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Abstract

The mechanical properties of biological materials often surpass
their man-made counterparts. However, due to their complexity
many of these materials are yet to be fully understood. As a result,
their solutions to engineering problems cannot benefit the design
of man-made analogues.

Lucas and Stettenheim (1972) stated that feathers are proba-
bly the most complex derivatives of the integument to be found
in a vertebrate animal and recent work suggests that the longest,
stiffest, strongest, and most deserving of mechanical investigation
are the flight feathers. These feathers attach to the manus and
allow birds to fly. A small amount of research into the broader
aspects of their mechanics is already present in the literature,
but some of the finer details, such as the shaft’s laminar micro-
structure, have only been superficially explored.

This thesis develops a method based on ultra-high resolution
CT scanning to measure the orientation and thickness of layers
in the shaft of the first primary feather from three swans. Results
show the first quantifiable and repeatable measure of thickness and
orientation at different locations in the feather shaft. These results
are supported by other techniques and longstanding definitions of
the calamus:rachis delimitation are shown to be inappropriate.

Raman spectroscopy is used to show that secondary protein
structures vary within, and between layers, and a discussion is
presented from a mechanical perspective.

Tensile tests are then completed on smaller pieces of feather
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from different places on the shaft and analysed using Classical
Laminate Theory.

Results from all three experiments are then discussed together,
and suggestions are made to future workers who might further the
methods developed as part of this work, and contribute to a new
and exciting area of science, in which many international groups
are now working.
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Chapter 1

Introduction

Biological structures exhibit remarkable mechanical properties that
often surpass those of their man-made counterparts ( Wegst et al.,
2015). However, because of their complexity, many of these struc-
tures are yet to be fully understood (Mdller, 2009, Olorunnisola
and Olorunnisola, 2017, Wang et al., 2018, 2015). If these struc-
tures are not further investigated, their evolutionary solutions to
engineering problems will never benefit the design of man-made
analogues.

As a result, biological structures have enjoyed a small renais-
sance of scientific interest in the last twenty years (Boccaccio et al.,
2011, Chou et al., 2012, Meyers et al., 2013, Wang, 2016, Weaver
et al., 2012, Wegst et al., 2015), as contemporary techniques in
imaging and materials science have developed and become more ac-
cessible. Feathers are one of these remarkable structures—seemingly
more complex, less studied and less understood than bone or wood
(Meyers et al., 2008). They are versatile and allow almost ten
thousand species of bird to fly. They support the soaring flight of
an albatross, the aquatic takeoff of a heavy swan, and the high-
frequency flapping of a hovering hummingbird. All feathers of
flighted birds have evolved to be light, stiff and strong ( Wang et al.,
2011, 2012).

It is now clear that the central shafts of these feathers are a
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naturally occurring, fibre-reinforced laminar composite (Laurent
et al., 2014) and that the longest, stiffest, strongest, and most
deserving of mechanical investigation are the flight feathers. These
are found at the end of the wing and play an important role in
flight.

Flight feathers and the broader aspects of their mechanics have
already been the subject of a small number of publications since
scientific interest in biomaterials has been renewed (Bachmann
et al., 2012, Feo et al., 2015, Laurent et al., 2014, Lees et al.,
2017, Lingham-Soliar, 2013, 2017, Nudds et al., 2011, Wang and
Meyers, 2017), but some of the finer details, such as the laminar
micro-structure of the shaft, have only been superficially explored.

To fill this important gap in the literature and bring feath-
ers into sharper focus through an engineering lens, this thesis will
consider three questions and compile the answers into a more com-
prehensive understanding of feather mechanics, which can be ex-
panded upon in future work.

Project aims

1. What is the geometry of the laminar composite in the cortex
of a primary flight feather shaft?

2. Are there differences in the structure of the proteins which
make up the different layers of the feather shaft?

3. Are the layers mechanically relevant or is the isotropic as-
sumption appropriate?

A key step in this process will be the development of new methods,
which are themselves part of the contribution made by this thesis,
and which the author hopes will continue to be developed by future
workers.

Figure 1.1 shows how the questions relate to one another and
to the literature.

The answers to these questions lie at the interface of several sci-
entific areas. This is both exciting and problematic. Alan Turing
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Q1

Anatomy and function Geometry Laminate Chemistry
Lucas and Stettenheim (1972) — Bachmann et al. (2012)  — Laurent et al. (2014)  —  Laurent et al. (2020) o
Laurent et al. (2019)

Figure 1.1: An illustration to frame the current work in context of the liter-
ature. The feather is a line drawing of a swan’s third primary
feather, the scale bar is 10 mm, and it’s cross-section is taken
from CT scans presented later in the thesis.

described this problem in the abstract of his own interdisciplinary
paper “The Chemical Basis of Morphogenesis” in 1953:

The full understanding of the paper requires a good
knowledge of mathematics, some biology, and some el-
ementary chemistry. Since readers cannot be expected
to be experts in all of these subjects, a number of el-
ementary facts are explained, which can be found in
text-books, but whose omission would make the paper
difficult reading.

The same applies to this thesis, which concerns biology, engineering
and chemistry. As with Turing’s paper, the work of this thesis
might pose more questions than it answers, so it is important to
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define the structure and scope of the work to be presented, as well
as to be clear on the objectives.

Structure of the thesis Chapter 2 is a literature review that
covers the structure of feathers, the proteins from which they are
made and the mechanical studies to date. Chapter 3 is a methods
section, which covers data acquisition and the subsequent treat-
ment of data from three experiments. Chapters 4-7 present exper-
imental results and discuss them in the context of the questions
posed above. Chapter 8 then discusses how the conclusions of the
previous chapters fit together to consolidate our understanding of
the mechanical properties of primary feathers. Chapter 9 sum-
marises the conclusions of this thesis and considers work to follow.

Some of this work has already been published. Although not
wholly included (though some results are revisited) in this thesis,
a paper on the nanomechanical properties of bird feather rachises
was published in J. R. Soc. Interface in 2014 (Laurent et al.,
2014). Chapter 3 follows a paper on imaging techniques (Laurent
et al., 2019) published in J. Microscopy. The results presented in
Chapter 5 are on the spectroscopic properties of proteins in layers
of the bird feather shaft, and have been published in J. Structural
Biology.



Chapter 2

Literature

Structure, Material & Mechanics, to date.

Feathers were the subject of a seminal review by Lucas and Stet-
tenheim (1972), thirty years before the role of biological structures
in such materials became an active research topic. In two volumes
that collated more than 100 years of anatomical work, feathers
were described in great detail and demonstrated to be probably
the most complex derivatives of the vertebrate integument. How-
ever, the mechanical properties possessed by these complex tissues
were not given any real examination. At a time when the fibre-
reinforced plastics industry was still in its infancy, feathers, and
in particular the feather shaft, had not been considered from an
engineering perspective.

This chapter will introduce the anatomy and terminology pre-
sented by Lucas and Stettenheim (1972) to describe feathers and
show that they are hierarchically complex structures. Then, it will
detail the more specialised form of flight feathers and outline a gap
in current functional understanding by reviewing the available lit-
erature on their mechanical properties. Mechanical properties, can
be subdivided into structural properties and material properties,
and they will be covered separately. The distinction between them
is an important one to make because in the case of feathers, and
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many other hierarchical structures, considering this difference re-
veals exactly where there exists a gap in current knowledge. Struc-
tural properties are macroscopic and are affected by changes in ge-
ometry, but material properties are intrinsic, being determined by
chemical structures, and should be constant. In the case of flight
feathers something is known about each but not about how they
relate. Section 2.1 will focus on the larger-scale structure of feath-
ers, and Section 2.2 will focus on the much smaller-scale material
from which they are made.

These two approaches conceptually meet at a gap in our un-
derstanding of feathers, where there is a laminar structure. This
laminar structure is not well understood and might vary in struc-
tural as well as material properties. The form and function of this
laminar structure is the main subject of this work.

2.1 Structure

Primary flight feathers are the feathers on the distal! end of the
wing. These feathers (usually ten) are denoted P1-10, with P1
corresponding to the feather attached at the very end of the wing?.
These feathers are adapted for flying and articulate? with the bones
of the bird’s hand. This is so the aerodynamic stresses of flying
can be transferred to the skeleton and the musculature for active
flight* (Corning and Biewener, 1998).

The major parts of a flight feather are shown in Figure 2.1. The
lateral projections of a feather are called the vane. The vane has
two parts, an open plumulaceous part which has a fluffy appear-
ance and insulates the bird, and a closed pennaceous part which

!Distal (adj, anatomy): away from the body.

2This is consistent with the notation used by most European workers but
it should be noted that some American workers use P1 for the primary feather
closest to the body (Lucas and Stettenheim, 1972).

3 Articulate (v, anatomy: Where two tissues are attached for a functional
purpose.

4These are the feathers which bird keepers trim to stop captive birds from
escaping.
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Pennaceous
Portion —

Vane

<—————Rachis

Plumulaceous
Portion ——

Shaft

< Calamus

Figure 2.1: The anatomy of a typical primary flight feather. Scale bar=10
mm

acts as the flight surface. The pennaceous part is formed from a
three-tiered hierarchical branching system. The largest of these
branches—barbs—attach directly to the shaft. Barbules are the
smaller secondary projections and hooklets, the tertiary projec-
tions, tightly couple the barbs and barbules to form the wind-tight
flight surface (vane). The vane is strongly attached to, and sup-
ported by, the shaft.

The central shaft is the longitudinal axis of the feather. It
has two parts, the rachis and the calamus. The calamus is the
name given to the proximal part of the shaft that inserts into a
follicle beneath the skin. The proximal® end articulates with the
phalanges and minor metacarpus. It has a varying oval cross-
section (Lucas and Stettenheim, 1972) and is essentially hollow
(see Figure 2.2) except for the membranous pulp caps left over
from the formation of the feather.

SProximal (adj, anatomy): close to the body.
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The rachis is the distal segment of the shaft that protrudes
from the skin. The cross section is normally quadrilateral and
most birds present a ventral® groove and relatively thicker dorsal”
and ventral walls, which are shown schematically in Figure 2.2.
The rachis is always filled with a medullary pith and accounts for
70-80% of the shaft’s total length in most birds. However, there is
no strong consensus which defines exactly where the calamus ends
and the rachis begins. Some birds have more deeply articulated
feathers or the vane forms more distally to accommodate more in-
sulation. Some workers propose a zone of discontinuity (Maderson
et al., 2009), which this work will argue is more appropriate from
both a functional perspective and a morphogenetic perspective.
However, probably the most common definition from Proctor and
Lynch (1993) will be used i.e. the transition point will be the su-
perior umbilicus, a small opening on the ventral surface that forms
from the epithelial tube from which a feather develops.

The calamus, the rachis and the vane are all made from a fibre-
reinforced composite. In the rachis and the calamus, the compos-
ite forms layers (the composite itself will be discussed in Section
2.2). These layers were first reported by Farland et al. (1962b),
who used X ray birefringence to observe two layers in the cala-
mus of a feather from a white goose (Anser anser domesticus),
although it was not clear from which feather this sample was re-
moved. Three layers (four including a superficial membrane) were
reported from X ray diffraction work by Busson et al. (1999) on
a piece of feather shaft from the tail feather of a peacock, Pavo
cristatus, though no directional information was given and it is not
reported which feather was studied®. Later, between two and four
layers have been identified in the primary calami of the mute swan
(Cygnus olor), partridge (Perdiz perdiz), and bald eagle (Haliae-

5Ventral (adj, anatomy): the belly or lower surface of an animal or ap-
pendage.

"Dorsal (adj, anatomy): the back or upper surface of an animal or ap-
pendage.

8Tail feathers follow a similar naming convention to the primaries and are
denoted T1-T6 (left or right), with T1 being the central tail feather.
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/ Thicker surfaces

Ventral groove

Figure 2.2: Cross sectional geometry at 10% increments along the rachis.
This shows that the calamus is a hollow tube but the rachis is a
an adapted quadrilateral. The rachis also has thicker dorsal and
ventral walls, and a ventral groove. Modified from Bachmann
et al. (2012).

Scale bars 1 mm.

tus leucocephalus) by Laurent et al. (2014). The study by Laurent
et al. (2014) presented some directional information, which was
inferred by computed tomography (CT) scanning and nanoinden-
tation measurements, although no clear pattern could be discerned
between different birds at the time of writing. The CT data from
this study (Laurent et al., 2014) is reproduced as Figure 2.3, where
three layers can be seen in a swan C. olor rachis. This rachis is
illustrated in Figure 2.4, and the original paper reported three lay-
ers, oriented at -5°, 0°and 45 °from the long axis. This data will
be reinterpreted in Chapter 4.

Two recent studies (Lingham-Soliar et al., 2010, Lingham-Soliar
and Murugan, 2013)° have presented Scanning Electron Micro-

9Prof. Lingham-Soliar sadly passed away in 2018 after a long career working
on the vertebrate integument, but his work, and pictures of feather shafts
remain.



10 Chapter 2. Literature

Figure 2.3: Four slices of a micro-Computed Tomorgraphy, nCT, reconstruc-
tion show that voids and fibres can reveal laminar geometry, re-
produced from Laurent et al. (2014). Subfigure a) is a view of the
central layer, which clearly shows oriented voids. Subfigure b) is
a magnified view of a), which shows the void - fibre texture more
clearly. Subfigure ¢) shows a long section, in which fibres of the
central layer run parallel to the feather axis. Subfigure d) is a
cross-section, which shows the void spaces and fibres of the cen-
tral layer end-on.

Scale bars a) 100 pm, b) 20 um, c) 50 ym and d) 100 pum.

graphs (SEMs) of microbially degraded primary feathers from a
chicken (Gallus gallus). These images show at least two layers in
the dorsal part of the rachis (Lingham-Soliar et al., 2010), and
a single, woven, layer in the distal side-wall (Lingham-Soliar and
Murugan, 2013).

In summary, the presence of layers has been confirmed in mul-

tiple taxa'® using different techniques. However each of these stud-

Taxa (n, pl, Biology): a group of one or more populations of an organism
or organisms seen by biologists to form a unit. s. taxon.
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Figure 2.4: A cartoon which shows an interpretation of the computed tomog-
raphy (CT) data presented in Figure 2.5. It suggests there are
three layers of fibrous material in the calamus of a swan’s pri-
mary feather.

Reproduced from Laurent et al. (2014)

ies only considered a small sample or even a single piece of feather
and it is unclear whether the number, orientation and thickness of
layers varies within and between species.

2.2 Material

Feathers are composed almost completely of proteins. Therefore,
it is first necessary to understand the basic concepts of protein
structure before the structure of the tissues made from those pro-
teins can be considered. A more complete description of protein
structure than the overview presented in this section is given in
textbooks on structural biology, such as Buzbaum (2015).
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Basic Concepts of Protein Structure

Amino acids are the building blocks of a protein. They have three
functional groups, which are illustrated in Figure 2.5a; an amine
group - NHsy, a carboxyl group - COOH, and an R group, which
represents a varying side group. There are 20 different R groups
in biological amino acids, and the different components of these
groups determine the properties of the amino acid.

Two amino acids can combine by condensation of the amine
and carboxyl groups with loss of water to form a strong bond, see
Figure 2.5b. A series of condensations of this type gives rise to
a polymer of amino acid residue. The polymer formed is called a
polypeptide or a backbone and is the primary structure of a protein.

As well as the peptide bond, inter-proton hydrogen bonding
involving the amino and carbonyl groups can occur and this results
in local folding to form a secondary structure. Two common folding
motifs are the a-helix and the -pleated sheet!!.

The folding of the polypeptide introduces new attractive forces
within the molecule when it places the ‘R’ groups of non-adjacent
residues close together. Also, the amino acid cysteine contains a
thiol (S-H) group. This can dimerise on oxidation with loss of water
to form a dimer called cystine. This molecule contains a cross-link
(CC-S-S-CCQ) called a disulphide bridge (FEssendoubi et al., 2019).

This bridge can exist in three conformations, pictured in Figure
2.6, each of which confers a different amount of reinforcement to
the protein structure. The proportions of these conformations can
also be used to infer stability of the disulphide bonding, which
correlates with mechanical properties.

The amino acid methionine also contains sulphur but cannot
form a disulphide bridge because a methyl group (—CHj), attaches
to the sulphur in a thiomethoxyl group (—SCHjz). Methionine is

"The a,B,~... notation used here does not refer to the a,f3,7... carbon
atoms in the amino acid residue but to the types of secondary structures in
proteins. This nomenclature has been retained from very early work on protein
structure by Astbury and Woods (1934)
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Amino \g{;roup H H Carbo?rl group
\ \
HsNt — C¢*— COOH = H3Nt—C*—COO~
| |
R R
Neutral Zwitterion

a) The Zwitterion Structure of a protein

H O H
\ Il \
H3NT — C‘a* C—0+ H3N+7C‘a—( ‘00~

R1 R2

1,0

H O H
\ | \

HsNT — C*—C— N—(C¢
\ \ \

Ry H R

CO~

b) The formation of a peptide bond from two amindo acids.

Figure 2.5: a) The Zwitterion structure of an amino acid. 20 different
acids appear in the genetic code, polymers of which form
proteins. The central a-carbon atom and the peptide link-
age forms the polymer backbone, which folds into common
motifs because of H-bonding along backbone groups. Interac-
tions between the functional groups within the 20 different
amino acids determine tertiary protein structure. b) The
formation of a peptide bond from two amino acids.
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=
S

Sa C/a/ Sa , )
“4 ofe el oson
/ / CP
Ca S cac6 Sy
(b) G-G-T (c) T-G-T

Figure 2.6: A diagrammatic representation of CC-S-S-CC bond conforma-
tions of the disulphide bond in keratins a) gauche-gauche-gauche,
b) gauche-gauche-trans and c¢) trans-gauche-trans. Three bond
angles are shown beneath each subfigure, which correspond to
viewpoints 1,2 and 3, which are illustrated in a). Reproduced
from Akhtar and Edwards (1997)

more hydrophobic, sterically!? larger and much less reactive than
cysteine. Bonding between non-adjacent groups (e.g. by a di-
sulphide bridge) causes the folded polypeptide to pack in three
dimensions and this determines the shape and function of the pro-
tein. Individual proteins or families of proteins are named accord-
ing to this tertiary structure, which form part of a multiple-protein
complex.

Feather Keratin and Fibrous Superstructure

This section will use the basic concepts and terminology of protein
structure covered in the previous section to describe the molec-
ular structure of feather keratins and the interactions between

12Gteric (adj, chemistry): relating to the spatial arrangement of atoms
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molecules in a feather. As the term feather keratin suggests, ker-
atin is not a single protein but a family of proteins. Clades!'3 of
particular keratins can be associated with phylogenetic'* animal
groups e.g. the evolution of 5 -keratin is roughly parallel to the
evolution of reptiles (Dalla Valle et al., 2010). This means that
keratins can be considered both generally and specifically.

Generally, keratins are filament proteins found in the epider-
mii of all vertebrate taxa (Fuchs and Marchuk, 1983) and mostly
consist of the amino acids valine (Va), leucine (Leu), serine (Ser),
proline (Pro), aspartic acid (Asp) and glutamic acid (Glu), with
some cysteine (Cys). As a group they are thought to be highly
conserved. They have shared a similar amino acid sequence since
their divergence from a common ancestor 280 million years ago
(MYA) (Fraser and Parry, 2011, Greenwold and Sawyer, 2011).

Specifically, there are small differences which can be very sig-
nificant but in order to discuss these differences it is necessary to be
careful with keratin names. Conventions can refer to structures or
to the phylogenetic group to which the protein belongs and naming
schemes also change as more is learned about the protein. Ideas
and results from experiments on one taxon of keratins may or may
not be likely to apply to others, and this likelihood will vary with
cladistic distance.

B -keratin and o-keratin refer to S-pleated sheet and a-helix
secondary structures, usually in the context of sauropsid!® ker-
atins. The [ -keratin and o-keratin terms are not used for synap-
sid!® keratins. These are instead divided into (soft) cytokeratins
(a-keratins) and Keratin Associated Proteins, KAPs (-configured

13Clade (n, biology): a branch on the tree of life - a group of organisms
which consists of a common ancestor and all its direct descendants.

MPhylogenetic (adj, biology): relating to the evolutionary history of groups
of organisms

15Sauropsida ("lizard faces", n., biology): a taxonomic clade which includes
all living reptiles and birds.

16Synapsida ("arch group", n., biology): a group of animals that includes
mammals and every animal more closely related to mammals than to birds or
reptiles. They are diagnosed by an opening in the skull, which has a prominent
arch
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keratins). It has been argued that the cytokeratin / KAPs termi-
nology should be used in future study of sauropsid keratins be-
cause the o-keratin / § -keratin distinction is an oversimplifica-
tion (Alibardi and Toni, 2006) and is insufficient to explain the
variability and complexity of keratins in a polyphyletic!” group.
Feather keratins (or sometimes, F-keratins) are one sub-family of
four p-configured keratins (scales, feathers, claws, hairs) in the
avian genome and are only produced in feathers. F-keratins, the
most derived sub-family, are more closely related to feather-like
keratins, claw keratins, and scale keratins, in that order (Green-
wold and Sawyer, 2011). Recent work has even gone so far as to
identify a number of genes which code for the production of keratin
in different areas of the chicken integument (Ng Siang et al., 2014).
Three genes are identified for the production of 8 -keratin in flight
feathers, on chromosomes 2, 6 and 25. These genes and a large
number of diad contributions that they can produce are thought
to be responsible for the morphological and structural differences
between contour feathers and flight feathers. Genes which produce
a-keratin were conserved between different types of feather and it
is therefore thought that a-keratin production is less important in
the context of feather variation.

Thankfully, differing terminologies are not a huge problem in
learning about the structure of F-keratins because a lot of the
work which describes their structure shares two common lead au-
thors. Professor Bruce Fraser'® and Professor David Parry have
been working on the structure of sauropsid keratin since the late
1950’s (Fraser and Parry, 2019, Fraser and MacRae, 1963, 1976,
Fraser et al., 1971, 1973a,b, Fraser and Parry, 1996, 2008, 2011)
and two of their most recent papers specifically address feather
keratins.

That work contributes to the e contemporary understanding

"Polyphyletic (adj, biology): derived from more than one common evolu-
tionary ancestor or ancestral group and therefore not suitable for placing in
the same taxon

18prof. Fraser sadly passed away in the process of publishing his most recent
paper in 2019, nearly 70 years after he published first paper in 1950.
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that the feather keratin complex is a dimer!® of parallel or anti-
parallel B-sheets which is 2.4 nm in cylindrical diameter. These
dimers assemble to form a filament, which has four dimers per
turn, a pitch length of 9.6 nm and a unit length of ~45 nm.

The major components are o-keratin and (8 -keratin , which
are encoded in multigene families [10]. /5 -keratin adds more rigid-
ity than o-keratin . Cellular and biochemical studies have shown
that o-keratin has played an important role in the early forma-
tion of the rachis, barbs, and barbules (Alibardi and Toni, 2006).
The exact structure of feather keratin remains unknown, although
a reasonable model for the dominant protein secondary structure
has been proposed based on X-ray diffraction data (Fraser and
Parry, 2008, 2011). Results show that feather keratin is tightly
packed in 3 -sheet s into a coiled polypeptide chain that exhibits a
high degree of disulphide cross-linkages, hydrophobic interactions,
and hydrogen bonds (Pabisch et al., 2010, Zhao et al., 2012). This
confers mechanical strength and chemical resistance, and the struc-
ture is largely insoluble due to the disulphide bridges. Structural
studies have shown that in birds the § -keratin chain is typically
100-200 molecules long and contains a central conserved region of
about 34 residues. This is believed to adopt a twisted antiparal-
lel 5 -sheet conformation with three central strands and two par-
tial outer strands (Calvaresi et al., 2016, Fraser and Parry, 2019,
2011). Attached to the central region (or domain) are Amino-
terminal and Carboxy-terminal domains. In the Amino-terminal
domain, there are two subdomains (A and B) while in the Carboxy-
terminal domain two subdomains (C and D) have been identified.
Subdomain B is not present in birds. The central domain of the
[ -keratin chain is rich in 8 and turn structures, and the rest
of the structure contains mainly random coil units with some (-
propensity. The most likely [-containing region in the feather
shaft, apart from the conserved central 34-residue domain, is the
variable length segment C, with its potentially S-favouring se-

¥Dimer (n., chemistry): a compound formed by two subunits (monomers).
Many units form a polymer.
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Figure 2.7: Schematic diagram of B -keratin filament structure. This shows
five contiguous segments of B-sheet tending residues, separated
by turn-tending residues (filled circles) to form a filament-matriz
texture from the same protein. Modified from (Fraser and Parry,
2011)

quence repeats (Fraser and Parry, 2019, 2014, Parry et al., 2019).

Even more information can be found on how these residues
form secondary structures by using vibrational spectroscopy (Barth
and Zscherp, 2002). X-ray diffraction and vibrational spectroscopy
have been applied to feather keratins in recent years, though there
is not yet any work which relates results to mechanical properties
of an intact feather. So far, work compares secondary structures to
proteins from different animals (Akhtar and Edwards, 1997), inves-
tigates pigmentation (Galvdn et al., 2013, Thomas et al., 2013), hy-
dration (Khosa et al., 2013) or proteins in solution (Church et al.,
2010). While the conclusions of these studies are not relevant to the
present work, their work sets out which regions of the vibrational
spectrum contain relevant information and describe the methods
used in analysing spectra. These workers also assign molecular vi-
brations to particular structures and set the stage for work that
could relate molecular vibrations to protein structure and ulti-
mately to mechanical properties.

Figure 2.7 shows that the S-tending segments are separated by
turn tending residues which make the unit twist. The molecule
is about 100 residues in length. Approximately 40 residues make
up the filament and the remaining residues of the same protein
compose the matrix.

