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1.1. Abstract

For some bird species the outermost part of the wings, the feathers can separate from
each other and the wing, in such cases each feather must act as an independent
aerodynamic unit. In addition to regular function of flight feathers such as colouring
and overall aerodynamic and structural capabilities, these separated feathers must
withstand the aeroelastic demands on their own using the complex surface the
microstructures of the feather create. It is known from the fossil record that the
feather microstructures have evolved over time and that the modern flight feathers
differ from the first birds. This thesis is a first step into exploring the behaviour of
a feather and the impact on the air flow from its microstructures, using
computational models. The computational models were based on a Jackdaw (Corvus
monedula) ninth primary flight feather.

First, two papers examine the aerodynamics of a profile of a feather section and
focuses on how profile shape and microstructures of the feather impact aerodynamic
performance, using both the layout of microstructures found in Jackdaw today, as
well as modified ones. Modifications are done by changing the microstructures
relation to each other. Second, two papers examining the fluid-structure interaction
effects of the entire outermost part of the feather. Material properties and overall
shape is under consideration by tracking the general behaviour of the aeroelastic
response.

The findings from the first two papers indicate that the feather profile in its current
configuration operates at a local aerodynamic performance maximum. However,
there are indications that flow predictability and shaft structural integrity is
prioritized before aerodynamic efficiency. Suggesting that a trade-off between
differing selection pressures (aecrodynamic efficiency, aerodynamic stability and
structural integrity) and developmental constraints exists. The findings of the third
paper suggest that bend and angle of attack is governed by the material and structural
properties, whilst the backwards sweep is also dependent on the relative movement
of the barb and barbules. In the fourth paper the inherent twist of the feather does
seem to have an aerodynamic advantage, and further studies are needed to fully
understand its function.

In summary, the aim of this thesis was to take a first step to better understand feather
behaviour in an air stream. The results suggest that trade-off between aerodynamic
and structural function have been made and that more studies are needed to fully
understand the complex nature of the feather. The results in this thesis could also be
of interest when constructing low Re wings, especially those with highly flexible
blades.



1.2. Popular science summary

Birds use their wings to fly, in some species, such as birds of prey and crows, the
feathers on the outmost part of the wing slit apart and spread from the wing tip, to
be on their own. This is called a slotted wing. The feathers in the slotted wing are
not supported by any other feathers, and the demands they are subjected to is
different than to feathers that have neighbours. This thesis explores the properties
of a Jackdaws (Corvus monedula) ninth primary flight feather, including the
material setup, how the air flow behaves around it and how the feather behaves
itself. The ninth primary feather sits at the front of the wing at the most forward
position in a slotted wing. The slotted feathers are very flexible, they can bend,
sweep and rotate, and they appear to adjust its shape to the conditions around it.
Feathers are made of keratin and when fully grown, are a dead structure. A single
feather is not actively controllable by the bird, so any movement is governed by
passive mechanisms. The size of a flight feather and its inherent components, shaft,
barbs and barbules, make it difficult to create physical models. Therefore,
computational models have been created to execute the work in this thesis. This
thesis is divided into two main parts, the first part a model of a smaller section of
the feather has been created, to study the detailed flow conditions around the feather.
Second, a larger model consisting of the outer half of the feather where the
interaction between the feathers movement and the airflow can be explored.

