 shows a comparison between a slice of Cyphochilus and the L.

(a) (b) (c)

Figure 4.4.1: (a-b) Optical images of the L. stigma scale mounted for x-ray tomo-
graphy showing the defined coordinate system (a) An SEM image of L. stigma scales
lying on the beetle’s elytra again showing the defined coordinate system.
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(a) Filtered (b) Thresholded

Figure 4.4.2: A single slice of the Cyphochilus scale in the yz plane comparing the
filtered slice in (a) to the final thresholded slice in (b).
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(a) (b)

Figure 4.4.3: A single slice of the L. stigma. scale in the yz plane comparing the
filtered slice in (a) to the final thresholded slice in (b).
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stigma scale in the xy plane taken from the middle of each scale in z. This figure
highlights the size difference between the two scales. The Cyphochilus scale fits
almost completely in the field of view of the tomography reconstruction, however
the L. stigma scale is much wider than the field of view and as a result, only the
centre of the scale is visible while the edges lie outside the field of view.

The tomography data is a complete 3D data set and can be rendered as such.
However, memory constraints mean that only a very small section can be displayed
on an average computer. Figure 4.4.5 and Figure 4.4.6 each show a section of the
Cyphochilus and the L. stigma in 3D. Each 3D render consists of 500 slices in the z
direction taken from the middle of the complete scale which corresponds to 12.5 μm
in real space. Both images show the complete field of view of the tomography scan in
the xy plane. These images highlight the difference in the surface features between
the two species. The Cyphochilus has arrays of spikes across the top surface of the

(a) Cyphochilus

(b) L. stigma

Figure 4.4.4: A single slice for a fixed value of z showing the xy plane for (a)
Cyphochilus and (b) L. stigma. The z values where chosen such that the slices were
taken from the approximate centre of each scale.

148



Figure 4.4.5: A complete 3D render of the final tomography data for the Cyphochilus
scale. The section rendered is 12.5 μm long in the z direction and shows the complete
field of view of the scan in the xy plane.
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Figure 4.4.6: A complete 3D render of the final tomography data for the L. stigma
scale. The section rendered is 12.5 μm long in the z direction and shows the complete
field of view of the scan in the xy plane.
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scale, the purpose of which could be to make the surface of the scale hydrophobic,
however, this hypothesis will not be investigated in this thesis. In contrast, the
L. stigma scale shows no evidence of repeating surface features. Additionally, the
images show that within the field of view, the Cyphochilus appears highly curved
while the L. stigma is mostly rectangular though some curvature is evident at the
back edge of the field of view.

The best method to analyse the internal structure of the scales with respect to
different axes was to examine the projection of the autocorrelation function and
utilize the average cube method presented in Section 3.1.3.3 for the random rods
structure. To do this, cubes of size 200 x 200 x 200 pixels containing only the internal
structure were cut from the full scale matrices. Each pixel corresponded to 25 nm
so the cubes had a real space volume of 125 μm3. The location of each cube was
determined by bringing up two slices in the xy plane, 200 pixel apart, and manually
positioning as many cubes as possible within the scale that only included internal
structure. An example showing how the cubes were arranged for a section of the
Cyphochilus scale is shown in Figure 4.4.7. A total of 275 cubes were cut from
each scale which represented a total of volume of 34,375 μm3, which is 2 orders of
magnitude greater than the volume of the single tomography cube analysed by [1] for
the Cyphochilus beetle. The filling fraction of each cube was determined as it was for
the TEM images using Equation 2.3.1. The average filling fractions were 31± 2% for
the Cyphochilus and 34± 1% for the L. stigma. How these filling fractions compare
to previous literature values and microscopy results from Chapter 2 can be seen for
the Cyphochilus and L. stigma in Table 4.5 and Table 4.6 respectively.

As previously discussed, the filling fraction of the scales is a vital component
for understanding and modelling the light scattering abilities of these scales. How-
ever, as evident by Table 4.5 and Table 4.6, the value for the filling fraction varies
considerably based on the method used to determine it. When compared to all
the previous values for the filling fraction of the scale, the tomography results from
completely intact scales are the lowest to ever be observed. The evidence presented
in Section 2.4 showed that the scales and the internal structure warp upon section-
ing which could explain why the filling fractions from the tomography are so much
lower than expected as they represent the first real space images of the internal
structure of the scales which have not been distorted. Additionally, previous results
always showed a significant difference between the filling fractions of the Cyphochilus
and the L. stigma, with the Cyphochilus often being reported as having a higher
filling fraction. Yet, the tomography results showed only a minimal difference of
3% between the filling fractions of the two beetles. This suggests that there could
be something important about a filling fraction of about 30% as both species have
evolved to have a filling fraction close to it.

The projections of the autocorrelation function along each axis were calculated
according to Equations 3.1.12 - 3.1.17 for every cube. The resulting projections for
each axis were averaged across all 275 cubes for each scale and the results for the
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(a)

(b)

Figure 4.4.7: Two slices of the Cyphochilus scale in the xy plane 200 pixels apart.
The red boxes show the position of 200 pixel cubes determined by eye to include
only the internal structure of the scales.
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Cyphochilus
Filling fraction (% chitin) Method Source Year

~ 70% TEM Lit. [33] 2007
68± 7% TEM Lit. [2] 2010
61± 2% Fit to light scattering Lit. [37] 2014
~ 45% Tomography Lit. [1] 2017
43± 3% FIB milling Lit. [90] 2017
66± 3% TEM Experimental 2017
31± 2% Tomography Experimental 2018

Table 4.5: All of the literature and experimental values for the filling fraction of the
Cyphochilus scales in terms of percent chitin.

L. stigma
Filling fraction (% chitin) Method Source Year

48± 3% TEM Lit. [2] 2010
50± 3% Fit to light scattering Lit. [37] 2017
62± 4% FIB milling Lit. [90] 2017
42± 3% TEM Experimental 2014
34± 1% Tomography Experimental 2018

Table 4.6: All of the literature and experimental values for the filling fraction of the
L. stigma scales in terms of percent chitin.

153



Cyphochilus and the L. stigma are shown in Figure 4.4.8 and Figure 4.4.9 respect-
ively. If the projections for the Cyphochilus are examined, it is immediately clear
that the correlations in the x-direction, shown by Gy(x), are significantly differ-
ent than those observed in the other two directions. This is consistent with the
speculation in the literature that the structure within the Cyphochilus scales is an-
isotropic. In the x-direction there is a much sharper minimum in the correlation
function, indicating that there is a more well-defined length scale in that direction.
Additionally, the location of the minimum in the x-direction, at about 325 nm, is
smaller than the minimums in the other two directions which lie at about 500 nm,
indicating that the correlations in the x-direction are smaller than those in the other
two directions. The prevailing theory in the literature as to why the Cyphochilus
structure is anisotropic is that it is to avoid the effects of optical crowding due to the
large filling fraction of >60% chitin and to optimise the structure for scattering in
the x-direction. However, as the Cyphochilus filling fraction from the tomography
data was only 31± 2%, about half of what was previously thought, avoiding op-
tical crowding may not be a relevant issue. As for how this anisotropic structure
relates to the light scattering ability of the scales, this will be investigated further
in Chapter 5.

Based on literature observations, it was thought that the L. stigma also contained
an anisotropic network. However, the autocorrelation projections for the L. stigma
in Figure 4.4.9 show only minor variations between the correlations in each direction.
When compared to the Cyphochilus projections, it is clear that the L. stigma scales
do not exhibit the same strongly anisotropic results meaning that the L. stigma
appears to have a isotropic internal structure. To confirm this, the projection of
the autocorrelation function for each L. stigma cube was calculated assuming it was
isotropic using a radial integration of the FFT calculated autocorrelation matrix and
the summation form of Equation 3.1.23. The resulting Gr(s) gives the projection of
the autocorrelation function showing the correlations along any arbitrary direction
s. This radial projection assumes that the structure is isotropic and the resulting
average Gr(s) for all 275 L. stigma cubes is plotted with the projections along each
axis in Figure 4.4.11. The confidence levels for the radial projection are shown by
the shaded area of the graph and all of the single axis projections lie inside this area
indicating that the structure inside the L. stigma scales is in fact isotropic. The same
Gr(s) calculation can be done for the Cyphochilus cubes and the results are shown
with the axial projections in Figure 4.4.10. For the Cyphochilus, the correlation
result based on the assumption of an isotropic structure does not capture the results
obtained for each axis. Therefore, this again confirms that the Cyphochilus beetle
has an anisotropic structure within its scales.

Using the average projections along each axis for the scales, it was possible to
pick out the individual cube that was most representative of the average structure.
This was achieved by examining the mean squared error between the average and
the single cube results and finding the cube with the minimum error for each scale.
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Figure 4.4.8: Projections of the autocorrelation function along the principle axes
for the Cyphochilus scale. The results shown are the average projections across 275
5 μm cubes containing only the internal structure of the scales.

Figure 4.4.9: Projections of the autocorrelation function along the principle axes for
the L. stigma scale. The results shown are the average projections across 275 5 μm
cubes containing only the internal structure of the scales.
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Figure 4.4.10: Projections of the autocorrelation function along the principle axes
for the Cyphochilus scale and the radial projection Gr(s) for any arbitrary direction
s. The shaded area represents the confidence levels for Gr(s).

Figure 4.4.11: Projections of the autocorrelation function along the principle axes
for the L. stigma scale and the radial projection Gr(s) for any arbitrary direction s.
The shaded area represents the confidence levels for Gr(s).
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Plots of the average projections versus the most representative cube are shown in
Figure 4.4.12 and Figure 4.4.13 for the Cyphochilus and the L. stigma respectively.
When the single cube plots are compared to the averages, though the single cubes
are significantly noisier, the initial inflections are consistent with those observed in
the averages.

The most representative cubes have been rendered in 3D in Figure 4.4.14 for the
Cyphochilus and Figure 4.4.15 for the L. stigma. In 3D it becomes observable that
the internal structure of both scales are completely continuous and interconnected,
something that was not completely obvious from the 2D slices. The anisotropic
nature of the Cyphochilus structure is visible in Figure 4.4.14. When the xy face
of the cube is examined, it is clear that the xy face contains significantly more
small round cross sections of fibres than the other two faces indicating that the
fibres lie predominately in the yz plane. This phenomenon is not observed in the
L. stigma cube which appears isotropic to the eye. Finally, while the Cyphochilus
is anisotropic, neither of the structures appear to be composed entirely of rods and
voids. Instead, the internal structures resemble a highly interconnected random
network with a characteristic length scale similar to the morphologies observed by
phase separating polymer blends which have undergone spinodal decomposition.

4.5 Summary
This chapter presented the results for the 3D tomography of scales from the

Cyphochilus and L. stigma beetles. The results showed that it was possible to use
this technique to obtain a fully realised 3D data set for each scale with a resolution
of 25 nm for entire scales. The analysis of hundreds of cubes of internal structure
cut from the full binary matrices of each scale were used to determine the filling
fraction and spacial correlations of the structure.

It was found that the filling fractions of both scales were ~ 30% which was
surprising as it was previously thought that the two species had scales with filling
fractions that differed by almost 20%. Also, a filling fraction of ~ 30% was much
lower than expected based on previous values from literature. Given that these
results represent the first high resolution 3D data set for both scales obtained without
cutting the scales open, it is likely that these are the most accurate filling fractions
obtained to date and the departure from the literature values is due to the distortion
effects documented in Section 2.4.

The analysis of the projections of the autocorrelations function along each axis
showed that the Cyphochilus scale was anisotropic with the correlations in the x-
directions differing from those observed in the y and z directions. This anisotropy
can be clearly observed when a cube of the internal structure in rendered in 3D. In
contrast to previous speculation in the literature, the tomography results showed
that the L. stigma structure showed no evidence of a directional dependence within
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Figure 4.4.12: Plots showing the projection of the autocorrelation function along the
principle axis for the average of all 275 cubes from the Cyphochilus scale and the
singe cube which has the minimum mean squared error compared to the average.

Figure 4.4.13: Plots showing the projection of the autocorrelation function along
the principle axis for the average of all 275 cubes from the L. stigma scale and the
singe cube which has the minimum mean squared error compared to the average.
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Figure 4.4.14: A 5 μm cube of the internal structure of the Cyphochilus scale. This
cube was determined to be the most representative of the overall structure when
compared to the average autocorrelation projections along each axis.
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Figure 4.4.15: A 5 μm cube of the internal structure of the L. stigma scale. This
cube was determined to be the most representative of the overall structure when
compared to the average autocorrelation projections along each axis.
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the structure. The projection of the radially averaged autocorrelation function along
any arbitrary direction proved to be a good fit for all the axes projections meaning
the structure is likely isotropic. When rendered as 3D cubes, it can be observed that
the structure of both beetles is not a random rod structure as previously postulated
and is actually a completely continuous voided network which is similar to the
spinodal structure observed in phase separating polymer films.

In order to further investigate the relationship between structure and the optical
properties of the scales, the following chapter will use finite difference time domain
(FDTD) modelling to analyse the 3D structure determined by tomography as well as
investigate whether the structures can be modelled with structures generated using
spinodal decomposition simulations.
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Chapter 5

Optical Modelling of Spinodal
Whites

5.1 Introduction
Building off the structural characterisation of the internal structure of the white

beetle scales in the previous chapter, this chapter aims to correlate structure to
function by examining the optical properties of the beetle structures and simu-
lated structures based on spinodal decomposition. The introduction will cover an
overview of the macroscopic Maxwell equations and how they can be numerically
solved to give computational reflectance and transmission for a given structure. This
technique is known as finite difference time domain (FDTD) modelling and is the
primary experimental technique in this chapter.

The results will first show the FDTD results for both cubes and slabs of the
internal beetle scale structures cut from the 3D binary tomography matrices. The
average reflectance results for cubes of the anisotropic Cyphochilus structure showed
that the reflectance varied greatly with source direction. The cubes had the best
reflectance in the x direction and the worst in the z direction. In contrast, the cubes
of the more isotropic L. stigma structure showed much less variation with source
direction, but still had the best reflectance in the x direction. The FDTD reflectance
for a slab of both structures showed that the Cyphochilus structure had a slightly
better reflectance than the L. stigma, but only for wavelengths of light less than
650 nm.

In order to further investigate how structural differences effect the optical prop-
erties, several spinodal structures were generated via spinodal decomposition simu-
lations for different bulk volume fractions. The 30% material spinodal simulation
was chosen as the closest match to the beetle structures and, using the projection
of the autocorrelation function analysis, the correlations of the spinodal structure
were tuned to different positions. The FDTD results for these slabs showed that
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decreasing the size of the features in the structure lead to increases in the average
reflection for low wavelengths of light, but if the features were too small lead to
large reductions in the reflected light at higher wavelengths. A series of FDTD sim-
ulations were also run for spinodal slabs with varying volume fractions from 5 - 95%
material. These results showed that, given a consistent length scale, the maximum
average reflectance was at 25% chitin. The average reflectance for the isotropic
25% spinodal structure was even higher than that of the anisotropic Cyphochilus
structure with a filling fraction of 31± 2%, suggesting that it is the filling fraction
that is the key parameter for maximizing reflectance.

5.1.1 Finite difference time domain (FDTD)
The field of electromagnetism is governed by the four macroscopic Maxwell equa-

tions which are given in SI units by Equation 5.1.1-Equation 5.1.4. Here the mac-
roscopic electric and magnetic fields are represented by ~E and ~H respectively. The
displacement field is given by ~D, the magnetic induction field by ~B, the free charge
by ρc and the current density by ~J . A complete derivation of these equations can
be found at [91].

∇ · ~B = 0 (5.1.1)

∇× ~E + ∂ ~B

∂t
= 0 (5.1.2)

∇ · ~D = ρc (5.1.3)

∇× ~H − ∂ ~D

∂t
= ~J (5.1.4)

Often it is useful to know the transmission and the reflection of light through
a static structure from a known source. This can be done computationally, using
numerical methods, to simulate the propagation of the Maxwell equations in time
and space. One of the most common techniques for solving these types of problems
is the FDTD method which divides time and space into a grid of points. These grid
points can then be used to calculate the derivatives in the Maxwell equations using
finite differences, which approximate the derivatives as a slope. The first FDTD
method was introduced by Kane Yee in 1966 from which the Yee algorithm, still
employed in most FDTD solvers, takes its name [92]. The complete derivation of
the finite difference expression for every partial derivative in the Maxwell equations
is extensive, therefore a numerical approximation for one partial derivative will be
examined as an example. A complete derivation for all of the partial derivatives can
be found in [93].
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Figure 5.1.1: A chart showing the leapfrog arrangement of the electric and magnetic
field components along the x axis in space and forward in time. Redrawn from [93].