Pabisch et al. (2010) reported that differences in the matrix
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a) b) c)

Figure 2.8: a) A transmission electron micrograph (TEM) from Earland
et al. (1962a), which shows intermediate filaments, the smallest
structural element and the filament matriz from an ultra-thin
section of feather keratin. b) A scanning electron micrograph
(SEM), which shows a cross section of a group of fibres from G.
gallus . In this figure, arrows indicate macrofibrils. ¢) Another
SEM of G. gallus , showing whole keratin fibres, arrows point to
syncitial nodes. Figures b and c are from Lingham-Soliar et al.
(2010).

Scale bars a) 100 nm, b) 1 ym and ¢) 5 pm.

influence the axis of the filament, giving rise to changes in its
bending resistance along the length of the feather.

Weiss and Kirchner (2011) have demonstrated that plasticity
of the feather results from breaking electrostatic bonds. There-
fore, the filament-matrix texture, or filament composite, deserves
its own place in the hierarchy of feather shaft structural complex-
ity, and is a synapomorphy?” of sauropsid 3 -keratin (Fraser and
Parry, 2011) because the filament-matrix complex in mammals
consists of about 20 different proteins (Alibardi and Toni, 2006).

Filshie and Rogers (1962) were the first to image this texture
using Transmission Electron Microscopy (TEM). Their image is
reproduced here as Figure 2.8a.

This filament composite arranges itself in tows?! (d = 0.1 pm)
(Lingham-Soliar et al., 2010, Wang and Clarke, 2015). These form

20Gynapomorphy: a characteristic present in an ancestor and shared exclu-
sively (in more or less modified form) by its evolutionary descendants, which
can be used to diagnose membership of a certain clade.

2'Tows (n., chandlery): A short fibre used to make yarn.
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a roving?? of macrofibrils (d = 0.5 ym) (Lingham-Soliar et al.,
2010), which in turn form a fibre (d = 5 pm) (Lingham-Soliar
et al., 2010). It has also been reported that these fibres change
direction along the length of the shaft (Cameron et al., 2003) but
layers are not mentioned in this work. It now seems that layers
might have much more influence on the direction of fibres. This hi-
erarchy can be seen in Figure 2.8, which shows a transmission elec-
tron microscope (TEM) and scanning electron microscope (SEM)
image, recorded after the supporting matrix has been degraded.
The matrix protein which has been removed in the sample used
in Figures 2.8b and 2.8¢ (Farland et al., 1962a) seems to be a
different protein from the matrix described by (Fraser and Parry,
2011). It is sometimes described as amorphous (Lingham-Soliar,
2013, 2017, Lingham-Soliar et al., 2010, Lingham-Soliar and Mu-
rugan, 2013, McKittrick et al., 2012) and sometimes referred to as
v-keratin . However, almost no work has investigated this protein.
It should be noted that this is not the same matrix which links
the filaments. The late Lingham-Soliar (2017) postulated that it
might be composed of the residual cytosol®® of keratinocytes and
effete organelles. There has been some investigation into the ma-
trix of human hair (Kadir et al., 2017), which shows that it has a
granular structure, although extrapolating this to F-keratins would
require new data. Whether or not this is the case in synapsids has
not been thoroughly investigated.

Wang (2016) offers a good review of keratinous material in
general, and describes the fibre-matrix texture as tightly packed
and well bonded. However, this is not always true because the
dark texture in the CT scan presented by Laurent et al. (2014)
shows there are voids, and that there are more voids in the middle
layer of a swan (C. olor) feather than the inner or outer layers.
Unfortunately the paper by Laurent et al. (2014) is presently the
only published evidence of interstitial spaces in the cortex and

22Roving (n., chandlery): A twisted roll of fibres, used to make rope.
#3Cytosol (n. biology): the aqueous component of the cytoplasm of a cell,
within which various organelles and particles are suspended
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these interstitial spaces are not the main topic of that paper.

At this point in the chapter, the (macroscopic) structural and
(microscopic) material perspectives meet, where it is known that
the fibres form layers and that the layers are made from keratin.
However, it is not known how these layers vary along or around
the feather, between different primary feathers, or between genetic
or ecological taxa.

2.3 Mechanics

Published values of Young’s modulus of feather keratin vary be-
tween 0.045 (Macleod, 1980) and 10 GPa (Purslow and Vincent,
1978), which seems an unlikely range. These values are not com-
parable for a number of reasons. Macleod (1980) tested material
from pelvic contour feathers of fowl birds and these feathers would
not have been subject to the same selection pressures as primary
flight feathers. Purslow and Vincent (1978) used flight feathers
from the pigeon, which have been subjected to those pressures.
Macleod (1980) tested a cross sectional piece but Purslow and Vin-
cent (1978) test a whole feather. Their tests cannot be compared
because they do not test the same level of the structural hierarchy.
This would be analogous to comparing the properties of a brick,
which is easy to break with a ball hammer to the sturdy wall that
was made from those bricks and can only be broken with a sledge
hammer, or maybe not at all.

They also used different methods. Macleod (1980) used a ten-
sile test and Purslow and Vincent (1978) used a cantilever bending
test, so they are not loading the material in the same way. Also,
they made different mathematical assumptions about the mate-
rial, which are implicit in the choice of test piece and technique
(and which would have been valid in the narrow scope of each
paper). However, for these reasons the results obtained cannot
be compared. Also, stiffnesses were obtained which must not be
considered as the Young’s modulus. Because most of the current
literature differs in technique, subject and sample (and therefore,
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assumptions) it is not easy to build a larger picture of general
shaft mechanics (Bachmann et al., 2012, Lees et al., 2017). A
summary of these factors for relevant papers since Purslow and
Vincent (1978) is presented in Table 2.1.



Study Stiffness (GPa)  Species Feather Test Piece Technique
Wang and Meyers (2017) 3(t) - 7(n) Seagull unknown primaries dorsal, ventral, lateral tension, compression,
pieces at three longitu- nanoindentation
dinal positions
Lees et al. (2017) 2-6 4 spp. all primaries calamus 3 point bending
Liu et al. (2015) 4 Peacock unknown tail calamus, middle rachis  tension, compression
Laurent et al. (2014) 5-10 Swan, Bald Eagle, Par- P3 multiple layers nano-indentation
tridge
Bachmann et al. (2012) 6 Owl, Pigeon P6 inner layer nano-indentation
De La Hera et al. (2010) BS Black Cap P10, T2 whole cantilever bending
Weber et al. (2005) BS Chiffchaff, Warbler P1 whole cantilever bending
Borgudd (2003) BS Chiffchaff, Warbler unknown primary whole cantilever bending
Cameron et al. (2003) 2-5 Swan, Goose, Ostrich unknown primaries unknown longitudinal  tension
strip
Dawson et al. (2000) 2.5 Starling P3 unknown longitudinal  tension
strip
Corning and Biewener (1998) BS Pigeon unknown primaries whole 4 point bending
Worcester (1996) BS 13 spp. P1, P4, P7 whole cantilever bending
Bonser and Purslow (1995) 2.5 8 spp. P1, P2, P3 25 mm piece from dor-  tension
sal surface at unknown
length
Macleod (1980) 0.045 Turkey pelvic contour feather  whole, and pieces cantilever bending,
tension
Purslow and Vincent (1978) 10 Pigeon outermost P3 / 4 whole, and pieces cantilever bending,

3 point bending

Table 2.1: A summary of studies on the mechanical response of feathers since the work of Purslow and Vincent (1978),

who were among the first to investigate their stiffness.

The results of these studies are not comparable

because there are a number of differences. Modulus values are approrimations, not Young’s modulus, and
BS denotes that a bending stiffness was reported, which includes the second moment of area: BS = EI,

where E is modulus and I is the second moment of area.

bending stiffness.

Out of plane couplings are also included in a
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Structural Studies

The differences between various structural testing methods are in-
troduced here in the context of the literature on feathers, but
are comprehensively explained in undergraduate textbooks such
as Gere (2008).

Cantilever testing

Cantilever bending fixes a beam at one end and measures deflection
under loading, as shown by Figure 2.9, where a beam of length L
and stiffness F, is fixed at one end and loaded at distance h from
the fixed end. Deflection at the point of loading dz is given by the
following static beam equation from Euler-Bernoulli beam theory
and which was used in modified form by Purslow and Vincent
(1978)%4:

a3, F.

dz3 B,

where the beam is straight, composed of a linearly elastic material
and the angle of rotation (of the radius of the deflection’s curva-
ture) is small (Gere, 2008). In this equation F, is the force at
point z, E, is Young’s modulus and I, is the second moment of
area (see Figure 2.9). Unless the material is isotropic or at least
transversely isotropic and loaded normally, there will be unconsid-
ered anisotropies within it and out of plane stresses. It might seem
an appropriate choice for holistic approaches because the shaft of a
flight feather is a natural cantilever (Bachmann et al., 2012, Bonser
and Purslow, 1995, Purslow and Vincent, 1978, Wang, 2016, Wang
and Meyers, 2017, Wang et al., 2015); the bones of the manus?
and the tendons of the postpatagium?® support the shaft which

(2.1)

24 There is an implicit assumption here that dET /dz = 0. This assumption
will be discussed in more detail in Chapter 7.

Zmanus (n., anatomy): the terminal segment of a forelimb, corresponding
to the hand and wrist in humans.

#6postpatagium (n, anatomy): the triangular piece of soft tissue which con-
nects the hand to the body, as in a bat’s wing.
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Figure 2.9: A schematic diagram, which illustrates cantilever bending
under static load, in a beam of length L, fired at one end
and loaded at some distance h from the fired end by force F'.
The deflection at the point of loading, § can be computed at
any distance z along the beam. In this loading regime, the
beam can be divided into a dorsal part which resists a tensile
load and a ventral part which resists a compressive load. If
the material is isotropic, these two parts are separated by an
imaginary central line called the neutral axis, where there is
no force. In anisotropic materials, this line might not be in
the centre.

is a beam. Purslow and Vincent (1978) compare the model with
empirical observations. The model predicts bending well. How-
ever, it makes a number of assumptions which must be considered
if other properties are to be extracted. A feather is not straight
but always has a degree of longitudinal curvature, which will in-
troduce a torsional load as well as simple bending. A feather also
resists a non-uniform load in application, because the load is pro-
portional to the vane width and angle of attack at an infinitely
small cross section. This can be experienced when one sticks their
hand out of the window of a moving car. The point load used in
this method does not introduce a torsional load. These two consid-
erations (bending and distributed load) are acknowledged by most
workers but have not yet been added to models because the effect
is quite small and models fit well.
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3- and 4-point bending tests

Three and four-point bending tests are alternative methods which
improve on cantilever bending in that they use a distributed load.
In looking at elastic response, either technique would be suitable.
Any of these bending tests would be appropriate techniques to
test whole feathers or at least whole cross sections but not lower
level structures because this is not how they are loaded in applica-
tion and to test them in bending would introduce shear forces not
present in application.

Finally, all bending tests do not determine a modulus (E) ex-
plicitly. They determine bending stiffness £ 1. Therefore, to report
FE requires a knowledge of I, and it has been shown in Figure 2.2
that this is highly variable (Bachmann et al., 2012). Some studies
simply report EI and do not obtain values of E' and I separately.
Others have attempted to overcome this limitation by measuring
I at discrete intervals, or by modelling the rachis as a tube, square
prism or tapering cone. Published results by Bachmann et al.
(2012) and unpublished results by Laurent et al. (2014), King
(2016) and Palmer(ongoing) have shown that these approaches
are probably oversimplified. They observe I at discrete intervals
and interpolating values in between might be a better approach
until I can be properly modelled in terms of z.

The paper by Lees et al. (2017) presents models that confirm
something more is afoot because simple anatomical measurements
do not explain mechanical performance in feathers. This agrees
with findings by Laurent et al. (2014) and Lingham-Soliar (2017),
though Bachmann postulates that geometry explains a larger pro-
portion of feather flexion than material properties and presents
data which shows that more advanced measurements (I, the sec-
ond moment of area, rather than d the diameter of the rachis) do
have some fairly well fitted predictive power.

Additionally, if samples are laminated then I can be computed
such that the distribution of load bearing and non-load bearing
components with respect to the bending axis are considered, be-
cause falsely increasing the load bearing second moment could in-
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troduce large errors in I. For example, the I of a circular section
varies with the fourth power of the diameter, so assuming an outer
layer is load bearing will have a very large effect indeed.

Suppose E has been extracted with an approximation of I,
FE still cannot be called the Young’s modulus, because it is an ap-
proximation of a stiffness tensor (as all results of a constrained me-
chanical test are). The stiffness can only be thought of as Young’s
modulus in the special case of unconstrained uniaxial stress, when
elements of the stiffness tensor can be filled by a single indepen-
dent elastic constant which relates to a single material constant,
Young’s modulus. It will be an approximation of stiffness for that
sample, in that stress state for that observer and will be an ex-
trinsic property that should not really be extrapolated to different
samples, or even the same structure under different loads, because
it does not consider shear forces, moments or their couplings to
out-of-plane strains. The elastic modulus of a material is not the
same as the stiffness of a component made from that material.

Material Methods

Tension test

The methods described above obtain a reduced stiffness modulus
with a reduced number of unique elements for either the whole
feather or a piece of a whole cross section. A tension test can in-
vestigate the next level of hierarchy - either a cortical piece, or a
cortical layer—by stretching a sample in an extensible frame and
measuring load and displacement. A tension test could be applied
to a whole feather (Macleod, 1980), but this is not how a whole
feather is loaded in application. It is more appropriate, and ge-
ometrical differences are more easily accounted for, if the test is
conducted on a piece of cortex excised from the dorsal or ventral
wall which has had the medullary substantia carefully removed.
Loading an excised piece of cortex mimics how that piece is
loaded in application and results between different studies would
be more comparable because a test piece is normally a standard
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shape and it is small enough that there is less structural variation
within the piece. A tension test is simpler and probably the most
fundamental mechanical test, as it is easy to constrain stresses.
Subtle differences in methodology such as the strain rate, or the
clamping method should not impact the stress—strain relationship
so long as the clamps do not slip and the strain rate is high enough
that viscoelastic?” effects do not introduce creep?®. Loads between
different sized test pieces are also not so important because feath-
ers have a large safety factor (Wang et al., 2012) so it should be
simple to record adequate data in the elastic region?®. One small
consideration might be the transverse curvature of the test piece,
because although only a small piece of cortex is loaded in tension,
when it is a part of a tube, the distance from the neutral axis
for any given longitudinal sub-sample will vary and therefore some
anisotropy within the test piece might be expected. Because of
this, the cortical sample should be as small as possible such that it
can still be excised without introducing stress concentration points
(i.e. by leaving a notch) and test pieces should be proportionally
measured rather than absolutely measured so that they are compa-
rable between birds. Comparing tests from a 50 mm gauge length
(an absolute measurement) between species would be unfair, a 50
mm-long sample is the whole shaft of a small bird’s feather, but
only a small part of a large birds feather. A relative gauge length
would probably compare a percentage length of the rachis. For
example, Bonser and Purslow (1995) used an absolutely measured
gauge length but specify that only the dorsal surface is tested,
which means that the width of the sample is proportional. If the
width of the test piece was absolute, a piece which might be 3 mm

2TViscoelastic materials exhibit time-dependent strain; that is the material
properties vary depending on the rate that load is applied

Z8When a stress:strain curve does not begin and end at the origin, it is either
because of plastic deformation, or because of viscoelastic effects. The latter is
called creep.

29Gafety factor is the difference between the force needed to buckle the
feather and the force needed to sustain flight, i.e. buckling failure force /
lift force equal to body weight.
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wide would consider only the dorsal section of the quadrilateral
prism in a swan, but would include parts of the lateral wall in
smaller birds, which have adapted to a different loading regime.
This would introduce a source of error.

Nanoindentation

An indentation test can consider a larger structure by using a map
of indents, but each indentation really only considers a small in-
teraction volume which is a half sphere proportional to its depth
(Oliver and Pharr, 1992). By using this technique it is possible
to consider the modulus of a single layer, although the modulus
reported will also vary and will not be comparable unless the ap-
proach vector is known and relatable to the fibre orientation be-
cause the modulus will vary accordingly in a fibrous composite. An
angle-modulus relationship has not yet been established for feather
keratin, mostly because the angle of specific layers of fibres in the
interaction volume has not been confirmed to a sufficient degree of
precision and so indenting a cross-section or longitudinal section,
even for similar samples would load the fibres differently due to
varying orientation. However, it might be reasonable to compare
indents normal to fibre direction. The protein structure would sug-
gest that layers can only rotate through one plane (in polar space).
Laurent et al. (2014) and Wang and Meyers (2017) both present
longitudinal indentation results and transverse indentation results,
which might be comparable but cross sectional indentations should
not be compared because ply angle variation has a larger influence.
Figure 2.10 shows that in a transverse or longitudinal sample, an
indentation should be perpendicular to fibres whatever the angle
but in a cross sectional indentation this is not the case.

Another important consideration in the comparability of inden-
tation results is the probe shape used and the depth of the inden-
tation. All nanoindentation studies so far (Bachmann et al., 2012,
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Figure 2.10: A schematic diagram, which illustrates how the angle of ap-
proach in a nanoindentation test might be affected by fibre ori-
entation. This shows how fibrous material deforms around a
point-load. If the nanoindentation probe approaches a cross sec-
tional face, the ply angle will have a large effect on the resultant
modulus but if the indenter can approach from an angle perpen-
dicular to the fibres then the ply angle will not have a large effect

on the resultant modulus. Reproduced from Wang and Meyers
(2017).

Laurent et al., 2014, Wang and Meyers, 2017) used a Berkovich?’
diamond tip, but also indent to different depths, and so test a dif-
ferent interaction volume. This is relevant because the volume tests
will have a selection error based on the size of the lower structural
level i.e. the relative volume of matrix and fibres in the sample
volume, although this can be accounted for by taking averages of
multiple indentations in similar places. There are also small effects
caused by the size of the indentation (Huang et al., 2006) and also
the shape of the probe (Calabri et al., 2007) but they need not be
considered in larger indentations (depth > 500 nm). The most
comparable results will test as large an interaction volume as pos-
sible (and be a proportional measurement) without moving into a
different layer.

Moduli from tension tests and nanoindentation are much more
relevant in considering the material properties of the cortex and
the influence of layers, although to date no studies have applied

30A three sided pyramid of particular dimensions named after the Russian
materials scientist Berkovich (1950)
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Classical Laminate Theory, CLT, to properly account for the pres-
ence and variation of layers in the cortex. As it stands, the tensile
modulus of either a single layer, or a laminate remains unquan-
tified. However it is established that the modulus varies between
hierarchical levels, between different birds and also according to
humidity where increased humidity decreases stiffness (Bertram
and Gosline, 1987, Taylor et al., 2004). The tensile modulus also
varies with sulphur content where increased sulphur content in-
creases stiffness (Akhtar and Edwards, 1997, Fraser et al., 1973a,
1988, Naito and Arai, 1996, Wang, 2016). However, there is a
gap in the literature, which when filled will provide the modulus
value of a single layer, information on how variation in layup af-
fects the properties of the laminate, and a comparison of feathers
from multiple birds. Another constant, Poisson’s ratio v, also be-
comes relevant here, because it to can be cited for the laminate
and for the lamina. In this case the constant relates transverse
contraction to axial elongation and it is also an intrinsic material
constant, which is reported a few times in the literature, using dif-
ferent approaches on different keratinous materials, and without a
consensus value (Zhang et al., 2013). The issues of Poisson’s ratio
v in keratinous material and more generally in biological materi-
als is the topic of a section in Vincent (2012), who reports values
ranging between 0.35 and 0.9. Soons et al. (2012) take v to be 0.4
in their modelling work, on the basis of some agreement of values
from work on bovine hoof (Franck et al., 2006, Li et al., 2010). It
might be possible that an analytical perspective of mechanical test
results could extract the value despite it being difficult to measure
directly.

Summary

Feathers are hierarchically complex structures and component di-
mensions range from the nano-scale to the macro-scale. This com-
plexity has made it very difficult to constrain mechanical tests
such that material constants can be extracted, and stiffnesses re-
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ported in the literature are largely incomparable. On this basis it
is now appropriate to go one level deeper, to approach the feather
shaft as a laminate. In looking at local mechanical properties and
microstructure, this work will investigate fibre orientation (Ques-
tions 1,2) and one more important consideration: how the material
varies (Question 3).



Chapter 3

Methods

Tools & techniques.

At this point the questions posed at the beginning of this thesis
must become objectives. To answer the first question:

1. What is the layer geometry of the primary flight
feather shaft, and does it change within the shaft?

It will be necessary to image and quantify layup geometry in mul-
tiple places of replicate primary flight feathers.
To properly consider the second question:

2. Are there differences in the material composition of
those layers?

Material (protein) composition must be investigated as it occurs
within in its natural state.
and to address the last question:

3. Are the layers mechanically relevant and is the
isotropic assumption inappropriate?

Pieces of feather shaft must be mechanically tested and the results
analysed from an approach based in Classical Laminate Theory,
which considers both layup geometry and material.

33
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This chapter contains three sections which present methods
used to accomplish these objectives. Each section details the col-
lection and processing of experimental data and, where appropri-
ate, example data is presented but not interpreted. Results will be
fully presented, analysed and discussed in later chapters, though
certainly with regard for objectives 1 and 2, the methods presented
here are a contribution themselves.

3.1 Layup Imaging

The most appropriate method to image and quantify layup geom-
etry in a large number of primary feathers, should be able to:

1. image fibre orientation

2. sample each layer, or the entire cortical width of the shaft
and

3. image a large number of samples in a given period.

A number of methods have already been used to gather information
on the laminar geometry of the feather shaft, which appear in the
literature and have been considered in Chapter 2. Some of these
methods have been evaluated according to the above criteria in a
recent paper (Laurent et al., 2019). The paper tests a number of
techniques against the attributes identified above and concludes
that Synchrotron Radiation Computed Tomography, SRCT, is the
most appropriate method in terms of those criteria. A summary
of the techniques applied in that paper and in the literature are
presented in Table 3.1.

SRCT uses X radiation from a synchrotron light source to pro-
duce three-dimensional, density contrasted images called tomo-
grams, by compiling a series of planar X-ray images, called ra-
diograms. The technique, when applied to feathers, can be used
to infer fibre orientation by imaging pseudo-ellipsoid holes in the
cortex, which align with fibre direction. This relationship between
hole orientation and fibre direction was confirmed with correlative
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Serial Block-Face Scanning Electron Microscopy (SBF-SEM) in a
feather from the swan, see Figure 3.1. The holes measured approx-

imately 6 pm in the major axis by 2 pm in the minor axis Laurent
et al. (2019).



Technique 2D/3D Resolution Volume* Destructive? Fibres visible? Throughput Preparation
Light Microscopy

Wide-field Light Microscopy 2D 200 nm - Yes No Fast Significant
Polarised Light Microscopy 2D 200 nm - Yes No Fast Significant
Confocal Laser Scanning Microscopy (CLSM) | 3D 200 nm 0. 1 mm3 Yes No Fast Minimal
Multi-Photon Laser Fluorescence Microscopy | 3D 200 nm 0. 1 mm3 Yes No Fast Significant
Scanning confocal PolScope 2D 200 nm - Yes Yes Fast Minimal
Electron Microscopy

Scanning Electron Microscopy (SEM) 2D 3 nm - Yes Yes Slow Extreme
Transmission Electron Microscopy (TEM) 2D < 1nm - Yes Yes Slow Extensive
Serial block-face SEM 3D <10 nm 0. 001 mm3 Yes Yes Very slow Extensive
X Ray Techniques

Micro-computed CT 3D < 1pm 0. 1 mm3 Yes Proxy Very slow Minimal
SRCT 3D 300 nm 0. 1 mm3 Yes Proxy Fast Minimal
Scanning Probe Microscopy

Nano-indentation 2D 15 pm Yes No Very slow Significant

Table 3.1: A table of imaging techniques for observing fibre orientation in the rachis. Modified from (Goggin et al.,

2016, |Kherlopian et al., |2008). *Without tiling.
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3.1.1 Data acquisition:
Synchrotron Radiation Computed Tomography

Samples of feather rachis were scanned during three trips to two
different synchrotron light sources. These were the TOMCAT
beamline at the Swiss Light Source (SLS) (Villigen, Switzerland)
and the I13-2 beamline at the Diamond Light Source (Didcot, UK).

Different sample preparations and scan settings were trialled
on a bench-top machine at the University of Southampton and
with the help of beamline scientists at both synchrotrons (Laurent
et al., 2019). Two methods of sample preparation were used in
this work. In the first method, four matchstick sections approx-
imately 500pmx 500pmx lcm were excised from the shaft and
mounted directly onto an SEM stub with paraffin wax. In the
second method, four region-of-interest scans were acquired from a
whole cross-section, which would correspond to matchstick coun-
terparts from the first method. Samples prepared using the first
method were scanned at the SLS. They were placed 7 mm from the
source in a 0.8 mm field-of-view and irradiated through 180°, with
a 21 keV monochromatic beam (filtered through 100 pm Al and
10 um Fe) to absorb low energy photons. A PCO Edge 5.5 CMOS
detector (Kelheim, Germany) with a 100 pm LuAg:Ce scintillator
and a 20x objective was used to capture 1501 projections each at
200ms integration time. This resulted in a total scan time around
six minutes and a voxel size of 325 nm. Tomograms were recon-
structed with the GridRec algorithm (Dowd et al., 1999, Marone
and Stampanoni, 2012).