In the smaller model a detailed description of the flow around a part of the feather
and the feather components have been done. Here the details of the feather
components have been kept, something that is computationally costly due to the
increased complexity of the model. However, this is a key factor to explore how
each component interacts with the air around the feather. We made a CT scan of a
Jackdaws flight feather. In paper 1 we made a small, detailed model of a section of
the feather that imitates the layout of the feather, as close as possible. In paper 2,
the same model was used, however the relationship between the different
component was changed to be able to explore the effect of the feather morphology
in the airflow. Both paper 1 and paper 2 suggests that the shaft, especially the part
on the ventral side of the feather have a negative effect on the aerodynamic
properties. Given that it is still shaped like it is, is an indication that the shaft has
other utilities for the feather, one such utility is the structural integrity, which is also
suggested by the square shape that improves stiffness. Other modifications,
changing the barb angle or barbule hight location, overall show less aerodynamic
effectiveness, than the non-modified version. Suggesting that the current body plan
of the feather, is as aerodynamically favourable as is possible with the constraints a
feather is under. Such constraints include developmental constraint and the subparts
a feather consists of, conflicting selection pressure from the structural demands or
other less straight forward properties as ware resistance.
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In the second model, a more simplified model than for paper 1 and paper 2, larger
part of the feather than the previous model was explored. This model covered the
part of the feather that is located in the unsupported slotted wing position. To be
able to investigate the interaction between the flow and the behaviour of the feather,
a computational methodology called fluid- structure interaction (FSI) model was
used. In these types of models both the airflow around the father as well as the
feather’s reaction can be explored. This is crucial in a model where the object is
highly dynamic and changes shape depending on the surrounding input, just a
feather does. In paper 3, the feather’s different behaviours and robustness of
behaviour, depending on the material properties was explored. The variables tracked
was the upwards bend, the backwards sweep and the pitch angle of the feathers. In
the simulations it was found that the upwards bend and pitch angle could be
influenced by several different material parameters on both the vane and the shatft,
whilst the backwards sweep was only affected by one variable on the vane. The fact
that the upwards bend is affected by several variables indicates that the material
properties of the feather has be explored further, to figure out the balance between
the shaft and vanes in the performance of the feather. Especially if a larger system
with several feathers is to be investigated. Additionally, the way the feather model
responded to the backwards sweep suggests that the backwards motion is not only
directed by the material properties but also from by the relative movements of the
feather parts.

In the last paper, paper 4, the behaviour of the feather was investigated by changing
the morphology, by stepwise removing the inherent twist of the feather. For the
modifications of the with more twist we expected a passive detwist, however this
was not the case. We found that the feathers behaviour was stable and predictable.
However, the reason for the inherent twist remains unknown.

This thesis helps improve our basic understanding of how and why a feather behaves
the way it does in the air. It offers a perspective on how the various subparts of a
flight feather work together and interact with the airflow around it. More
specifically, it provides a detailed look at the airflow around a section of the feather
and examines how different feather components influence that airflow.
Additionally, it explores how material properties affect feather behaviour and
investigates how feather shape and structure contribute to its overall performance.
Further studies are needed to fully understand the behaviour of the feather and the
effect the subparts and morphology have on the aerodynamic efficiency and the
effective shape. The results in this thesis could also be of interest when constructing
low Re wings, especially those with highly flexible blades.
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1.3. Populérvetenskaplig sammanfattning

Féaglar anvinder sina vingar for att flyga. Hos vissa arter, som till exempel rovfaglar
och krakféglar, kan fjddrarna ldngs ut pa vingarna frigora sig frén sina grannar och
fungera som sjalvstindiga enheter. Fjddrarna i de hér positionerna stods endas av
sina ndrmsta grannar i basen av fjddern, vilket ocksa stiller andra krav pa dessa
fjédrar &n andra typer av fjédrar. I den hir avhandlingen undersoks egenskaperna i
den nionde handpennan hos en Kaja (Corvus Monedula), vilket inkluderar
materialegenskaper, hur luftflodet beter sig runt fjadern och dven hur sjdlva fjadern
beter sig i ett luftflode. Fjadrar langst ut pa Kajans vinge ar mycket flexibel, den kan
bojas uppat, svepas bakat och rotera och till synes dndra form for att anpassa sig till
luftflodet runt den. Fjédrar ar gjorda av keratin och nér de ar fullt utvuxna ér de doda
strukturer som fageln inte kan kontrollera med direkta medel. Storleken pa en
hanpenna och de delar som den &r uppbyggd, skaftet, fanstralar och bifanstralar gor
att de &r svara att bygga modeller av, de dr mycket sma. Dérfor sa har jag valt att
anvinda berdkningsmodeller for mina undersdkningar. Den hir avhandlingen &r
uppdelad i tva olika delar, i den forsta delen har en mindre modell konstruerats av
en del av fjddern for att studera beteendet i detalj. I den andra delen, en storre modell
av den yttersta delen av fjdder, dar interaktionen mellan fjaderns roérelse och
luftstrommen kan undersokas.