The central ideas to the Yee algorithm are a leapfrog approach to time stepping
and a grid arrangement of ~E and ~H components in space such that every ~E com-
ponent is surrounded by four ~H components and every ~H component is surrounded
by four ~E components. Figure 5.1.1 illustrates this arrangement in time for the
~E and ~H components along a single axis. For a rectangular coordinate system,
any point on the 3D grid is denoted by the notation in Equation 5.1.5. In order
to compute the finite differences the vector forms of the Maxwell equations need
to be written as scalar equations instead. For example, the scalar equations for
Equation 5.1.1 are given by Equation 5.1.6 - Equation 5.1.8. Using the grid spacing
shown in Figure 5.1.1, the centred finite difference equation for Equation 5.1.6, as-
suming perfectly conducting boundary conditions, can be written as Equation 5.1.9.
This expression allows for the numerical calculation for the change in the magnetic
induction field based on the electric field. The finite difference expressions for all
the partial derivatives in the Maxwell equations can be similarly constructed and
the full set, along with boundary and initial conditions, comprises the bare bones
of a FDTD simulation [93].

(i, j, k) = (i∆x, j∆y, k∆z) (5.1.5)
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(5.1.6)
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Fortunately, there are many commercial programs which perform FDTD compu-
tations to user specifications so directly coding the algorithm is rarely required. One
of the main advantages of the FDTD method is that is is able to compute the re-
sponse of a given system for a range of frequencies in one computation. This means
that the reflectance and transmission response of a given material can be found for
a range of wavelengths from a white light source. However, with any numerical
method there are computational constraints as the time needed to perform a 3D
FDTD simulation scales with resolution to a power of four, meaning that large and
high resolution grids are time prohibitive to run [94]. Nevertheless, the benefits of
FDTD outweigh the computational costs because directly solving the Maxwell equa-
tions makes it possible to determine effects that are often out of reach in simpler
optical modelling techniques, such as multiple scattering and interference effects for
strong scatterers. Therefore, FDTD allows for the probing of optical materials in
ways that are out of reach experientially, especially for the random and aperiodic
structures which will be examined in the following chapter.

5.2 Experimental methods

5.2.1 FDTD simulations
When it became clear that the project was going to require extensive optical mod-

elling of a wide array of experimental and simulated structures, it seemed prudent
to seek out someone with expertise and experience doing these simulations. As a
result, the author reached out to Dr. David Coles from the Electronic and Photonic
Molecular Materials Group in the Physics Department at the University of Sheffield
who kindly agreed to perform all of the FDTD simulation presented in this chapter.
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Dr. Coles performed the FDTD simulations in the commercial software, Lumer-
ical FDTD Solutions, which is a 2D and 3D solver for Maxwell’s equations [95].
For each simulation the author provided Dr. Coles with a 3D matrix containing a
structure of interest represented as a binary matrix where 1 was material and 0 was
air. The material in every instance was taken to be chitin which has a refractive
index of 1.54. Each matrix contained a slab of material that had a real space size
of 5 x 20 x 25 μm. To study how light propagated along each principle axis, the slabs
were divided into 20 cubes, each 5 x 5 x 5 μm, and a polarised Gaussian source of
waist 1 µm was directed into different faces of the cubes individually. Monitors
collected the light which exited the cubes and the results were averaged across all
of the cubes for a given slab. To study just the reflectance from a slab of material,
an unpolarised Gaussian beam of waist 6 µm was directed parallel to the shortest
axis of the matrix and monitors collected the light, which was reflected back to the
source. For every matrix a mesh size of 40 nm was used as this struck a good balance
between resolution and simulation time.

5.2.2 Spinodal Decomposition simulations
In order to compare the beetle structures obtained from tomography to spinodal

structures it was necessary to generate 3D matrices of late stage structures arising
from spinodal decomposition. Again, by making use of the wide array of expert-
ise contained in the Physics Department, the author got in touch with Prof. Nigel
Clarke the Professor of Condensed Matter Physics Theory at the University of Shef-
field. Prof. Clarke already had a working simulation code capable of producing the
required matrices and kindly agree to generate them to fit the needs of the project.

A detailed explanation of spinodal decomposition as it relates to the phase sep-
aration of polymer blends has already been covered in Section 1.3.3.1. The following
is a summary of a direct communication from Prof. Clarke giving a basic overview
of the key equations and simulation parameters he used to generate the spinodal
structures analysed in this chapter.

The simulations are based on the Cahn-Hilliard theory, which was presented in
Section 1.3.3.1. The dimensionless equation of motion for a local volume fraction is
given in Equation 5.2.1. The volume fraction of one of the components is, φ, and the
total free energy of the system is F . The dimensionless time term, τ , is related to
the real time, t, through Equation 5.2.2 where D is the mutual diffusion coefficient,
l is a characteristic molecular length scale and χ is the Flory-Huggins interaction
parameter. The Flory-Huggins-deGennes form for the total free energy was used
to calculate F as given in Equation 5.2.3. This equation has two constants, N and
κ, which represent the dimensionless size of the molecules and the gradient energy
coefficient. The f(φ) term is the equilibrium free energy which, for molecules of
the same size, obeys the condition given by Equation 5.2.4, where χs is calculated
according to Equation 5.2.5 using the bulk volume fraction φ0 .
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χs = 1
2Nφ0(1− φ0) (5.2.5)

The final simulation was performed by solving Equation 5.2.1 for periodic bound-
ary conditions and a finite difference scheme on a grid of size 256 x 256 x 256 pixels.
The bulk volume fraction was the independent variable for each simulation and it
was adjusted between 0.05-0.5 in steps of 0.05 for each simulation to generate all of
the spinodal simulations in this chapter. All of the simulations used the constant
values N = 50 and κ = 1/18 as well as a quench depth of (χ − χs) = 0.254. The
initial concentrations at each grid point were generated as the bulk volume plus a
random fluctuation between -0.01 and 0.01. Smaller time steps were required for
the lowest bulk volume fractions and the time steps for each bulk volume fractions
are detailed in Table 5.1. The underlying assumptions for the simulations are that
there are no hydrodynamics or flow within the system and the mutual diffusion
coefficient, D, is independent of concentration. For a more detailed description of
spinodal simulations the reader is directed to the following references [96, 97].

φ0 ∆t
0.05 7.8125 x 10-6

0.1 1.5625 x 10-5

0.15 3.125 x 10-5

0.2 - 0.5 1.25 x 10-4

Table 5.1: The adjusted time steps for simulations with different bulk volume frac-
tions. Smaller volume fractions required smaller time steps to avoid numerical in-
stabilities from the logarithmic terms in the calculation of the free energy.
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5.3 Results and Discussion

5.3.1 White beetles
Before examining the results from the FDTD simulations it is important to recall

the results from Chapter 4, which showed the projection of the autocorrelation
function of the scale’s internal structure along each axis. The results are presented
again in Figure 5.3.1 for ease of comparison. The key point to take away from these
graphs was the Cyphochilus structure was anisotropic with different correlations in
the x-direction, showing a minimum value located at about 0.325 μm. The L. stigma
results showed that the structure was mostly isotropic with the radially averaged
projection showing a minimum value at about 0.5 μm

While the autocorrelation projections provided excellent insight into how the
structure within the scales varied with orientation, how these structural differences
relate to the scattering of light was still unknown. Therefore, in order to understand
how light propagates within the internal scale structure with respect to orientation,
two slabs per scale were cut from the binary tomography matrices of the Cyphochilus
and L. stigma scales. Each slab contained only the internal structure of the scales
and there was no overlap between the slabs cut from the same scale. Each slab had
a matrix size of 200 x 800 x 1000 pixels which at 25 nm/pixel corresponded to a real
space matrix size of 5 x 20 x 25 μm. Each slab was divisible into twenty 5 μm cubes
meaning that there were a total of 40 unique cubes of internal structure analysed
for both the Cyphochilus and L. stigma.

The coordinate system for the scales is the same one that was used for the
tomography data and how this coordinate system relates to the cut slabs and the
simulation reflectance and transmission are shown in Figure 5.3.2. For each of the
cubes cut from the slabs, a FDTD simulation was run for a light source directed
along each of the three principle axes, which were denoted as x source, y source and
z source.

The reflectance and transmission in all directions for each of the three source
directions are shown for the all of the Cyphochilus cubes in Figure 5.3.3-Figure 5.3.5
and for the L. stigma cubes in Figure 5.3.6-Figure 5.3.8. In all cases, the reflectance
and transmission shown are an average across all 40 cubes for each species and
the shaded area shows the confidence levels for each curve based on the calculated
standard deviation for each wavelength.

The results for the x source for Cyphochilus cubes in Figure 5.3.3 show that there
is a large difference in the reflectance and transmission spectrum in the x direction.
However, the results in the other two directions perpendicular to the source show
little to no difference between the reflectance and transmission results and are self
similar across both directions. If all of the cube results for both the Cyphochilus
and L. stigma are compared for all source directions it becomes clear that this trend
holds true for each case. Only the reflectance and transmission in the light source
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(a)

(b)

Figure 5.3.1: (a) Projections of the autocorrelation function along the principle axes
for the Cyphochilus scale. (b) Projections of the autocorrelation function along the
principle axes as well as a radially averaged projection for the L. stigma scale.
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(a)

(b)

Figure 5.3.2: (a) An SEM image of a L. stigma lying on the beetle’s elytra showing
the defined coordinate system. (b) A diagram of the slabs of internal structure cut
from the thresholded tomography matrices showing the same coordinate systems as
it relates to the simulated reflection and transmission results.
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Figure 5.3.3: The average reflectance and transmission in each direction for forty
5µm cubes of Cyphochilus internal structure if the light source is oriented in the x
direction.

Figure 5.3.4: The average reflectance and transmission in each direction for forty
5µm cubes of Cyphochilus internal structure if the light source is oriented in the y
direction.
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Figure 5.3.5: The average reflectance and transmission in each direction for forty
5µm cubes of Cyphochilus internal structure if the light source is oriented in the z
direction.

Figure 5.3.6: The average reflectance and transmission in each direction for forty
5µm cubes of L. stigma internal structure if the light source is oriented in the x
direction.
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Figure 5.3.7: The average reflectance and transmission in each direction for forty
5µm cubes of L. stigma internal structure if the light source is oriented in the y
direction.

Figure 5.3.8: The average reflectance and transmission in each direction for forty
5µm cubes of L. stigma internal structure if the light source is oriented in the z
direction.
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direction show any variation between the reflected and transmitted light.
Figure 5.3.9 shows only the reflected light in the source direction for each of the

three light sources for the Cyphochilus cubes. The maximum reflectance is in the
x direction from an x source with the reflectance showing a decrease in the y and
z directions. When compared to the correlation results in Figure 5.3.1a it becomes
clear that this trend in reflectance directly correlates with increasing characteristic
correlation length of the Cyphochilus internal structure. The small characteristic
correlations in the x-direction result in the larger reflectance from an x source, while
the largest correlations in the z direction result in the lowest reflectance from a z
source.

The transmission results in the source direction for the Cyphochilus cubes are
shown in Figure 5.3.10. Here the expected reverse trend is observed with the most
transmission being in the z direction and the lowest transmission being in the x dir-
ection. However, regardless of source direction most of the transmission is occurring
at wavelengths above 600 nm compared to the reflectance results which show higher
reflectance below 600 nm. This suggests that the Cyphochilus structure seems to be
optimized to be a better reflector for lower wavelengths of light.

The reflectance and transmission results in the source direction only for the L.
stigma cubes are shown in Figure 5.3.11 and Figure 5.3.12 respectively. The L.
stigma results showed minimal variation in the reflectance and transmission spectra
for different source directions as compared to the Cyphochilus results which showed
distinct differences. All of the reflectance spectra are similar in shape and intensity
with the best reflection being in the x direction, but this is only by a narrow margin.
The transmission in the x and y directions are identical within error and there is
just a slight increase in the amount of transmitted light in z direction. The lack
of variation in the results with respect to source direction is unsurprising as the
projection results in 5.3.1b suggested that the structure was mostly isotropic.

To further understand the differences in light propagation between the two beetle
structures the reflection and transmission in the source direction for both beetles
are plotted together in Figure 5.3.13 and Figure 5.3.14. Starting with reflection, the
results in Figure 5.3.13 showed that the Cyphochilus structure has an increased re-
flectance in the x direction as compared to the L. stigma. This increased Cyphochilus
reflectance in the x direction is most pronounced for the lower end of the spectrum
with the maximum reflectance being between 400 nm and 500 nm.

However, while the Cyphochilus reflectance is better than the L. stigma in the
x direction the trend does not continue for the other two directions. In fact, the
two structures show near identical reflectance in the y direction for wavelengths less
than 600 nm with the L. stigma having a better reflectance above 600 nm. In the z
direction, the L. stigma has the higher reflectance at all wavelengths. This suggests
that while the Cyphochilus structure is optimized for reflectance in the x direction
it does so at the cost of the reflectance in the other two orientations. The L. stigma
is consistent in its reflectance in each orientation because of its isotropic structure.

174



Figure 5.3.9: The reflected light in the source direction for each source averaged
across all 40 Cyphochilus cubes.

Figure 5.3.10: The transmitted light in the source direction for each source averaged
across all 40 Cyphochilus cubes.

175



Figure 5.3.11: The reflected light in the source direction for each source averaged
across all 40 L. stigma cubes.

Figure 5.3.12: The transmitted light in the source direction for each source averaged
across all 40 L. stigma cubes.
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Figure 5.3.13: The average reflected light in the source direction for each source for
both the Cyphochilus and L. stigma cubes.

Figure 5.3.14: The average transmitted light in the source direction for each source
for both the Cyphochilus and L. stigma cubes.
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The transmission comparisons in the Figure 5.3.14 further confirm the trends
seen in the reflectance data. The L. stigma constantly shows less light transmis-
sion in the source direction than the Cyphochilus structure with the exception of
the x-direction, but only for wavelengths less than 600 nm. The Cyphochilus struc-
ture consistently shows much larger transmission at higher wavelengths than the L.
stigma. This again suggests that the Cyphochilus is only optimised for the reflect-
ance in the x direction and only for small wavelengths.

While the cubes provided valuable insight into the way that light propagates in
the two difference scale structures, the cubes are not the most accurate represent-
ation of the scales in nature. Given the actual dimensions of the scales, a closer
representation would be to examine the reflectance of a slab of internal structure
with the thinnest direction being in the x direction. Additionally, given the way
that the scales lie on the elytra most of the light would be striking the scales from
the x direction. Therefore, FDTD simulations were run for the full 5 x 20 x 25 μm
slabs cut from the tomography matrices for each scale with and x source to examine
the bulk reflectance in the x direction.

The slab reflectance results are shown for both scales in Figure 5.3.15. Two slabs
were run for each scale and the presented spectra are their averages with the shaded
area giving the standard deviations. As expected based on the cube results, the
Cyphochilus slabs showed a better reflectance in the x-direction. However, while the
x reflection for the Cyphochilus cubes were higher than the L. stigma cubes for all

Figure 5.3.15: The simulated reflectance for 5 x 20 x 25 μm slabs of internal scale
structure of the Cyphochilus and L. stigma for an source in the x direction.
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wavelengths, the Cyphochilus and L. stigma slabs show near identical reflectance
above 600 nm.

There is also a marked difference in the shape of the two reflectance curves.
The L. stigma reflectance shows a mostly linear relationship between reflectance
and wavelength with increasing wavelength resulting in slight decreases in reflect-
ance. In contrast, there is a distinct curvature to the Cyphochilus spectrum which
shows a steep drop off in reflectance with wavelength past 525 nm and an almost
constant maximum reflectance from 400 nm to 500 nm. The expected reflectance
spectrum for a white material would be a constant reflectance across all the visible
wavelengths. However, the slab reflectance from both of the beetles are higher at
lower wavelengths, especially the Cyphochilus spectrum. Given that blue light is
often defined to have a wavelength of about 450 nm, Cyphochilus spectrum would
result in more of a blue white than the L. stigma reflectance which is more consistent
across all of the wavelengths.