Samples prepared according to the second method were scanned
using a similar protocol at the SLS and at the Diamond Light
Source 113-2 beamline with a 14 keV monochromatic beam. 4000
projections at 200 ms integration time, using a PCO 4000 (Kel-
heim, Germany) camera coupled to a Lu:Ag Scintillator and a 10x
objective with another 2x in the optics system (20x effective mag-
nification). This setup also resulted in 325 nm voxel resolution, but
with a longer scan time, approximately 20 minutes. Tomograms
were reconstructed with the Tomo-Recon algorithm (Atwood et al.,
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2015).

Some supplementary optical micrographs were collected at a
later date, using a very simple optical microscopy setup with a
20x objective and a digital camera.
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3.1.2 Data processing: extracting layup information

Constructed tomograms were filtered using a 4 x 4 x 4 pixel Gaus-
sian kernel to remove noise and enhance the contrast between hole
space and feather material. Tomogram data was then thresholded
and binarised such that the holes had a value of 1 and all other
voxels had a value of 0. Threshold values were selected manu-
ally, because the samples presented quite different histograms due
to variation in thickness and number of holes. An automated
method would have been more appropriate if all of the samples
were the same size and had similar hole concentration but these
differences seemed to make scripted use of thresholding algorithms
e.g. Otsu (1979) etc. unreliable. However, the Otsu algorithm
which is mostly used for background subtraction works well in
cases where there is no medullary foam, and there are correspond-
ingly only two phases—air and keratin. Though this is still true
in cases where there is medullary foam, the histogram is multi-
modal and as the algorithm tries to threshold the picture into two
phases of least variance (background and foreground), it does not
return a threshold between air and keratin with an acceptable rate
of success for these purposes.

Binarised scans were then evaluated using the BonelJ plugin
(Doube et al., 2010) for the Fiji platform, using the IRIDIS 5 com-
puting cluster at the University of Southampton. A binarised to-
mogram can be seen in Figure 3.3.

The plugin was configured to consider holes between 24 and
3000 voxels (7.8 and 975 pum?, respectively) so as not to include
noise, phase artefacts, or cells of the medullary pith. Figure 3.4
shows an inner and an outer layer of segmented voids. The holes
are longer than they are wide and ellipsoids can be fitted to each
one. BonelJ calculates the Cartesian centroid location as well as
moments of inertia for each hole. Figure 3.5 shows a small sub-
sample from the CT scan with these data illustrated.

It is then necessary to transform the data, in the first instance
to straighten the data in case the samples were not perfectly normal
to the CT beam, and in the second to account for the curvature of
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the feather’s shaft. The first step uses a transformation matrix to
tilt the scan data. The transformation matrix is calculated from
point coordinates of the outer edge of the cortex from the top and
bottom tomograms of the tomogram stack. The second transform
fits three circles on the middle tomogram to convert the data from
Cartesian space into polar space. These circles are shown in Figure
3.6; one circle is fitted to the outer cortical edge and a second to
the inner cortical edge. The colours used in this figure, i.e. blue
for the inner layer and orange for the outer layer are kept through
successive chapters. The third circle, which has a centroid location
and radius length which are averages of those from the first two
circles, is equidistant from them both. This circle is used to ‘unroll’
the cylindrical feather into a flattened sheet. This encompasses
a mapping from Cartesian space into polar space based on this
circle and then transforming data which describes the holes in the
feather as well. This transformation uses the slope of the third
circle to transform the vector orientation of the major axis of the
fitted ellipsoid, which was calculated from the moments of inertia
obtained from the BoneJ package. Using this middle circle as the
axis line accounts for samples which have diverging or converging
cross sections.

After the second transformation, the cylindrical prism has been
unrolled and the rachis can now be considered as a flat piece of
material with parallel layers. To measure the layer thickness and
orientation, the data can be binned, dividing the material into
a large number of virtual layers (=30). Frequency data on hole
orientation (the vector of the major axis) can be calculated for
each virtual layer, and a two-dimensional histogram can be formed
when all of these histograms are combined. Figure 3.7 shows that
the frequency of holes oriented in 6° bins changes through 30 vir-
tual layers of the flattened rachis. In each virtual layer, the angle
bin with the highest count can be plotted and the position of the
layer boundary can be calculated by using the slope of that line,
which is the greatest between a point in the inner layer where
the most populated bin has a value of approximately zero and the
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next value which is in the outer layer and has a value of approx-
imately 90. Once the boundary location has been calculated, the
virtual slices can be treated as inner layer or outer layer and new
one-dimensional histograms can be made which consider these two
real layers rather than 30 virtual layers.

Figure 3.8 shows orientation-frequency data for each layer. We
can use a double Gaussian because the dominant direction will
be normally distributed about the mean but there will also be a
noise component introduced because small holes are less precisely
discretised and less precisely fitted. This is likely also normally
distributed but with a different distribution than the main hole
alignments. The distribution of hole orientation should have a
similar mean and a smaller standard deviation. Both the mean
and the standard deviation are more precise once the noise has
been subtracted, and the standard deviation shrinks from approx-
imately 45° to approximately 30°. A Gaussian distribution is used
to remove extraneous signal because it is versatile: Where noise
is random, the Gaussian fits a straight line; where noise is caused
by small aspect ratios or imprecise and imperfect discretisation of
of holes, the Gaussian can be fitted with a different mean. This
is also needed for some feather samples which have very square
shapes and the cortex cannot be fitted as well by the circles. This
leads to a skewed histogram, despite the main peak being very
similar. Most often, a straight line is fitted, or two Gaussians are
fitted with very similar means. By fitting two Gaussians, all pos-
sibilities are covered and changing a prior: knowledge about each
scan does not need to be input manually.
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Image series

Figure 3.1: This figure shows image series taken using a Serial-Block-Face
Scanning Electron Microscope (SBF-SEM). These images are
850 nm apart and show multiple slices through the same 8 holes.
These voids have a major radius of approximately 6 ym and a
minor radius of 2 ym. These holes can be used to infer fibre
orientation. Scale bar 5 um.
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Figure 3.2: A schematic diagram to show two different methods of sample

preparation for Synchrotron Radiation Computed Tomography
(SRCT) scanning. Method 1 involves excising smaller pieces of
feather and supporting them in paraffin wax. Method 2 involves
using region-of-interest scanning on larger, more stable samples.
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Figure 3.3: A tomogram of a cross section of a swan’s first primary (P1)
at 30% length. The tomogram has been filtered with a 4 x 4
X 4 pizel Gaussian kernel, then thresholded and binarised ready
for the BoneJ ‘analyse’ macro (Doube et al., 2010) Here the
voids (pseudo-ellipsoid holes)have been segmented (black). Cir-
cular voids can be interpreted as longitudinal voids which are
oriented transversely to the page, and elliptical voids can be in-
terpreted as voids whose long axis is parallel with the long axis
of the feather. Scale bar 0.2 mm
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Figure 3.4: A figure which shows / plays a video of a small 8d slice of the cor-
tical holes, after the volume has been thresholded, and the holes
have been segmented. Two layers are visible and also how the
number of holes decreases towards the inner edge (on the left).
The video later zooms in on the holes to show their elliptical
shape.
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Figure 3.5: A figure which shows how voids in the rachis cortex can be seg-
mented, and ellipsoids can be fitted to binarised data.
Scale bar 10 ym
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Figure 3.6: A diagram to show how fitted circles are used to transform a
Cartesian space into a polar space and also account for diverg-
ing/converging boundaries in a non-standard shape. Points along
the inner and outer edges of the scanned feather shaft are cap-
tured from mouse-click events. For each edge, a circle is fitted
which is shown by corresponding dashed lines. Another circle,
which has a centroid between the centroids of the two fitted cir-
cles and a radius which is the average of the radii from the these
circles is displayed as a white dashed line. Distance (i.e. cortical
width) will be measured (and offset) from this line, to account
for samples where cortical width is diverging or converging. The
slope of this line will also be used to transform the data from
Cartesian space into polar space. The material outside of the
orange line is cyanoacrylate glue used to mount the sample to a
holder.
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Figure 3.7: A two-dimensional histogram showing information on the ori-

entation of cortical holes in the feather shaft. The histogram
presents frequency counts of holes constrained to a bin which con-
tains siz degrees of major axis orientation and 3% of the cortical
width, in polar space. The data has been bi-cubicly interpolated to
smooth the data and in this example, the inner and outer layers
of the feather shaft use orange and blue colour maps, respectively.
White markers indicate the rotation bin with the highest count in
each distance bin, and bars are the standard deviation within that
distance bin. The black dashed line indicates the layer boundary,
and is determined by the derivative of a set containing the values
of these white markers. Blue and orange dashed lines indicate the
fibre direction for each layer, which is the mean value of the sec-
ond fitted Gaussian distribution, when the first accounts for noise
caused by imprecise thresholding and/or imperfect scan parame-
ters. The standard deviation is very close to the average values
of the white markers in each layer. This plot indicates that there
are two layers, the first one is 84% of the cortical width and is
oriented at minus 10°. The second layer accounts for the remain-
ing 16% of the cortical width and is oriented at 84°, though there
is larger variance about this value.
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Figure 3.8:

This figure presents the distribution of holes in each layer of the
rachis sample, with rotation bins of five degrees. The inner and
outer layers use blue and orange colour schemes respectively. For
each layer, the data is fitted with a double Gaussian distribution,
shown by dashed lines. Blue and orange solid lines indicate the
mean value of the second Gaussian, which is the in-plane fibre
orientation of the layer in polar space. The first Gaussian ac-
counts for noise caused by imprecise thresholding and imperfect
scan settings. The black line is the sum of these two Gaussians
and is shown to demonstrate adequate fitting. Because the data is
cyclical, repeated data is shown but rendered transparently. The
same data is presented as a compass plot in the top right corner,
using corresponding colours to show this more clearly.
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SRCT Tensile testing
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Figure 3.9: A schematic diagram showing which parts of the rachis are used
for tensile testing. The vane is removed from the shaft, which is
cut into pieces. Small pieces were taken for CT scanning, and
larger pieces were reserved for tensile testing. Dots are applied
to these pieces and the pattern is used to measure strain using a
video-extensometry setup.

3.2 Tensile testing

Tensile pieces were excised from the shaft of the first, third and
fifth primary feathers (P1, P3 and P5) from the right-hand wing of
three swans, Cygnus spp., with a Proxxon Minimot 40/E hand-held
rotary saw (Fohren, Germany), and a point tracking pattern was
applied to each tensile piece with a fine marker pen. Samples were
mounted in an Instron™ ElectroPuls E1000 (Norwood, MA, USA)
electric test instrument, equipped with a Dynacell £2kN dynamic
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Figure 3.10: A figure to show the points used to gauge strain, using digital
image correlation. The wedge-action grips of the tension test
machine can be seen at the top and bottom of subfigure (a).

load cell, gripped by mechanical wedge action grips with serrated
jaw faces. Samples were then loaded in tension under displacement
control at 25 mm/min to a 250 N load or until 5 mm extension is
reached.

Extension was captured with a Manta G504-B camera from Al-
lied Vision (Stadtroda, Germany) with a 2452 x 2056 CCD sensor
with 3.45 pm pitch, an 8 bit gray scale, a 50 mm Nikon lens and a
frame rate of 6.7 Hz.

For each frame, extension was measured centre-to-centre be-
tween reference points using the analyse particle feature in Im-
agelJ (Schindelin et al., 2012). Strain was obtained using a simple
Python routine to compare the distances extracted by ImageJ to
frame time-stamps.

3.3 Spectroscopy

Infrared (IR) and Raman spectroscopy are two of the main meth-
ods used to investigate secondary protein structure (Barth, 2007,
Cai and Singh, 1999, Hahn et al., 2015, Pelton and McLean, 2000).
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The vibrational signature of protein amide groups is very sensitive
to polypeptide backbone conformation and, as a result, provides
direct quantitative information regarding secondary structure. Dif-
ferences in amide group geometric orientation and environment for
a-helix, (-sheet, S-turn, and random coil structures in proteins
lead to differences in amide vibrational frequencies and hence dis-
tinctly different amide absorptions. Raman spectroscopy makes
use of scattered radiation rather than absorbed radiation (Raman,
1953, Tuma, 2005) and also has a number of advantages over IR
spectroscopy in the investigation of protein secondary structures.
First, sampling is much easier and Raman is capable of much
greater spatial resolution (Rintoul et al., 2000). The Raman spec-
trometer used in this work was fitted with a confocal microscope
which allowed areas of 4 pm x 30 pm to be investigated whereas
this spatial sampling was not possible with the available IR spec-
trometer which focuses to ~1 mm?.

Secondly, amide groups and other bands can be seen more
clearly in vibrational Raman spectra than Infrared spectra. This
permits the environment of numerous amino acid side chains to
be characterised and studied, notably acidic residues (Overman
and Jr., 1999) and sulphur containing residues (Rajkumar and Ra-
makrishnan, 2001), including S-S units. Thirdly, Raman spectra
are easily obtained from dilute samples in aqueous solution (Dong
et al., 1998, Pelton and McLean, 2000) or solid samples that con-
tain water. This is very difficult using IR spectroscopy as the water
bending vibration absorption (at = 1645 cm™!) obscures the main
amide band (the Amide I band) in the IR spectrum. This is not
a problem in Raman spectroscopy as the water bending mode has
much lower intensity than in the IR spectrum. n.b. Feathers are
naturally hydrated but usually at 10% or less by weight (Taylor
et al., 2004, Wang and Meyers, 2017).

Bird Material

To investigate differences between layers, feathers were removed
from intact wings of four deceased birds (see Table 3.2). Species
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were selected from across the avian phylogeny as different species
require different material responses from their feathers. The feath-
ers of a gull in soaring flight, for example, do not behave in the
same way as those of a flapping swan or a hovering hummingbird.
The birds used in this work encompassed a range of different flight
styles and are as follows: swan, gull, mallard, and kestrel. The
swan, Cygnus olor and the mallard, Anas platyrhynchos, are both
Anseriformes. This is an ancient group of birds which diverged at
the root of the avian family tree. However, they exist in very dif-
ferent flight niches. The swan is among the heaviest of birds (see
Table 3.2) and requires very stiff feathers when it takes off from the
surface of water because it is unable to jump. The mallard only
flies short distances and it does so by rapidly beating its wings.
The common gull (seagull) Larus canus, is a Charadriiform bird,
which is another order nested at the root of the avian radiation.
The gull spends a lot of time at sea, in soaring flight and with wet
feathers. The common kestrel, Falco tinnunculus, is a raptor (bird
of prey) which is more derived and spends a lot of time hovering
into oncoming wind before it dives for food.

In order to investigate Raman spectra recorded at different
lengths along a rachis, similar sections were taken from nine pri-
mary feathers from three swans.

In fact these were taken from the tensile samples already de-
scribed in the previous section.



Table 3.2: Information on different species of birds used in spectroscopic work.

29

Common Name . Binomial name Flight style Order Typical weight (g)
Gull Larus canus Soaring Charadriiforme 430

Kestrel Falco tinnunculus Hovering / Soaring Falconiforme 180

Mallard Anas platyrhynchos  Continuous flap Anseriforme 1000

Owl Strix alco Flapping, gliding Strigiformes 470

Swan Cygnus olor Fast flap Anseriforme 10,000

spotgey ¢ 1order)
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Sample preparation

5-mm-long sections were removed with a Proxxon Minimot 40
hand-held rotary saw (Fohren, Germany) at 40% of the rachis
length from the base. Replicate sections were taken from the left
and right wings.

In most cases the feathers were not cleaned because when the
feather is removed from the follicle, a membrane is removed from
the feather shaft which exposes clean rachis and calamus. In any
case, once the samples have been embedded, the grinding process
exposes clean tissue which is free of contaminants. These sections
were embedded in an 8:1 mix (by weight) of Struers’ EpoFix resin
(Catcliffe, UK) inside a cylindrical mould (see Figure 3.11). This
method is very similar to that described in an earlier nanoinden-
tation study (Laurent et al., 2014).

The swan pieces for longitudinal investigation (all from feathers
of Cygnus spp.) were also embedded using the same process, this
time in a custom mould. The block was then cut with a band-saw
to bisect each piece of shaft, and then these blocks and the feathers
from different species were ground using series of lapidary papers
to expose the cross-section.

In some cases, a small gap formed between the feather rachis
sample and the EPOfix resin. This is caused by bubbles in the resin
and by the resin shrinking slightly as it cures. In the worst cases,
on exposure to the laser from the Raman spectrometer, this results
in burning of the sample, but also in saturation (even at low laser
power) and in less serious cases, fluorescence. The solution is either
to grind down the surface past the region of the gap, or to infuse
the surface with less viscous resin (such as MetPrep (Coventry,
England) EPO-Set resin) under vacuum. In the worst cases a
new sample was required (using MetPrep resin only). Removal
of bubbles from the matrix avoids the burning and fluorescence
problem because the excited state responsible for the fluorescence
readily loses energy to the matrix and the fluorescence is quenched.

The work on different species was planned because it was known
that developing the method would take some time and probably
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destroy a number of samples. This work took place when the ten-
sile samples were needed for other experiments and spectra were
taken from these samples soon after those experiments finished.

Acquisition of Raman Spectra

Spectra were taken using a Renishaw InVia Confocal Raman Mi-
croscope (Wotton-under-Edge, UK) equipped with a 100mW, line
focused diode laser at 785 nm wavelength and a 50x objective. The
spectrometer was calibrated using a silicon standard before each
session. Eight accumulations were taken for each sample at 10mW
from 3200-100 cm™! with 60 seconds integration time. Spectra
were taken from the Inner and Outer positions, at Dorsal, Ventral,
Leading and Trailing positions, from both the Left wing and the
Right wing for each bird, once the entire set-up had reached sta-
ble temperature. Spectra were baseline-corrected and fitted using
a script generated from the MATLAB curve fitting toolbox. The
Amide I region (1500-1800 c¢cm™1) was fitted with 6 bands, as was
the Amide III region (1200-1350 cm™!) and the SS region (400
600 cm~!) was fitted with three bands. In all cases, following our
own investigations as well as the work by Zhang et al. (2012), Gaus-
sian bands were fitted with a half-width of 28.25 cm™!according
to the function:

2
eap—2( T =) (3.1)

B A
Y=Y+ /T "
where A is the area, w is width and z. is the x-axis intercept. A
half-width of 28.2 cm~!corresponds to w = 24.0 cm™!.

The tensile samples include P1, P3, and P5 feathers for three
birds, cut at 20, 40, 60 and 80% length and separated into dor-
sal and ventral positions. Where two layers could be clearly seen
on the cross-section of each sample, the laser was positioned in
the middle of the layer to be investigated, using the spectrome-
ter’s XY stage and the microscope eyepiece. Where they could
not, the laser was positioned at the outside edge of the cortex and
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roughly halfway between the two cortical edges. T A total of eight
accumulations were taken for each sample at 10mW with 60 sec-
onds acquisition time for each accumulation. These parameters
(power, number of accumulations, acquisition time) were selected
after recording test spectra using a range of conditions. The se-
lection of final parameters to be used was based on the resolution
and signal to noise in these test spectra, comparison of R? values
once the spectra had been fitted, time taken for data collection,
and also the maximum time which would avoid burning.
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SRCT  Tensile

Spectra

Figure 3.11: A schematic diagram shows how samples are prepared for Ra-
man spectroscopy and the locations from where spectra are taken
from the Tensile pieces. The vane is removed from the shaft,
which is cut into pieces. Small pieces were taken for CT scan-
ning, and larger pieces were reserved for tensile testing. After
tensile testing, these pieces were embedded in resin, bisected,
and polished for spectroscopic analysis. A similar process was
used to prepare samples from different species, but this time only
at 40% length and spectra were taken from the dorsal, ventral,
leading and trailing positions
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Figure 3.12: A figure to show how increasing power and exposure leads to an improved spectrum with better signal to
noise in the Amide I region. The axes obscure the data and so they are not included. However, they match
those in figure|3.18. The Y axis is scaled intensity and the x azis shows wavenumbers (cm™') from 1500
to 1800. The orange lines are the recorded data, the black line is the sum of the six-band Gaussian fit, and
each of those six is shown with a grey line. In this work, the settings used were 60 seconds exposure, for
8 accumulations (8 minutes total exposure) at ImW. These settings balanced the time needed to acquire
data with the risk of sample burning and returned spectra with good signal-to-noise that were normally
fitted with R% > 0.99. In this figure, the R? values are as follows:

0.97789 0.99613  0.99701
0.95524  0.99485  0.99657
0.8676 0.95984  0.99618

09

spotgey ¢ 1order)



3.3. SPECTROSCOPY 61

3.3.1 Spectral regions investigated and band fitting
of Raman spectra

Although experimental spectra were obtained between 3,200 cm™'and
100 cm™!, particular attention was given to the Amide I region
(1500 - 1800 cm™1'), the Amide III region (1200 - 1350 cm™!),
and the SS region (400 - 600 cm™!). Assignments made in these
regions follows those in previous work (Akhtar and Edwards, 1997,
Blanch et al., 2003, Cai and Singh, 1999, Church et al., 2010, Es-
sendoubi et al., 2019, Fu et al., 1994, Hahn et al., 2015, Khosa
et al., 2013, Maiti et al., 2004, Zhang et al., 2012), and are pre-
sented in Chapter 5

The Amide I region arises from C-O stretching vibrations. It
provides information on protein secondary structure in the sam-
ples investigated (Akhtar and Edwards, 1997, Blanch et al., 2003,
Fu et al., 1994, Hahn et al., 2015, Maiti et al., 2004, Zhang et al.,
2012). The Amide IIT region (1200 - 1350 ¢cm™1) arises from a com-
bination of N-H bending and C-N stretching vibrational modes.
Previously, this region has also been used to investigate protein
secondary structure (Cai and Singh, 1999, Fu et al., 1994, Maiti
et al., 2004, Zhao et al., 2012), notably in cases where infrared
spectra were recorded from protein-containing samples in solution,
where the water bending mode absorption overlaps with the Amide
I region and makes the Amide I region of limited use.

However, in the present work, Raman spectra were recorded for
solid samples embedded in a resin matrix and in any case, the wa-
ter bending absorption is much less intense in Raman spectroscopy
than infrared spectroscopy. An initial investigation carried out as
part of this work investigated both the Amide I and Amide III
regions, and obtained similar information in both regions, though
because bands in the Amide III region overlap one another, er-
ror bars of the bands fitted in the Amide III region increase (i.e.
confidence decreases) to a point where the conclusions are much
less clear than the Amide I region. Therefore, in this work, only
the Amide I band will be investigated. The Amide II region (1510
~ 1580 cm™!) is also related to absorptions of combinations of
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N-H bending and C-N stretching modes. However, the absorp-
tions observed in this region correspond mainly to change in the
H-bonding environment and the Amide II bands are often over-
lapped by bands originating from amino acid side chain vibrations
(Almutawah et al., 2007, Cai and Singh, 1999, Chirgadze et al.,
1975, Jackson and Mantsch, 1995, Zhang et al., 2012). Hence, this
region is usually not used for investigation of protein secondary
structure because the correlation between secondary structure and
band position is much harder to establish than in the Amide I and
Amide IIT regions. The S-S region provides information on the CC-
S-S-CC conformation of disulphide bonds in keratin (Akhtar and
Edwards, 1997). This region was analysed and fitted as part of
the initial investigation in this work, but the region suffers badly
from background fluorescence and poor signal-to-noise, so band-
intensity ratios from this region are not considered any further,
though they relate to the the conformations around the S-S bonds
in the cystine groups in the protein. These bands are centred at
510, 525 and 560 cm™'. The 510 cm™'and 525 cm™!vibrations
arise from the CC-S—-S—-CC band conformations Gauche-Gauche-
Gauche (G-G-G) and Gauche-Gauche-Trans (G-G-T) respectively
and the 560 cm™absorption arises from a sulphur-sulphur stretch-
ing mode coupled with a cystine residue absorption (Akhtar and
Edwards, 1997, Church et al., 2010, Essendoubi et al., 2019).

Experimental spectra were baseline corrected and fitted using
a script generated using the MATLAB curve fitting toolbox. Fol-
lowing the work by other researchers (Akhtar and Edwards, 1997,
Blanch et al., 2003, Cai and Singh, 1999, Church et al., 2010,
Essendoubi et al., 2019, Fu et al., 1994, Hahn et al., 2015, Khosa
et al., 2013, Maiti et al., 2004, Zhang et al., 2012), Gaussian bands
were used in the fitting (with a half-width of 28.2 cm™!). The
number of Gaussian bands used was chosen based on the results of
trial fits with different numbers of bands as well as fits performed in
these regions by other research groups (Akhtar and Edwards, 1997,
Blanch et al., 2003, Cai and Singh, 1999, Church et al., 2010, Es-
sendoubi et al., 2019, Fu et al., 1994, Hahn et al., 2015, Khosa
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Figure 3.13: An example fit of data from the Amide I region. The orange line
is the data recorded, the black line is the fitted curve from siz
component Gaussian functions, shown in grey. The spectrum is
from the outer layer of the dorsal part of the first primary (P1)
from the mute swan (C. olor), taken at 40% length from the
base of the calamus. The R? value of the fitted curve is 0.9898.

et al., 2013, Maiti et al., 2004, Zhang et al., 2012), see Figure 3.12.

The Amide I region was fitted with six Gaussian bands and a
typical fit is shown in Figure 3.13. A summary of the band assign-
ments made in this region, along with those from previous work is
shown in Table 3.3(Akhtar and Edwards, 1997, Blanch et al., 2003,
Fu et al., 1994, Hahn et al., 2015, Maiti et al., 2004, Zhang et al.,
2012). Each band intensity ratio was quoted with an error which
is derived from the 95% confidence interval of each fit.