I den mindre modellen, med den mer detaljerade utformningen, s& har flodet runt
fjadersektionen och fjaderns komponenter undersokts. Att behalla alla dessa sma
detaljer dr berdkningsmassigt kostsamt eftersom modellen blir mer komplex. Med
det sagt s& dr nivan av detaljer nodvéndigt for att man ska kunna forstd hur de
paverkar flodet runt fjadern. Underlaget for modellerna var en CT scan av Kajans
hanpenna.

I paper 1 gjordes en noggrann undersdkning av flddet och i paper 2, anvindes
samma modell och relationen mellan de olika komponenterna undersoktes for att se
vad fjiderns morfologi hade for paverkan pa flodet. Bade paper 1 och paper 2 visar
att skaftet, speciellt pa den undre sidan, har en negativ effekt pd de aerodynamiska
egenskaperna. Eftersom skaftet &ndd ser ut som det for, indikerar att andra
egenskaper én de aerodynamiska dr den funktionen som har haft hdgst prioritet, till
exempel sa kan strukturell stabilitet ha haft en viktigare roll. Andra férdndringar i
fjidern, s& som bifanstrdlarnas position och fanstrélarnas vinkel visade ockséd pa
lagre aerodynamiska egenskaper dn den omodifierade modellen. Det indikerar att
det upplagget som fjadern har idag ar den mest acrodynamiska fordelaktiga med de
begriansningar som finns. Nagra av dessa begrinsningar inkluderar
utvecklingsmissiga begrinsningar, de delar som fjidern bestar av, motstrdviga
selektionstryck eller andra funktioner som &r mindre létta att undersoka sadsom
slitstyrka.
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I den andra lite stérre modellen sa undersoktes en forenklad version av fjader. Den
hir modellen var gjord for att matcha den delen av fjadern som delade sig fran resten
av vingen. For att undersdka interaktionen mellan flodet och fjdderns rorelse,
byggdes en fluid-, strukturinteraktionsmodell (FSI. I dessa typer av modeller sa kan
bade flodet runt fjidern samt hur fjader ror sig i luftflodet studeras pa en och samma
gang. Att ha mojligheten att gora det &r viktigt ndr man har en modell som dndrar
form allt eftersom krafterna pé ytan fordndras, precis som det ér for fjidern. I paper
3 sa undersoktes fjdderns dndrade beteende ndr materialparametrarna i modellen
dndrades. De variabler som undersoktes var bojning uppét, svepning bakat och
anfallsvinkeln. For simuleringsmodellen visade det sig att flera av
materialparametrarna paverkade resultatet for bojning uppat och anfallsvinkeln
medan endast en kunde paverka bakatsvepet ndmnvirt. Det faktum att flera
parametrar kunde paverka bdjningen och anfallsvinkeln visar pé att fler studier
behovs for att sékerstdlla att balansen mellan de olika parametrarna &r korrekt,
speciellt om flera fjadrar ska undersokas samtidigt. Det séttet som fjadern betedde
sig 1 forhallande till bakatsvepet indikerar att det sdttet materialet dr uppbyggt
paverkar fanets beteende men de relative rorelserna mellan fjaderns olika delar har
ocksa en betydelse.

I det sista artikeln, paper 4, fjiderns beteende som beror pd dess morfologi
studerades, genom att stegvis ta bort den vridning som fjadern har. Vi forvindande
0ss att se en passiv vridning av fjadern for de hoga anfallsvinklarna, men sé var inte
fallet. Resultaten visade att fjaderns beteende var stabilt och forutsdgbart, men
anledningen till varfor fjdder har en vridning &r fortsatt oklart.