In order to further test the hypothesis that the structure of the scales are best
suited to reflectance in the x-direction, FDTD simulations were performed on the
slabs for a tilt series were the slabs were rotated in the z direction. Figure 5.3.16
shows the average reflectance for wavelengths 400 nm to 800 nm for the Cyphochilus
and L. stigma slabs. The shaded areas show the standard deviation across the
spectrum for each angle. The results for each angle mirror the results for a zero

Figure 5.3.16: The average reflectance, across the visible wavelengths, for an x source
shown as a function of tilt angle for slabs of the internal structure of Cyphochilus
and the L. stigma scales.
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degree slab shown in Figure 5.3.15 in that the Cyphochilus slabs show a higher
average reflectance for each angle. However, the confidence interval is larger for the
Cyphochilus than the L. stigma because the Cyphochilus always showed a greater
variation in reflectance with respect to wavelength.

Both structures showed an increase in reflectance with respect to tilt angle. This
is most likely the result of the increase in the thickness of the slab with respect to the
source as the slab is rotated. The geometry of the situation is shown in Figure 5.3.17.
As the source is located in the x direction the distance through the slab, l, can be
calculated as a function of the tilt angle, θ, and the slab thickness, d, as given by
Equation 5.3.1.

l = d

cos θ (5.3.1)

Figure 5.3.17: A schematic showing how the slab was tilted with respect to the x
source direction. As the slab is tilted in the z direction, the thickness of the slab
with respect to the light source, d, increases.

Using the known slab thickness of 5 μm, the thickness for the slab at each angle
could be calculated and it was possible to roughly normalise the reflectance results
by dividing the average reflectance by thickness. The results of this normalisation
are shown in Figure 5.3.18. The normalised average reflectance now shows a trend
of decreasing reflectance with respect to tilt angle. Again, the Cyphochilus shows
a consistently higher average reflectance, however the gap between the two species
narrows at higher angles. This is consistent with the cube results, which showed that
the L. stigma had a higher reflectance in the z direction. Overall, the results from
the tilt series confirm the cube results, which showed that the internal structure of
the scales is most suited to reflecting light at zero degrees from an x source and that
the Cyphochilus has a marginally better reflectance L. stigma.
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Figure 5.3.18: The average reflectance averaged across the visible wavelengths for
an x source shown as a function of tilt angle for slabs of the internal structure of
Cyphochilus and the L. stigma scales. Here the change in thickness with respect to
angle has been accounted for by dividing the average reflectance by the thickness at
each angle.

5.3.2 Spinodal structures
In order to test the hypothesis proposed at the end of the previous chapter, that

the structure inside the beetle scales is a spinodal-like structure resulting from phase
separation of two phases, it was necessary to generate test matrices for spinodal
structures. As discussed in Section 5.2.2, these test matrices were generated by run-
ning computational simulations for spinodal decomposition phase separation with
various starting ratios of the two phases. A total of 10 simulations were carried out
by Prof. Clarke and each simulation had a grid size of 256 x 256 x 256 pixels and the
simulations output a matrix for each step in time. However, only the late stage
results were of interest so only the final matrix for each starting condition were used
for the FDTD simulations.

Each simulated spinodal structure was represented within the 3D matrix as a
series of concentration values ranging from 0 to 1, where each extreme represen-
ted a pixel containing purely one of the two phases. A single 2D slice through
the simulated matrix for the simulation which had a starting condition of a 50/50
volume fraction is shown in Figure 5.3.19a. In order to increase the resolution of the
simulated structures the original matrix was interpolated with a third order spline
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(a) Original

(b) Interpolated

(c) Thresholded

Figure 5.3.19: The late stage results for the 50/50 spinodal decomposition simu-
lation. (a) A slice through the original 256 x 256 x 256 pixels matrix with greyscale
values 0-1. (b) The slice in (a) interpolated to give and 2x increase in number of
pixels. (c) The slice in (b) thresholded such that the filling fraction is 50% white
pixels.
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05/95 10/90 15/85

20/80 25/75 30/70

35/65 40/60 45/55

50/50

Figure 5.3.20: 2D slices through each of the 10 spinodal simulations. Each simulation
is marked with its final filling fraction as a ratio between the percent white and black
pixels. For example, the 20/80 simulation has 20% white pixels and 80% back pixels
across the full 3D matrix.
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to give a 2x increase in the number of pixels resulting in a new matrix which was
512 x 512 x 512 pixels as shown in Figure 5.3.19b. The interpolated matrix was then
thresholded to a binary matrix as shown in Figure 5.3.19c. The threshold value was
chosen such that the filling fraction of the final matrix was 50% white pixels.

The same procedure of interpolation and thresholding was performed for each of
the other 9 simulations. A single 2D slice through the final binary matrix for each
of the different filling fractions are shown in Figure 5.3.20. To obtain the matrices
for filling fractions greater than 50%, the matrices in Figure 5.3.20 were simply
inverted. Including the inverted matrices, there were a total of 19 test spinodal
matrices which ranged from 5-95% white pixels in steps of 5%. In all of the following
FDTD simulations, the white pixels were taken to represent chitin with a refractive
index of 1.54 in order to be consistent with the beetle results.

The aim of generating the simulated spinodal structures was to determine if
they were capable of producing a similar optical response to the beetle structures
and to determine if there was an optimal spinodal structure capable of producing a
higher average reflectance than the beetle scales for the same thickness of material.
The ideal way to do this would have been to examine the complete 3D parameter
space of filling fraction versus length scale versus reflectance. While mapping the
entire 3D space would have taken more computing time than was available for this
project, it was possible to look at two single slices through this parameter space
to try to understand how length scale and filling fraction affect the reflectance.
A sample drawing of the parameter space is shown in Figure 5.3.21 and, using
the tomography results from Chapter 4, the position of the two beetle scales have
been plotted accordingly. The two slices through the parameter space that will be
examined in the remainder of this section are marked by the dotted and dashed
lines. The dotted line represents a fixed filling fraction of 30%, chosen because it
is close to the filling fraction of the the Cyphochilus scale, which has varying length
scales. The dashed line represents fixed length scale of 500 nm, chosen because it
is the length scale of the radially averaged L. stigma cubes, with varying filling
fractions.

In order to generate test matrices for points along the dotted line in Figure 5.3.21,
the position of the characteristic correlation length needed to be adjusted by chan-
ging the nm/pixel scale factor for the spinodal simulation. The final spinodal
matrices where just in terms of pixel location and the nm/pixel conversion was
a matter of choice. To tune the length scales of the 30/70 spinodal matrices, the
projection of the autocorrelation function analysis was utilised again. The spinodal
simulations are known to be isotropic and therefore only the radial projections were
computed using Equation 3.1.23 from Chapter 3. The resulting Gr(x) for the 30/70
spinodal matrix are shown in Figure 5.3.22 for 4 different nm/pixel conversions.

These 4 scale factors were carefully chosen to position the location of the first
minimum in the projection curves to coincided with key locations. First, the correl-
ations in the x direction for the Gy(x) for the Cyphochilus beetle had a minimum
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Figure 5.3.21: The parameter space of interest for the FDTD spinodal simulations.
The location of the beetle scales are plotted with the dotted and dashed lines showing
the relevant 2D cuts to be examined in this section.

Figure 5.3.22: The Gr(x) results for the 30/70 spinodal matrix with 4 different
nm/pixel ratios. The dashed lines show the length scales of the Cyphochilus and the
L. stigma beetles.
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at 0.325 μm and the scale factor of 11.7 nm/pixel was chosen to position the min-
imum for the 30/70 spinodal in the same location. Next, the scale factor of 17 nm
was chosen because this put the 30/70 first minimum at 0.5 μm which is the same
position as the minimum for the radial projection, Gr(s) for the L. stigma internal
structure. For a more direct visual comparison to the beetle structures, a 5 μm cube
of the 30/70 spinodal matrix is rendered in 3D in Figure 5.3.23 using a 17 nm/pixel
scale. The other two scale factors for 8 nm and 25 nm per pixel were chosen to
position the minimum on either side of the beetle positions. Figure 5.3.22 clearly
shows how decreasing the size of each pixel moves the first minimum of the 30/70
spinodal Gr(s) towards smaller values and the dashed lines show the locations of
the beetle minima indicating that the chosen scale factors do in fact position the
spinodal Gr(s) in agreement with the beetle results.

One of the conditions of the spinodal simulations was that the boundary condi-
tions were periodic, meaning that the final 3D matrices could be continuously tiled
in any direction. This allowed for the creation of spinodal slabs, 5 x 20 x 25 μm, the
same size as those cut from the beetle tomography data. The use of a repeating
unit to make the slabs would result in a peak in the correction function at the cube
width in each direction. However, for most of the cubes this peak was out at 12 μm
which is much larger than the wavelength of light and therefore was not anticipated
to cause any artefacts in the FDTD analysis.

A slab was generated for each of the 4 different nm/pixel ratios chosen from the
Gr(s) analysis from the same 30/70 cube, what changed was the number of pixels
that made up each slab. For example, for the slab to be 5 μm in the x direction
required 200 pixels based on a 25 nm/pixel scale factor, but for the 8 nm/pixel scale
factor a total of 625 pixels were required. A cross section of each of the 4 slabs
in the xy plane are shown in Figure 5.3.24, where each cross section is 5 x 20 μm.
When shown as 2D slices, it is easy to see the change in feature size based on the
matrix’s assigned scale factor. What is key about this set of matrices is that while
the length scales are changing, each slab was made from the same 30/70 spinodal
cube so the structure of each slab is completely consistent and changing the scale
factor just changes the magnification.

Once constructed, a FDTD simulation was run for each of the 30/70 slabs using
an x source and recording the slab reflectance as a function of wavelength. The
results for all four slabs are shown in Figure 5.3.25. The slab with a 25 nm/pixel
ratio had the largest features and resulted in a mostly constant reflectance spec-
trum across all wavelengths. Moving in the direction of decreasing feature size, the
17 nm/pixel slab, which was tuned based on the L. stigma results, showed an over-
all increase in the reflectance across all wavelengths compared to the 25 nm/pixel
slab. However, this increase in reflectance is weighted towards the lower end of the
wavelengths with the biggest gap in reflectance between 25 nm/pixel and 17 nm/pixel
slabs being at 400 nm and their reflectance are almost equal at 800 nm. Further de-
creasing the feature size to the 11.7 nm/pixel slab which was tuned to the x direction
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Figure 5.3.23: A 5 μm cube of the 30/70 spinodal structure. This scale bar was set
using a 17 nm/pixel ratio which matched the spinodal Gr(s) to that of the L. stigma
internal structure.
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25 nm/pix

17 nm/pix

11.7 nm/pix

8 nm/pix

Figure 5.3.24: A 2D cross section in the xy plane for 4 spinodal slabs of varying
nm/pixel scale factors. Each slice, regardless of scale factor, is 5 x 20 μm and has a
filling fraction of 30% white pixels.
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Figure 5.3.25: FDTD reflectance results for 30/70 spinodal slabs with varying
nm/pixel ratios which resulted in each slab having a different characteristic cor-
relation length.

correlations in the Cyphochilus structure showed an increase in the reflected light
compared to the 17 nm/pixel slab for wavelengths less than 600 nm. However, there
was an overall decrease in reflectance for the 11.7 nm/pixel slab for wavelengths
over 600 nm, resulting in the 11.7 nm/pixel slab having an even lower reflectance
than the 25 nm/pixel slab at 800 nm. Finally, the slab with the smallest features,
the 8 nm/pixel slab, showed a comparable reflectance to the the 11.7 nm/pixel slab
for wavelength below 500 nm, but the reflectance dropped off steeply for all higher
wavelengths and by 600 nm the 8 nm/pixel slab had the worse reflectance of all the
slabs.

These results showed a clear trend of increasing reflectance at low wavelengths
with decreasing feature size at the cost of decreased reflectance at higher wavelengths.
This resulted in the slope of each reflectance spectrum becoming steeper and more
weighted towards blue light with decreasing feature size. With its flat spectrum, the
25 nm/slab would be the most white in colour while the the 8 nm/pixel slab would
be the most blue. Yet, if the target parameter is the highest reflectance across all
wavelengths, then it is useful to examine how the average reflectance for each slab
varies with characteristic feature size as shown in Figure 5.3.26. The size referred
to in x axis of Figure 5.3.26 is the location of the first minimum in the Gr(s) results
for each slab and the confidence levels for each average are the standard deviation
in the reflectance across the spectrum. The averages show that for the wavelengths
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Figure 5.3.26: Average reflectance for 30/70 spinodal slabs of varying nm/pixel
ratios. The size value on the x axis refers to the location of the first minimum in
the Gr(s) for each matrix as shown in Figure 5.3.22. The confidence levels are the
standard deviation in the reflectance across the spectrum.

probed, there is a significant gain in average reflectance for a decrease in feature size
from 0.69 μm to 0.5 μm and only a comparatively small gain for further decreases to
.0325 μm. Decreasing the location of the first minimum in the Gr(x) further actu-
ally leads to a decrease in the average reflectance. There is also an increase in the
standard deviation across with spectrum with decreasing feature size, which is the
result of the spectrum tipping towards blue as opposed to the mostly flat spectrum
observed for the 25 nm/pixel slab. Therefore, while decreasing the location of the
Gr(s) first minimum does increase the total average reflectance up to a point, it also
results in a more blue spectrum. This explains why the Cyphochilus slabs showed a
higher reflectance than the L. stigma slabs in the x direction, because the decreased
feature size for the Cyphochilus the x direction gave it an advantage in reflectance
for lower wavelengths.

While adjusting the dominant length scale of the spinodal slabs provided some
interesting insight into how structure affects reflectance, how the results compare
to the actual beetle structures still needs to be addressed. Figure 5.3.27a shows the
slab reflectance for the Cyphochilus internal structure as compared to the the 30/70
spinodal slab with a 11.7 nm/pixel ratio which was specifically tuned to the Gy(x)
results for the Cyphochilus scale. Figure 5.3.27b shows the slab reflectance for the
L. stigma internal structure with the 30/70 spinodal slab with a 17 nm/pixel ratio
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(a) The slab reflectance of the Cyphochilus structure for an x source versus
that of the 30/70 spinodal slab whose length scale was tuned based on the
correlations in the x direction of the Cyphochilus structure.

(b) The slab reflectance of the L. stigma structure for an x source versus that
of the 30/70 spinodal slab whose length scale was tuned based on the radial
averaged correlations of the L. stigma structure.

Figure 5.3.27: Slab reflectance from FDTD simulations of beetle scale and simulated
spinodal structures.
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which was tuned to the L. stigma Gr(s). Beginning with the L. stigma results, it
is clear that the 30/70 spinodal structure is an excellent simulated match to the L.
stigma scale structure as the reflectance results for the 30/70 spinodal slab closely
mirror those for the actual tomography structure. While the shape of the two
reflectance spectra are nearly identical, the spinodal structure does show a higher
reflectance at all points. As the feature sizes have been kept consistent and both
structures are isotropic, a possible explanation for the increased reflectance for the
spinodal matrix is that is has a 4% lower chitin filling fraction.

The Cyphochilus results do not show as good of an agreement between the 30/70
spinodal and the tomography reflectance. The major difference between the two is
the shape of the spectrum. The 30/70 spinodal shows a mostly linear relationship
between increasing reflectance and decreasing wavelength. While the same trend ex-
ists in the Cyphochilus reflectance, the spectrum show a curvature between 400 nm
and 700 nm with a nearly constant reflectance past 700 nm. A possible reason for
the difference is that spinodal structure was only tuned to the correlation results
for the Cyphochilus in the x direction and the Cyphochilus is known to be aniso-
tropic while the spinodal structure is isotropic. It has been often speculated in the
literature that the anisotropy of the Cyphochilus scales is the result of them be-
ing optimised for reflectance in the x direction, However, the FDTD results show
that for a slab of the same size and thickness, the isotropic spinodal structure has
a higher reflectance across all wavelengths than the Cyphochilus structure, except
from 750 nm to 800 nm where the two are approximately equal. This suggests that
the anisotropy of Cyphochilus scales does not actually provide an advantage over an
isotropic structure.