3.3.2 IR spectra

For the sake of completeness, an IR spectrum of a feather rachis
sample for a swan is included here and fitted in the same way as the
samples in the sections above and in the main text. The infra-red
spot-size on the sample was &~ Imm and no spatial sampling of the
type carried out in the Raman work was possible. As this was only
a preliminary spectrum, the sample was investigated “as received”
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Figure 3.14: An example fit of data from the Amide III region. The orange
line is the data recorded, the black line is the fitted curve from siz
component Gaussian functions, shown in grey. The spectrum is
from the outer layer of the dorsal part of the first primary (P4)
from the mute swan (C. olor), taken at 40% length from the
base of the calamus. The R? value of the fitted curve is 0.9930.

and spectra were taken from the side of the rachis i.e with the
infrared beam incident on the side of the rachis not “end-on” as in
the Raman work.

The spectrum was taken using a Thermo Scientific Nicole iS5
FTIR Microplate Spectrometer, equipped with iD7 ATR optics
and a DTGS detector. The spectrum (see Figure S5.1) was recorded
with 16 scans in the range of 4000400 cm™'at a resolution of 4
cm ™.

Bands were fitted using the same model used in previous sec-
tions (See Figure S5.2), though a seven-band fit was used in the
Amide I region The fitted band positions are presented in Table

S5.1.
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Figure 3.15: An example fit of data from the Amide III region. The orange
line is the data recorded, the black line is the fitted curve from
two component Gaussian functions, shown in grey. The spec-
trum is from the outer layer of the dorsal part of the first pri-
mary (P4) from the mute swan (C. olor), taken at 40% length
from the base of the calamus. The R? value of the fitted curve
s 0.9949.
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Figure 3.16: An IR absorption spectrum of a swan rachis sample shows less

detail in the Amide I region than a Raman spectrum. The
Amide III region is better resolved than the Amide I region
and shows similar features to the spectra obtained using Ra-
man spectroscopy. Bands were fitted using the same model used
in previous sections.
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(a) Amide I

(b) Amide IIT

Figure 3.17: An example of the fits used for a preliminary IR spectrum ob-
tained of an “as received” rachis sample of a swan . The same
method used to fit a Raman spectrum was used to fit an IR
spectrum.
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Band |, Amide 1 Amide 3 SS

Raman IR Assignment Raman IR Assignment ~ Raman IR Assignment*
1 - 1515 - 1214 1217 Ring Mode | 510 518 G-G-G
2 1553 1542  Ring mode 1240 1237  [-sheet 525 535 G-G-T
3 1585 1570 Ring mode 1262 1261 Random coil | 560 558 S-S stretch and
4 1613 1604 Side chain, Ring mode | 1283 1284  [B-turn cystine residue absorption
5 1640 1627  a-helix 1313 1306  a-helix
6 1668 1650  [-sheet 1343 1336  a-helix
7 1692 1678  [-turn

Table 3.3: Band positions from Raman and IR data (G=Gauche, T=Trans).
Gaussian bands were used in the fit with a half-width of 28.2 e¢m™*'.
* These vibrational assignments refer to S-S vibrations of the CC-S-S-CC bond conformations between two

cysteine residues (the dimer is formed on ozxidation and is called cystine) in keratin, see Akhtar & FEd-
wards(1997).



Chapter 4

Looking at layers

Imaging layup with Computed Tomography.

Chapter 2 introduced work from a number of different groups
(Bachmann, 2014, Busson et al., 1999, Earland et al., 1962a, Lau-
rent et al., 2019, 2014, Lingham-Soliar, 2013) which together present
data obtained using 13 different techniques to image layup in a
feather shaft. This body of work establishes that there are dif-
ferently oriented layers, but does not quantify the layup in a sys-
tematic way or even within a single feather. Lingham-Soliar et al.
(2010) presents a qualitative narrative based on degraded feath-
ers and Laurent et al. (2014) presents a semi-quantified layup in a
small piece of a single feather.

The method used to collect CT data in this work has been set
out in Chapter 3, and a single example has been analysed from
the calamus of a swan. It demonstrates how three-dimensional CT
data can be conceptually flattened, and fitted ellipsoids can re-
veal by proxy in which direction fibres are oriented in two different
layers. It was presented in Chapter 3 as a protocol due to con-
vention, but the method is a standalone result because this is the
first attempt at measuring laminar orientation and thickness in a
reproducible way. The development of this method is therefore an
important contribution and will be reviewed as the first section in

69
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this chapter. This review includes some important considerations,
and limitations, of collecting data using Synchrotron Radiation
Computed Tomography (SRCT) that were not presented in Chap-
ter 3 and explains why not all the data which has been collected
in the course of this project was usable. Observations on thickness
and orientation are presented in Section 4.2. Section 4.2 presents
information recorded from feather material in different places from
the shaft and although most of the data has been collected from
a single feather, it is supported by data from two replicate feath-
ers. Then, the data presented by Laurent et al. (2014) will be re-
interpreted in Section 4.5, using the software protocol developed
in this work. A summary of the chapter will follow.

4.1 Method development

The method used to gather, process and present data on orienta-
tion and thickness includes many steps and many potential failure
points. As a working method is something of a result in itself and
because the author hopes work in this area will continue, these
points are covered in more detail over the next four sections and
summarised.

4.1.1 Bird material, dissection and storage

Although the results are not included in this work, CT data was
acquired on more taxa than just the swan. Unfortunately, much of
this data has not been usable. This is due in part to some of the
factors considered below but is mostly to do with the size of the
feather. Swans have very large feathers and are probably the most
easily accessible taxon with large feathers available in the UK. The
primary feathers of an adult swan have a cortical thickness between
approximately 0.1 and 0.5 mm. They are easily handled, sectioned
and then mounted for CT scanning.

Birds with feathers much smaller than those of a swan have
proven to be much more difficult to section and mount, and seem
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to have smaller and less frequent cortical holes. Such holes are
also more easily obscured by artefacts of the CT method such as
noise and movement and it will be shown that even with large swan
feathers, the technique at the time of data collection was at the
edge of its capabilities

Feathers of smaller birds can usually be pulled out by hand,
but the flight feathers of larger birds are not easily removed and
it is difficult (often impossible) to remove a flight feather without
damaging it in one way or another. With that in mind, this project
has found that dissecting the follicle with a scalpel, letting the
wing biodegrade, and even boiling the soft tissue of the wing did
not make the removal of the flight feathers, without damaging the
rachis, any easier. The best way to remove the feather from its
follicle is with some pliers. This is actually quite easy but it will
damage the feather so care should be taken to grip the feather at a
place which will not be observed during the course of experimental
measurement.

Once feathers have been removed from the follicles, they should
be stored in an envelope at room temperature and pressure.

4.1.2 Mounting method

Two methods were presented in Figure 3.2 for holding samples on
the synchrotron beamline. Both of these methods involved fixing
a piece of feather shaft to an SEM stub. In original experiments
by Laurent et al. (2014) the sample was held directly in the jaws
of a drill chuck which is already mounted in the CT scanner. Syn-
chrotron beamlines usually present a microscope stage rather than
a chuck and users often make their own fittings.

Both methods can be used to scan material at a synchrotron
beamline and one additional method was considered whereby a
small, matchstick-shaped piece of shaft was excised and placed
inside a carbon fibre tube such that 2 mm of feather shaft was
left protruding from the tube. The shaft could then be filled with
resin, glue or wax. This method was quickly set aside because
the samples are buoyant and filling the tube with resin is difficult,
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messy and resulted in the destruction of samples.
The two methods are as follows:

Method 1 (which involved sticking a matchstick shaped piece
directly onto the SEM stub, see Figure 3.2) was semi-successful.
Attaching the sample to the SEM stub proved quite difficult and
there was a considerable number of failures. Glue did not always
adhere to the stub surface or the sample would move out of place
before the glue dried. Successfully glued samples moved and vi-
brated during scanning which meant no usable data was recorded.

Immobilising the sample in blue-tack and gluing the blue-tack
to the stub prevented some movement. However, the blue-tack of-
ten became detached even if stored carefully in a specially designed
stub-holder box. Embedding the feather in paraffin wax was more
successful and usable data was collected for a number of samples.
However, samples prepared in this way were still very delicate, and
difficult to store and transport. When wax was used to stabilise
the sample, and no small movements or vibrations were detected.
It was found that the wax may soften and cause the sample to
move during a long beam exposure though this was unusual.

The advantages of this method are that the medullary foam
can be removed and there will be no region-of-interest artefacts,
because the entire sample would fit inside the field of view. How-
ever, preparation is delicate and time consuming work, and storing
the samples is difficult.

Method 2 involved gluing a whole cross section of feather shaft
to the SEM stub and scanning the imaginary matchstick as a re-
gion of interest. This method is much easier to prepare, much more
stable while glue is drying and attaches a much larger surface area
to the SEM stub, which makes it more secure. Samples can be eas-
ily stored and transported in SEM stub-boxes. However, artefacts
arise from phase changes in the medulla, which have to be over-
come by making sure that the scan rotates the sample through 180°
such that the rest of the sample is never upstream of the region-of-
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interest. This, along with appropriate reconstruction and filtering
seems to resolve most of the problem. The advantages of this
mounting approach are securely mounted samples which do not
move or vibrate, which are not contained in an X-Ray absorbing or
scattering medium and which can be stored and transported easily.
The disadvantages of this method are region-of-interest artefacts
and some time and difficulty in scan setup, where mistakes are
easily made after a long day in a time-pressured environment.

4.1.3 Acquisition parameters

The problem of optimising acquisition parameters for CT scan-
ning is a multi-dimensional one. The factors to be considered are
sample preparation, acquisition time, the number of projections
taken, frame averaging, beam energy, beam frequency, beam fil-
tering, scintillation, detection and many more. These might also
change upon selecting a particular reconstruction algorithm. So,
in order to record data of high quality, some kind of pilot scan and
hopefully a small parameter sweep is necessary. With so many
variables at play, the process of finding an acceptable image must
be an incremental one guided by an experienced eye. Of course, it
is likely that the first scan may be almost acceptable, and with a
bit of luck may even be good enough.

However, CT facilities around the world are oversubscribed and
time is expensive, so it is unlikely that one or two pilot scans can
be performed. Such over-subscription and expense means that (es-
pecially for academic time at nationally funded synchrotron light
sources) there is usually some kind of competitive application pro-
cess for beam-time. A key factor in success at this stage is the
presentation of pilot data. Thus, a circle is created; beam-time
requires pilot data, but pilot data requires beam-time.

The salient point here is that the resulting scan must be good
enough, because a truly artefact-free tomogram is quite elusive.
Some of the data collected in this work has been good enough, but
some has not. Crucially though, while collecting data which has
not been usable has limited the scope and impact of this chapter,
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the process has revealed some ways in which the method could
be improved. Those improvements will be considered again in
Chapter 9.

Beam energy Ten projections of the same sample were taken
at 8, 11, 14, 17 and 20 keV at the Diamond Light Source. After
flat-field correction, projections were averaged and Weber contrast
ratios were calculated. It was concluded that 14 keV was the most
appropriate energy for the scanning of feather keratin. This is
lower than scans performed at the p-vis X ray imaging centre,
Southampton. 80 keV was used at on a bench-top machine at
Southampton and 22 keV was used at the Swiss Light Source.

Number of projections Scan quality increases with the num-

ber of projections (Kak and Slaney, 2001). The theoretical value

to fully resolve a volume is calculated as follows (Dudgeon and

Mersereau, 1985):

m-d
R

where N is the number of projections in 360°, R is resolution in
nanometers and d is the diameter of the region of interest, also
in nanometers (Dudgeon and Mersereau, 1985). 4000 projections
would be needed to fully resolve a volume of ~ 0.8mm?, scanned
at 325 nm voxel resolution with 180 degrees of rotation.

N = (4.1)

Rotation speed and step Depending on the stage present at
the beamline, the stage might rotate and then stop, and take an
acquisition, or it might make use of a flyscan. A flyscan is a term
given to the practice of using a slower rotation speed, and taking
exposures of a moving sample. This is much faster if the beam-
line setup allows this mode of operation, but usually requires tak-
ing more frames for a shorter exposure, which creates more data
(though this can sometimes be reduced by averaging consecutive
frames).
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Other variables More variables have been listed at the begin-
ning of this section such as scintillation, exposure time, filtering
and collimation. They are important but should only be considered
with the help of a beamline scientist. They are mentioned here only
to present what is not considered. Books such as Kak and Slaney
(2001) and Banhart (2008) are good resources for background in-
formation and guidance in planning an experiment. Automated
sample loading robots, scripting, and clever tricks to place two
samples on one pin can also save time (possible if scanning through
180°0of rotation.

4.1.4 Reconstruction

Some reconstruction methods have been mentioned in Chap-
ter 3. During the course of this project, data has been acquired
and reconstructed using a range of parameters and scan set-ups at
different beam-lines. It has become clear that the choice of recon-
struction algorithm is an important one, and data reconstructed
with all the major classes of algorithm are subsequently presented
here. The CT scan presented by Laurent et al. (2014), and some of
the pilot scans used to apply for beam-time during the present work
were reconstructed with a filtered back projection algorithm. The
GridRec algorithm (a Fourier gridding approach) and the Paganin
algorithm (a phase-retrieval approach) were used at the Swiss Light
Source and the Tomo-Recon algorithm (a filtered back-projection
approach) at the Diamond Light Source. Two additional datasets
have been reconstructed using the SART algorithm (algebraic re-
construction) and the results obtained were included in the discus-
sion so far as they relate to the scanning of bird feathers.

Reconstruction practices at synchrotron beamlines will be out-
lined before these algorithms are considered to show that the re-
sources needed to perform a rigorous pilot study before arriving at
a synchrotron beamline are not commonly available.
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Reconstruction methods used at synchrotron beamlines
and evolving standard practice

At the time of data acquisition, tomographic beam lines did not
offer many different reconstruction algorithms. Usually there was
an option to use a phase-retrieval algorithm, but this requires extra
setup time and expertise to find the correct sample-to-detector
distance. For most purposes, light sources had a ‘data pipeline’
that is developed in house and is as close to fully automated as
possible. Using these quasi-automated pipelines with a computing
cluster based at the light source meant that users could reconstruct
their data quickly and efficiently, such that they may be able to
adjust scan parameters during their beam-time under guidance
from a beam line scientist.

Light-source based reconstruction is a technical and demand-
ing area. Normal users probably lack the expertise, software and
computing power to be able to reconstruct their scans away from
the light source. There are open source options available to the
expert, but by far the best option is to reconstruct projection data
at the light source, and a careful user would have consulted their
beam-line scientist ahead of time, and considered pilot data wher-
ever possible.

However, what this does mean, is that a user might return home
with many terabytes of reconstructed data which look reasonable
visually, but without knowing whether advanced analysis is going
to work, and probably without comparative scans that had been
reconstructed using a different algorithm.

In this work, multiple scanning sessions have been completed at
two different light sources and data has been reconstructed using a
number of different algorithms. A comparison of these reconstruc-
tions is especially useful now that computers and storage media
have advanced, and a number of light sources have implemented
pipelines which enable a lay-user to reconstruct data themselves.
Without some experience or at least sample reconstructions us-
ing similar material, a lay-user would struggle. For example, the
Savu tomography reconstruction pipeline (Atwood et al., 2015) is a
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python package now in use at Diamond Light Source (though not
at the time of acquisition) which has implemented a large number
of reconstruction algorithms. It has also become standard practice
at the Diamond Light Source to allow remote access so that users
can make use of the Diamond Light Source computing cluster and
storage for a limited time after their beam time finishes. Similar
advances have been made at the the Swiss Light Source (Buurlage
et al., 2018, 2019).

Reconstruction algorithms and example tomograms

Tangible differences in the tomograms resulting from different
methods, as well as recent developments in reconstruction and
computational ability for the end user, warrant a comparison of
different reconstruction algorithms. However, it should be noted
that tomographic reconstruction can only produce high-quality to-
mograms from high-quality projections.

Three main classes of algorithm will be presented here. The
earliest tomographic reconstruction algorithms use algebraic recon-
struction. The grey value of each voxel is calculated by summing
line integrals of every photon path which passes through it. The
algorithms are very computationally expensive, though with the
pace of computer hardware development some new algorithms use
iterative methods to reconstruct them several times over.

The second is a filtered back projection type algorithm. This al-
gorithm reconstructs tomograms from projection data (sinograms)
by applying a high-pass filter and then a backward projection step.

The third class of algorithm reconstructs the data in Fourier
space and maps it back onto a Cartesian grid. More information
on these algorithms can be found in the literature ( Willemink and
Noél, 2019).

It will become clear from Tomo-Recon (FBP) and SART (al-
gebraic) reconstructions, see Figures 4.1 and 4.4, that data did
not have a sufficiently high number of projections and contain the
region-of-interest artefact. The GridRec (Fourier) reconstructions
look better than these reconstructions despite having a smaller
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number of projections. This is because of the way the data in
Fourier space are mapped onto the Cartesian grid, explained in
the original paper by Dowd et al. (1999):

With the FFBT |[Fast filtered back transform| algo-
rithm, a somewhat different technique called "gridding"
is employed. Gridding was first developed by radio as-
tronomers for use in aperture synthesis as a means to
back-transform irregularly sampled Fourier data. Since
then it has been suggested as a robust method of recon-
struction for computed tomography and implemented
for MRI data. In this method, the data on the polar
grid are first weighted (or “filtered”) by factors which
take into account the non-uniform area elements on
the polar grid. The weighted data set is then mapped
onto a Cartesian grid — not by simple interpolation,
but by convolution with the Fourier transform of a cer-
tain function, w(x,y). Next, the 2-D inverse is applied,
and finally, the resulting image is divided by w(x,y) to
correct for the effects of the convolution.

According to Equation 4.1 on page 74, it was calculated that
~ 4000 projection would have been needed at the Diamond Light
Source. This already makes scan time and the size of data more
than twice as large as a dataset containing only 1500 projections.
However, the scans at the Diamond Light Source were recorded
with 4000 projections. This is therefore an intrinsic problem of
Rol scanning, though it is suggested by Kyrieleis et al. (2010) that
increasing the number of projections such that the d represents
the whole sample and not just the Rol mostly solves the problem.
However, this would require something like 30,000 projections, the
scan time would have increased to approximately three hours and
the dataset would be ~ 600GB which is unfeasible for a large
number of samples (it would cost £20 per scan just for Hard Drive
Disk (HDD) space, not including the reconstruction).

So it seems that using a Fourier gridding algorithm is the most
sensible choice in terms of tomogram quality, scan time and data
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size. At the time of writing, non-specialist single workstation tools
do not have enough memory and are not really able to perform
most reconstruction tasks in reasonable times (even with graphics-
card optimised algorithms). A computing-cluster is needed as well
as software for reconstruction to be possible at an off-site location.

The digital storage of tomographic experimental data, the avail-
able reconstruction tools and even the availability of technicians
for consultation and advice is very heterogeneous at synchrotron
light sources and other CT facilities around the around the world.
This is to be expected as facilities are often oversubscribed and /
or expensive to access, and because the technique has become so
ubiquitous, no beamline scientist could be expected to be familiar
with every sample material they might come across.

Algebraic reconstruction (SART) The Octopus software pack-
age for Windows by TESCAN (Brno, Czech Republic.) was used
to reconstruct two datasets (acquired at the Swiss Light Source,
see Chapter 3 for acquisition parameters) in cone-beam mode using
the SART algorithm (Andersen and Kak, 1984). A high-end desk-
top computer was used (A Dell T7500s with 192G RAM, 12 CPU
cores and twin nVidia Quadro graphics adapters) to reconstruct 10
tomograms only (RAM limited), which took approximately 2 hours
for each set of 10 tomograms. 10 tomograms were reconstructed
to enable post-reconstruction filtering.

The software is normally used to reconstruct data acquired on
bench-top CT scanners, which usually come in cone or fan beam
setups. This data was collected at a synchrotron light source that
produces a parallel beam and is not supported by the software.
However, reconstruction can be forced by using a method intended
for cone-beam CT and setting the source-to-sample distance to a
very large value, thereby approximating a parallel beam. Recon-
struction by this algorithm usually dispenses with many artefacts
which are introduced by various time-saving tricks employed by
other reconstruction algorithms. This is more computationally
intensive by a factor of approximately 1500 when compared to
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(a) SART (b) SART

Figure 4.1: Tomograms which show two SRCT datasets reconstructed using
the SART algorithm. These reconstructions show clear region-of-
interest artefacts and some speckled noise, though cortical holes
are resolved and contrasted. Subfigure a) shows a first primary
(P1) at 30% length, in the leading position; it shows two layers,
subfigure b) shows the dorsal part of the same feather at 50%
length, which appears to have only one layer.

Scale bar (bottom-right of subfigure a) is 0.1 mm and applies
to both subfigures

GridRec and would usually require proprietary software.

Unfortunately the software has now been discontinued and the
computer remains hugely oversubscribed because the software was
only available on single licenses before it was discontinued. The size
of a full stack of tomograms depends on the size of detector used
for acquisition but between 2000-2500 tomograms is normal, which
equate to hundreds of hours of reconstruction time. Figures 4.1a
and 4.1b show tomograms from each dataset. Both tomograms
show very obvious under-sampling artefacts, and though not so
easily observed in these tomograms, some cortical holes are visible.
4000 projections were recorded.

Reconstruction in the Fourier domain (GridRec) Recon-
struction using the GridRec algorithm was performed at the time
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of acquisition using the software pipeline and computer cluster at
the Swiss Light Source (Marone and Stampanoni, 2012). Recon-
struction of the whole volume took approximately 10 minutes plus
queue time. Only 1500 projections were recorded. A direct time
comparison with the SART reconstructions mentioned above is not
possible due to the very different hardware used but the GridRec
algorithm is ~1500 times faster (Marone and Stampanoni, 2012).
Figures 4.1 and 4.2 show how this method compares to the SART
algorithm for two samples. It is clear that the GridRec algorithm
does not resolve the region-of-interest artefacts that are so obvious
in the SART reconstruction, though a ring artefact is observed in
both examples. For the datasets presented it is clear that GridRec
produces clearer scans which are more easily thresholded for subse-
quent analysis, though they would have benefited from some sino-
gram filtering to remove the ring artefact.

Phase-contrast reconstruction (Paganin) Reconstruction us-
ing the Paganin algorithm was performed at the time of acquisition

using the software pipeline and computer cluster at the Swiss Light

Source. Reconstruction of the whole volume took approximately

10 minutes plus queue time. Figure 4.3b shows that no ring arte-

facts are observed using this algorithm and less speckled noise was

observed. 1500 projections were recorded, and there is less noise

but the phase-edge artefacts observed would not be helpful on each

cortical hole.

Filtered back projection Reconstructions using filtered back
projection algorithms were performed at the p-vis imaging centre
in Southampton using a high-end desktop computer and with a
computing cluster at the Diamond Light Source. Data were re-
constructed overnight using a batch system on the PC, and took
approximately 10 minutes plus queue time at the Diamond Light
Source. Figure 4.4 shows lots of speckled noise in the data and
obvious ring artefacts when brightness and contrast is adjusted.
Of these different reconstruction algorithms, those reconstructed
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(a) GridRec (b) GridRec

Figure 4.2: Tomograms which show two SRCT datasets reconstructed using
the GridRec algorithm. Compared with Figure 4.1 overleaf, which
reconstructs the same data using an algebraic approach, these re-
constructions have much better signal-to-noise but do introduce a
ring artefact. Cortical holes are resolved and contrasted. Subfig-
ure @) shows a first primary (P1) at 30% length, in the leading
position and clearly shows two layers), subfigure b) shows the
dorsal part of the same feather at 50% length, which appears to
have only one layer.

Scale bar 0.1 mm and applies to both subfigures

using GridRec were clearer, smaller and more quickly reconstructed.
However, there is room for improvement with additional filtering,
e.g. by filtering sinograms to reduce the ring artefacts. This case
is made once more in Chapter 9, which summarises the main con-
clusions of the thesis and suggests further work.

Computational power in reconstruction and image analy-
sis

Software availability Open source solutions are available but
it is beyond the scope of this project to investigate them. At the
time of image acquisition the use of different algorithms was not
practicable at either the Swiss Light Source or the Diamond Light
Source, though Diamond Light Source have recently introduced
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(a) GridRec (b) Paganin

Figure 4.3: A figure which shows a dataset reconstructed with the GridRec
algorithm (left) that uses a light-as-a-particle model and the Pa-
ganin algorithm (right), which uses a light-as-a-wave model.
Scale bar 0.05 mm and applies to both subfigures.

a new reconstruction pipeline (Atwood et al., 2015), which has
made it possible for end-users to reconstruct data themselves us-
ing a number of different algorithms and filtering protocols which
can be customised for particular data. Unfortunately this was im-
plemented some time after the beamtime sessions for this work
had finished. Access to a ‘Data beamline’ at the Diamond Light
Source is now available by application, though this is actually two
desktop computers, and the cluster is not necessarily accessible.
This will be discussed more in Chapter 9.

User Interface and Cluster Computing FIJI is a popular
open-source software package which focuses on biological-image
analysis and runs on Java (Schindelin et al., 2012).

An important package used in this work is the BonelJ plug-
in (Doube et al., 2010) for FIJI, which has been used to fit the
ellipsoids to the cortical holes in computed tomography volumes.

It was developed to work with CT data of bones, and the fea-
ture which fits ellipsoids was intended for use in trabecular bone,
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Figure 4.4: A figure which shows an SRCT dataset reconstructed with the
Tomo-Recon algorithm (filtered back projection). This data does
not show a swan’s primary, but one from the common pheas-
ant, Phasianus colchicus. To an experienced eye, two layers are
visible and the outer layer does appear to have holes, but speckle
noise and the ring artefacts obscures data such that the histogram
method presented in Chapter 3 did not work, even after trying a
number of filters on the tomogram data. Figure 2.3 on page 10
also used a filtered back projection algorithm, but achieves much
clearer data. This figure measures 0.8 mm from edge to edge.
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where spaces are hundreds of times larger than the holes investi-
gated in this work and CT data sets are correspondingly smaller—
small enough for analysis to run on a desktop PC.