Denna avhandling bidrar till en forbittrad grundldggande forstaelse av hur och
varfor en fjader beter sig som den goér. Den ger ett perspektiv pa hur de olika
delarna av en handpenna samverkar med varandra och med det omgivande
luftflodet. Mer specifikt ger den en detaljerad beskrivning av luftflédet runt en del
av fjidern och undersoker hur olika fjaderkomponenter paverkar detta flode.
Dessutom studeras hur materialegenskaper paverkar fjiderns beteende samt hur
fjiderns form och struktur bidrar till dess vergripande funktion. Ytterligare
studier kravs for att fullt ut forsté fjdderns beteende och hur dess olika delar och
morfologi paverkar den aerodynamiska effektiviteten och den effektiva formen.
Resultaten fran denna avhandling kan &ven vara av intresse vid utvecklingen av
vingar i ldga Reynolds-tal, sérskilt sidana med mycket flexibla vingar.
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2. Introduction

Birds are all around us, their wings can carry the birds through the air by creating
lift and thrust. Wings are built by partly overlapping feathers and for some species,
the feather on the tip of the wings can split apart, and the feathers function as
independent aerodynamic units (KleinHeerenbrink et al., 2017; R. A. Norberg,
1985). This split in the wing tip is called slotted wings, figure 2.1, and are observed
in different species of birds, for example in birds of prey and crows (D. Liu et al.,
2021). This includes the Jackdaw (Corvus monedula), and the Jackdaw ninth
primary flight feather is the study object of this thesis.

Figure 2.1. Slotted wings vs unslotted wings

a) A flying jackdaw with it wings in the slotted position. In pink the ninth primary flight feather
and the base of the models.

b) A siluette of a Jackdaw if it would not be able to separate its feahter into a slotted
configuration.

Feathers, as a collective, have multiple functions, including flight, insulation,
coloration, sensory input and protection (Prum, 1999; Terrill & Shultz, 2023), to
name a few. These functions are performed by different types of feathers, including,
but not limited to, flight feathers, down feathers, contour feathers and bristles
feathers. Flight feathers are the primary load-bearing feathers during flight (Terrill
& Shultz, 2023) and must therefore be both aerodynamically efficient and
structurally sound. Additionally, in the slotted position, feathers are flexible and can
bend, sweep, and rotate (Oorschot et al., 2020), adapting to the flow around it, and
feathers do this passively without active input from the bird.
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Modern feathers are different from the feather of the earliest birds, furthermore,
feathers evolved before flight (Foth et al., 2014; Prum, 1999; Xu et al., 2014) . With
multiple functions combined into the flight feathers, is it possible that any one
function has taken precedence over the others, or is the performance of the feather
the results of a compromise? This thesis aims to increase the knowledge about the
flow around a flight feather, the feathers response to the flow and why the feathers
microstructures are configured as they are. To be able to achieve this, modifications
of the feather and its microstructures, as it is known today, is necessary.

A Jackdaw is ~170 mm long and 14 mm wide, at the widest point, with individual
structures in the <1 mm range (own measurements). The size of feathers, and
especially the individual components are prohibitively small to be able to make
reliable physical models to test in a wind tunnel. This is true both for a feather with
the layout of the jackdaw feather but also for a model where the feather has been
modified to examine the effect a modification has on the feather’s behaviour.
Another option is to make computer models, which is the main method of use in this
thesis. Two types of models have been made, the first is a fluid dynamic
computational (CFD) model and the second is a fluid-structure interaction (FSI)
model. Both model types are used to understand the basic interaction between the
flow of air and the feather, the feathers response to the air flow and how the feather
components contribute to the feather’s overall response to the air.
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3. Aims

The goal of this thesis was to contribute to the understanding of flight feather
behaviour and add more in-depth knowledge in an area to an area that have been
little studied in great detail. Another goal was to explore if it was possible to uncover
some of the evolutionary trade-offs that has led to the current morphology. This was
done by using two different computational modelling methods, for the first two
papers fluid dynamic models has been utilized and for the last two papers a fluid-
structure interaction model, have been utilized.

For the first to papers the general aim was to gain a deeper knowledge about the
flow around the feather and what effect the feather microstructures have on the
performance of the feather. A detailed model of the current microstructure
morphology was studied, as well as a model that could handle changes to the
microstructure morphology.