The final parameter space to be investigated is points along the dashed line in
Figure 5.3.21. To do this, it was important to keep the length scales constant across
all of the different spinodal matrices with varying filling fractions. To that end,
the Gr(s) analysis was again employed, except this time all of the nm/pixel ratios
were chosen such that the first minimum for all of the spinodal matrices were in
the same position as the L. stigma Gr(s) at 0.5 μm. The resulting Gr(s) results
for the spinodal matrices with filling fractions 5-50% are shown in Figure 5.3.28
along with the Gr(s) for the L. stigma scale. The projection of the autocorrelation
function is material independent, meaning that it cannot tell the difference between
voids and particles; it only picks out the most common length scales. Therefore,
the projections for the inverted matrices are the same as their originals, meaning
that the Gr(s) for the 20/80 matrix is the same as the inverted 80/20 matrix and
the same nm/pixel ratio can be used for both. With all of the matrices adjusted
and their nm/pixel ratios known, all 19 spinodal cubes were tiled out to make slabs
with a real space size of 5 x 20 x 25 μm and FDTD simulations for an x source were
run for each one.

The reflectance results for the 5-25% filling fraction matrices are plotted in
Figure 5.3.29a. For these five matrices, the 5/95 spinodal had the lowest reflectance

192



Figure 5.3.28: The radial projection of the autocorrelation function for each spinodal
simulation with volume fractions 5 - 50% tuned to the location of the first minimum
in the Gr(s) for the internal structure of the L. stigma scale.

and the reflectance increased with each 5% increase in filling fraction. All of the
reflectance spectra for these 5 matrices had similar slopes and had higher reflectance
at lower wavelengths. The results for the 30-90% filling fraction matrices are shown
in Figure 5.3.29b in increments of 10%. These results showed that of these seven
matrices the highest reflectance was at 30% material and the reflectance slowly
decreased with filling fraction. The spectrum also changed shape between 30% and
90% filling fraction. The 30/70 reflectance was sloped with a higher reflectance at
lower wavelengths similar to the results for the 5-25% matrices and as filling fraction
increased, the reflectance spectrum moved towards a constant value across all the
wavelengths with 90/10 showing a nearly flat spectrum.

Again, the parameter of interest is the average reflectance across the spectrum,
which is plotted as a function of filling fraction in Figure 5.3.30. The results
showed that while the projection of the autocorrelation function showed no differ-
ence between a 25/75 and a 75/25 matrix, there is a clear difference in the simulated
reflectance because of the differences in effective refractive index. Additionally, the
plot showed that a maximum reflectance is achieved at a filling fraction of 25%
chitin. This was surprising, as theoretically the 50/50 matrix would maximize the
number of air chitin interfaces, but it is clear that a more voided structure leads
to higher overall reflectance. The confidence levels at each point are the standard
deviation across the spectrum. The spinodal structures with a filling fraction lower
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(a)

(b)

Figure 5.3.29: The FDTD simulated reflectance for spinodal slabs with (a) filling
fractions 5 - 25% in steps of 5% and (b) filling fractions 30 - 90% in steps of 10%.
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Figure 5.3.30: The average reflectance for wavelengths 400 - 800 nm for slabs gener-
ated from spinodal simulations for varying filling fractions. The results are plotted
versus filling fraction and compared with the results from the tomography beetle
structures.

than 30% have a large standard deviation because the spectra are tipped towards
blue, while the larger filling fractions have lower standard deviations because the
spectra are more consistent across all wavelengths.

Also plotted in Figure 5.3.30 are the average reflectance for the beetle FDTD
slab results. Both of the beetle results fit cleanly into the reflectance versus filling
fraction curve predicted by the spinodal results. Even though the length scale of
the spinodal is larger than then that of the Cyphochilus structure in the x direction
the average reflectance of the 30% filling fraction is still higher. This suggests that
the filling fraction is a more important indicator of the reflecting power of a given
spinodal like structure than length scale. Additionally, there is a steep increase in
average reflectance between 35% and 30% chitin, which suggests that the main
reason the Cyphochilus showed a higher reflectance than the L. stigma for slabs of
the same thickness was because the Cyphochilus had a filling fraction of 31± 2% and
L. stigma was 34± 1%. This leads to the conclusion that the anisotropic nature of
the Cyphochilus is not crucial to making a high reflectance material as the isotropic
30% spinodal slab had a higher average reflectance. Based on these results the best
structure optimized for reflection would be a two phase spinodal like material with
a filling fraction of 25% .
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5.4 Summary
The focus of this chapter was the optical modelling of the internal scale structure

from the Cyphochilus and L. stigma beetles as compared to simulated spinodal
structures using FDTD. The simulated reflectance for the cubes of the Cyphochilus
structure showed a clear enhancement in the x direction reflectance for an x source
compared to the L. stigma. However, the two structures showed near identical y
direction reflectance and the L. stigma has a slightly better z direction reflectance.
This suggests that while the anisotropic nature of the Cyphochilus increases the x
reflectance, it it less effective at reflecting light than the isotropic L. stigma structure
in the other two directions. The physical geometry of scales in nature is more similar
to a slab with an x source as opposed to cubes. Therefore, FDTD simulations
for 5 x 20 x 25 μm slabs of the beetle structures with an x source were also run.
These showed that in a slab geometry the Cyphochilus structure still had a higher
reflectance than the L. stigma, but again this was only for wavelengths less than
600 nm.

To test the hypothesis that structures formed by spinodal decomposition could
be used as a model structure for the beetles, spinodal decomposition simulations
were used to produce a range of structures with bulk volume fractions between 5 -
95% material. The 30% filling fraction late stage spinodal matrix was chosen as the
closest equivalent to the Cyphochilus and L. stigma based on filling fraction. Using
radial projections of the autocorrelation function for the spinodal matrix, the length
scale of the 30% spinodal was tuned to different values; one for each of the beetle
structures, one bigger than the L. stigma and one smaller than the Cyphochilus.
The FDTD simulations for slabs of the 30% spinodal with varied nm/pixel ratios
showed that the largest length scale had a nearly flat reflectance spectrum and
decreasing the length scale lead to a large gain in reflectance at lower wavelengths.
However, decreasing the length scale also lead to decreases in the reflectance at
higher wavelengths, meaning that the reflectance spectrum tipped more towards
blue with decreasing length scale. This explained why the anisotropic Cyphochilus
structure had a higher reflectance for lower wavelengths than the L. stigma as the x
direction correlations for the Cyphochilus structure were much smaller than those in
the L. stigma. The similarity between the shape of the simulated reflectance from
the L. stigma slab and the 30/70 spinodal slab with the same length scale suggests
that the beetle structure could arise from spinodal decomposition.

FDTD simulations were also run for all of the spinodal structures with filling frac-
tions between 5 - 95% in increments of 5% to generate a plot of average reflectance
versus filling fraction. These results showed a clear maximum average reflectance at
25% material. When compared to the average reflectance for both beetles, the 25%
and 30% spinodal structures both had a higher average reflectance than the beetles.
This is particularity interesting as the the spinodal matrices for these values had all
been tuned to the larger L. stigma length scale and are completely isotropic. This
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suggests that the anisotropic structure of the Cyphochilus beetle scales is not neces-
sary to make to high reflectance materials and filling fraction is the key indicator for
reflectance. Based on the results in this chapter, spinodal decomposition is a viable
mechanism through which to make a self assembled structural white and a better
reflectance than the Cyphochilus beetle for the same thickness could be achieved by
a spinodal structure with a filling fraction of about 25%.
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Chapter 6

Optimization and characterization
of structurally white cellulose
acetate films

6.1 Introduction
All of the preceding work on the white beetle scales was undertaken with the

end goal of generating a synthetic mimic of the structure. Through the extensive
structural characterisation and modelling of the internal structure of the white scales
from the Cyphochilus and L. stigma beetles, it was determined that a similar highly
reflective material could be made via the spinodal decomposition mechanism result-
ing in a porous network with a filling fraction of ∼ 25% and a characteristic length
scale in the range of 0.325 - 0.5 μm. With these aims in mind, a suitable synthetic
system was sought which seemed capable of delivering these results.

The chosen system was a cellulose acetate, salt and mixed solvent solution which
produced porous films. This choice was based on a 1975 patent for porous cellulose
acetate membranes which will be covered in detail in the next section. The porosity
of the films was tunable via the salt concentration and the results will show that for
salt concentrations between 10 - 60% of the mass of the cellulose acetate in solution,
the resulting thin films were completely white against a dark background. The
other solution compositions resulted in clear films. The best white based on salt
concentration was determined using micro-reflectance which found that the CA_5
solution with a 50% salt concentration produced the films with the highest average
reflectance. SEM image of the films showed that the white films were highly voided
networks while the clear films were solid. Additionally, the CA_5 films appeared to
be less dense than the other white films which had a lower average reflectance.

The best white films, made with a 50% salt concentration, were characterised
in depth using SESANS. This experiment was carefully constructed based on the
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previous experiment done on the Cyphochilus wings to ensure that the measurement
saturated in all orientations. The SESANS results showed that the films were iso-
tropic based on the three measured orientations. Additionally, the filling fraction
was found to be ∼ 21.5± 4% and the characteristic length scale was in the range of
0.4 - 0.5 μm. In combination, all of these results showed that the CA_5 films were
within error of the target parameters based on the design rules from the beetles
determined in Chapter 5.

6.1.1 Porous cellulose acetate membranes
For this project, there were several criteria that were used to determine a suitable

candidate for a synthetic system to mimic the beetle structures via phase separation.
The polymer of choice needed to be commercially available to remove the need for
specialized synthesis and be easily soluble in standard, low-risk solvents. The system
needed to produce porous films through phase separation and be easily tunable so
that the filling fraction could be adjusted to maximize reflectance. Based on these
criteria and an in-depth literature search, a promising system was found based on
a United States patent which is summarized below.

The patent, entitled Porous cellulose acetate membranes and a process for the
manufacture of the same, was published by Kenji Kamide et al. in May 1975. The
patent detailed a process through which a porous membrane of cellulose acetate
could be made by dissolving cellulose acetate in an organic solvent mixture with
a metal salt which induced phase separation when the solution was drawn into a
film and allowed to dry. The remaining solvent and salt are then removed from
the final film by washing it in water to give the final porous membrane. The patent

Figure 6.1.1: Figure 15 from [98] showing a SEM of a porous film of cellulose acetate.
The magnifying factor was 4,000.
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(a) (b)

Figure 6.1.2: (a) A plot showing how the weight percentage of salt in solution effects
membrane porosity. (b) A plot showing how the weight percentage of salt in solution
affects the pore size of the cellulose membranes. Both figures are from [98] and are
based on a solution containing cellulose acetate, acetone, methanol, cyclohexane and
varying amounts of CaCl2·2H2O.

indicated that the final membranes had applications in filtration. Cellulose acetate is
common commercial polymer and readily dissolves in many solvents such as acetone.
Figure 6.1.1 shows a SEM image from the original patent of a film made this process.
This image was from a film made using Example 1 in the patent and no scale bar
was given, but the magnifying factor was said to be 4,000. The patent reports a
porosity of about 76-78% percent for these films and a pore diameter of about 1 μm.
Based on these parameters and the SEM image, it is plausible that films made by
this process could be spinodal like and could have sufficient porosity to generate a
highly reflective material.

The most important aspect of this patent was its claim that the porosity and pore
size of these membranes were tunable simply by adjusting the salt concentration in
the solution. Figure 6.1.2 shows two plots from the patent detailing how the weight
percent of the salt to cellulose acetate in solution affects porosity and pore size of
the final films. Based on these graphs, changing a single parameter in the solution
formation, the salt concentration, can adjust length scale and porosity in the films.
This means that a large parameter space could be screened to find the best match
for the beetle structure. Therefore, the procedure described in this patent fit all of
the needs of the project and was used as the starting point for the work on synthetic
whites undertaken in this chapter.

6.1.2 Cellulose acetate samples from Clarifoil®

Cellulose is a commonly occurring organic polymer and is the principle structural
material of most plants. Unfortunately, cellulose in its pure form does not readily
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(a) Cellulose (b) Mono-substituted

(c) Di-substituted (d) Tri-substituted

(e) Acetyl group

Figure 6.1.3: A series of images showing the possible acetate substitution for a
cellulose monomer from pure in (a) to tri-substituted in (d). The Ac in the images
represents an acetyl group which is shown in (e). Redrawn from [99].

dissolve in common solvents. Cellulose acetate is a cellulose derivate which has
varying degrees of acetate substitution along the polymer backbone, which improves
its solubility. Cellulose acetate is generally characterised by the average degree of
substitutions of acetate groups on the anhydroglucopyranose ring between 0 and 3
where 0 is an un-substituted cellulose monomer and 3 is a tri-substituted cellulose
monomer [99]. Figure 6.1.3a shows the chemical structure of a cellulose monomer
and Figures 6.1.3b-d show the various possible substitutions where Ac represents an
acetyl group which is shown in Figure 6.1.3e.

Samples of cellulose acetate films from Clarifoil® were obtained through Dr. Stu-
art Fraser who had previously worked for the Clarifoil® parent company Celanese.
The cellulose acetate samples were quoted as having a 2.6 - 2.8 average degree of
substitution. The samples in their original state were completely transparent.
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6.1.2.1 Refractive index

In order for cellulose acetate to be a viable polymer for use in a biomimetic of
the beetle scales, it needed to have a similar refractive index to chitin. Therefore,
the refractive index of the cellulose acetate was measured using ellipsometry. The
cellulose acetate was dissolved in acetonitrile to make a 2 % by weight solution.
A thin-film was then spin coated from the solution onto a polished single crystal
silicon wafer cleaned using a Radio Corporation of America (RCA) clean. The film
was then measured using a J.A. Woollam M-2000V ellipsometer with a 50W quartz
tungsten halogen lamp. The data was fit using a silicon background with a 1.55 nm
silicon oxide layer and a film modelled as a Cauchy film [100].

Based on the fit from this model, the refractive index versus wavelength could be
derived as shown in Figure 6.1.4. The value for the extinction coefficient, k, is zero
at all wavelengths because this is a condition of the model. This assumption was
taken to be valid for the film as the model provided a good fit to the data. At the
standard reporting wavelength of 589 nm, the refractive index of the cellulose acetate
was found to be 1.463. This is slightly lower than the reported chitin refractive index
of 1.54 [101], however it is sufficiently close for the purposes of creating a biomimetic
structural white.

Figure 6.1.4: A plot showing the variation of the optical parameters refractive index,
n, and extinction coefficient, k, versus wavelength for a thin film of cellulose acetate
on a silicon wafer modelled as a Cauchy film.
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6.2 Experimental Methods

6.2.1 Solution Preparation
The procedures presented in this section were adapted from Example 1 from the

1975 patent by Kamide et al. [98]. The following methods represent a description
of the laboratory practices used by the author, but are not meant to imply that the
author developed the original recipe.

To prepare a single solution, cellulose acetate films (Clarifoil®) were cut and
weighed into a vial. Acetone (Sigma Aldrich UK) was then added to the vial to
achieve a target concentration of 0.1 g /mL. Next, a magnetic stir bar was added
and the vial was left to stir overnight, at room temperature, to ensure the cellu-
lose acetate was completely dissolved. In a separate vial, calcium chloride (Sigma
Aldrich UK) was dissolved in methanol (Sigma Aldrich UK). The mass of calcium
chloride (CaCl2) was varied according the desired ratio by mass to cellulose acetate
and the volume of methanol was set such that ratio between the acetone and meth-
anol was 5 / 3 by volume. Finally, the CaCl2 /methanol solution was added to the
cellulose acetate / acetone solution and left to stir at room temperature until visibly
homogeneous.

As stipulated by Kamide et al. the porosity of the cellulose acetate films could
be tuned by adjusting the ratio of salt (CaCl2) to cellulose acetate in solution.
Therefore, eleven solutions were prepared between 0% - 100% CaCl2 by weight in
increments in 10%. This meant that a solution with a 50% salt concentration would
have half as much CaCl2 as cellulose acetate by weight and a 100% salt solution
would have equal amounts of CaCl2 and cellulose acetate by weight.

For a total solution of 27mL, with an acetone to methanol ratio of 5:3 by volume,
each solution required 16.8750mL of acetone and 10.1250 mL of methanol. At a
room temperature of approximately 25 ◦C, the density of acetone and methanol are
.791 g /mL and .792 g /mL respectively. Therefore, the required mass per solution
was 13.3481 g of acetone and 8.0190 g methanol. To achieve .1 g /mL of cellulose
acetate in acetone 1.6875 g of cellulose acetate was needed for each vial. Table 6.1
shows the subsequent mass of CaCl2 required for each solution. Each solution was
given a name according to its percent salt as a number between zero and ten, with
cellulose acetate abbreviated as CA.