This is not possible for the data acquired on holes in the feather
cortex and as such the analysis needs to be run on a computing
cluster.

A lot of time was spent trying to run the analysis protocol
presented in Chapter 3 with the batch scheduling systems required
for cluster computing with limited success because FI1JI requires a
GUL

If thresholding could have been successfully automated then
this may have been achieved. In the end, a new visualisation ser-
vice came into operation in 2019 on the IRIDIS 5 computing clus-
ter at Southampton which made graphical interaction possible, but
analysis then comes with a significant time cost. This is known as
‘transaction processing’ or ‘interactive processing’. For most big
data applications, ‘batch processing’ is preferred, whereby a script
is submitted to a job scheduler, which forms a queue and submits
jobs such that computational resources can be used efficiently.

4.1.5 Summary

As the preceding section was quite large and covers several areas,
it is useful to summarise the main conclusions. They are as follows:

Sample preparation Method 2 (pictured in Figure 3.2 on page
43) is certainly the best method of sample preparation. With this
method, the samples are mounted securely and do not move or
vibrate during the scan or in transport / storage. The method is
simple and the possibility of sample destruction or human error is
greatly reduced.

Acquisition parameters Although the most usable projections
were measured in a 21 keV beam, a subsequent parameter sweep
revealed that 14 keV would yield the best contrasted images (Lau-
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rent et al., 2019). It should be noted that this is not the recom-
mended value for bench-top CT machines, where the energy would
be roughly three times higher (21 keV was selected because pilot
scans on a bench-top machine at 80 keV were successful (Laurent
et al., 2019, 2014). This value could also be calculated if p was
known.

It has also been observed that faster shutter times, more pro-
jections and a continuously rotating stage facilitate much shorter
scan-times to obtain equally good data. This is the reason that
scan times were just 7 minutes at the Swiss Light Source but more
than 20 minutes at the Diamond Light Source. The time saved
here can then be used to scan a larger number of samples or to
scan the same sample more thoroughly. The number of projections
must also be considered from a resource/cost perspective because
hard disk drives are expensive and from a computer-time perspec-
tive because computation and storage also increases.

These factors become particularly important if Method 2 is to
prepare samples because certain artefacts are introduced by region-
of-interest scanning (this will be considered more thoroughly in the
next section) in samples where the region of interest is contained
within or situated adjacent-to extraneous material, such as those
prepared using Method 2. These artefacts can also be greatly
reduced if the rotation of the sample in front of the beam is planned
such that the beam passes through as little extraneous material
as possible before it passes through the region-of-interest. The
formula to calculate the optimum number of projections has been
presented earlier in this section with guidance of how it should be
applied to region-of-interest scans. Final acquisition parameters
are listed in Section 3.1.1.

Reconstruction Due to the complex nature of reconstruction
and that pilot data from bench-top machines have a number of
small differences from the data collected at synchrotron light sources,
it is difficult to carry out a rigorous pilot study before arrival at
an SRCT beamline. It is also the case that beamlines at differ-
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ent synchrotrons will also have subtle differences, similar to scans
taken using bench-top machines made by different manufacturers.

Considering the data presented above and points made about
computational power and data storage, it seems that the best re-
construction protocol would employ a Fourier-gridding algorithm.
This has the advantages of requiring fewer projections, less stor-
age and less computational power but still presents ring artefacts.
These artefacts however, could be improved with some additional
filtering (of sinograms) and with slightly more projections.

Reconstructed data from the Diamond Light Source contained
ring artefacts, noise and region-of-interest artefacts. Presently, the
data is not usable, though it is possible that some of this data
might be usable with a different reconstruction protocol, which
would include either filtering projections before reconstruction, us-
ing a different algorithm, or both. This would represent a large
amount of work, require access to a computing cluster and expert
knowledge of image processing. Reconstructed data from the Swiss
Light Source is usable but contains some ring artefacts. Results
from this data are presented later in this chapter.

Computational power This section has presented standard prac-
tices for tomogram reconstruction. It also warns of the computa-
tional power needed for image analysis using the methods listed in
Chapter 3 and the cost of storing that data. These points should
be taken into consideration in the planning of any further work
and are discussed in Chapter 9.

4.2 Computed tomography and laminar ge-
ometry

This method outlined in Chapter 3 has been applied to multiple
places around and along the first primary (P1) from three swans
(C. olor), and histograms were generated using the method out-
lined in Chapter 3.
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4.2.1 Layer thickness around and along the shaft

The method presented in Chapter 3 did not detail exactly how
many samples were scanned, because in the development of the
method many scans were carried out which do not contain usable
data. These included scans from different feathers on the wing
and from different species and are reconsidered in Chapter 9 which
deals with further work. This section presents a large number of
scans at b length-wise places on the feather, using Method 2 (cylin-
drical sections) from page 43. The scans overlap, which gives more
weight to the results of individual scans, whilst allowing variation
to be seen because a mosaic of sub-sample datasets is used which
covers the whole sample. This number of scans cannot be repli-
cated because of a huge time commitment, but a smaller number
of scans on replicate feathers reinforce the results.

Figures 4.5-4.9 show the coverage of SRCT scans for sections
removed at 10, 30, 50 , 70 and 90% of the shafts length from the
tip of the calamus. Figure 4.5 shows there are two layers in the
calamus at 10% shaft length. The mean thickness for the inner
layer is 79.9% of the total thickness but varies between 65.5 and
100.0%.

The part where the inner layer spans the complete cortical
thickness could indicate that the deposition of the outer layer by
keratinocytes in the follicle does not switch off at a single point in
time and instead forms a tapered termination on the leading edge
of the feather. This part of the feather is where the vane attaches
a little further up.

Lingham-Soliar (2017) reports that the fibres which constitute
the ramus are continuous with the longitudinal fibres of the rachis.
This structure would mean that the leading and trailing edges of
the rachis could not include an outer layer. Lingham-Soliar (2015)
actually makes three competing claims over the course of his work
(each of which are all well argued and supported with evidence),
which demonstrates the difficulty in characterising feathers and the
need for an automated or semi-automated technique. So, it is not
yet appropriate to claim that there are two layers in the part of the
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Figure 4.5: A figure in two parts which shows the thickness of the inner layer
using data on cortical holes in a sample taken from 10% shaft
length. A mosaic of CT scans of a swan’s first primary (P1) is
shown on the left with a black showing the centre of 33 SRCT
scans (n=33). The leading edge of the feather is on the left of
this image. A polar graph on the right shows the thickness (%)
using data extracted from two-dimensional histograms like those
presented above. Blue indicates that fibres are axially oriented.
Orange indicates an outer layer, which has radially oriented fi-
bres.

calamus beneath the vane attachment, and only one layer above
the point of vane attachment and this point is firmly disproved
by clear evidence of two layers further up the shaft, which are
presented later in section 4.4 on page 108.

Figure 4.6 shows that the outer layer observed around most of
the circumference of the calamus is not present by 30% shaft length
and the entire cortical thickness is then composed of fibres oriented
longitudinally. All 35 overlapping scans indicated 100% thickness
of the longitudinal layer. The same is true of Figure 4.7 which
presents overlapping data from 22 scans taken of a section at 50%
length, Figure 4.8 shows 17 scans of overlapping data taken from
70% shaft length and Figure 4.9 which shows data from 7 overlap-
ping scans taken at 90% shaft length. This data shows that the
whole cortical thickness is composed from longitudinally oriented
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Figure 4.6: A figure in two parts which shows the thickness of the inner layer
using data on cortical holes. A mosaic of CT scans is shown on
the left with a black dot on the centre of 85 SRCT scans (n=35)
taken from a sample cut at 30% shaft length. A polar graph
on the right shows the thickness (%) using data extracted from
two-dimensional histograms as presented above. These fibres are
azially oriented.

material, and if the subsequent section on orientation shows no
pattern of variation it might be appropriate for a single scan to
represent the layup of the whole section, so long as the section is
well clear of the superior umbilical region.

Given the overlap of data, results are very convincing that in
the first feather, there are only two layers in the calamus and one
in the rachis. These results reinforce the proposal made by Mader-
son et al. (2009) of a superior umbilical region, as a zone rather
than line of delimitation between calamus and rachis. However,
the scanned volume is just 0.8 mm on each side and more scans
would be needed proximally and distally to confirm this proposal
properly. This could potentially be accomplished by future workers
using optical methods.
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Figure 4.7: A figure in two parts, which shows the thickness (%) of the in-
ner layer using data on cortical holes. A mosaic of CT scans is
shown on the left with a black dot on the centre of 22 SRCT scans
(n=22) taken from 50 % shaft length. A polar graph on the right
shows the thickness using data extracted from two-dimensional
histograms as presented above. Blue indicates that fibres are ax-
ially oriented.

Replicate feathers

Figure 4.10 collates the polar cortex diagrams presented in preced-
ing figures into one. Figures 4.11 and 4.12 then present replicate
data on two more feathers. In some cases e.g. the 90% section in
Figure 4.12, the data is a lighter colour. This overlay indicates that
real data is not present and the layer thickness is an interpolation.
This is necessary because too few holes were detected to form a
signal of sufficient quality. Both figures present data from the first
primary of a swan and each section is only scanned four times; at
the dorsal surface and the ventral surface and at the leading and
trailing edges. An outer layer is observed in the 10% sections, in
all four locations, of both the second and third replicate feathers,
with average thicknesses of 17.7 and 24.4% respectively. The outer
layer also extends into the sections taken from 30% shaft length
in both replicates. In the second bird, the outer layer is observed
at the dorsal and leading positions with an average thickness of
16.3%, and it is possibly detected at the trailing position but as it
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Figure 4.8: A figure in two parts, which shows the thickness of the inner layer
using data on cortical holes. A mosaic of CT scans is shown on
the left with a black dot on the centre of 17 SRCT scans (n=17)
taken from 70% shaft length. A polar graph on the right shows the
thickness using data extracted from two-dimensional histograms
as presented above. Blue indicates that fibres are axially oriented.

is very small this observation should be considered cautiously. In
the third bird, the outer layer is observed at all locations at 30%
length, with an average thickness of 27.3%. The presence of the
outer layer at 30% in replicate feathers also supports the proposal
of a superior umbilical region but there is clearly a need for further
work.

Data on the thickness of the longitudinal layer from all three
feathers at 10% and 30% shaft length is presented in Table 4.1.

In all three birds, no outer layer is observed at a shaft length
greater than 30%.

4.2.2 Layer Orientation

Figures 4.13-4.17 show how the distribution of angle data from
the inner layer changes around the cortex of the feather shaft.
In each length-wise section there is a small amount of deviation
from the global mean but no pattern was observed around the
feather. This suggests that a layer can be treated as a single unit
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Figure 4.9: A figure in two parts, which shows the thickness of the inner layer
using data on cortical holes. A mosaic of CT scans is shown on
the left with a black dot on the centre of 7 SRCT scans (n=7)
taken from 90% shaft length. A polar graph on the right shows the
thickness using data extracted from two-dimensional histograms
as presented above. Blue indicates that fibres are axially oriented.

and data from all scans can be summed. Figures 4.18-4.22 then
show hole distributions with average values and two-dimensional
histograms to show this data with percentage distance. Figure
4.18 is interesting because it shows a shadow at 90°next to the
inner cortical edge, which is due to small or spherical holes being
assigned an orientation. This is also the reason some counts can be
seen at 0°in the outside layer, and accounts for the large spreads
in box and whisker plot presented as Figure 4.13. Figures 4.19-
4.21 show very clearly that there is only a single layer oriented at
0°in the rachis and Figure 4.22 shows the same but with noisier
data which is caused by smaller counts, because the sample itself
is smaller and contains fewer holes. The spherical hole artefact is
also more prominent here where there are fewer holes.
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Figure 4.10: Polar graphs which shows the thickness of the inner and outer
layers of the first primary (P1) at five length-wise places using
data on cortical holes. The length-wise position (% of total
shaft length) of each polar cortex diagram is indicated in the
centre of each graph. At 30% shaft length a typical thickness
is 0.3 mm, and at 90% shaft-length this decreases to 0.1
mm. Blue indicates the inner layer in which fibres are axially
oriented. Orange indicates the outer layer, in which the fibres
are radially oriented. The length-wise position (% of total shaft
length) is shown in the centre of each schematic.
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Figure 4.11: Polar graphs which shows the thickness of the inner and outer
layers of the first primary (P1) at five length-wise places using
data on cortical holes on a replicate feather. Blue indicates the
inner layer in which fibres are azially oriented. Orange indi-
cates the outer layer, in which the fibres are radially oriented.
The length-wise position (% of total shaft length) is shown in
the centre of each schematic. Transparency indicates missing
data.



4.2. TOMOGRAPHY AND GEOMETRY 97

Figure 4.12: Polar graphs which shows the thickness of the inner and outer
layers of the first primary (P1) at five length-wise places using
data on cortical holes on a second replicate feather. Blue indi-
cates the inner layer in which fibres are axially oriented. Or-
ange indicates the outer layer, in which the fibres are radially
oriented. The length-wise position (% of total shaft length) is
shown in the centre of each schematic. Transparency indicates
missing data.
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Figure 4.13: A bozr and whiskers plot which shows angle data from each scan
around the cortex from the 10% section and shows uniform ori-
entation. Each scan is one point from Figure 4.5, and there is
one box for each layer. The lines shown in each box are means,
and the overlying line is the larger mean from a fitted double
Gaussian distribution.

Some of the whiskers are not visible within the axis range. This
is a feature of the method and is caused by background noise.
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Figure 4.14: A box and whiskers plot which shows angle data from each scan
around the cortex from the 30% section and shows uniform ori-
entation. FEach box is one point from Figure 4.6. The lines
shown in each box are means, and the overlying line is the larger
mean from a fitted double Gaussian distribution.

Figure 4.15: A box and whiskers plot which shows angle data from each scan
around the cortex from the 50% section and shows uniform ori-
entation. FEach box is one point from Figure 4.7. The lines
shown in each box are means, and the overlying line is the larger
mean from a fitted double Gaussian distribution.
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Figure 4.16: A bor and whiskers plot which shows angle data from each scan
around the cortex from the 70% section and shows uniform ori-
entation. FEach box is one point from Figure 4.8. The lines
shown in each box are means, and the overlying line is the larger
mean from a fitted double Gaussian distribution.

Figure 4.17: A box and whiskers plot which shows angle data from each scan
around the cortex from the 90% section and shows uniform ori-
entation. FEach box is one point from Figure 4.9. The lines
shown in each box are means, and the overlying line is the larger
mean from a fitted double Gaussian distribution.
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(2)

(b)

Figure 4.18: Figure a) shows a histogram of concatenated angle data taken
from 33 scans around the shaft cortex taken at 10% length from
the base of the calamus. Data is presented in 100 bins of 1.8°,
which have been normalised and a double Gaussian distribution
is fitted to each layer. The inner layer is coloured blue and rep-
resents longitudinally oriented fibres. The outer layer contains
radially oriented fibres and is coloured orange. Figure b) shows
a 2-dimensional histogram. The data has been mormalised by
the peak in each vertical bin, and each layer used a different
colour map. Two layers are seen. Although it appears there are
2 layers this is likely an artefact due to low count.
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Figure 4.19: Figure a) shows a histogram of concatenated angle data taken
from 35 scans around the shaft cortex taken at 30% length from
the base of the calamus. Data is presented in 100 bins of 1.8°,
which have been normalised and a double Gaussian distribution
is fitted to each layer. The inner layer is coloured blue and rep-
resents longitudinally oriented fibres. The outer layer contains
radially oriented fibres and is coloured orange. Figure b) shows
a 2-dimensional histogram. The data has been mormalised by
the peak in each vertical bin, and each layer used a different
colour map. Only one layer is seen.
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(a)

(b)

Figure 4.20: Figure a) shows a histogram of concatenated angle data taken
from 22 scans around the shaft cortex taken at 50% length from
the base of the calamus. Data is presented in 100 bins of 1.8°,
which have been normalised and a double Gaussian distribution
is fitted to each layer. The inner layer is coloured blue and rep-
resents longitudinally oriented fibres. The outer layer contains
radially oriented fibres and is coloured orange. Figure b) shows
a 2-dimensional histogram. The data has been normalised by
the peak in each vertical bin, and each layer used a different
colour map.
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Figure 4.21: Figure a) shows a histogram of concatenated angle data taken
from 17 scans around the shaft cortex taken at 70% length from
the base of the calamus. Data is presented in 100 bins of 1.8°,
which have been normalised and a double Gaussian distribution
18 fitted to each layer. The inner layer is coloured blue and rep-
resents longitudinally oriented fibres. The outer layer contains
radially oriented fibres and is coloured orange. Figure b) shows
a 2-dimensional histogram. The data has been normalised by
the peak in each vertical bin, and each layer used a different
colour map.
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(a)

(b)

Figure 4.22: Figure a) shows a histogram of concatenated angle data taken
from 7 scans around the shaft cortex taken at 90% length from
the base of the calamus. Data is presented in 100 bins of 1.8°,
which have been normalised and a double Gaussian distribution
is fitted to each layer. The inner layer is coloured blue and rep-
resents longitudinally oriented fibres. The outer layer contains
radially oriented fibres and is coloured orange. Figure b) shows
a 2-dimensional histogram. The data has been normalised by
the peak in each vertical bin, and each layer used a different
colour map.



Table 4.2: A table to show the orientation of layers in all feathers scanned. Data taken from the same length-wise

sections have been concatenated and standard deviations are presented as confidence limits. Values quoted
in the table are angles in degrees.

*Not enough holes to determine orientation

*xQuter layer no observed.

Outer Inner Outer Inner
Bird 10 10 30 30 50 70 90
% length from base of calamus
Bird 1 87.73 £3.25 1.27 £7.03 *ok -0.07 £7.54 -1.34 £13.2  -0.38 £-10.96 -1.44 £0.37
Bird 2 * 1.65 £6.86 *% 3.08 £8.11 2.73 £14.74  2.52 £9.12 3.32 £17.31
Bird 3 * -0.62 £7.20 89.97 £11.65 -0.07 £7.54 -1.65 £14.36 -0.34 +5.46 -2.03 £13.7
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4.3 Hole frequency

In the course of processing the data recorded in this work, it was
revealed that the outer part of the cortex contained fewer holes,
whether there was one layer or two.

This might simply be because there were fewer holes in the
outer layer, or because the filtering protocol was less appropriate
for the holes in this region. Figure 4.23 shows histograms of the
number of holes for two datasets which demonstrate how a small
number of holes can mislead an observer into thinking layers were
present or absent due to a lack of data.

To check the observed decrease in the number of holes, his-
tograms were normalised by the peak in each distance bin and by
the average of the whole distance bin. This would reveal any signal
that was being obscured by larger counts in the inner layer, which
sometimes revealed that a scan which looked like two layers was
in fact only one layer.

This step proves to be very important, because the smaller
number of holes towards the outer edge of the cortex can be ob-
scured by the larger counts in bins in the middle and close to the
inside edge. In datasets where only one layer is present, it can
appear that there are two layers, simply due to hole counts; this
effect is shown in Figure 4.23. This dataset is a good example be-
cause the recorded data might suggest two layers, but normalising
the data confirms that there is only one. In most cases where an
outer layer is observed, the directional data of the outer layer was
also obscured by larger counts in the inner layer. The position of
the layer boundary was also usually underestimated.

Some example count data is presented in Figure 4.24. Nearly
all tomograms show that there are many more holes in the outer
part of the inner cortical layer, and frequency of holes decreases
towards the inner cortical surface. Though a texture can be seen
in the outer layer it is much more difficult to discern similar holes
in the outer layer by eye, even after filtering and attempts at seg-
mentation. This raises a question about why the holes are there
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to begin with. Three explanations seem possible.

The first is that the holes are not a feature of feather keratin
construction. Rather, that they are the result of mechanical wear.
Where there is an outer layer, this explanation makes sense in the
context of the parallel axis theorem, which would show that strain
increases along the radius of a bend in a feather deformed under
a bending load. However, this explanation does not explain why
there are fewer holes in the outermost part of the shaft when there
is only one layer. Lingham-Soliar (2015) considers high work of
fracture, ability to resist many loading cycles, crack resistance and
possibly vibration dampening as selective pressures. Of these, only
vibration dampening may explain the presence of cortical holes.
Some fatigue experiments with a piece of feather could observe
whether holes and flaws are generated. If so, a section could be
fatigued or damaged to generate holes which could then be used
for studying the fibre alignment. This approach is sometimes used
in the study of artificial composites and this work will be proposed
in the Further Work section on page 176.

The second is that the holes are actively formed in the de-
veloping feather. These holes have not been the subject of any
cellular work thus far and correspondence with one of the leading
authorities on feather morphogenesis (Maderson et al., 2009) has
not resulted in any sensible hypotheses.

The third and most simple explanation is that there is no func-
tional explanation.

4.4 Supporting optical work

Some further optical microscopy was performed on cross-sections
embedded in resin and polished in preparation for spectroscopic
work, shown in Figure 3.11 on page 58. These included the first,
third and fifth primaries of the right hand wing (P1, P3, and P5)
from all three swans.

These optical micrographs, when considered in the context of
the CT scans already presented, also suggest that the calamus—
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rachis delimitation according to most workers is not the same as
the multi-layered—single-layered delimitation, and could be con-
sidered to occur in the superior umbilical region suggested by
Maderson et al. (2009). Optical micrographs were taken from the
same feathers, though not in the same length-wise positions, to
complement the CT data, see Figure 3.11.

Figure 4.25 shows that while very little information can be seen
in terms of fibre alignment, layers are clearly seen in the proximal
shaft. Table 4.3 shows the thickness of the inner layer in all feather
samples, including from feathers P3 and P5 of the three swans.
This table expands on the CT data set and reinforces it. It can be
seen that the outer layer, when present, can be up to 44% of the
cortical width.

Table 4.4 shows optical data which corresponds to CT data
already presented. The data show good agreement between the
thickness calculated by the CT data and the thickness calculated
from optical micrographs. It is unfortunate that the CT datasets
and the optical datasets do not overlap. It would not have been
possible to CT scan, embed in resin for optical microscopy, prepare
for Raman spectra and tensile test every sample due to the different
preparation methods required. Both tables show that the results
of CT scanning which show the thicknesses of the layers and the
orientation are approximately correct and tentatively suggest there
is no obvious change on choosing a more distal primary.

Table 4.3 shows that two layers were usually visible in the cala-
mus, but not in the rachis.



110 Chapter 4. Looking at layers

(a) Not normalised

(b) Normalised by peak in distance bin

Figure 4.23: Two histograms present the same CT data, but are normalised
using different methods. The data set was chosen to illustrate
that missing data might lead to the conclusion that there are

two layers.
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0 50 100 0 50 100
Distance (%)

Figure 4.24: Two histograms show how the distribution of cortical holes in
two datasets of a swan feather. These distributions mean it
is important to normalise the data by the mazimum in each
bin, else it is easy to place the boundary of the two in the wrong
place. The data sets presented were chosen to illustrate this par-
ticular point and observed with edited parameters in the BoneJ
program. They are not presented elsewhere in the results section
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(a) Prozimal Calamus (5% length) (b) Calamus (20%)

(¢) Discontinuity (40%) (d) Rachis (60%)

Figure 4.25: Four optical micrographs (20X ) magnification which show the
thickness of layers at four places along the rachis. length-wise
position is measured from the tip of the calamus. R,O,I and M
indicate Resin, Outer layer, Inner layer and medulla, respec-
tively.
Scale bars 0.1 mm



Table 4.3: A table to show how layer thickness varies along the shaft as seen from optical micrographs of cross sections
from three replicate birds.
Values quoted are percentage widths.
*indicates no data, because the sample had been destroyed in other experiments.
Brackets indicate an alternative measurement, which includes the full length of the dorsal ridges.

Bird 1 Bird 2 Bird 3
Length (%) Position 1 ™5™ e B p3 p5 Pl P3 P5
5 D % 78 68 79 84 73 . « «
\% x 70 53 72 82 66 « « 73
20 D 81 79 76 8 T4 71 76 78 «
% 73 76 71 71 100 77 78 100 78
40 D £ 7T(91) 100 100 100 100 76 (93) 76 (93) 83 (95)
V. 100 100 100 100 100 100 100 100 100
60 D 100 100 100 100 100 100 100 100 100
V100 100 100 100 100 100 100 100 100
80 D 100 100 100 100 100 100 100 100 100
V. 100 100 100 100 100 100 100 100 100
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Table 4.4: A table to compare observations made from SRCT dataset with
optical micrographs. Unfortunately a direct comparison is not pos-
sible due to staggering the techniques. No major changes are ob-
servable.

*Data not collected.
O = optical, CT = Synchrotron Radiation Computed Tomography
D = Dorsal, V = Ventral.

Position 5 10 20 30 40
Distance (%)

P1 O Ccr O Ccr O

. D « 66 81 100 100
Bird 1, « 79 73 100 100
. D 79 84 86 83 100
Bird2 72 81 71 97 100
. D 80 76 79 76
Bird 3y, 65 78 68 100

4.5 Reinterpretation of earlier work

Now that the method has been applied to the SRCT data for which
it was designed, it is time to see whether it can be used on pre-
vious data. The data, which inspired this project, was presented
by Laurent et al. (2014). The layup was not the main subject of
the paper, it was the presence of layers. The tomograms there
were presented only to support some nanoindentation results and
their interpretation was descriptive. The thicknesses of the three
hypothesised layers—quantified from the tomogram (presented in
this thesis as Figure 2.3) shows layers to be 25, 50 and 25% on
going from the inner cortical edge to the outer cortical edge. The
orientation of these layers were reported as -5, 0 and +45°, respec-
tively. However, this was based on qualitative observation. On
reprocessing that data, the methods from this work reveal that
the first two layers are in fact one layer, and one is mislead into
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thinking that there are two layers of differently oriented fibres due
to a change in the frequency of cortical holes. The software mea-
sures the layer to be 76.3% of the cortical thickness and oriented
at -6.71°. The standard deviation of the angle values for the entire
inner layer is 8.9°. The double Gaussian approach cannot be used
because the resolution of the scan is low, and fewer holes are re-
solved with low precision. The outer layer accounts for the rest of
the thickness but too few holes are recorded to form a signal from
which to calculate the orientation.