The components for each solution were weighed on a 5 figure balance (Sartorius)
and placed into clear glass vials. Table 6.2 gives the actual recorded mass for each
component for all eleven solutions.
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Solution Name %CaCl2 Mass required
CA_0 0 0.0 g
CA_1 10 0.1688 g
CA_2 20 0.3375 g
CA_3 30 0.5062 g
CA_4 40 0.6750 g
CA_5 50 0.8438 g
CA_6 60 1.0125 g
CA_7 70 1.1812 g
CA_8 80 1.3500 g
CA_9 90 1.5188 g
CA_10 100 1.6875 g

Table 6.1: Mass of CaCl2 required for each of the eleven solutions based on each
solution having 1.6875 g of cellulose acetate.

Solution Acetone (g) Cellulose Acetate (g) Methanol (g) CaCl2 (g)
CA_0 13.3480 1.6872 8.0172 0.0000
CA_1 13.3484 1.6874 8.0188 0.1696
CA_2 13.3485 1.6886 8.0190 0.3391
CA_3 13.3487 1.6866 8.0190 0.5077
CA_4 13.3488 1.6876 8.0196 0.6757
CA_5 13.3492 1.6870 8.0197 0.8466
CA_6 13.3480 1.6865 8.0183 1.0131
CA_7 13.3489 1.6875 8.0198 1.1857
CA_8 13.3487 1.6880 8.0196 1.3538
CA_9 13.3478 1.6876 8.0199 1.5195
CA_10 13.3480 1.6874 8.0195 1.6890

Table 6.2: Recorded mass of each solution of the components for the eleven cellulose
acetate solutions with varying CaCl2 concentrations.

6.2.2 Film Draw Down
Once the solutions were prepared, they needed to be drawn into films of consist-

ent thicknesses. In order to accomplish this, an automated system was developed
that was capable of achieving repeatable drawdowns. The system consisted of three
main components: drawdown cubes, a drawdown guide to hold the cubes and sub-
strate, and a linear actuator to move the cubes across the substrate at a constant
speed.

The drawdown cubes were machined to be 25mm on all sides with a cylinder
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(a) (b)

Figure 6.2.1: (a) Bottom view of a drawdown with cube dimensions given in mil-
limetres. (b) Side view of a drawdown cube. The original designs were drawn in
SolidWorks by Mr. Ryan Seabright from the University of Sheffield Department of
Mechanical Engineering.

cut-out through the centre to allow for solution injection. A 16mm wide gap was
machined on one edge of the cube. Schematics of the cubes are shown in Figure 6.2.1.
The depth of the gap was responsible for setting the wet drawdown thickness. To
make a film using these cubes, the face of the cube containing the gap is placed flat
against the chosen substrate, solution is injected into the centre of the cube and
then the cube is drawn across the substrate such that solution exits the back of the
cube through the machined gap. All of the experiments detailed in this chapter
were done using a cube with a 200 μm or 400 μm drawdown gap.

To use a drawdown cube in an automated system, a set of rails was required to
both hold the substrate and guide the cube. Figure 6.2.2a shows a schematic of the
rails that were designed by the author in collaboration with Mr. Jonathan Mercer
from the University of Sheffield physics workshop. The rails were designed to hold
glass slides that were 25mm by 75mm with a thickness of 0.96 - 1.06mm. A grub
screw was inserted in order to hold the glass slide in place during the drawdown.
The full design showing the setup with a glass slide inserted and a drawdown cube
in place is shown in Figure 6.2.2b.

To draw a cube across the glass slides a linear actuator was used which had a
moving platform that contained several holes for screws. The linear actuator was
mounted on its side and a long screw was inserted into the platform at the correct
height as to move the cube when the linear actuator was activated. Figure 6.2.3
shows a series of images of the actual drawdown set up being used. To make each
film, ~ 0.5mL of solution was pipetted into the central cavity of the drawdown cube
and the linear actuator was switched on. Once the cube was passed the edge of the
glass slide, the linear actuator was stopped, the drawdown cube removed and then
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(a)

(b)

Figure 6.2.2: (a) Design for the rail system for the automated drawdown of cellulose
acetate films (b) Schematic of the rail system including the placement of a glass
slide (25mm by 75mm) and a 25mm drawdown cube
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the glass slide was removed so the film could dry completely at room temperature.
For a given thickness, three films were made for each of the eleven solutions described
in Section 6.2.1.

The setup was monitored by a hand-held temperature and humidity detector
which was placed approximately 10 cm from the linear actuator. The average tem-
perature and relative humidity of the room were 23.5± 1.7 ◦C and 29.4± 1.9% while
the films were being made. Once the films were completely dry, they were washed
in deionized water to remove the CaCl2 and any remaining solvent. The films were
then left to dry again at room temperature to produce the final films for analysis.

(a) (b) (c)

Figure 6.2.3: (a-c) A series of images in time showing a drawdown cube being moved
across the surface of a glass slide by a linear actuator

6.2.3 Micro-reflectance
Small sections of each film made using a 200 μm drawdown cube were cut using

a scalpel blade and carefully removed from their original glass substrate. The film
sections were then moved to a new glass substrate in groups such that a single glass
slide contained pieces of each of the three films made from the same concentration
of solution. The purpose of removing small sections of the films prior to doing the
micro-reflectance measurements was to ensure that any further analysis and imaging
could be done on the same section for which the reflectance was recorded.

The reflectance of each film was then measured using a Zeiss AX10 microscope
which had been setup for micro-reflectance by Dr. Cvetelin Vasilev from the Uni-
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versity of Sheffield Department of Molecular Biology and Biotechnology. The light
source was a 100W Halogen bulb and it was focused on the sample using a 50 x
Zeiss air objective. The reflectance was measured using a Thorlabs CCS 200/M
spectrometer and the Thorlabs OSA software. The reflectance standard used was a
Polytetrafluoroethylene (PTFE) diffuse reflectance standard from Ocean Optics.

6.2.4 SEM
Once the micro-reflectance data was collected, the same sections of film were

mounted for SEM imaging. The small sections of the cellulose acetate films were
mounted on SEM stubs using conductive adhesive pads (AGAR, UK). The samples
were then coated with ~10nm (AGAR) of gold by sputtering to render them elec-
trically conductive. Once prepared, the samples were imaged using a JEOL JSM-
6010LA analytical scanning electron microscope together with InTouchScope soft-
ware.

6.2.5 Neutron scattering length density (SLD)
The neutron SLD for the Clarifoil® cellulose acetate films were measured us-

ing neutron reflectometry on the Offspec beamline at the ISIS Neutron and Muon
Source. Data was taken at 0.5, 1.5 and 2.5 degrees to capture a q range of about
.0086 to .21 Å-1 . The data was fit using a standard slab model. The cellulose
acetate film used was the same film on which the refractive index was measured and
was cast from a 2% weight solution in acetonitrile.

6.2.6 SESANS
In order to get sufficient depolarization of the neutron beam for SESANS, a new

set of films had to be made. These films were made using the same formula for
the CA_5 solution detailed in Section 6.2.1. The target and measured quantities
for the solution are given in Table 6.3. Once the solution was prepared, the same
automated drawdown system described in Section 6.2.2 was used to make 20 films
using the 400 μm drawdown cube. These films were then cut apart into squares about
2.5 x 2.5 cm which were stacked together in packets containing 10 film sections each
and wrapped in aluminium foil.

The SESANS data was taken on the Larmor beamline at the ISIS Neutron and
Muon Source. A total of three packets of films were required to get sufficient de-
polarization of the beam, so a total stack of 30 film sections were measured. The
films were measured in three different orientations with the films mounted vertically,
horizontally and at a ∼36◦ angle. How these orientations relate to the correlation
directions will be covered in greater detail when the data is presented. The films
were measured with neutrons with a wavelength range of 2 - 10Å, a radio frequency
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of 1MHz and a beam size of about 5 x 5mm. The data was collected with a count
time of 30 minutes for magnetic field angles of 20, 50 and 75 degrees giving a spin
echo range out to 7 μm.

Component Target Recorded
Acetone (g) 13.3481 13.3481

Cellulose Acetate (g) 1.6875 1.6875
Methanol (g) 8.0190 8.020
CaCl2 (g) 0.8438 0.8436

Table 6.3: The target mass of each of the solution components for the CA_5 solution
with 50% salt by weight. This solution was used to make the films for SESANS.

6.3 Results and Discussion
Figure 6.3.1 is a photograph of the films drawn down using the 200 μm drawdown

cube for each of the eleven solutions from Table 6.2. The film with no CaCl2 is CA_0
and it is a clear film with some cloudiness do to surface cracking. The CA_1 to the
CA_6 films were all bright white against the dark blue background and represent
films with a salt mass 10%-60% of the mass of cellulose acetate in the original
solution. This suggests these films have some degree of porosity which is responsible
for the white colour. Past 70% salt in the solution the films go back to being clear.
Based on the Kamide et al. patent, varying the salt concentration should be varying
the porosity and pore sizes in the film as was shown in Figure 6.1.2. However,
these graphs can not be used to quantitatively determine the porosity of these films
because those results were for a solution which contained acetone, methanol and
cyclohexane as opposed to the 5:3 solution of acetone and methanol which was used
for the films in Figure 6.3.1.

Figure 6.3.1: An image of films made using a 200 μm drawdown cube from solutions
with a varying cellulose acetate to CaCl2 mass ratio from 0:1 to 1:1.
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6.3.1 Micro-reflectance
The aim of creating a structural white based on the design rules from the beetles

was to maximise the average reflectance across the visible wavelengths. Therefore,
the simplest way to determine which of the films shown in Figure 6.3.1 was the best
white was to directly measure the reflectance of each film. There were three films
drawn down for each solution and a small section was cut from each to perform
micro-reflectance.

Before taking the reflectance of the films, a white standard was measured as
shown in Figure 6.3.2. The reflectance for the standard showed that the usable
wavelengths for this instrument were from 470 -650 nm. The measured reflectance
from the standard was used to compute the normalized reflectance spectrum for
each film using Equation 6.3.1.

Normalized reflectance = Sample reflectance

Standard reflectance
(6.3.1)

The reflectance for each of the solutions that produced a white film, CA_1 -
CA_6, are shown in Figure 6.3.3. These spectra represent the average across each
of the three films measured for each solution. As all of the spectra lie in a narrow
range, the standard deviations at each point between films of the same solution
have been left off for clarity in order to allow the overall trend in the averages to be

Figure 6.3.2: Reflectance spectrum for the Ocean Optics PTFE diffuse reflectance
standard.
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observed. Between CA_1 and CA_4 there is a significant increase in the reflectance
of the films with increasing salt concentration. There is only a minor difference in
the reflectance between CA_4 and CA_5, however the average CA_5 reflectance is
higher than the CA_4 reflectance at wavelengths over 580 nm. The final white film,
CA_6 had the highest salt concentration of any of the white films and there was
a steep drop in reflectance between CA_5 and CA_6, which showed a reflectance
closer to the CA_1 and CA_2 films. All of the reflectance patterns are mostly flat
across the wavelengths shown, however there is a slight peak around 530 nm, though
the prominence of this peak decreased with increasing salt concentration.

To be consistent with the analysis done in Chapter 5, the average across the
normalized spectrum from 470 -650 nm was calculated for each of the eleven films
and the results are shown versus percent salt concentration compared to the mass of
cellulose acetate in the original solution in Figure 6.3.4. The range bars in this figure
are the standard deviation across the spectrum and in each case the deviations were
small indicating that all the films had a mostly flat spectrum. The reflectance for
each film was taken for films on a glass slide. This is why the clear films, CA_0,
CA_7, CA_8, CA_9, and CA_10 have a higher than expected reflectance for a thin
clear film because the glass slide is contributing to the reflectance. For the white
films, CA_1 to CA_6, the maximum average reflectance was achieved at CA_5
with an average reflectance of nearly 90% of the standard’s reflecting power with a
thickness of just 10± 1 μm as measured using a Dektak profilometer. Therefore, the
CA_5 films were the best candidates for further structural characterization.

Figure 6.3.3: Normalized reflectance spectrum for the white films made from solu-
tions CA_1 -CA_6.
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Figure 6.3.4: The average reflectance from 470 -650 nm versus the percent salt by
mass in the solution from which the film was cast. The intervals shown measure the
range of the reflectance across the spectrum for each film type.

6.3.2 SEM
To start to understand the morphology of the internal structure of the films, a

selection of SEM images were taken. Figure 6.3.5 shows images of one of the CA_5
films on which the reflectance was measured in the previous section. Figure 6.3.5a
shows the top surface of the film which shows a macroscopic drying pattern which
looks like connected cells. Figure 6.3.5b shows a magnified image of the centre of
one of the cells showing the slightly dimpled surface of the films as well as some
holes in the film surface, but no evidence of porosity is observed. Figure 6.3.5c
shows an edge of the film which demonstrated that the film is highly porous and
that the top of the film had formed a skin. Figure 6.3.5d shows a magnified image
of the internal structure of the film. It is observed to be a highly voided network
of cellulose acetate fibres which is spinodal-like in appearance. The high level of
porosity of the film is responsible for its white colour and high reflectance results.

The next film examined using SEM, was the CA_6 film which was chosen be-
cause, while white in appearance, it showed a significantly worse average reflectance
compared to the CA_5 films. Figure 6.3.6a and Figure 6.3.6b are of the top surface
of the film showed a macroscopic drying pattern and a top surface with some holes,
but no clear porosity. This was the same as the CA_5 results, indicating that this
film also formed a skin. The images of the edge of the CA_6 film, Figure 6.3.6c and
Figure 6.3.6d, showed that the film had some porosity, however, if compared to the
CA_5 images it is clear that the CA_6 film is denser than the CA_5 film. Based
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(a) (b)

(c) (d)

Figure 6.3.5: SEM images of the films made from the CA_5 solution. (a-b) Images
of the surface of the film. (c-d) Images of the edge of the film.

on the results from Chapter 5, which showed that filling fraction is a large indicator
of reflectance for spinodal-like films, this increase in film density is the most likely
reason that the CA_6 films had a much lower reflectance than the CA_5 films.

Finally, a clear film, CA_7, was examined as shown in Figure 6.3.7. The same
drying pattern as the CA_5 and CA_6 films can be seen in Figure 6.3.7a. However,
the surface of the CA_7 film in Figure 6.3.7b was quite different compared to the
two white films with a highly dimpled surface texture that is reminiscent of craters
on the surface of the moon. Images of the edges of the CA_7 film in Figure 6.3.7c
and Figure 6.3.7d showed no evidence of porosity and appeared to be a completely
solid film. This was expected as the CA_7 film was clear and had one of the lowest
average reflectance. Therefore, all of the SEM images were consistent with the with
the colour and reflectance results previously presented.
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(a) (b)

(c) (d)

Figure 6.3.6: SEM images of the films made from the CA_6 solution. (a-b) Images
of the surface of the film. (c-d) Images of the edge of the film.
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(a) (b)

(c) (d)

Figure 6.3.7: SEM images of the films made from the CA_7 solution. (a-b) Images
of the surface of the film. (c-d) Images of the edge of the film.
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6.3.3 SESANS
Once the solution that produced the film with the greatest average reflectance

was determined to be CA_5, to fully characterise this synthetic film it was necessary
to determine the characteristic length scale of the system, the filling fraction and if
it isotropic. Ideally, this would have been done by obtaining a high resolution tomo-
graphy scan as was done with the beetle scales. However, after various discussions
with tomography experts, it was advised that it was unlikely a thin film would be
able to stay in place and not waver on the tip of the needle during a tomography
scan. Since the aim of the tomography data would have been to obtain the projec-
tion of the autocorrelation function in several orientations, the next best solution
was to directly measure this by returning to the SESANS technique explored for the
white beetles in Chapter 3.

As previously shown in Section 3.2 for the SESANS of the Cyphochilus wings, the
orientation of the sample in the beam determines along which axis correlations are
measured. To determine if the films are isotropic, the films needed to be measured
in multiple orientations. Figure 6.3.8a shows the defined coordinate system for the
thin films. The x axis runs through the thickness of the film, the y axis the width of

(a) (b)

Figure 6.3.8: (a) An image of a CA_5 films drawn down on a glass slide showing
the direction of drawdown as well as the defined coordinate system for the film. (b)
An image of the third mounting orientation taken from above showing the measured
correlation direction as the dashed line.
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the films and the z axis along the length of the films parallel to the film drawdown
direction. The first orientation measured was the one shown in Figure 6.3.8a, with
the yz plane facing the neutron beam. The Larmor SESANS instrument encodes
correlations horizontally, therefore in this orientation the correlations were measured
in the y direction perpendicular to the draw direction with projection in the x
direction which could be used to calculate Gx(y). Next, the films were rotated 90
degrees such that the yx plane was still facing the beam, however the y direction
was now the vertical direction and correlations were measured horizontally, parallel
to the draw direction, in the z direction giving Gx(z).

Obtaining the correlations in the third orientation, purely along the x axis was
not possible because of the length scale convolution problem encountered for the
Cyphochilus scales. If the films were orientated such that the xz plane or the xy
plane were facing the neutron beam so that Gy(x) or Gz(x) could be measured,
the correlations in x would be sensitive to the thickness of the films. The thickness
of the films was larger than the maximum spin echo length of 7 μm for the instru-
ment, meaning that that SESANS measurement in this direction would not reach
a saturation value. Therefore, while not possible to measure the pure x direction
correlations, it was possible to measure a convolution of the correlations in the x
and y direction by mounting the films in front of the aperture at an angle.

An image of this set-up, taken from a bird’s eye view, is shown in Figure 6.3.8b.
The films were orientated with the zy plane facing the beam with the z direction
being vertical. The films were then rotated in the x direction and mounted at a
angle of about 36 degrees as measured from Figure 6.3.8b. The dashed line in
Figure 6.3.8b shows the direction in which the correlations are measured for this
mounting orientation which are in the xy plane and therefore this projection was be
denoted as G(xy). This mounting method allows some correlations in the x direction
to be measured while avoiding the correlations from the thickness of the films and
ensuring that the measurement will reach a saturation value. The three mounting
orientations and their corresponding projection of the autocorrelation function are
briefly summarized in the Table 6.4.

Data was collected at each mounting orientation for 3 different magnetic field
angles for 30 minutes and the raw data for is shown in Figures 6.3.9 - 6.3.11. For all
three orientations, the data reaches a plateau past a spin-echo length of ∼ 2 μm. This
indicates that all of the data sets reached a saturation value which was computed
for each data set using the weighted average formula given in Equation 3.2.2 for
data points past 2 μm. This weighted average for the saturation value is plotted as
the dashed grey lines with the raw data in Figures 6.3.9 - 6.3.11.

The volume fraction of a two component material can be found from the ini-
tial slope of the SESANS results using Equation 6.3.2 which is independent of the
structural arrangement of the sample [70]. In order to use this equation, the sample
thickness, d, and the scattering length density contrast, ∆ρs, between the two phases
must be known.
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Figure 6.3.9: Raw SESANS data for 30 CA_5 films in orientation 1.

Figure 6.3.10: Raw SESANS data for 30 CA_5 films in orientation 2.

Figure 6.3.11: Raw SESANS data for 30 CA_5 films in orientation 3.
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Orientation Description Neutron beam
direction

Correlation
direction Projection

1 Draw down
direction vertical x y Gx(y)

2 Draw down
direction horizontal x z Gx(z)

3 Mounted at 36
degree angle xy xy G(xy)

Table 6.4: A summary of the three mounting orientations for the CA_5 films for
SESANS.

− 1
λ2

d ln P (z)
Po

dz
' d∆ρ2

sφ(1− φ) (6.3.2)

The films measured were free films, so to estimate the thickness of the samples,
optical images of the edges of the films were taken. The images were then thresholded
to a binary image with the film edge represented as the white pixels. The midpoint
of the top and the bottom of the film were then found and the distance between the
two points were used as the length of the film. An optical image of a film edge is
shown Figure 6.3.12a and Figure 6.3.12b shows its thresholded counterpart with the
length of the film marked with the dashed line. The area of the film was considered
to be the white area of the image and the calculated film thickness for a given image
was found using Equation 6.3.3. This analysis was performed for all 18 images and
the resulting average thickness was 22± 3 μm.

Thickness = Film Area

F ilm Length
(6.3.3)

The SLD of cellulose acetate was measured using neutron reflectometry and fit
using a standard slab model as shown in Figure 6.3.13. The model returned a SLD
for the cellulose acetate of 1.638 x 10-6 Å-2. Given the SLD of air is approximately
zero, the SLD for cellulose acetate was used as the ∆ρo in Equation 6.3.2.

As the angle at which the films were mounted in orientation 3 makes it difficult to
accurately gauge the thickness of the films through which the neutron beam passed,
the slope analysis for the film volume fraction was only performed for orientations
1 and 2. A linear fit to the initial slope of the raw data was performed for spin echo
lengths up to 0.5 μm using one over the error as the weights in the fitting algorithm.
For both data sets a point at (0,0) was added since the theoretical polarization of
the beam for a spin-echo length of zero would be the same as the empty beam and
ln (1) = 0. The initial slopes and the linear fit for orientation 1 and 2 are shown in
Figure 6.3.14.
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(a) (b)

Figure 6.3.12: (a) An optical microscopy image of the edge of a CA_5 free film
drawn down with a 400 μm drawdown cube. (b) The thresholded image from (a)
with the film shown in white and the length of the film marked with the dashed
line.

Figure 6.3.13: Neutron reflectometry data for a thin film of cellulose acetate as fit
with a slab model giving a SLD of 1.638 x 10-6 Å-2.
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(a) (b)

Figure 6.3.14: Linear fits to the initial slope of the raw SESANS data for mounting
orientations 1 and 2.

The initial slopes and Equation 6.3.2 were then used to calculate the volume
fraction of the two phases, air and cellulose acetate, in the films. The error in this
calculation is dominated by the error in the film thickness. Therefore, as the volume
fraction does not depend linearly on thickness, the volume fraction was calculated
for the upper and lower bounds for the estimated thickness of 30 films, 570 μm and
750 μm. The solution to Equation 6.3.2 is a quadratic function with roots at the
two volume fractions. The results from the slope analysis for both orientations are
summarized in Table 6.5.

Based on the SEM images in Section 6.3.2, one would expect the films to have
a higher volume fraction of air than cellulose acetate and based on the results in

t=570µm t=750µm
Orientation φ1 φ2 φ1 φ2

1 0.74 0.26 0.82 0.18
2 0.75 0.25 0.83 0.17

Table 6.5: The volume fraction for the two components in the films as calculated
for the upper and lower bounds of the thickness estimation using Equation 6.3.2.
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Table 6.5 this would make air φ1 and the filling fraction of cellulose acetate being
17 - 26% with an average at 21.5± 4 μm. Based on the spinodal simulation results
in Chapter 5, the target filling fraction for maximizing the average reflectance of
a material was around 25%, which places the films within error of the best filling
fraction.

The aim of mounting the sample in three different orientations was to determine if
the sample was isotropic by the same method used for the beetle scales, which was to
examine the projection of the autocorrelation function along the three principle axes.
As previously discussed, the pure x-direction correlations could not be measured
using SESANS as the thickness of the films would have prevented the measurement
from saturating. However, by mounting the sample at an angle, a convolution of x
and y direction correlations could be measured while still obtaining a data set which
saturated within the 7 μm range of the instrument. Using the saturation value for
1/λ2 ln P∞/Po, as marked on the raw data in Figures 6.3.9- 6.3.11, the projection of the
autocorrelation function for each orientation can be found using Equation 3.1.58.
The resulting Gx(y), Gx(z), and G(xy) are shown in Figure 6.3.15 with the inset
graph showing only the correlations up to 1 μm.

The full curve in Figure 6.3.15, again shows that the correlations in all three
directions die out at 2 μm, meaning that the largest features in the films are up to
2 μm in size. Based on the SEM images of the CA_5 film in Figure 6.3.5, this is
most likely the size of the largest pores in the films. The inset figure shows only the
corrections for short spin-echo lengths and from this plot it is clear that the Gx(y)
and the Gx(z) from mounting orientations 1 and 2 are nearly identical. The third
mounting orientation shown as G(xy) does not lie completely on top of the other
two curves, however the offset is small and there is no differences in shape of the
three curves.

All of the projections show near indistinguishable slopes from 0 and then a
bend or change in the slope of the curve can be seen around 0.4 - 0.5 μm. Based on
the previously presented projection of the autocorrelation function for a spinodal
structure, the curves should show a minimum value at a characteristic length scale
for the structure. As a SESANS experiment is dominated by the largest length
scales in the system, the large pores are obscuring the correlations at less than a
micron, and as a result the kink in all three curves around 0.4 - 0.5 μm is the most
likely candidate for the characteristic length scale of the films. Finally, the consistent
shape of the projections across multiple mounting orientations indicated that the
films are most likely isotropic.

6.4 Summary
Using the design rules determined from the analysis of the internal structure

of white beetle scales developed in the preceding chapters, this chapter aimed to
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Figure 6.3.15: The calculated Gx(y), Gx(z), and G(xy) from the three mounting
orientations for the CA_5 films.
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make a highly reflective synthetic mimic of that structure. Based on an existing
system from literature which claimed film porosity could be tuned based on salt
concentration, films of cellulose acetate were made with varying concentrations of
CaCl2 in the original solution. For salt concentrations between 10% and 60% of
the mass of cellulose acetate in the solution, the final washed and dried films were
visibly white. The solution composition that produced the most reflective films was
found to be the CA_5 solution with had a 50% salt concentration.

The SEM images of the CA_5 films showed that they contained a highly voided
network of interconnected fibres. The SEM images also showed that compared to the
CA_6, a white film with a lower average reflectance, the CA_5 film was notably less
dense. This was consistent with the previous FDTD work for spinodal slabs which
showed a decrease in filling fraction from 90% down to 25%, lead to an increase in
average reflectance. The CA_7 film showed no evidence of porosity and this was
expected as the CA_7 films were clear.

An in-depth characterization of the CA_5 films was done using SESANS. The
SESANS results showed that the films had a filling fraction of ∼ 21.5 ±4%. The
large standard deviation was due to the uncertainty in the thickness of the films, but
the filling fraction of the films is within error of the target 25% based on the FDTD
spinodal simulations. The projections of the autocorrelation function for each of the
three film orientations measured all showed a change in the slope of the curve at
around 0.4 - 0.5 μm which indicated that this was a characteristic length scale of the
film. Also, all of the projections were self similar indicating that the films are most
likely isotropic.

Based on the reflectance, SEM and SESANS results, the CA_5 film were the
most promising candidate for a highly reflectance material and were within error
of the target parameters based on the beetle scale results and FDTD simulations.
However, the mechanism through which the phase separation in the films occurs is
unknown in the literature. Therefore, in order to determine if the porous structure
in the white films does occur via spinodal decomposition, the dynamics of drying
films needed to be examined. This is accomplished through the use of small-angle
x-ray scattering in the following chapter.
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Chapter 7

Time dependent SAXS studies of
phase separating cellulose acetate
films

7.1 Introduction
The previous chapter introduced the process of making highly porous films of

cellulose acetate that were structurally white and were highly reflective. SESANS
of the best white film, made from the CA_5 solution, showed that the films were
isotropic and had a filling fraction of ∼ 21.5 ±4%, which was within error of the
target 25% filling fraction based on the FDTD results for simulated spinodal struc-
tures. The remaining question to be answered about these films was whether or not
they phase separated via spinodal decomposition.

Spinodal decomposition and its linear theory have been presented in Section 1.3.3.1
and Section 1.3.3.2. The theory in these sections are the basis on which the exper-
imental work presented in this chapter will be analysed. The dynamics of drying
films were measured using time dependent small-angle x-ray scattering (SAXS). The
basic principle of SAXS will not be covered in this chapter because they are the same
as the basic principles of SANS which were presented in Section 3.1.5. The only
significant difference between the two techniques is the sample contrast which comes
from variations in electron density for a SAXS experiment.

The results will show dynamics data for each of the eleven cellulose acetate
solutions with the varying salt concentrations investigated in Chapter 6. The raw
data showed three distinct regions in time: Region 0 where no changes are observed
in the drying films, Region 1 which contained the initial changes observed in the
film and Region 2 which occurred after a drying front moved through the area being
measured. The data in Region 1 was analysed according to linear theory for the
early stages of spinodal decomposition and the results showed that for the white films
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CA_1 -CA_6, there was reasonable agreement with spinodal theory. This indicated
that the films were most likely phase separating through the mechanism of spinodal
decomposition. The final data presented in this chapter is micro-reflectance for a
CA_5 film of comparable thickness to the beetle scales. This data showed that the
best white cellulose acetate films had a higher average reflectance than both beetle
scales and it was possible to improve on nature’s best structural white using the
principles outlined in Chapter 5 based of the FDTD modelling.

7.2 Experimental Methods

7.2.1 SAXS
In order to measure the dynamics of a drying cellulose acetate film using SAXS

in a setup that closely mimicked the automated drawdown procedure that was used
in the previous Chapter 6, a setup which allowed a film to be drawn down hori-
zontally and then moved into a vertical position so that the beamline could traverse
the drying film was required. The proposed solution was designed and built in
collaboration with Mr. Jonathan Mercer from the University of Sheffield Physics
workshop.

A set of rails was built to accommodate the same drawdown cubes described
in Section 6.2.2. Set into the rails was a moving platform that could swing freely
about a single axis. At the top of the moving platform a circular hole was cut where
a mica disk could be laid over the top to draw the film across. At the bottom of
the moving platform a screw was placed to hold washers and nuts, which acted as a
counter weight. When a drawdown cube was positioned over the hole in the moving
platform the weight of the cube was enough to hold the platform level. However, once
the cube has finished drawing a film and passed the edge of the platform, the weight
at the bottom of the platform caused it to rotate into a vertical position. Detailed
schematics of the set up in the flat draw down position are shown in Figure 7.2.1 as
well as in the upright position for analysis in Figure 7.2.2.

Once made, this drawdown system was brought to the ID02 SAXS beamline
at the ESRF, where the dynamics experiments were performed. An image of the
drawdown system as mounted in the beamline hutch with the platform rotated to
vertical is shown in Figure 7.2.3. The same linear actuator from the film drawdown
was used to move the cube across the rails, but this time a piece of metal was
mounted as an extension to the moving platform and the screw was inserted into
the extension to move the cube. The top of the extension and the screw used to
move the cube is visible in Figure 7.2.3, labelled as the linear actuator. The x-ray
source is also labelled in Figure 7.2.3 as well as the camera, which was mounted on
top of it and provided an image from the viewpoint of the x-ray beam.

To perform a dynamics measurement, a mica disk was placed over the hole in the
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(a) Side view

(b) Top view
(c) Bottom view

Figure 7.2.1: Schematics for the automated drawdown system allowing for the ana-
lysis of drying films using SAXS. (a-c) Various angles of the setup in the flat position
with the weight of the drawdown cube holding the platform level.
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(a) Side view

(b) Top view
(c) Bottom view

Figure 7.2.2: Schematics for the automated drawdown system allowing for the ana-
lysis of drying films using SAXS. (a-c) Various angles of the setup in the vertical
position after the cube finished drawing down the film and the platform rotated into
position for analysis due to the counterweights.

228



Figure 7.2.3: Image taken from inside the ID02 beamline hutch showing the linear
actuator which moved the drawdown cube as well as the x-ray source and mounted
camera.

Figure 7.2.4: Image taken using the camera mounted on the x-ray source showing
the perspective of the x-rays which travel through the mounted mica disk and drying
film to capture the dynamics data.

229



moving platform and was secured in place from behind using a small piece of Blu
Tack. Before the film was added, the rails were rotated into the vertical position
and SAXS data for 25 points on the mica disk were measured as a background.
The stage was then rotated into the horizontal position and the drawdown cube
was positioned over the mica disk. The 400 μm drawdown cube was used for this
experiment to give a thicker film and a longer drying time than the 200 μm cube.
The solution of interest was then injected into the open cavity in the cube and the
hutch was sealed. The linear actuator was then activated remotely to drawdown
the film and the measurement was started once the platform rotated into a vertical
position. Figure 7.2.4 shows an image from the x-ray source camera showing the
sample mount in the vertical position and the path of the x-rays through the mica
disk and drying film.