The band-pass filter in BonelJ will also treat holes at different
resolutions differently and the uncertainty in the calculation of the
major axis increases with voxel size. This data was reconstructed
at 792 nm voxel resolution.

This over-interpretation of the CT scan suggests that it may
have been possible to over-interpret the original nano-indentation
results too (and with this knowledge is now seems likely that there
were not three layers in the Partridge but only two, and it would
suggest that there is not four but two layers in the Bald Eagle
studied by Laurent et al. (2014). However, in the case of the Bald
Eagle is it not that the two outer layers in the original interpre-
tation are in fact one (see Figure B3b(top) on page A10), or even
that the outermost layer might have been an indentation on the
resin, but it may have been that the two innermost layers are one
layer, the two outermost layers are indeed two layers and in fact
there is one more layer which had been missed. Now that it has
become clear that the layers seen in optical micrographs do corre-
spond to changes in orientation, it looks as though this might be
the case. Figure 4.27 shows that there are 4 layers, an inner layer
of approximately 70% and then three outer layers of decreasing
thickness.

None of the micrographs of the feathers used in the present
work show two or three outer layers, and Lingham-Soliar (2015)
has acknowledged there may sometimes be two layers, but never
three or even four.

“We have known for some time that the fibrous struc-
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ture of the rachis cortex is anisotropic—microfibers
predominantly longitudinally oriented and a thin layer
or two circumferentially oriented.”

‘Thin’ presumably means Lingham-Soliar (2015) has not seen any
layers approaching 50% thickness either. It is unfortunate that
feathers with more than one outer layer did not appear in this
work. However, given their small thickness it might have been the
case that holes would not have been present in sufficient number or
size to measure orientation. It was not previously clear whether the
layers seen in optical micrographs perfectly corresponded to layers
of differently oriented fibres but that now seems to be the case and
therefore the layers which can be seen in Figure 4.27 suggest that
there is more work to be done in investigating variation in layup
across different taxa.

4.6 Conclusion: rachis layup

Based on more than 150 CT datasets of the feather cortex from the
first primary feather of three swans, there is now a more convincing
body of evidence that the fibres of the inner cortical layer are
aligned with the axis, that this is true around and along the feather,
and that there is little within-layer variation of orientation.

The standard deviation of the orientation of the inner corti-
cal layer in the samples investigated in this work is smaller than
15°. This number contains some methodological variance in an im-
perfect tilt-adjustment, and in voxel-discretisation, which means
that this variance can be taken as an upper limit because the real
variance is almost certainly smaller. X-ray diffraction work by
Cameron et al. (2003) shows data with a standard deviation of
approximately 5°. From there, this variance can be extrapolated
to an effect on mechanical properties because E; transforms by
multiplication with the square cosine of the rotation in degrees,
E, = E1 x cos0? (Daniel and Ishai, 2006). Therefore a component
of a confidence limit can be calculated for future modelling and
finite element experiments. For example, if £; = 10 GPa, then a
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deviation of 5° would correspond to a new modulus £, = 9.2 GPa,
or an ~ 8% reduction in modulus. The real confidence limit would
have to account for many more variables such as hydration.

This, of course, makes good functional sense and optical micro-
graphs are now understood much better. It has been established
that the outer layer is observable by optical microscopy, and that
no observable outer layer in the rachis is not due to an inability
to resolve it, which was suspected for a time. Approximate layer
orientation has been confirmed and within-layer variation has been
investigated such that less sampling is needed in future CT exper-
iments. The stage is set for more meaningful optical studies, and
there is now justification for sectioning a large number of feathers
from different taxa. This was not the case four years ago when the
literature on laminar geometry was much smaller and characterised
by descriptive observations.

Finally, there is a single layer in the distal half of the rachis,
with all fibres in axial alignment, in all rachises investigated so
far. The method presented can measure orientation and the small
deviations that may be present. Higher resolution scans are useful
if the outer layer is important because holes are smaller and less
frequent. Furthermore, it now seems quite certain that Mader-
son et al. (2009)’s zone of discontinuity, where the fibrous laminar
structure reflects a changing functional role of the feather shaft is
more appropriate than splitting the feather into the rachis and the
calamus at the superior umbilicus or even where the vane attaches.
Two questions have been raised, which are: Why do the holes exist
at all? and Why are there no holes in the outer part of the cortex
when there is only a single layer?
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Figure 4.26: The first CT data on fibre layup in the feather shaft cortexr was
presented by Laurent et al. (2014) to support some indentation
data. Three layers were estimated and they were oriented at -5,
0 and +45°%n going from the inner edge of the cortex to the
outer edge. The thicknesses of these layers were approrimately
25, 50 and 25%, respectively. Their original claim is shown
on this 2 dimensional histogram as a dashed line. The software
approach presented in Chapter 8 was applied to this dataset and
has shown that there are in fact only two layers. The inner layer
1s & T8% of the cortical width and oriented longitudinally. The
outer layer did mot contain enough holes to extract a value for
orientation.
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Figure 4.27: An optical micrograph showing a piece of feather that was
used for some nanoindentation work reported by Laurent et al.
(2014), which shows that there may be as many as four layers
in the calamus of primary feathers. This feather is the third
primary of the Bald Eagle, sectioned at 30% shaft length.
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Chapter 5

Visualising what cannot be
seen

Investigating protein chemistry with Raman
spectroscopy

Chapter 2 introduced the concept of protein structure and the im-
portance of understanding secondary structures. Chapter 3 out-
lined different regions of the vibrational spectrum and the molec-
ular signatures seen in those regions, before example spectra were
presented from the Amide I and Amide III regions. Band assign-
ments for all regions to be investigated were presented from the
literature and spectra for the Amide I and Amide III regions were
both fitted with six Gaussian bands. Those bands contain infor-
mation about polypeptide side chain residues, « -helix 5 -sheet
and 8 -turn structures. An example of a fitted spectrum S-S re-
gion was also presented, which was fitted with three bands which
contain information on the conformation of the S-S bond in cystine
residues.

The results presented in this chapter have recently been pub-
lished in the Journal of Structural Biology (Laurent et al., 2020)
and compare band intensities from within the Amide I and Amide
IIT spectral regions. Ratios are used because it is unfair to compare
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band areas taken with different experimental parameters. Though
the settings used in the spectrometer may have been the same, this
method is sensitive to non-flat surfaces, manual focus of the micro-
scope and temperature and so spectra should be treated as though
they were recorded using slightly different experimental parame-
ters. It is also not appropriate to compare Gaussian components
which have different half-widths.

In order to investigate possible differences in protein secondary
structure between the inner and outer regions of the cortices of the
shaft samples, band intensity ratios were measured in the Amide I,
Amide III and disulphide bond (S-S) regions for the four selected
birds. For the Amide I region (1560-1800 cm™!), the six-band
fitting method used followed the fits carried out by other groups
in this spectral region (Cai and Singh, 1999, Hahn, 2015, Khosa
et al., 2013, Church et al., 2010, Zhang et al., 2012, Essendoubi et
al., 2019, Akhtar and Edwards, 1997, Blanch et al., 2003). This
method gave a good fit to the experimental spectra ( Figure 3.13
on page 63). The recommended assignments, which are presented
in Table 2 (column 6), were made based on a review of the assign-
ments made in relevant recent literature (Hahn, 2015, Zhang et
al., 2012, Akhtar and Edwards, 1997, Maiti et al., 2004). The six
fitted bands in the Amide III region (1200-1350 cm™!) ( Figure
3.14 on page 64) and the three fitted bands in the S-S (400-600
ecm~!) (Figure 3.15 on page 65) were assigned in the same way, see
Table 3 (column 5) and Table 4 (column 5) respectively.

Figure 5.1 shows an example of band intensity ratios obtained
in the Amide I region for a Gull, Kestrel, Mallard and Swan for
samples cut at 40% length. It shows the intensity ratios for the
bands at 1668 cm~'and 1613 cm™!, which are 8 -sheet and side-
chain bands respectively. For this figure, values for feathers from
the left (L) and right (R) wings of the same bird are shown. This is
indicated in the figure by the characters ‘I’ and ‘R’. The ratio de-
creases for all four birds on going from the inner to the outer region.
Figure 5.2 shows an example of band intensity ratios obtained in
the Amide III region for these Gull, Kestrel, Mallard, and Swan
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samples. It shows the band intensity ratios for the bands at 1262
cm'and 1240 cm™!, which are random coil and 3 -sheet bands
respectively. It can be seen that the experimental errors are greater
in Figure 5.2 than Figure 5.1, and as a result, no clear trend can
be seen in Figure 5.2, although based on the trend seen in Fig-
ure 5.1 an increase in the band intensity ratio 1262 cm™!: 1240
cm~!(random coil:3 -sheet ) might have been expected on going
from the inner to the outer region.

A Raman spectrum in the S-S region recorded for the shaft
of the left wing of a Mallard cut at 40% length is presented in
Figure 3.15, on page 65. Three bands were fitted to this spec-
trum with band maxima of 525, 540 and 560 cm™', which cor-
respond to two different conformations of a CC-S-S-CC unit in
cystine groups (Akhtar and Edwards, 1997) (G-G-G and G-G-T)
and an S-S stretch coupled with a cystine residue absorption re-
spectively (Akhtar and Edwards, 1997). The ratio of the G-G-G
conformation to the total disulphide bonds has been suggested as
a criterion for the stability of disulphide groups in keratin (Choe
et al., 2017, Essendoubi et al., 2019) and this would indicate that
the band intensity ratio 510 cm™':525 cm™'should decrease on
going from the inner to the outer region. Unfortunately, no trend
could be observed for this ratio on going from the inner to the
outer region as the experimental errors are large.

As the signal-to-noise was better in the Amide I region than the
Amide IIT and S-S regions, the experimental band intensity ratios
in the Amide I region showed the lowest experimental errors com-
pared to those in the other two regions (compare for example the
experimental errors in Figure 5.1, Figure 5.2). As a result, most
attention was given to band intensity ratios in the Amide I region
to investigate possible differences in protein structure between the
inner and outer regions. Inspection of the Amide I spectrum in Fig-
ure 3.13 shows that the bands at 1553 and 1585 cm™~!(assigned to
ring modes) are much weaker than the other bands at 1613, 1640,
1668 and 1692 cm™'. This was also found in all Amide I spectra
recorded. Therefore, only the four more intense bands were used to
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00 Side Chain (@ = 1613 cm™?)

I8 3 -sheet (@ = 1668 cm™!)—Inner Layer, Left
I8 3 -sheet (@ = 1668 cm~1)—Inner Layer, Right
I8 8 -sheet ( 1668 cm~1)—Outer Layer, Left
0o 3 -sheet ( 1668 cm~!)—Outer Layer, Right
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Figure 5.1: Band intensity ratios in feathers from the Gull, Kestrel, Mallard,
and Swan. The B -sheet is represented by a scattering at w =
1668 cm™' and the side chain by scattering at @ = 1613 cm™'.
These bands correspond to B -sheet and side-chain respectively.
The side-chain contribution is set to 1. Values for feathers from
the left (L) and right (R) wings of the same bird are shown, and
the order is Inner L, then Inner R; Outer L, then Outer R. This

is indicated in the graph by the characters ‘L’ and ‘R’
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Figure 5.2:

00 B -sheet (@ — 1240 cm™?)
(@ = 1262 cm~!)—Inner Layer, Left
I8 Random coil (@ = 1262 cm™') Inner Layer, Right
(@ = 1262 cm™1)—Outer Layer, Left
(@ = 1262 cm~1)—Outer Layer, Right
1.2 - *
LRLR
1 - |
0.8 :
0.6 |- -
0.4 -
0.2 |- i
0

Gull Kestrel Mallard Swan

Band intensity ratios 1262:1240 cm™Yin the Amide III region of
feathers from a Gull, Kestrel, Mallard and Swan. These bands
correspond to random coil and [3 -sheet respectively. The [ -
sheet contribution is set to 1. Values for feathers from the left
(L) and right (R) wings of the same bird are shown, and the
order is Inner L, then Inner R; Outer L, then Outer R. This is
indicated in the graph by the characters ‘L’ and ‘R’
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00 Side Chain (@ = 1613 cm™1)
I8 3 -sheet (@ = 1668 cm~!)—Dorsal, Inner
m~1)—Ventral, Inner
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Figure 5.3: Band intensity ratios 1668:1640 cm™ “in the Amide I region of
feathers from a Swan. Spectra were taken from cross-sections of
feathers at 20, 40, 60 and 80% length from the base of the cala-
mus. The [ -sheet is represented by a scattering at @ = 1668
em™ ! and the side chain by scattering at ©@ = 1613 cm™*. Side
Chain contribution is set to 1. Values for the dorsal and ven-
tral of the same layer are shown, and the order is Inner Dorsal,
then Inner Ventral; Outer Dorsal, then Outer Ventral. This is
indicated in the graph by the characters ‘D’ and ‘V’
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determine band intensity ratios, with the intensity of three bands
being evaluated relative to the intensity of the 1613 cm™'band i.e.
the following ratios were evaluated: (a) 1668 cm~1:1613 cm~!3
-sheet : side chain, (b) 1640 ¢cm™1:1613 cm™la-helix : side chain
and (c) 1692 c¢cm~1:1613 c¢cm !B -turn : side-chain. Of these ra-
tios, (a) which involves the 3 -sheet band at 1668 cm~!might be
expected to show the largest change if there is a change in protein
structure between the inner and outer regions ( e.g. an increase in
B -sheet s from [ -keratin ) as 3 -keratin is known to provide more
rigidity than o-keratin (Alibardi and Toni, 2006). This proved to
be the case on going from the inner to the outer regions. Exam-
ples of the change of the ratio (a) are shown in Figure 5.1. These
observed trends were the same for all four birds with all three ra-
tios decreasing from the inner to the outer region. These results
indicate that there is more 5 -sheet in the inner region, than the
outer region of the cortex, relative to side-chain groups. There was
no significant change in ratios (b) and (c) on going from the inner
to the outer regions, taking into account experimental errors (see
the SI section).

Although we have observed that the [ -sheet component is
larger in the inner region than the outer region, it is difficult to de-
termine the reason for this in terms of change in keratin structure.
An increase of 8 -keratin in the inner region, relative to the outer
region, may reflect an increase in segment C in the inner region
(caused by larger C segments in the different 3 -keratin s present
and /or a greater B-content in the C segments in the same proteins
(Fraser and Parry, 2019, 2014, Parry et al., 2019). It might also
be caused by different relative fractions of fibre: matrix in each
region.

Band intensity ratios were also measured in the Amide I, Amide
IIT and S-S regions for the outer regions of the shafts of the four
birds studied in this work at the dorsal, ventral, trailing and lead-
ing positions at 40% of the rachis length from the base. Again
particular attention was given to ratios measured in the Amide I
region. For the bands (a)-(c) measured for these four positions,
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no trend in the ratios (a) - (c¢) could be observed between these
positions and, within experimental error, each ratio was the same
in the four positions.

The Amide I band intensity ratios (a) - (c¢) were also investi-
gated at different positions along the length of selected shaft sam-
ples from Swan feathers, at the dorsal and ventral positions. Spec-
tra were taken from cross-sections of Swan shafts at 20, 40, 60,
and 80% of the length from the base of the shaft at the dorsal and
ventral positions. Nine feathers were investigated—three feathers
(P1, P3 and P5) from the right wings of three Swans (Cygnus spp.).
Figure 5.3 shows an example of results obtained for band intensity
ratio. Inspection of all the results indicates that there is a decrease
in ratio (a) on going from the inner to the outer regions, but there
are no significant changes in these ratios along the length of a shaft
or between the dorsal and ventral positions.

The observed change in ratio (a) from the inner to the outer
region of a shaft apply to all four of the birds studied and could
therefore represent the first report of a new neornithine synapomor-
phy as the trait is observed in a basal order Anseriformes (Swan,
Mallard) as well the derived order Falconiformes (Kestrel), though
more work would need to be done on other groups to confirm a
neornithine synapomorphy. This would imply that bird feathers
adapted to a selection pressure before the groups investigated in
this paper, or perhaps all extant birds, diverged from the root of
the avian phylogeny.

Conclusions

In this work, Raman spectra were recorded from the inner and
outer regions of feather shaft cross-sections of four birds; Swan,
Gull, Mallard and Kestrel. Spectra were obtained in the range
3200-100 cm~'and were analysed in three regions; Amide I (15601800
em™1), Amide IIT (1200-1350 c¢cm™!) and S-S (400-600 cm™1).
For each sample investigated, the Amide I region showed the best
signal-noise and information on the protein secondary structures
in the inner and outer regions of the cortex were obtained from
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these measurements. It was concluded that the 8 -sheet compo-
nent is larger in the inner region than the outer region relative to
the protein side chain components.

This trend was also observed along the length of a shaft, but
no significant difference in this behaviour was observed at different
distances from the base of the shaft or between dorsal or ventral
positions. therefore, towards answering question 2 on page 2—
Do the different reduced modulus values of the inner and outer
cortical regions correlate with differences in the protein secondary
structures within these regions?— It is concluded that differences
in protein secondary structure between regions can be observed
and they would contribute to the difference in properties of these
regions. This is consistent with the proposal that E, values ob-
served by (Laurent et al., 2014) are greater in the inner region
than the outer region. It also makes sense in application for the
load bearing inner region to be stiffer than the outer region which
would prevent buckling. However, this investigation does not ob-
serve any differences in sections cut at different lengths along a
shaft or between different feathers on the wing.

In summary, this work has shown that Raman spectroscopy
can be used effectively to study the change in protein secondary
structure of the inner and outer regions of a feather shaft. It is
anticipated that with improvement of the technique and sample
preparation methods that more detail will be derived concerning
the protein secondary structures in these regions. It would cer-
tainly be advantageous if the Amide III region, as well as the S-S
region, could be used with the Amide I region, with an internal
standard band such as the side-chain band in the Amide I region
to monitor changes of protein secondary structure.

From a biomimicry standpoint it would be interesting to con-
sider how a composites engineer would design a structure for the
same application. The author believes the structure would take
approximately the same shape as the shaft in cross-section, but
with a constant but tapering cross-section. The rachis would be
made from unidirectional fibres and the dorsoventral thickening
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composed from additional strips of unidirectional cloth. Whilst
it might seem sensible from an evolutionary perspective to vary
composition of the matrix or the fibres in different layers, from
a manufacturing perspective it would be much simpler to adjust
these properties by adjusting the thickness of layers possessing the
same properties.



Chapter 6

Loading with an isotropic
assumption

Tensile testing

Some useful structural and material properties have been measured
and presented in Chapters 4 and 5. The lay-up and material vari-
ation within the layers are two pieces of the form-function puzzle,
but they are not easily related without load-response data. In this
chapter, tensile test data is presented from different parts of the
feather shaft. It is presented with no special treatment first, and
then reinterpreted using Classical Laminate Theory in Chapter 8.

6.1 Results

6.1.1 Tensile testing with an isotropic assumption

Figure 6.1 shows that if the laminate is considered a single piece
of isotropic material, the elastic modulus varies between approx-
imately 5 and 15 GPa. The colour indicates whether the sample
was taken from the dorsal part or the ventral part of the feather
shaft and some of the samples also show some curvature in the o : ¢
response. No grouping is apparent; if there was difference between
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Figure 6.1: A figure to show stress / strain curves for all tensile samples.
Blue lines indicate that the sample is from the ventral position,
and orange lines indicate the sample is from the dorsal position.
The stiffest sample is = 15 GPa and the most elastic sample is
~ 5 GPa, most samples are between 5 and 9 GPa.

the dorsal and ventral parts of the feather, the orange lines and
the blue lines would group together.

Figure 6.2 shows the same data but plots the derivative of
tensile stiffness ‘;—g by central differences, to approximate a straight
line. Small strains only are presented to avoid issues rooted in
non-uniformity, and colour again indicates whether the section was
from the dorsal or ventral surface of the shaft. This graph reveals
that the range of F observed was actually 5-10 GPa and not 5-15.
This figure also shows no apparent grouping.

Figure 6.3 shows the same data with different colour mappings.
Each subfigure deals with a different variable, individual, posi-
tion on the wing, and position along the feather are all considered
and these plots all present cross-sectional area using line thickness.
Some groupings can be seen. In the first subfigure (a), Bird 3 seems
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Figure 6.2: This graph shows the stress and strain for all samples tested. It
shows the same data presented in Figure 6.1, but presents do/de
instead of o. Blue lines indicate that the sample is from the
ventral position, and orange lines indicate the sample is from the
dorsal position. The stiffest sample is =~ 15 GPa and the least
stiff sample is =~ 5 GPa, though most samples are between 5 and
9 GPa.

to have lower values and also a smaller standard deviation. In the
second (b) tests from P5 also seem to be lower. In the third graph
(c) no apparent groupings are visible.

6.1.2 Statistical analysis

One-way ANOVAs were performed using the Pingouin package for
Python (Vallat, 2018). Results for tests between tensile test results
‘;—g of different groupings of the sample pieces are presented in
Table 6.3 and post-hoc test results are presented in Table 6.4. The
analysis is repeated within birds and is presented in Tables 6.5, 6.6

and 6.7.
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Within sample

ANOVA results indicate that there is no significant difference be-
tween the dorsal and ventral positions but that there are differ-
ences between birds, feathers and lengthwise sections, based on
variances.

Pairwise post-hoc tests which compare sample means suggest
that the tensile behaviour of the laminate does not differ with
respect to variance between Birds 1 and 2, between Feathers 2
(P3) and 3 (P5) or between Dorsal or Ventral pieces (at p = 0.9),
but that Bird 3 is different from Birds 1 and 2 ( the means of
tensile test results from Birds 1,2 and 3 are 8.04, 8.48 and 6.69
GPa, respectively); feather P1 is different from feathers P3 and P5
(means of test results from P1, P3 and P5 are 8.3, 7.49 and 7.45
respectively) and also that there are multiple pairwise differences
between lengthwise sections and they can be seen in Table 6.4.

Because the number of birds sampled is so small, it is difficult
to explain the difference between them, although it is likely due
to being a different species, being a different weight, or being a
different sex. Unfortunately these attributes are not known.

Although feathers P3 and P5 are not significantly different at
a = 0.1, a trend is revealed in their means—that mean effective
F seems to decrease with position on the wing and this deserves
more investigation to see if the trend holds within each bird, see
Table, 6.2.

As with the feather positions, the differences are seen between
lengthwise sections reveal another trend— that the mean effective
E seems to decrease with distance along the shaft, see Tables 6.1.
Note also that the number of significant pairwise test results be-
tween sections becomes more convincing if the calamus (section
0-10% length) is not included. The lack of significant difference
between the 10-30% section and the 30-50% section, and also be-
tween the 50-70% section and the 70-90% section indicate that the
trend is weak because adjacent sections would not be statistically
dissimilar.

Note that a larger sample was planned and it can be seen in
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Table 6.1: A table which shows that the average effective E decreases along
the rachis (distally). Values presented to 8 d.p. (average values
from nine swan feathers tested)

0-10% 10-30% 30-50% 50-70% 70-90%
8.957  8.504 8.045 7.138 6.473

Table 6.2: A table which shows that the average effective E decreases with
feather position (towards the body of the bird). Values presented
to 3 d.p.

P1 P3 P5
8.307 7.497 7.450

Chapters 4 and 5 that this was intended to be the case, however
due to a machine failure, data was not recorded for 20 pieces.
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Figure 6.3: This figure presents o : € for all samples tested. In this figure,
the data is coloured to present the data in three catgories. They
are (a) grouped by bird, (b) grouped by feather and (¢) grouped
by section. In all graphs, the line thickness scales with cross-
sectional area of the tensile piece because smaller areas should be
associated with larger errors due to the way cross-sectional area
was measured.



Table 6.3: One-way ANOVA results between different groupings of tensile test pieces. Degrees of freedom (sample size

- 1) are presented for each test.

n.b. *p < 0.1, ¥*p < 0.01, ***p<0.001

Source  ddofl ddof2 F p-unc np? Result
sample 39 662 26.81 1.86e-110  0.61 Sig Diff ***
bird 2 699 21.20 1.16e-09  0.06 Sig Diff ***
feather 2 699 4.54  1.10e-02  0.01 Sig Diff *
position 1 700  1.80 1.80e-01 0.003 Not Sig Diff
section 4 697  9.33  2.37e-07 0.051 Sig Diff ***
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Table 6.4: Post-hoc Tukey test results following the ANOVA tests presented in Table |6.3 between different groupings
of tensile test pieces. Post-hoc test results between samples are not presented due to their number (n=662).
n.b. *p < 0.1, **p < 0.001, ***p<0.0001.