Once the measurement started, an x-ray frame was taken every 0.5 seconds for
2.5minutes. The x-rays had a wavelength 1Å, the spot size was approximately
20 µm by 20µm and the SAXS patterns were collected using a Rayonix MX-170HS
detector which was placed 30m from the sample. This detector distance resulted
in a q range of ∼ 0.0024 - 0.25 nm-1. A dynamics measurements was taken for a
drying film made from each of the eleven cellulose acetate solutions of varying salt
concentrations that were made for the film drawdown in the previous chapter. The
specific concentrations and compositions for each solution have been previously de-
tailed in Table 6.2, but Table 7.1 below gives a summary of the solution names and
the percent CaCl2 in each solution.

Solution Name %CaCl2
CA_0 0
CA_1 10
CA_2 20
CA_3 30
CA_4 40
CA_5 50
CA_6 60
CA_7 70
CA_8 80
CA_9 90
CA_10 100

Table 7.1: The percent mass of CaCl2for each solution as compared to the mass of
cellulose acetate in solution. The 100% salt solution had the same mass of salt as
cellulose acetate in solution while the 50% solution had a 1:2 mass ratio of salt to
cellulose acetate. Each solution was made with 1.6875 g of cellulose acetate.
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7.2.2 Micro-reflectance
Micro-reflectance data was collected for CA_5 films, Cyphochilus scales and L.

stigma scales. Data for the CA_5 films was collected with the film on a glass
substrate and the data for the scales was taken from intact wings covered in scales.
Reflectance was measured for six different areas on each sample.

The reflectance for each sample was measured using a Zeiss AX10 microscope.
The light source was a 100W Halogen bulb and it was focused on the sample using a
50 x Zeiss air objective. The reflectance was measured using a Thorlabs CCS 200/M
spectrometer and the Thorlabs OSA software. The reflectance standard used was a
Polytetrafluoroethylene (PTFE) diffuse reflectance standard purchased from Ocean
Optics.

7.3 Results and Discussion

7.3.1 Film dynamics
Measuring the dynamics of the cellulose acetate films was done in conjunction

with other experiments during a single three day beam time and, as a result, time
constraints limited the experiment to a single dynamics measurement for each of the
eleven solutions. The raw data is presented for all eleven solutions in Figure 7.3.1
and Figure 7.3.2. Each plot for a given solution shows how the logarithm of the
scattering intensity varied with time for the entire measured q range. Every frame
taken for a given solution is represented on these plots as a horizontal line for a
given time and the average backgrounds from the mica disks have been subtracted.

The data for solutions CA_0 -CA_5 are shown in Figure 7.3.1. A common fea-
ture of all the plots are two dramatic step changes in which the intensity changes
rapidly in time. The sharpest and most discontinuous step changes were observed in
CA_0 -CA_2.0 and the changes were still steep but appeared continuous in CA_3 -
CA_5. This trend of increasing continuity of the data with increasing salt concen-
tration was continued for the rest of the plots for CA_6 -CA_10 in Figure 7.3.2,
with the CA_10 appearing completely continuous in time. The subsequent analysis
of the data will use following nomenclature: Region 0 will refer to the frames for
each solution at times prior to the first step change, Region 1 will be the frames at
times between the first and the second step change, and Region 2 will be the frames
after the second step change.

The bounds for Region 1 were determined by examining a single q value in time
and the rate of change of q in time. The times at which the two step changes occurred
were at the points in which there was a maximum in the first derivative. An example
of this is shown in Figure 7.3.3 for the CA_0 data. Figure 7.3.3a shows the logarithm
of intensity versus time for a fixed q value of 0.008 nm-1, which clearly shows the
two step changes in the data. Figure 7.3.3b is the first derivative of the data in
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(a) (b)

(c) (d)

(e) (f)

Figure 7.3.1: (a-f) Plots showing the raw data for the drying films from solutions
CA_0 -CA_5. The shading on the graphs represents the logarithm of the intensity
for every q value at a given time.
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(a) (b)

(c) (d)

(e)

Figure 7.3.2: (a-e) Plots showing the raw data for the drying films from solutions
CA_0 -CA_5. The shading on the graphs represents the logarithm of the intensity
for every q value at a given time.
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(a) (b)

Figure 7.3.3: (a) A plot of the logarithm of scattering intensity of the CA_0 film
versus time for at constant q value. (b) The first derivate of the data in (a) in which
the two maximums have been marked with black dots. The same points in time
have been marked on (a) with the same black dots.

Figure 7.3.3a. The derivative shows two large spikes where the derivative suddenly
jumps to large values and these points are marked with black dots. The same times
at which the spikes occurred in the derivative are also marked on Figure 7.3.3a with
black dots and it is clear that the spikes in the derivative directly correspond to the
step changes in the log(I) data. This process was repeated to find the bounds for
Region 1 for the other ten dynamic data sets.

Two possible explanations for the discontinuities in the data are that the films
slipped or that they represent dramatic physical changes in the film such as a drying
front moved through the area being measured. If the films had slipped, then there
would be an expected step change in the transmission It/Io because a different region
of the film was being measured before and after the slip. Figure 7.3.4 and Figure 7.3.5
shows the transmission data versus time for each of the solutions. The time at which
the step changes occur in the intensity data are marked as vertical dotted lines on
each graph. All of the transmission data for each solution was within a narrow range
for a given sample and showed little variation with time. Additionally, across all of
the transmission graphs, no large step changes in the transmission were observed at
any of the vertical lines where the step changes occurred in the transmission data.
Therefore, film slippage can be ruled out as the cause of the discontinuities observed
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(a) (b)

(c) (d)

(e) (f)

Figure 7.3.4: (a-f) Transmission data versus time for CA_0 -CA_5. The times at
which the step changes occur in the raw data are marked on each graph with vertical
dashed lines.
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(a) (b)

(c) (d)

(e)

Figure 7.3.5: (a-e) Transmission data versus time for CA_6 -CA_10. The times
at which the step changes occur in the raw data are marked on each graph with
vertical dashed lines.
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in the raw data.
In Region 0 all of the solutions have very low intensities which indicate that

the newly drawn films have minimal scattering contrast due to the solution being
homogeneous. The first discontinuity is most likely the onset of changes in the
film as the result of drying which could be the start of phase separation and the
sudden growth of domains in the film. A reasonable explanation for the second
discontinuity is a drying front moving through the area of the film being measured.
Given the minimal scattering intensity and lack of features present in Region 0 and
the presence of of the second discontinuity, it was determined that the best means
of analysing this data was to focus on Region 1 for each data set.

If the raw data in Figure 7.3.1 and Figure 7.3.2 are compared there is a noticeable
trend in the width of Region 1 which appears to increase with increasing salt concen-
tration. To examine this further, Figure 7.3.6 shows the length of time each solution
spent in Region 1 as plotted against the percent salt in the solution. Plotted in this
way, it is clear that there is a significant increase in the time spent in Region 1 from
15 - 20 sec for solutions 0 - 40% salt and up to almost 45 seconds for solutions with
90 - 100% salt. This indicated that the salt concentration had an effect on how the
films dried and appeared to slow down the process which was occurring in Region 1.
For interest, the data has been fit with an exponential function, which is shown as

Figure 7.3.6: A plot showing the time spent in Region 1 for each of the eleven films
versus the percent CaCl2 in the original solution. To highlight the trend in increasing
time with increasing salt concentration the data has been fit with an exponential
function as marked with the red curve.
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the red curve in Figure 7.3.6 and is a reasonable fit for the data in this concentration
region. This highlighted that the biggest changes in the dynamics with respect to
solution composition was observed for the high salt concentrations. However, in all
cases the time in Region 1 is less than a minute meaning that changes in the films
were occurring rapidly.

If the films which dried white were phase separating via the mechanism of
spinodal decomposition, then the data should show reasonable agreement with linear
theory for the early stages of phase separation presented in Section 1.3.3.2. Based
on the linearisation given by Equation 1.3.19 the amplification or growth rate factor,
R(q), can be determined by the slope of the logarithm of intensity versus time for
constant q values. This should give a straight line in the early stages of phase separ-
ation. Figure 7.3.7 shows several plots of ln(I) versus time for five different q values
for the CA_5 film. The various plots have been shifted vertically for clarity so the
large changes in intensity between q vlaues are completely artificial. Only the data
for times in Region 0 and Region 1 are shown and for CA_5 the boundary between
Region 0 and Region 1 occurred at ∼19.6 sec. As the linear theory is for the early
stages of spinodal decomposition, the linear fit to the ln(I) versus time data was
done from linear region just after the the onset of first step change at the very start
of Region 1. The linear fits to this region, the slope of which gives value for R(q),
are plotted as the dotted lines in Figure 7.3.7.

The R(q) analysis was only performed for solutions CA_1 -CA_6 because these
films showed clear evidence of phase separation as the final films were white in-
stead of clear. Figure 7.3.8 shows plots of R(q)/q2 versus q2 for CA_1 -CA_3 and
Figure 7.3.9 shows the same plots but for CA_4 -CA_6. Values for q less than
0.0046 nm-1 have been truncated due to small signal-to-noise ratios. Linear theory
predicts a linear relationship between the effective diffusivity and q2. For each of
the graphs in Figure 7.3.8 and Figure 7.3.9 a brief linear relationship between R(q)/q2

and q2 was observed for low values of q2 and a linear fit to this region is plotted as
a black line in each graph.

In comparing all six R(q) plots, the noisiest data was seen in Figure 7.3.8a
and Figure 7.3.8b for CA_1 and CA_2, respectively. This was most likely due
to CA_1 and CA_2 having shorter times in Region 1 than solutions with higher
salt concentrations as was shown in Figure 7.3.6. This suggests that CA_1 and
CA_2 experienced faster kinetics than the other solutions, which lead to poorer
statistics. Smoother and more continuous results for R(q)/q2 versus q2 were observed
for CA_3 and CA_4 in Figure 7.3.8c and Figure 7.3.9a, respectively. However, the
linear region of both graphs is short and contains only a handful of points. The
dynamics results that showed the clearest linear relationship was the CA_5 film in
Figure 7.3.9b. The CA_5 results had a linear region that spanned a q2 range of
∼ 21 - 70 μm-2 and contained >20 points while all of the other solutions had linear
regions which did not extend past 50 μm-2and had as few as 7 viable points. Up to
CA_5 there had been a trend of increasing agreement with the linear model with
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Figure 7.3.7: A series of plots for constant q values showing the variation of the
ln(I) with time. The plots show the data for Region 0 and Region 1 with the barrier
between the two occurring at ∼19.6 sec. The plots have been shifted vertically for
clarity and the dotted line shows the linear fit to the data just after the start of
Region 1.
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(a)

(b)

(c)

Figure 7.3.8: Plots showing R(q)/q2 versus q2 with a linear fit to the linear region
observed at low q for (a) CA_1, (b) CA_2 and (c) CA_3.
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(a)

(b)

(c)

Figure 7.3.9: Plots showing R(q)/q2 versus q2 with a linear fit to the linear region
observed at low q for (a) CA_4, (b) CA_5 and (c) CA_6.
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increasing salt concentration. However, the CA_6 results in Figure 7.3.9c show a
return to a minimal linear region and noisier data reminiscent of lower salt solutions
such as CA_3. Even still, based on the the presence of a linear relationship between
R(q)/q2 and q2 for each of the white films it can be concluded that the films are mostly
likely phase separating via spinodal decomposition.

An effective diffusion coefficient, Deff can be found from the y-intercept of the
fit to the linear region of the R(q)/q2 versus q2 when q = 0 based on Equation 1.3.21.
The effective diffusion coefficient was computed for each of the white films and the
resulting Deff is plotted versus percent salt in the solution in Figure 7.3.10. The
error bars are the 95% confidence intervals from the linear fit. The results showed a
linear trend of a slower Deff with increasing salt concentration, with the exception
of the value of Deff for CA_4 at 40% salt, which is much higher than expected
based on the surrounding data. As only a single data set was taken for each film it
was impossible to determine if the Deff calculated for 40% salt was representative
of that solution or if that measurement was simply an outlier. Given the consistency
of the rest of the data set, the value Deff for 40% salt was left out of the linear fit
which is shown as the dashed line in Figure 7.3.10. The fit demonstrates a linear
relationship between salt concentration and the effective diffusion coefficients. The

Figure 7.3.10: The effective diffusion coefficient, Deff , as determined by the y-
intercept of the plots shown in Figure 7.3.8 and Figure 7.3.9. The data is presented
as a function of salt concentration in the original solution and the dashed line is
a linear fit to the data with the exception of the value for 40% which was a clear
outlier.
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decrease in the magnitude of the diffusion coefficient with increasing salt again
suggests that the addition of salt to the original solution slowed down the observed
kinetics of the drying films, which was consistent with the trend in increasing time
in Region 1 observed in Figure 7.3.6.

Once the effective diffusion coefficient is known, together with the slope of the
linear section of the R(q)/q2 versus q2 graphs, the characteristic length scale, Λ, can be
found used Equation 1.3.12. The characteristic length scale is related to the fastest
growing wavenumber, qm, in reciprocal space through the relationship qm = 2π/Λ.
The results for Λ and qm based on the linear fits to the R(q)/q2 versus q2 graphs
for CA_1 -CA_6 are given in Table 7.2. The characteristic length scales for all of
the films were in the range of 0.96 - 1.20 μm. Given that this should be the length
scale of the initial fluctuations in the early stage of spinodal decomposition these
length scales are surprisingly large. The values are even more surprising given that
these length scales should coarsen and grow in the late stage. The SESANS results
for CA_5 in Section 6.3.3 showed that the correlation function had a change in
slope at about 0.4 - 0.5 μm indicating the characteristic length scale of the structure
was in this range, which is much smaller than the value of 0.96 μm for the initial
fluctuations from the R(q)/q2 versus q2 analysis.

Based on the linearisation of the early stage spinodal decomposition dynamics,
there should be a maximum in R(q) versus q at the fastest growing wavelength qm.
To examine how well the data fits with the model plots of R(q) versus q for each
of the white films is shown in Figure7.3.11 and Figure 7.3.12. The only plot in
which the predicted qm corresponds with a clear maximum in R(q) is for CA_5 in
Figure 7.3.12b. In all of the other instances there is either a lack of a peak in the
R(q) values or the predicted qm value does not match with the peak in the R(q)
graphs.

The theory also predicts that the fastest growing wavelength should also be vis-
ible as the position of a peak in the raw SAXS data for I(q) vs q. Figure 7.3.13
shows the raw data for CA_1 -CA_6 with the value of qm marked as a vertical line.

Solution Λ (µm) qm (µm-1)
CA_1 1.20 5.22
CA_2 1.14 5.51
CA_3 1.35 4.65
CA_4 1.05 5.97
CA_5 0.96 6.52
CA_6 1.20 5.22

Table 7.2: Values for the characteristic length scale, Λ, and the fastest growing
wavelength, qm, based on the slope analysis of the R(q)/q2 versus q2 graphs for CA_1 -
CA_6.
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(a)

(b)

(c)

Figure 7.3.11: Plots showing R(q) versus q for (a) CA_1, (b) CA_2 and (c) CA_3.
The fastest growing wavelength, qm, from the slope analysis of R(q)/q2 versus q2 is
marked in each graph as the vertical line.
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(a)

(b)

(c)

Figure 7.3.12: Plots showing R(q) versus q for (a) CA_4, (b) CA_5 and (c) CA_6.
The fastest growing wavelength, qm, from the slope analysis of R(q)/q2 versus q2 is
marked in each graph as the vertical line.
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(a) (b)

(c) (d)

(e) (f)

Figure 7.3.13: (a-f) Plots showing the raw intensity versus q data for the drying
films from solutions CA_1 -CA_6. The data shown is for all times in Region 1 and
the vertical line is the predicted qm from the R(q) analysis.
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The graphs show the data for each of the times in Region 1 where the R(q) analysis
was performed. No clear peaks are observed in the any of the plots and the location
of the predicted qm did not correspond to any consistent features in the SAXS data.
The divergence of the data from the linearisation of the spinodal decomposition the-
ory is unsurprising. The system being observed in these experiments is complicated
by the fact that it is not a simple two phase system with a well known quench depth.