A B mean(A) mean(B) diff SE tail T p-tukey efsize eftype Result
Between Birds
0 1 2 8.04 8.48 -0.44 0.32 two-sided -1.39 0.355 -0.136 hedges Not Sig Diff
1 1 3 8.04 6.70 1.34 0.32 two-sided 4.11 0.001 0.410 hedges Sig Diff**
2 2 3 8.48 6.70 1.78 0.28 two-sided 6.35 0.001 0.546 hedges Sig Diff **
Between Feather
3 P1 P3 8.31 7.50 0.81 0.32 two-sided 2.54 0.030  0.243 hedges Sig Diff*
4 Pl P5 8.31 745 0.86 0.31 two-sided 2.76 0.016 0.257 hedges Sig Diff*
5 P3 P5H 7.50 745 0.05 0.30 two-sided 0.16 0.900 0.014 hedges Not Sig Diff
Between Position
6 dors vent 7.90 7.55 0.34 0.25 two-sided 1.34 0.180 0.101 hedges Not Sig Diff
Between Section
7 0 1 8.96 850 0.46 0.60 two-sided 0.76 0.900 0.138 hedges Not Sig Diff
8 0 3 8.96 8.05 0.91 0.59 two-sided 1.56 0.500 0.278 hedges Not Sig Diff
9 0 5 8.96 714  1.82 0.59 two-sided 3.12 0.016 0.555 hedges Sig Diff*
10 0 7 8.96 6.47 249 0.63 two-sided 3.93 0.001  0.755 hedges Sig Diff**
11 1 3 8.50 8.05 0.45 0.35 two-sided 1.32 0.500  0.140 hedges Not Sig Diff
12 1 5 8.50 7.14 1.36 0.34 two-sided 4.00 0.001 0.417 hedges Sig Diff**
13 1 7 8.50 6.47 2.03 0.42 two-sided 4.84 0.001 0.619 hedges Sig Diff**
14 3 5 8.05 714 091 0.33 two-sided 2.79 0.042 0.277 hedges Sig Diff*
15 3 7 8.05 6.47 1.57 0.41 two-sided 3.87 0.001 0.480 hedges Sig Diff*
16 5 7 7.14 6.47 0.66 0.40 two-sided 1.66 0.463 0.203 hedges Not Sig Diff




Table 6.5: One-way ANOVA results within feathers from a single bird, between different sections of the feather. Columns
A and B use a shorthand where section 0 is 0-10% length, 1 is 10-30%, 3 is 30-50%, 5 is 50-70% and 7
is 70-90%. Degrees of freedom (sample size -1) are presented for each test. n.b. *p < 0.1, **p < 0.01,

*54kp 0.001.
Bird ddofl ddof2 F p-unc np2 Result
1 4 158 32.075 1.47¢-19 0.448 Sig Diff ***
2 4 272  40.444 1.40e-26 0.373 Sig Diff ***
3 2 259  3.906 2.13e-02 0.029 Sig Diff *
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Table 6.6: Tukey tests within feathers from a single bird, between different sections of the feather. n.b. *p < 0.1, **p
< 0.01, ¥**p<0.001.

A B mean(A) mean(B) diff SE tail T p-tukey efsize eftype Result

0 0 1 4.22 7.94 -3.72 0.68 two-sided -5.47 0.001 -1.36 hedges Sig Diff *

1 0o 3 4.22 13.98 -9.76 0.94 two-sided -10.35 0.001  -3.52 hedges Sig Diff *

2 0 5 4.22 6.87 -2.65 0.76 two-sided -3.51 0.004 -0.97 hedges Sig Diff *

3 o 7 4.22 10.51 -6.29 0.89 two-sided -7.05 0.001  -2.27 hedges Sig Diff *

4 1 3 7.94 1398 -6.04 0.79 two-sided -7.67 0.001 -2.21 hedges Sig Diff *

5 1 5 7.94 6.87 1.07 0.55 two-sided 1.96 0.287 0.39 hedges Not Sig Diff
6 1 7 7.94 10.51 -2.57 0.73 two-sided -3.54 0.004 -0.94 Thedges Sig Diff *

7 3 5 13.98 6.87 7.11 0.86 two-sided 8.34 0.001 2.59 hedges Sig Diff *

8 3 7 13.98 10.51 3.47 0.98 two-sided 3.55 0.004 1.25 hedges Sig Diff *

9 5 7 6.87 10.51 -3.64 0.80 two-sided -4.57 0.001 -1.33 hedges Sig Diff *
Bird 2

100 0 1 14.53 1093 3.60 0.88 two-sided 4.10 0.001 1.13 hedges Sig Diff *
1 0 3 14.53 857 596 0.84 two-sided 7.06 0.001 1.88 hedges Sig Diff *
12 0 5 14.53 8.21 6.32 0.89 two-sided 7.10 0.001 1.98 hedges Sig Diff *

13 0 7 14.53 5.61 8.91 0.84 two-sided 10.59 0.001 2.81 hedges Sig Diff *
14 1 3 10.93 8.57 2.36 0.56 two-sided 4.23 0.001 0.75 hedges Sig Diff *
15 1 5 10.93 8.21 2.72 0.63 two-sided 4.35 0.001 0.86 hedges Sig Diff *
16 1 7 10.93 5.61 5.32 0.55 two-sided 9.58 0.001 1.67 hedges Sig Diff *
17 3 5 8.57 821 0.36 0.58 two-sided 0.63 0.900 0.11 hedges Not Sig Diff
18 3 7 8.57 5.62 296 0.50 two-sided 5.89 0.001 0.93 hedges Sig Diff *
19 5 7 8.21 5.62 2.59 0.58 two-sided 4.51 0.001 0.82 hedges Sig Diff *
Bird 3

20 1 3 5.82 6.85 -1.03 0.39 two-sided -2.67 0.021 -0.53 hedges Sig Diff *

21 1 5 5.82 6.80 -0.98 0.37 two-sided -2.60 0.026  -0.51 hedges Sig Diff *
22 3 5 6.85 6.80 0.08 0.26 two-sided 0.19 0.900 0.03 hedges Not Sig Diff
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Table 6.7: Tukey tests within feathers from a single bird, between different positions (dorsal and ventral) of the feather.
n.b. *p < 0.1, **p < 0.01, ***p<0.001.

A B mean(A) mean(B) diff SE tail T p-tukey efsize eftype Result
1 dors vent 9.03 7.19 191 0.55 two-sided 3.51 0.001 0.548 hedges Sig Diff *
2 dors vent 8.39 8.56 -0.17 0.48 two-sided -0.35 0.732 -0.042 hedges Not Sig Diff
3 dors vent 6.67 6.72 -0.05 0.24 two-sided -0.22 0.832 -0.027 hedges Not Sig Diff
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Table 6.8:

Tukey tests within feathers from a single bird, between different feathers on the wing.

0.01, ***p<0.001

n.b. *p < 0.1, **p <

A B mean(A) mean(B) diff SE tail T p-tukey efsize eftype Result

Bird 1

0 P1 P3 9.72 723 249 0.78 two-sided 3.20 0.004 0.702 hedges Sig Diff **

1 P1 P5 9.72 8.05 1.66 0.77 two-sided 2.17 0.078 0.470 hedges Not Sig Diff
2 P3 P5 7.23 8.05 -0.82 0.61 two-sided -1.35 0.368 -0.233 hedges Not Sig Diff
Bird 2

3 P1 P3 9.65 771 194 0.61 two-sided 3.18 0.004 0.495 hedges Sig Diff **
4 P1 P5 9.65 8.43 122 0.60 two-sided 2.05 0.102 0.312 hedges Not Sig Diff
5 P3 P5 7.71 8.43 -0.72 0.54 two-sided -1.32 0.384 -0.183 hedges Not Sig Diff
Bird 3

6 P1 P3 6.97 745 -0.47 0.28 two-sided -1.69 0.210 -0.258 hedges Not Sig Diff
7 P1 P5 6.97 5.75 1.22 0.27 two-sided 4.59 0.001 0.666 hedges Sig Diff ***
8 P3 P5 7.45 5.75  1.70 0.29 two-sided 5.86 0.001  0.924 hedges Sig Diff ***
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Within birds

Following some tentative results within the whole sample, the
same analysis was repeated within each bird, though tests be-
tween lengthwise sections and between feathers are the main focus.
ANOVA reveals differences between lengthwise sections within all
three birds (Table 6.5). It is worth noting here, that some data is
missing from Bird 3, due to samples being lost in the preparation
process or because the tensile test failed due to stress concentra-
tions introduced in the sample preparation process. Post-hoc tests,
however, do not corroborate the observation of decreasing modulus
along the feather within Bird 1 or Bird 3 (see Table 6.6), though
a decrease is observed along the feather shaft in Bird 2.

ANOVA also reveals differences between feathers in all three
birds, though post hoc tests again do not corroborate the proximal
decrease (see Table 6.8. To be thorough, differences between dorsal
and ventral positions were also revisited within each bird and it
was found that there was no significant difference in Birds 2 and
3, but that there was a difference in Bird 1 where means were 9.03
and 7.12 GPa, respectively (see Table 6.7).

6.2 Discussion

Lees et al. (2017) report that within species, I is an adequate
proxy for EI, but that between species this is no longer the case.
Bachmann et al. (2012) also reports that mechanical properties
are more to do with geometry and less to do with F, that broadly
speaking F does not change. To that effect it is a shame a larger
sample couldn’t be tested which also included specimens from dif-
ferent species. It is quite difficult to test samples from feathers
much smaller than those of a swan and still control for the vari-
ables considered above.

The ANOVA results which consider the whole sample clearly
show that effective E is not constant, and pairwise test revealed
two possible trends. They were a decrease in modulus along the



144 Chapter 6. Loading with an Isotropic assumption

rachis and a decrease in modulus with proximity to the body in
feathers. The former perhaps has a functional explanation in that
the shaft at any lengthwise point has to resist the moments applied
by the feather area distal to that point, if I does not scale with the
moment, then E would be expected to change and would likely be
expected to decrease (Pennycuick, 2008). It is also the case that
the vane chord is smaller, though rachis I also decreases and may
explain that. The latter might have been expected given that P1
has a different vane shape (there is no emargination), and that
the vertical component of load may be slightly different for each
of these feathers because wing loading is not evenly distributed
along the chord and the aerodynamic centre of pressure is at the
quarter-chord position (Pennycuick, 2008), and finally because P1
has to resist more oncoming drag. That observation might also be
explained by increasing shear stress along the length of the feather.

However, all of these results should be interpreted cautiously
because the sample is small and because there are differences be-
tween individuals. Individual differences means that it is likely that
some, if not all, of the variance observed between other groupings
is explained by differences between individuals. These results then
call for repeated analysis within birds to confirm the trend.

Upon individual analysis the results still show that E is cer-
tainly variable, but they also show no convincing evidence of change
with section, length or position. This finding contradicts results
by Macleod (1980), who reported that effective modulus increases
along the length of pelvic contour feathers, by Cameron et al.
(2003) who found that better alignment of keratin fibres increases
stiffness along the feather and also results by Wang and Meyers
(2017) who demonstrated an increase in dorsal tests between the
calamus, the mid-shaft and the rachis, though they did not control
for individual variation and the trend was not present in lateral or
ventral samples. At the time of writing there are no tests between
different feathers which offer a comparison. Overall, the statistical
analyses within birds was inconclusive, no trend was observed in
FE between sections along the feather, between dorsal and ventral
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positions or between feathers P1, P3, and P5.

6.2.1 Limitations

This testing approach is quite standard, but usually applied to
pieces which have been made to exact specifications. In the com-
mercial world, these specimens are generally large because speci-
mens are manufactured rather than harvested and because larger
samples are easier to test. Biological tissues are comparatively
small in size. Therefore, aspects which are usually ignored for the
sake of simplicity and because their effects are small within uni-
form pieces introduce potentially larger errors in this case. Some
of these limitations are considered briefly here before Chapter 7
attempts to address one of the most significant emissions.

‘Engineering stress’ is not ‘True stress’. The difference lies in
accounting for changing cross-sectional area during the test. The
Poisson effect means that for an isotropic specimen, or any speci-
men where Fqy > Fo, the gauge length will become narrower under
load and this will have a corresponding effect on cross-sectional
area. Cross-sectional area is a term in the equation which calcu-
lates stress 0 = N/A, and is therefore also present in the equation
which uses stress to calculate modulus £ = o/e. The effect of
changing cross-sectional area is usually small and if samples are
very similar it is common practice to ignore it. Taking this change
into account would involve measuring strain in two other dimen-
sions for a test conducted on a rectangular prism. Measuring these
two other strains becomes even more complicated if one of those
dimensions is very small, as is the case in a flat plate, and with
dissected feather shaft samples. This effect is probably still quite
small in dissected feather shaft samples but it does mean that the
reported moduli will be smaller than the true value.

Hysteresis is the phenomenon in which the value of a physical
property lags behind changes in the effect causing it. In tensile
testing this is normally called a strain-rate dependency and can be
mostly accounted for by using a higher rate of strain. Hysteresis
was observed in some testing which came before this present work,
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which is why the rate of extension used in this work was chosen.
Testing samples of different sizes with a uniform rate of extension
also introduces this problem, though it is difficult to see a way
around it. To record the same amount of data in a shorter period
of time is an extra requirement of the test apparatus and is no
problem for physical strain gauges but the varying geometry of
feather samples requires video extensometry. Unfortunately, the
use of video extensometry introduces a trade-off because either
less data is recorded, or expensive equipment with higher frame
rates and/or data transfer rates needs to be sourced.

The curvature in Figure 6.1 is a manifestation of strain-rate
dependency, which has either been introduced by the method or is
present as a viscoelastic response (as reported by (Fortier et al.,
2012, Gao et al., 2014)) or both. Considering viscoelasticity in
more detail is beyond the scope of the current work and no further
consideration will be made.

The final and most important consideration is that Chapter 4
has shown there to be a layer of differently oriented fibres in the
calamus and superior umbilical region. If the material is similar, or
at least is E7 of the inner layer is larger than Es of the outer layer
then not considering this would also lead to underestimating FEj.
This is probably the most significant effect but it also compounds
other smaller effects. Chapter 7 will reanalyse those samples in the
calamus and apply Classical Laminate Mechanics.



Chapter 7

Loading a laminate

Chapter 6 did not reveal a trend in the tensile test results between
feathers P1, P3, and P5, between dorsal and ventral positions or
between the length-wise sections. Some limitations were detailed
in section 6.2.1. One of the most serious limitations was not ac-
counting for differences in the laminar structure, especially when
the layer which is ignored is oriented perpendicular to the prin-
cipal loading direction. Chapter 4 showed there was a differently
oriented layer of fibres in the calamus and superior umbilical region
and this should therefore be considered in the analysis of tensile
pieces from the calamus because there is likely to be a signifi-
cant mechanical effect. That effect would be an underestimation
of Fq if E; is significantly larger than FE5. The reanalysis that
follows uses equations from Classical Laminate Mechanics (Daniel
and Ishai, 2006, Kaw, 2006) and applies them to the experimental
setup shown in Figure 3.9 on page 50 to estimate the stiffnesses
Q11 Qo2, which relate to Fy and E»

7.1 Obtaining Q11, Q2

A transversely orthotropic material can be fully characterised by
five independent elastic constants (Daniel and Ishai, 2006). They
are Eyp, Eyy, Vgy, vy, and G. E is a modulus of elasticity, v is a

147
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ratio of strains in orthotropic directions and G is a shear modulus.
For the special case of a two-ply laminate, where the laminae are
roughly oriented at 0°(Layer 1) and 90°(Layer 2) to the loading
axis, the shear modulus is not required and only four constants
are needed. The equations to follow will consider such a laminate
and solve for Q). @ is a stiffness matrix which is needed to calculate
E

Assumptions:

1. Q2 = Qxn

2. Two layers are oriented 0°and 90°

The first assumption is appropriate because each layer can be
treated as a thin laminate in plane-stress conditions, and this is one
reduction that can be made in the stress-strain relations (Daniel
and Ishai, 2006).

If
N, ] _ ‘ T e T
N, A | B Ey
Ny | ! Eny
| T | o (7.1)
M, C : D Ky
| M., | L | 1 L Ky

where A is the extensional stiffness matrix, B and C' are cou-
pling matrices and D is a shear matrix, then where moments are
controlled and there are two layers in the laminate,

Aij = Qijli-ti+ Qijla-t2 (7.2)

where t1 = Zop1 — Zbottom1, and @s are the stiffnesses that populate
A, then the stress-strain relations become

N, Qux me Qa:y Ex
Ny | = Z the |Qua Quy Quy| |&y (7.3)
Ny k Qvz Qv Q] L7
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for a laminate where the loading axis is denoted , ,,.

Then, suppose the two-layered laminate has layers oriented at
0% and 90° to the loading axis, transverse load N, and shear stress
N, can be set to 0, the stress-strain relations become:

[ N, ] _ [ Q111 + Qoo Qrat1 + Q212 } [ g } (7.4)
N, =0 Q2111 + Qrata Qa2t1 + Q11t2 Ey '

where the principal axes of the layers are denoted 12 and with
stiffness matrices B,C and D = 0. Matrices B and C are cou-
pling stiffnesses and matrix D comprises the bending stiffnesses.

Q16, Q26, Q61, Q62 and Qe = 0

Then, a pair of equations can be obtained:

Ny = (Quit1 + Qaat2)er + (Quat1 + Qata)ey (7.5)
Ny =0 =(Q21t1 + Q2t2)es + (Qazt1 + Quita)ey (7.6)

and the strains can be brought inside the parentheses to produce:

Ny = e:Qut1 +e.Qata + £y Q12t1 + £y Q212 (7.7)
Ny =0 =e,Q21t1 + £.Q12t2 + £yQaot1 + £,Q11 (7.8)

If Q12 = @21, and they become:

Ny = ext1Qu1 + ext2Qa2 + €y (t1 + t2) Q12 (7.9)
Ny =0 =¢e,(t1 + t2) Q12 + eyt1Q22 + gyt2Q11 (7.10)

and Equation 7.10 can be solved for Qq2:

_ eyt1Q22 + eyt2Q11
_Ez(tl + t2)

Q12 (7.11)

Equation 7.11 can then be substituted into Equation 7.9 to
give:

2
£
Ny = e,t1Q11 + €4t2Q22 — ?y (t1Q22 + t2Q11) (7.12)
xT
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where v, = fz—z.
Ny =(ext1 + eytovey) Q11 + (€xta + ytiVay) Q22 (7.13)
alternatively,
Npe, :(ex2t1 — sy2t2)Q11 + (5x2t2 — 6y2t1)Q22 (7.14)
and then
FE 1
Qu = 171 = —0Q12 (7.15)
—Vigl21 V12
E 1
Qn=—"-=—Qun (7.16)

1—rviov01 v

again where ng = le.

Figure 7.1 shows values for F which have already been pub-
lished. Section 2.3 has argued that those values should not strictly
be compared but they do provide reasonable boundaries and ex-
pectations for the stiffnesses calculated using the Equations 7.15
and 7.16. However () # F because terms in the stiffness matrix
are subject to the Poisson effect. As a result, estimates for E are
lower then @) and Equation 7.15 sets E = 0.84Q) when v = 0.4,
which is the value used by Soons et al. (2012) in their modeling
work.

7.2 Reanalysis of tensile data

Axial and transverse strains were used with load data and the
equations presented in Section 7.1 to calculate the stiffnesses Q11
and (Q22. They can be plotted against one another for each frame
of video extensometry data and if Poisson’s ratio is known then
there is a point on each line which can be taken to represent ()11
and J2g. Thus, each line should intersect with every other line
at this point. Figure 7.2 shows an example dataset and it can be
seen that the intersection point is non-physical, which indicates
that some error has been introduced.
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Figure 7.1: Modulus values reported in the literature (see Chapter 2 for some
analysis. Cameron (blue) and Lees (pink) report ranges of data.)

That error is most likely to be in the transverse strain data. It
might be because the method used is not precise enough to capture
such small transverse strains, or because of the complex cross-
sectional geometry of the test pieces. ‘Complex’ in this context,
means that the pieces were not deforming in the way a flat sample
would, and were curling, flattening, or deforming in local areas
due to the ventral grooves or dorsal stiffening bars. This will be
discussed in more detail in the next section.

In that case, average values for both stiffnesses still provide
reasonable limits for the true stiffnesses, when combined with the
isotropic boundary condition and Q22 > 0.

Figure 7.3 shows average values for 8 tensile tests, only 5 lines
are visible because three datasets presented negative (non-physical)
Q2o values. More than 8 samples with two cortical layers were
tested but some were lost due to failure caused by imperfect dis-
section and cracks propagating from the grip jaws.

The Poisson’s ratio for each sample and the average values for
those tests with plausible values are presented in Table 7.1. These
ratios were calculated after anomalous values were removed (values
that were negative or more than two orders of magnitude different).
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Figure 7.2: A plot of Q22 vs. Q11 for a single tensile test. Q11 and Q22 can
be computed using the equation presented in section 7.1. In this
graph, each line represents a single time-stamp from the tensile
data. Dashed lines are mean values for Q11 and Q22. It can be
assumed that at a minimum, the real values will not be above the
isotropic line, because anisotropy has been demonstrated. It can
also be assumed that the real value does not fall beneath the X
axis, because this means Qa2 is either 0 or below, which is non
physical.

The average value was v = 0.4 with a standard deviation of 0.18
when all datasets were combined. Though the sample is very small
this is the first value to be presented from pieces of calamus using
a repeatable method.

Most materials have Poisson’s ratio values ranging between 0.0
and 0.5 and most biological materials have Poisson’s ratio values
between approximately 0.3 and 0.4 ( Wang, 2016). This observation
suggests that the error which has caused datasets to present nega-
tive Qo9 values is more likely to have been complex cross-sectional
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Table 7.1: A table which shows the average values for Poisson’s ratio from
tensile tests in which both strains were adequately recorded, af-
ter erroneous values were removed. Global averages are also pre-
sented.

Dataset vy 0y,

0 0.36 0.12
1 0.51 0.10
2 0.16 0.06
3 0.36 0.17
4 0.53 0.11
All 0.4 0.18

geometry than a noisy signal in the transverse strain data. This
means that repeating the experiment with better strain measure-
ment would likely not have yielded very different results but a
smaller sample piece should have been used which is less likely
to deform unexpectedly. In practice this would still entail using a
better method of measuring transverse strain because the signal-to-
noise ratio would decrease with a smaller piece. So, the question
arises—Can the data which contains unreliable transverse strain
measurements still be used? The mechanism by which error has
been introduced should be considered in more detail before any
further treatment or interpretation can proceed.

7.3 Transverse strain measurements are un-
reliable in three samples

Transverse strain measurements in 3 out of 8 samples are inaccu-
rate, and this inaccuracy is better explained by complex geometries
and small deformations than they are by noise because all of the
data are noisy. Video playback of the extensometry data from one
experiment very clearly shows how this transverse expansion under
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axial loading might have been recorded.

In this work, the circular calamus was longitudinally bisected
into dorsal and ventral parts, which then have a semi-circular cross
section. When a beam of this cross section is put under tension
it tries to flatten the arc of the cross section because a stiffness
is resisting tension. This manifests as a perceived widening to
an observer in the axial plane, and this widening is likely to be
greater than the contraction due to Poisson’s effect. This arc is
also flattened by the grips, which sometimes cause a crack to form
when they are tightened, which then propagates under load, or the
crack may form under load if not already formed upon tightening
the grips. This also makes the measurement of transverse strain
unreliable because in that case the sample is effectively two sepa-
rate pieces. Both of these effects could be addressed by testing a
thinner sample. However, the production of thinner samples was
found to be extremely difficult in that notches were produced that
might cause the test to fail suddenly, and this would also augment
any effects present due to small variations in local geometry, which
is a feature of biological samples. One such variation, which is
commonly found in the superior umbilical region, is the formation
of dorsal ridges and a corresponding thin section between them.
This has the effect of shortening the gauge width to effectively 0,
and is another cause of the cracking mentioned in the preceding
paragraph. There is no way to account for this properly.

If this flattening is misleading the analysis it might then be fair
to set the transverse strains equal to zero, but that would introduce
another assumption, that dEA/dz = 0 in the gauge length tested.

7.3.1 dEA/dz — 0 for small sections but not for a
whole feather

When Purslow and Vincent (1978) presented the first paper on the
mechanical properties of primary feathers, they presented an equa-
tion (which has been repeated in this thesis as equation 2.1 on page
24) which is correct for a beam of constant FI, i.e. where dEI/dz
is small. However, with the discovery of layers in the calamus this
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assumption is inappropriate for testing the whole feather and Sec-
tion 6.2.1 also listed works by Cameron et al. (2003), Macleod
(1980), Wang and Meyers (2017) which further support that con-
clusion. However, SRCT scans show this assumption is likely true
within the gauge lengths tested in this work and the equations that
follow show that any term which contains a differential of EI goes
to zero in this case.

dé
— =0 7.17
i (7.17)
d25  de M
- T 1
dz?2 dz FEI (7.18)
6 _d% _d (MY _
dz3 dz2 dz \EI)
1 d d 1
EIdz( )+ dz (EI>
F M d
- — ——— (FI 7.19
EI (E[)2dz( ) (7.19)
dho (M
dz*  dz3  dz2 \EI)
d [ F M d
— == ——— (F]) ) =
dz <EI (E[)de( >>
q F d M d M d?
—_ — —(El)4+2———— (FI) — ——=
EI (E])de( )+ (EI)?’dz( )

(7.20)

So, if dEA/dz = 0, it is reasonable to set transverse strain
equal to zero for all datasets. The calculation of Q17 and Q22 can
then be repeated with this condition and Figure 7.3 re-drawn as
Figure 7.4, which shows the average line for each of eight datasets.
Global averages and standard deviations are shown on the isotropic
line for ()22 and on the X axis for ()17 and the mean values are
Q11 <5.494+2.11 and Q22 < 4.2941.68. This give effective limits
as 3.4 < Q11 < 7.6 and 0 < Q29 < 5.9. If v = 0.4, then F values
are By =4.59 and Fy = 3.6

FrFaa D
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These values are lower than those reported in Chapter 6, which
is to be expected but also lower than those derived from earlier
nanoindentation work (Laurent et al., 2014) which were Q1; = 10.7
and Qo9 = 7.8 but still well within the other reported moduli which
have been presented in Figure 7.1.

These values are also more spread out than might have been ex-
pected. This could be due to differences in protein structure which
have been identified in Chapter 5 and by the use of Engineering
Strain rather than True Strain.

The sample is too small to justify bold claims about the mate-
rial constants of feather keratin, and perhaps even swan primary
feathers but it is now clear that failing to consider laminar geom-
etry in the analysis of mechanical data from the calamus or the
superior umbilical region could lead to a large under-estimation of
the stiffness matrix () and the moduli £ and E5. There is work to
be done in expanding the sample size, the size of the sample space
(more feathers and more species) and by refining the preparation
of samples such that a thin sample is used, which does not suf-
fer from problems caused by semicircular geometry, by improving
the measurement of transverse strain, by introducing a method to
measure the third orthogonal strain and finally, by applying this
approach to calami where there are more than two layers or where
the outside layer is not perpendicular to the axially aligned inner
layer. This will be set out in the Further Work section on page
176.
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Figure 7.3: A plot of average Q22 vs. average Q11 for tensile tests in the
calamus. Q11 and Q22 can be computed using the equations pre-
sented in section 7.1. In this graph, each line represents a single
point in time from the tensile data. Dashed lines then set out
some proposed boundary conditions to constrain possible values.
It can be assumed that at a minimum, the real values will not
be above the isotropic line, because anisotropy has been demon-
strated. It can also be assumed that the real value does not fall
beneath the X axis because this is non-physical.
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Figure 7.4: A plot of average Q22 vs. average Q11 for multiple tensile tests,
where transverse strain is set to 0. Q11 and Q22 can be computed
using the equations presented in section 7.1. In this graph, each
line represents an average value over the whole loading period
from one tensile dataset. M indicates the global mean and is
pictured with standard deviations.



Chapter 8

How laminar structure,
geometry and material
properties affect £/

F is multivariate

Three objectives were identified in Section 1 on page 2. Chapter
2 introduced context and background to these objectives, before
three respective questions were posed in the Method’s section. The
three following chapters dealt with experimental data and analysis
to address these questions, though discussion was mostly restricted
in scope to the question posed and results from other chapters were
not considered. This section will set those three chapters, and
the results obtained, into a more coherent discussion of feather
mechanics.

8.1 FE or I: Material Properties or Geome-
try?

Bending stiffness EI of a simple cantilever comprises Young’s mod-
ulus, F, and the second moment of area, I. This means that where
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one of these variables is approximately constant, variation in bend-
ing stiffness should be largely explained by variation in the other
variable. In many engineering applications, this is often the case.
However, can the same be said of a bird feather? There is no ques-
tion that I changes along a feather shaft—the question is does
FE change as well. This section will discuss two important papers
which report contradictory information and then make the case for
variability in FE.

Bachmann et al. (2012) compared the stiffnesses EI and sec-
ond moments of area I between pigeons and owls. No significant
variation in indentation modulus was found between the two birds
(However, differences in indentation modulus between proximal
and distal regions were found in both), though, calculated bending
stiffnesses were found to be very different due to the contribution
from the second moment of area. Bachmann et al. have inter-
preted the results to claim that flexural stiffness is predominantly
influenced by the geometry of the feathers. This position is shared
by Purslow and Vincent (1978), though later work by Purslow
reports that E does increase distally (Bonser and Purslow, 1995).

Lees et al. (2017) looked at using I to predict flight ability
in fossil bird taxa following an earlier paper by some of the same
authors (Nudds and Dyke, 2010) which suggested that it might be
possible to make inferences about flight ability from the external
measurements of feathers preserved in rocky strata. Central to
that idea is the assumption that the material and structural prop-
erties of a primary flight feather may be consistently calculated
from the external diameter of the feather rachis, which is the only
dimension that is likely to relate to structural properties available
from fossils. Using three-point bending tests, Lees et al. (2017)
showed that there is a relationship between mechanical properties
(maximum bending moment M, and bending modulus FEpe,q)
and external morphological parameters (rachis length, diameter
and second moment of area at the calamus) in 180 primary feath-
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ers from four species of bird of differing flight style. The results
showed that intraspecifically, both Ejpepqg and Mi,q, were strongly
correlated with all three morphological measures. However, with-
out accounting for species, are a poor predictor of rachis structural
properties. This suggests that E is not constant across all feathers,
and this is supported by Bonser and Purslow (1995) and Cameron
et al. (2003). A reasonable question to ask at this point is—is one
single variable responsible or at least approximately representative
of shaft stiffness? It seems not to be the case and the sections to
follow will explain this by comparing some simpler artificial beams.

8.1.1 A cantilevered steel rod

Consider a cantilevered beam made from steel. Mild steel has a
modulus of &~ 200 GPa. Though this material property is constant,
mild steel has been engineered to support myriad different loads in
a cantilever configuration, from springy diving boards, to sturdy
bridges. Because E is constant, what is responsible for the change
in bending stiffness is a change in I. I can be increased by keeping
the same cross-sectional shape but adding more material (consider
a steel tooth-pick vs. a concrete reinforcement bar) or by keeping
the amount of material constant but changing the shape (consider
a round bar vs. an ‘I’ beam). Often the strategy is to optimise the
shape for a given load, and then expand the size until the loading
requirement can be safely sustained, because steel and design have
associated costs.

8.1.2 A cantilevered biological beam

Like the previous example, it is also true that the structure of ker-
atin is highly conserved (Greenwold and Sawyer, 2011). Following
this information, it is not unreasonable to expect mechanical prop-
erties to be largely constant. This should mean that, as in the case
of a cantilevered steel beam of constant cross-section, variation in
bending stiffness would be controlled by the amount of keratin
material used and the shape of its cross-section. This was in fact
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reported by Bachmann et al. (2012) in the paper entitled Flexural
stiffness of feather shafts: geometry rules over material properties.
However, more comprehensive analysis in a paper entitled Rachis
morphology cannot accurately predict the mechanical performance
of primary feathers by Lees et al. (2017) showed that this was not
the case. Could it be that F is not constant after all?

8.1.3 A case for the likelihood of variability in F

If the data and results that have been presented in the preceding
chapters are set aside for a moment, then it is reasonable to ask—
Does it make sense that E would vary, given that the feathers
are a very costly tissue to produce and the penalty for possess-
ing inadequate feathers is likely death? Figure 8.1a, shows how
primary feathers flex in stable flight. One can imagine that the
wing becomes fixed and the feathers become a cantilever, and this
is shown by the hatched box in Figure 8.1b. From observation, it
seems that the feather’s deflections are approximately parabolic,
which is shown in Figure 8.1c. Beginning from this parabolic de-
flection, Moment-area theorem says it is possible to predict change
in angle by using:
dd dé
0=—r~—,
ds dzx
which would result in a constant change of angle as shown in Figure
8.1d Taking the second derivative results in the % diagram, which
would also be constant, as shown in Figure 8.1e.

(8.1)

M df

—_— = 2

ElI dz (8:2)
ZOE“Id would follow the same value for the whole beam if there are no

weak points, and the whole beam is only as strong as it needs to
be. This is a reasonable expectation when a penalty is conferred
for increasing weight or expending more energy. To obtain E1, the
moment, M, would need to be known and this line of reasoning
can go no further.
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Considering the load on the feather, ¢, in the bottom subfigure,
Figure 8.1i. In reality the load would be approximately elliptical,
but varying with the width of the vane. For the sake of simplic-
ity, and because performing the same thought experiment with an
elliptically distributed load makes only a very small difference, an
equally distributed load is assumed

Moment-area theory also says that shear stress () can be found
by integration, as shown in Figure 8.1h.

Q- / gdz (8.3)

and then the moment is obtained by a second integration to form
a quadratic, as shown in Figure 8.1g.

M = /Qdm (8.4)

and we arrive again at EI but no further progress can be made by
intuition, though it is clear that I has been optimised from Figure
2.2 on page 9. Lees et al. (2017) reports a gamma distribution
and both Pennycuick (2008) and Lees et al. (2017) report that
I does not adequately predict flexural stiffness. This means that
E must change, by some mechanism. Ideally, £ and I would be
separated (measured) which has proven to be non-trivial, if laminar
properties are considered.

8.1.4 Multivariate £ in fibre-composites

The mechanical properties of fibre composites are both more com-
plicated and less understood than those of mild steel. Variation
in mechanical performance can come from a number of variables,
such as fibre/matrix fraction (within and between layers), differ-
ent properties of the fibres or the matrix, the number of layers, the
orientation of those layers, consistent orientation of fibres within
the layers, etc.

Chapter 4 showed that the layup of a bird feather is not fixed in
the feather shaft, and there exists at least one extra layer of radially
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aligned fibres in the calamus that extends distally into the superior
umbilical region. Intuition may make the case that if the laminate
FE, does not change but layup does, then material £ does change.
Chapter 5 showed that the makeup of individual layers changes.
Although it’s not clear whether this change is driven by a change
in volume fraction, or a change in the makeup of fibres, the results
of Chapter 5 show that there is inter-layer variation in E or that
FE does change. Chapter 6 showed that for feathers from Cygnus
spp., effective F ranges from 5 to 15 GPa, and that the varia-
tion does not appear to be well explained by place on the wing,
position (dorsal or ventral), section (place along the feather), or
individual bird. These results come from an experiment in which
geometry was controlled, which leads to the conclusion that E does
change. By the application of classical laminate mechanics, and
by intuition, work in Chapter 7 has showed that E does change,
and in the layups present in Swan primary feathers it might ac-
count for as much as 15% change. Considering the results of these
three chapters together, results have shown that a significant part
of variability in Ejgy,, comes from changes in layup, and changes
i By might come from changes in protein structure and consistent
alignment.

The next section will consider why changing these variables
might be likely from functional, ecological and developmental per-
spectives.
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b)

f)

g)

h)

Figure 8.1: Continued overleaf
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Figure 8.1: A figure shows how mechanical terms vary with along the length
of the feather shaft. From the top down, subfigure a) show how
a primary feather deforms in flight and b) shows a cantilevered
feather. Graphs c-e) show how c)deflection, 8, d)angle 6, and
e) moment over stiffness, change along the feather by deriva-
tion. From the bottom up, graphs i-g) show how 1) load q, h)
shear force Q and g) moment M, might change along the feather
shaft, which resists a distributed load and is cantilevered by the
ligaments and tendons of the post-patagium and at the proximal
end, by the carpometacarpus and wing digit bone material. Sub-
figure f) makes the point that E and I need to be separated and
measured to properly characterise the mechanical behaviour of
the bird feather shaft.
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8.1.5 F and [ vary for different reasons and in dif-
ferent places

There is now a body of evidence that both £ and I change along
the length of the feather shaft and that variation in bending stiff-
ness ET is not dominated by one or the other when talking about
the feather shaft as a whole tissue.

Figure 8.1 shows how some mechanical properties might be
expected to change along a cantilevered beam with respect to a
planar load (and these relations are well known in mechanical en-
gineering, where the two regions are termed the anchor arm and
the cantilever arm). This figure shows how the shaft can be split
into two functional parts, whether or not these parts are delimited
at the calamus / rachis boundary by other definitions. From this
standpoint, the largest moment and load are experienced at the
boundary between them. In most industrial structures the entire
beam is a constant prism which is able to resist the maximum
of those forces. This is mostly because the design and manufac-
ture of something so variable increases the cost by a huge amount,
though where the same pressures are driving design and manu-
facture e.g. an aircraft wing, some similar adaptations have been
implemented in terms of changing geometry, and by using fibre
composites for weight reduction.

Clever tricks in changing the modulus E are not as common
because joining materials is difficult and introduces another set of
problems. It is also the case in most engineering applications that
the trade-off can be compensated for elsewhere. For example in
an aircraft wing, weight / frontal area etc. can be compensated
by thrust coming from a bigger engine or different fuel, or weight
can be saved elsewhere, but this is not possible for a bird that is
trying to survive in competition, and that constructs feathers by
extruding them from a follicle which can be adapted as the feather
is deployed. For a bird it makes more sense to divide the feather
into three regions, the calamus, the superior umbilical region and
the rachis. The most distal part, the rachis, resists bending loads
and would fail by buckling. Here, that failure is best resisted by
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a foam core which is explained by parallel axis theory, and the
structure can be thought of as a sandwich structure with thin lat-
eral walls. In many birds, dorsal teeth form to add more bulk to
the dorsal part of the cortex to further resist bending forces. The
lateral tissue of the rachis serves as an attachment point for the
vane more than it does to resist loading. The most proximal part,
the calamus, which is beneath the skin and partly articulated in
bone, is unlikely to be the failure point and will not buckle, so it
does not require a foamy medulla. However, the vane will induce a
torsional load which can only be resisted in the anchor-arm of the
beam and so a layer of radially aligned fibres becomes useful. These
fibres are not present further up the shaft as previously thought.
In between these regions is a zone of delimitation, the superior
umbilical region, where the moment and shear force is highest. To
resist the moment, I is varied by the formation of dorsal teeth
and ventral ridges, a thicker dorso-ventral aspect and medullary
foam is still observed. This thickening and the form of the plumu-
laceous region is explained by developmentary reasoning. If the
amount of tissue allocated to the vane is reduced (as it would be
to form the plumulaceous barbs), then the additional tissue could
enhance the size and ventro-lateral extent of the superior umbilical
region (Maderson et al., 2009). Figure 8.2 shows that I increases
to a maxima somewhere near the maximum moment as pictured in
Figure 8.1g, and this seems to be true across multiple birds using
data from multiple experiments. As well as varying I, a layer of
radial fibres begins to form where the torsion becomes relevant in
the anchored arm of the cantilever, the calamus. This region is
the most likely to fail, and the failure mode could be in buckling
or shear. This shear failure might explain the difference in protein
structure, because the outer layer has more a-configured residues
which may indicate more matrix is in place to better resist shear
failure band builds on the work began more than 70 years ago by
Rudall (1947). It also makes sense that the feathers are supported
by the soft tissue of the post-patagium because if the bird does hit
a gust or some turbulence, or even clips the feather on a branch as
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it flies past, some of this force can be absorbed and distributed by
the soft tissue of the post-patagium which means that the material
which inserts into the bone does not need to be as tough or fatigue
resistant. Apart from thermoregulation this might also suggest
why feathers are not emarginated here, so that large forces can
also be absorbed by the adjacent feather and transmitted to the
skeleton to stop local failures. Two of these regions (the rachis and
the calamus) regions already fit with common terminology but now
the proposal by Maderson et al. (2009) to include a third section
called the superior umbilical region is convincing, where for chiefly
functional reasons but also developmental reasons there are adap-
tations which mean that the material is different from the rachis
and the calamus and neither of those terms appropriately describe
the form or function of the feather shaft in this region.

8.2 Summary

Many workers and some figures presented earlier in this work (Fig-
ures 4.18-4.22, on page 101) have shown that I varies along a
feather shaft (Bachmann et al., 2012, 2007, Lees et al., 2017,
Pennycuick, 2008). However, it seems that variation in I alone
does not adequately explain variation in bending stiffness FE1T.
This leads to the conclusion that F also varies along a feather
shaft, which has also been reported by other workers (Bonser and
Purslow, 1995, Cameron et al., 2003, Laurent et al., 2014, Macleod,
1980, Purslow and Vincent, 1978, Wang et al., 2012) and reinforced
by work in Chapters 4, 5 and 6. This had previously been seen as
an inconsistency by Bachmann et al. (2012) and Lees et al. (2017),
but when the layup, as discovered by Lingham-Soliar et al. (2010),
is considered from a mechanical perspective a more coherent ex-
planation forms.

The feather is best thought of as a 3-part composite beam. The
proximal part of the shaft, to which the vanes attach, should still
be called the rachis. This part is characterised by a quadrilateral
cross section with dorsal teeth and a medullary substantia which
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help it to resist bending loads and failure by buckling. All of the
fibres in this part are axially oriented. The calamus is the prox-
imal, sub-dermal part of the feather which is characterised by a
circular cross section. It has two layers of fibres, an inner layer of
fibres which extends into the rachis and an outer layer of radial
fibres to resist a torque applied by the vane. It does not con-
tain a medullary substantia because it would be unlikely to fail by
buckling. In-between these two regions is the superior umbilical re-
gion, which has a sub-circular cross section and two layers of fibres
though the outer layer of fibres tapers away towards the rachis. It
may fail either by buckling or in shear, but the sub-circular cross
section reduces stress-concentrations that would be present in a
structure with radial fibres wrapping a square prism. The outer
layer resists torsion and the inner layer resists bending, which is
also supported by medullary substantia. Both bending forces and
shear forces are supported by the adjacent feather and this as well
as the post-patagial tendon act as a toughening mechanism to re-
duce the likelihood of shear failure.

The calamus / rachis delimitation has always been an ambigu-
ous area in avian biology, but given that the feather is a functional
appendage and it is under functional pressure, function should also
define the terms used to describe its form where possible. The work
in this thesis has formed a more coherent naming convention and
solved some of the inconsistencies which have been the subject of
recent work (Bachmann et al., 2012, Lees et al., 2017).
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Figure 8.2: This graph shows the second moment of area as a function of
shaft length for shaft cross sections in four birds. The goose data
come from Pennycuick (2008). It is only described as a primary
feather. The barn owl and pigeon data come from Bachmann
et al. (2012) and are average values from siz replicate fifth pri-
maries (P5). The swan data comes from CT data already pre-
sented in Chapter 4 and is from the first primary (P1). It can
be seen that whilst the second moment of area, I, varies a small
amount—there is no clear difference between these birds which
are markedly different in phylogeny, flight style and weight, and
of course the feathers are also from different places on the wing.
This further reinforces the conclusions of Lees et al. (2017), that
I is a poor predictor of flexural stiffness or flight ability.
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(a) Dorsal perspective-

(b) Lateral perspective

Figure 8.3: A figure to show the functional parts of the wing anatomy from
a materials perspective. The figure shows the feathers, how they
articulate into the metacarpus, and the soft-tissue support given
to the superior-umbilical region by the post-patagial tendon. This
anatomy would relieve loading at the cantilevered point so that
load is passed to the soft tissue and the adjacent feather before an
individual feather yields, effectively increasing toughness. Both
figures reproduced from Pennycuick (2008)



Chapter 9

Conclusions and further
work

9.1 Conclusions

The major objective of this work was to look at selected primary
feathers in order to gain an improved understanding of their lam-
inar structure and mechanical properties. As outlined in Chapter
1 three questions were to be addressed in order to achieve this
objective. The questions were:

Q1 What is the geometry of the laminar composite in the cortex
of a primary flight feather shaft?

Results from the first repeatable method to measure layer ori-
entation and thickness have indicated that there can be two or
three layers in the proximal calamus but the orientation of them
remains unknown. There are only two in the distal calamus of
all samples considered in this work. The outer layer can account
for up to half of the cortical width in this region and it extends
past most definitions of the rachis-calamus boundary before it ta-
pers into nothing. This suggests that common definitions should
be updated and the zone of discontinuity proposed by Maderson
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et al. (2009) is now the most appropriate. By approximately 40%
length from the tip of the calamus, the zone of discontinuity has
finished, the outer layer is no longer present and the rachis proper
has been reached. Here, there is only one layer of fibres and they
are axially oriented.

Q2 Are there differences in the structure of the proteins which
make up the different layers of the feather shaft?

Chapter 5 presented the first vibrational spectra from intact
feathers and clear data to indicate that the rachis layers are dif-
ferent, and that the inner layer contains more 3 -sheet configured
protein. It also seems that there is within-layer variation, where
the inner part of the inner layer contains more 3 -sheet than the
outer part of the inner layer.

Q3 Are the layers mechanically relevant and is the isotropic as-
sumption appropriate?

Chapter 4 shows that there are layers with differently oriented
fibres in the proximal shaft but not in the distal shaft. Chapters
7 and 9.1, notably section 7.2, show that the layers do have a
mechanical effect the first calculated estimates for F; and E9 at
the laminar level of the structural hierarchy, demonstrate that the
isotropic assumption is not appropriate.

Aside from the answers provided for these questions, there have
been some other significant contributions.

e Work published by Laurent et al. (2019) evaluated the avail-
able techniques on their ability to observe laminar geometry
in feathers. The paper has added a large number of images
of the feather microstructure to the literature and suggested
that three techniques could have been used to address to
Question 1, but that only SRCT was practicable within the
constraints of this project. Future workers will find this pa-
per useful in their refinement of the CT method, extension
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of the data presented in this thesis, or in their application of
scanning confocal polarised microscopy or serial-block-face
scanning electron microscopy to feathers or other keratinous
material when the techniques become more accessible.

A major step in approaching Question 1 has been the de-
velopment of both the concept of using interstitial holes in
the cortex to infer fibre orientation and in implementing the
analysis.

The correct energy to use at a synchrotron for computed
tomography of feather rachis samples is 14 KeV.

On the application of Raman spectroscopy to feather ker-
atin, the first Raman spectra from the Amide I and Amide
IIT regions of intact feathers have been presented and meth-
ods used to record and analyse spectra have been developed.
A lasting contribution in this aspect are band assignments
made in three regions of the Raman spectrum, the Amide I,
Amide III and S-S regions.

On accounting for variation in mechanical properties, the
holes in the cortex may be a contributing source.

A collection of feathers and wings now exists at the Uni-
versity of Southampton, which has already supported this
project and three masters projects. The author hopes this
collection will be maintained and grown to support under-
graduate and postgraduate projects in the future. Any stu-
dent wishing to expand this collection can contact the author
for a list of names and local businesses who might provide
feathers in the future.

A formal relationship between the Institute of Vertebrate
Palaeontology and Palaecoanthropology (IVPP) of the Chi-
nese Academy of Science, and the University of Southampton
/ The National Oceanography Centre has been established
such that a framework is now in place for student exchange.



176 Chapter 9. Conclusions and further work

Further Work

The results of this thesis demonstrate that a number of valuable
experiments could be performed and lines of enquiry investigated
in the future. When the author proposed a masters’ project on the
biomechanics of feathers in 2014, the line of inquiry was supposed
to begin and end with variation in second moment of area along
the rachis. Nearly four years later, variation in the second moment
has not been fully understood and the introduction of this thesis
hinted that more questions would be uncovered than answered.
Some of these questions are presented in the sections to follow.

Prehistoric development and flight

Examination of Amber fossils

o Thomas et al. (2014) used Raman spectroscopy to look for
colour pigments in amber-preserved fossil-feathers. Using a
1064 nm light source, they were able to confirm the presence
of melanin in fossil feathers but could not find any evidence
for carotenoid pigments. They present spectra from modern
feathers, fossil feathers preserved in rock and fossil feathers
preserved in amber. All of these spectra, plus many more,
are included as raw data in the supplement of their paper.

Whilst they did not investigate protein structure, they have
confirmed the possibility of obtaining Raman spectra from
feathers preserved in Amber. Unfortunately, the spectra pre-
sented in their supplement do not resolve the Amide I or
Amide III regions well at all. As part of the present work,
all of the spectra of Thomas et al. (2014) were smoothed
with a Savitsky-Golay filter and plotted, but no information
can be extracted from the spectral regions fitted in Chapter
5, and fitting those regions was not possible.

It would be extremely interesting to obtain similar spectra to
those presented earlier in this thesis from feathers preserved
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in Amber.

e Xing et al. (2018, 2016) have also presented synchrotron im-
ages of well resolved avialan bone and feathers preserved in
Amber. These scans do not resolve the textures of holes or
even the cross-sections of the feathers, but their images sug-
gest it could be just the small matter of changing optics and
scan parameters to be able to revisit the questions posed in
Chapter 4 and apply them to amber-preserved feathers.

Understanding feather material

e The method used in Chapter 4 could also be improved with
an automatic thresholding method, which would allow some
investigation into the number and size of holes between species,
feathers and pieces of feather.

e Chapter 4 makes use of the holes observed in the rachises
of feathers, but it has also revealed that these holes are not
always present through the entire cortex and are rarely seen
in the calamus. It is currently unknown why these holes exist
and whether they are actively formed and have a functional
purpose, or whether they are passively formed and result
from mechanical deformation. It would be an interesting
study to look at a series of developing feathers to answer
that question, or to perform high cycle testing on a newly
grown feather.

e Chapter 4 also did not manage to present the layup in the
calamus, and it is clear that the elliptical holes present in the
rachis cannot be used to answer this question. It remains
a question deserving of further investigation, whether the
investigation attempts to use even more highly resolved CT
scanning or ptychography or some other method.

e Chapter 4 looked at primary feathers from swans, but not
from other birds. A large amount of data was collected at
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DLS to that effect but inadequate reconstructions did not
permit them to be used. They are archived on tape at the
Diamond Light Sourceand should be reconstructed with the
GridRec algorithm to check that the data really cannot be
used. If they cannot, there is currently no data on the layup
in different birds, apart from the swan presented in this work,
3 samples presented by Laurent et al. (2014) (which does
included data from the chicken, bald eagle and partridge)
and some very qualitative reports by Lingham-Soliar (2015)
made in the course of some other work which was slightly
different in scope.

e Chapter 5 showed that Raman spectroscopy, using the Amide
I region, can be used effectively to study the change in pro-
tein secondary structure of the inner and outer layers of a
feather calamus. It is anticipated that with improvement of
the technique and sample preparation methods that much
more detail will be derived concerning the protein structures
in these layers, particularly if the Amide III and S-S regions
can be used with the Amide I region.

e Chapter 6 measured how the material performs under ten-
sion, but this does not mimic exactly how that material is
loaded in application, and there were some challenges in sam-
ple preparation and holding. Some workers have argued that
a 3 or 4 point bending test is more appropriate. However,
given the development of full field methods, it might even
be possible in the future to perform Digital Image Correla-
tion on a feather in a wind tunnel or even Digital Volume
Correlation on a sample loaded inside a CT scanner.

With the conclusions presented above and the further work
proposed, it is clear that major advances in the understanding
of feathers can be achieved, and a new area of science has been
opened.
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