The drying films consisted of two miscible solvents, a polymer and the salt. The
phase diagram of these drying films is a four dimensional space with the concentra-
tions of all 4 components and could not be computed without extensive molecular
dynamics modelling. As the film is drying the two solvents are evaporating and the
effective quench depth is changing with time. This is further complicated by the
rapid rate at which this is happening because the time in Region 1 is only about 20
seconds. Even with the benefit of a synchrotron and the high end computer systems
on ID02, it was still difficult to capture these dynamics with data taken every half a
second. Most of the experiments which examine the dynamics of a phase separating
media are carefully chosen based on the extensive characterization of the system
with a simple A to B temperature quench. However, the cellulose acetate system
was chosen because it was capable of making a highly reflective structural white and
the difficulty in analysing the data according to linear theory lies in the complexity
of the system and the rapid rate at which the process occurs.

Nevertheless, the study of the drying film dynamics in this section was under-
taken to try to determine if the phase separation within the films was the result
of spinodal decomposition. The raw data had unexpected discontinuities and steep
step changes. However, by focusing the analysis to Region 1 where the first changes
in the films were observed, it was possible to examine the data within the frame
work of the linear theory for the early stages of spinodal decomposition. A small
region for each of the white films showed a linear relationship between R(q)/q2 versus
q2, which according to Cook in [52], makes it highly likely the films are phase sep-
arating via spinodal decomposition. However, the length scale analysis based on
the slope of the linear region of R(q)/q2 versus q2 resulted in values much larger than
expected based on the SESANS and SEM data in Chapter 6. Additionally, the
fastest growing length scale in reciprocal space, qm, should have corresponded to a
peak in R(q) versus q which only held true for the CA_5 data. Finally, the qm also
should have corresponded to a peak in the raw I(q) versus q data, but no peaks
were observed. Based on these results, the film with the best agreement with the
linear spinodal decomposition model was the CA_5 film and even though no peak
was observed in the raw SAXS data, it is still highly probable that the CA_5 films
phase separate via spinodal decomposition. That the CA_5 films showed the best
agreement with the theory is made even more interesting when one considers that
the CA_5 films in Chapter 6 had highest average reflectance.
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7.3.2 Micro-reflectance
Once it was determined that the white cellulose acetate films phase separated

through spinodal decomposition, all of the design rules determined from the internal
structure of the Cyphochilus scales and L. stigma scales had been met, including
filling fraction, isotropy and phase separation mechanism. The last test that re-
mained was to determine if adherence to the design rules actually lead to films with
a higher average reflectance than the beetle scales. The best white, as determined
by average reflectance in Chapter 3, was the CA_5 film which was made with a 1:2
ratio of CaCl2 to cellulose acetate in solution. However, without 3-D tomography
data for the CA_5 it was not possible to directly compare the reflectance of the
films to the reflectance of the internal structure of the beetle scales using FDTD as
was previously done. The next best option was to directly compare the measured
micro-reflectance of the scales to a CA_5 film of comparable thickness.

The SESANS experiment on the Cyphochilus scales in Chapter 3 showed that
the Gz(x) saturated at ~ 12 μm which represented the maximum scale thickness
across all of the scales. To confirm this thickness for the Cyphochilus scales and to
determine the thickness of the L. stigma scales the tomography data from Chapter 4
was revisited. It was not possible to perform a projection of the autocorrelation
function analysis for the complete binary matrices as this would have taken over
1.5TB of RAM to do the FFTs. The maximum memory available in a single node
was 768GB and working within this limit, it was possible to compute the correlation
function in the x-direction for a section out of the middle of each scale, which
included 3000 complete z slices and had a total volume of 25 x 67.5 x 75 μm3 for
the Cyphochilus scale and 25 x 70 x 75 μm3 for the L. stigma scales in x, y and z.
For a reminder of the coordinate system used the reader is recommended to revisit
Figure 4.4.1 in Section 4.4. Both scale matrices were padded with zeros in x to
allow the computed correlation in the x-direction to extend to 16.25 μm. Next
,the autocorrelation function of the large sections of the scales were determined
and the projections along the y-axis for correlation in the x-direction, Gy(x), was
calculated using Equation 3.1.14. The resulting correlation functions are shown in
Figure 7.3.14.

The correlations in the x-direction for both scales die out at ∼12 μm which
confirms the SESANS results for the Cyphochilus scales. This also means that both
species have scales of the same maximum thickness. This is contrary to previous
work based on microscopy in Chapter 2 which suggested that the Cyphochilus scales
were thinner, but this was most likely due to distortion of the scales upon sectioning.
With a target thickness of ∼12 μm, various drawdown cubes were tested and it was
determined that the 200 μm drawdown cube resulted in films of approximately the
correct thickness. Therefore, a CA_5 film was drawn down using the same solution
that was used for the dynamics experiment and the thickness of the film, measured
using optical microscopy, was estimated as 12.8± 1.6 µm.
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Figure 7.3.14: The correlation function, Gy(x), of large sections cut from the
centre of the binary tomography matrices. The correlations for both scales die
out at∼12 μm which indicates this is the maximum thickness of the scales.

Figure 7.3.15: Average normalized reflectance data for a CA_5 film, Cyphochilus
scales and L. stigma scales. The shaded regions represent the standard deviation
across the six areas measured for each sample.
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The micro-reflectance of intact scales still connected to the beetle elytra were
measured for the Cyphochilus and L. stigma beetles as well as the CA_5 film on a
glass slide. The data was processed using the same method presented in Section 6.3.1
and again the usable wavelength from this micro-reflectance setup was 470 - 650 nm.
The reflectance was measured for six different areas and the average reflectance for
the two beetles and the CA_5 film are shown in Figure 7.3.15, where the shaded
regions represent the confidence levels based on the standard deviations across the
measurements for each sample. Of the two beetles, the Cyphochilus scales showed
a consistently higher reflectance between 470 - 650 nm than the L. stigma scales,
which was expected based on the results from the FDTD slab simulations of the
internal structures in Section 5.3.1. The CA_5 film demonstrated a reflectance
well above both beetle scales with a average normalized reflectance of ∼ 93% of the
standard’s reflecting power while the Cyphochilus and the L. stigma only showed an
average reflectance of ∼ 73% and ∼ 68%. The superior reflectance of the cellulose
acetate films showed that it is possible to improve on nature’s best structural white
by making a voided, isotropic structure through spinodal phase separation with a
filling fraction in around 25%, as was predicted by the in-depth analysis of the white
beetle scales in Chapter 4 and Chapter 5.

7.4 Summary
The aim of this chapter was to determine if the structurally white, porous cellu-

lose acetate acetate films studied in Chapter 6 phase separated via the mechanism
of spinodal decomposition. To test this hypothesis dynamics data was collected
for drying films drawn from solutions which contained various amounts of the salt,
CaCl2. The raw data for each film showed two significant step changes or discon-
tinuities in the intensity of the SAXS data. After ruling out the possibility of film
slippage by examining the transmission data, it was concluded that the first step
change corresponded to the onset of phase separation or drying in the films and
the second step change was most likely the result of a drying front. Using the loc-
ation of the step changes, the data was divided into three regions where Region 1
corresponded to the frames between the two step changes.

By analysing ln(I) versus time for constant q values it was possible to extract
a value for the growth factor R(q) through a linear fit to the data just as phase
separation began at the start of Region 1. This analysis comes directly from the
linear theory for the early stages of spinodal decomposition which predicts a linear
relationship between R(q)/q2 and q2. This linear relationship was observed for all
of the white films, CA_1 -CA_6, at low values of q2. The best agreement to the
linear model was the CA_5 data, which was the film that had the highest average
reflectance in Chapter 6. This makes it highly likely that the porosity observed in
the white cellulose acetate films are the result of spinodal decomposition.
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The FDTD results from Chapter 5 suggested that an porous, isotropic film with a
morphology that is the result of spinodal decomposition, a filling fraction of ∼ 25%,
and a length scale of ∼ 0.5 μm could theoretically achieve a higher average reflectance
than the Cyphochilus and L. stigma scales. If the SESANS results from Chapter 6
are considered with the dynamics results indicating that the films phase separate
via spinodal decomposition, then the CA_5 films fit these criteria. Therefore, the
micro-reflectance for the CA_5 films, the Cyphochilus scales and L. stigma scales
was directly measured. The CA_5 film was of comparable thickness to the beetles
and showed a higher normalised reflectance across wavelengths 470 -650 nm. This
validated the design rules that were used as targets for the creation of the synthetic
mimics of the internal structure of the white beetle scales.
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Chapter 8

Conclusions and future work

8.1 Conclusions
As stated at the end of Chapter 1, the research objectives for this project were:

to accurately characterise the internal structure of the scales of the Cyphochilus and
the L. stigma beetles, to determine the physical parameters which were responsible
for their brilliant white colours, and to use these parameters to develop a synthetic
mimic through the phase separation of polymer mixtures.

Chapter 2 characterised the scales of the Cyphochilus and L. stigma beetles
using traditional microscopy techniques such as SEM and TEM imaging. The res-
ults showed that the scales had a filling fraction of 66± 3% and 42± 3% for the
Cyphochilus and L. stigma scales, respectively. However, this chapter showed that
the scales are highly susceptible to distortion when sectioned, based on the work
done by Mr. Mark Hutchings using FIB milling. This lead to the conclusion that
the accuracy of any physical parameters of the scales determined by methods which
required the scales to be sectioned needed to be verified by other, non-destructive
means.

Chapter 3 attempted to utilise the SESANS technique to directly measure the
projection of the autocorrelation function along a single axis for a stack of Cyphochilus
wings containing approximately 3.7 x 105 intact scales. Unfortunately, due to the
dominance of large length scales in the signal, such as the length and width of the
scales, it was only possible to extract the correlation function along the x-direction
or through the thickness of the scales. While no correlations corresponding to the
internal structure were observed for length scales less than 1 μm, the correlations
did die out to zero at 12 μm, which suggested this was the maximum thickness of
the Cyphochilus scales. This was larger than the 7 μm thickness estimated from
the SEM images in Chapter 2, which supported the conclusion that the scales were
collapsing and being distorted upon sectioning.

Chapter 4 demonstrated the effectiveness of x-ray tomography as a technique for
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probing the internal structure of intact scales. The x-ray tomography data allowed
for the complete 3-D reconstructions of single scales from the Cyphochilus and L.
stigma beetles. These reconstructions finally lead to the complete characterisation
of the optically active internal structure. Based on the average of 275 5 μm cubes
from each scale, the filling fractions were found to be 31± 2% for the Cyphochilus
and 34± 1% for the L. stigma. These filling fractions were surprising because they
were much lower than the filling fractions found in Chapter 1 and all of the published
filling fractions to date. This confirmed that that internal structure of the scales
were changed significantly upon sectioning.

Analysis of the projection of the autocorrelation function along each of the
principle axes for the tomography data found that the internal structure of the
Cyphochilus was in fact anisotropic. Correlations in the x-direction showed a dis-
tinct minimum at 325 nm as opposed to the y and z directions, which have minimums
at about 500 nm. The minimum in the x-direction was also deeper than the other
two directions, which indicated that the characteristic length scale in the x-direction
was more well-defined. In contrast, the L. stigma showed no significant changes in
the correlation function with orientation indicating that the internal structure was
isotropic. Finally, by examining the 3-D renders of representative cubes it became
obvious that the internal structure was not a network of random rods as previously
proposed in the literature, but was actually a highly continuous voided network with
a characteristic length scale similar to structures that arise from spinodal decom-
position.

Chapter 5 analysed the relationship between the internal scale structure determ-
ined by x-ray tomography and the reflectance of the scales using FDTD modelling.
The simulated reflectance for 5 μm slabs of the internal structure of the Cyphochilus
and L. stigma scales from an x-source showed that the reflectance was greater for the
Cyphochilus at wavelengths less than 650 nm. This suggested that the smaller length
scale in the x-direction of the Cyphochilus structure is responsible for enhancing the
scattering of light at lower wavelengths.

The relationship between an increased reflectance of light at lower wavelengths
and a smaller characteristic length scale was confirmed using simulated spinodal
structures. The reflectance of light below 450 nm for slabs of a spinodal struc-
ture with a 30% filling fraction was shown to increase with decreasing character-
istic length scale. However, this increase in reflectance was also accompanied by a
decrease in the reflectance at higher wavelengths. Additionally, the simulated re-
flectance of the 30% spinodal tuned with the same length scale as the L. stigma
scales showed excellent agreement, confirming that the L. stigma internal structure
is highly similar to an ideal spinodal structure.

Simulated spinodal slabs were also run for a series of filling fractions between 5%
and 95%. All of these slabs were tuned to the L. stigma length scale of 500 nm which
was the same as the y and z length scales in the Cyphochilus structure. The results
showed that there was a peak in the average reflectance at 25% filling fraction.
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Additionally, the isotropic 30% filling fraction spinodal structure has a slightly
higher average reflectance than the Cyphochilus even though the Cyphochilus had a
smaller length scale in the x-direction. Therefore, the filling fraction of a spinodal-
like structure is more important than length scale for maximising reflectance. It is
also not necessary to make an anisotropic structure to maximize reflectance as the
same results as the Cyphochilus can be achieved by an isotropic structure with a
slightly lower filling fraction.

Based on the insight into highly reflective materials from the FDTD modelling,
Chapter 6 showed the optimisation and characterisation of porous cellulose acetate
films. These films were made from a solution of cellulose acetate and salt in a solution
of acetone and methanol, which phase separated when drawn into a film and allowed
to dry. For solutions of varying salt concentration, the maximum average reflectance
was achieved from a film with a 2:1 ratio of cellulose acetate to salt in the original
solution. Using SESANS it was shown that the cellulose acetate films were isotropic
and had a filling fraction of ∼ 21.5± 4% which was within error of the target 25%.

Chapter 7 examined the dynamics of phase separation of the white cellulose
acetate films using SAXS and a linearisation of the Cahn-Hilliard equation. The
results confirmed that the films were phase separating via spinodal decomposition
and showed that increasing the salt concentration in the solution lead to a decrease
in the magnitude of the effective diffusion coefficient of the system. Finally, the
micro-reflectance of Cyphochilus and L. stigma scales were compared to the most
highly reflective cellulose acetate film, which was found to have a higher reflectance
at all wavelengths.

The scales of the Cyphochilus and L. stigma scales are widely considered to the
the best structural white found in nature. Most previous work suggested that the
reason for this was their highly anisotropic network of oriented filaments. However,
the work in this thesis showed that only the Cyphochilus scales contained an aniso-
tropic network and the reduced length scale of the correlation in the x-direction was
only responsible for an increase in the reflectance at wavelengths less than 650 nm.
The modelling results showed that it would be theoretically possible to improve upon
nature by making an isotropic spinodal structure with a similar length scales as the
beetles scales but with a filling fraction of 25%. This hypothesis was confirmed by
making a voided films of cellulose acetate via spinodal decomposition with a higher
reflectance than the beetle scales for a comparable thickness.

8.2 Future work
The conclusion of the work done on the internal structure Cyphochilus and L.

stigma was that these structures share the structural and optical properties of mor-
phologies which are the result of spinodal decomposition. This suggests that it is
highly probable that these structures form through the spinodal decomposition of
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chitin in solution which then dries inside the scales. However, this is difficult to
prove without observing developing scales.

Section 1.2.3.1 discussed similar spinodal-like structures found in bird feathers.
Therefore, one way to confirm spinodal decomposition as the mechanism through
which disordered structural colour forms in nature would be to perform x-ray tomo-
graphy on developing feather germs from birds at different stages in their develop-
ment. The advantage of this methods is that certain birds, such as the budgerigar
or budgie for short, are often bred for show and therefore it could be possible to
reach out to someone with a substantial number of birds who might be willing to
donate feather germs as opposed to cultivating beetles in a lab.

The conclusions of the FDTD modelling showed that decreasing the length scale
of spinodal systems lead to an increase in the reflectance at lower wavelengths which
would make the structure appear more blue. This was also suggested by the example
of the Jay feather in Section 1.2.3.1, which showed a range of colours from white
to dark blue with decreasing length scale. This means that it should be possible
to make synthetic structural blues via spinodal decomposition by preventing the
structure from coarsening past a certain point, which would result in a structure
with a small enough characteristic length scale to give a maximum reflectance in the
blue. If a method was developed to make other colours such as blue via spinodal
phase separation of commercial polymers, then the natural next step would be to
find a way to encapsulate these structures into particles so that they could be used
as a more sustainable alternative than pigments in coatings and paints.
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