For the last two papers the general aim was to further investigate the behaviour of
the feather, using the entire outer part of the feather. Primarily, by exploring how
the material properties influence the general behaviour and secondly how changing
the inherent morphology of the feather impact behaviour and performance.

3.1. Paper specific Aims

3.1.1. Paper 1

The flow around a section of the flight feather located in the slotted wing tip was
investigated. The aim was to describe, in-depth, how the air behaves around the
feather and what impact the feather have on the flow, to understand the aerodynamic
performance and potentially the responding behaviour of the feather. Additionally,
a simplified model was created to better understand the general impact of the
microstructures.
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3.1.2. Paper 2

The effect of the feather morphology on the flow around the feather model was
investigated. The aim was to describe the response the flow had to morphological
changes of the feather microstructures, to see if some of these changes could explain
why the current feather structure has been selected towards.

3.1.3. Paper 3

The flow around a feather model, representing the outer part of the feather, was
studied to investigate the behaviour of the feather when material properties were
changed. The aims were to find a setup that represents the feather’s behaviour,
gauge the general behaviour of the feather as well as the impact the material
properties had on feather performance. If possible, also explain the robustness in
performance seen in feathers.

3.1.4. Paper 4

The flow around a feather model, representing the outer part of the feather, was
studied to investigate the behaviour of the feather when changing the overall
inherent morphology in the feather and examine the response from the model. This
was done by changing the built-in twist of the shaft, to explore the reason the feather
has a built-in twist, and how this could relate to the passive control mechanisms
suggest for these feathers.
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4. Background

In this thesis I have built computer models of a bird’s flight feather, with the goal to
explore its morphology and behaviour. Therefore, an understanding of how a real
feather is built is necessary. This includes the way the microstructures interact with
each other, how each of the microstructures are internally structured as well as what
material the microstructures are made of. Therefore, this chapter will explain how a
feather is built, both what structures the feather is built out of, how those structures
are structured and their in general response to their environment. Additionally, some
basic understanding of aerodynamic and aeroelastic considerations must be made,
to correctly setup the models.

4.1. Feather build

4.1.1. Feather components

A feather has a distinct shape, with the shaft in the middle and two vanes on either
side (figure 4.1), which, depending on the type of feather, can be different sizes (Feo
et al., 2015; Feo & Prum, 2014; Kiat & O’Connor, 2024). A flight feather, the type
of feather used in this thesis, has a smaller anterior vane and a larger posterior vane
(Feoetal., 2015; Kiat & O’Connor, 2024). The vanes are built from two components
(Feo et al., 2015; Lucas & Stettenheim, 1972; Sullivan et al., 2019) (figure 4.1 c d).
First, the barbs that branch out at an angle from the shaft, and second, the barbules
that branch out, also at an angle, from both sides of a barb (Hendrickx-Rodriguez &
Lentink, 2025; Lucas & Stettenheim, 1972). Barbs are stacked throughout the length
of the shaft, and barbules from adjacent barbs hook together with a hook and groove
system (Hendrickx-Rodriguez & Lentink, 2025; Lucas & Stettenheim, 1972), thus
creating a sheet like structure that is referred to as the vane (figure 4.1 ¢ d). There is
a large differences in size between the components (Hendrickx-Rodriguez &
Lentink, 2025; Lucas & Stettenheim, 1972; Sullivan et al., 2019) (figure 4.1), where
the barbs do not have the same hight as the shaft for part of the feather. They are
neither placed as high up as the shaft and it is only towards the distal tip of the
feather where the top of the shaft and the top of the barbs are the same location. The
discrepancy of the heights of the shaft and barbs, as well as how the barbs are
stacked, make the dorsal and ventral surface of the feather non-smooth surfaces.
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Additionally, the length and angle of the barb introduces a possibility of variation
between different feather types and in a single feather (Feo et al., 2015). In flight
feathers generally (Feo et al., 2015; X. Wang et al., 2019) and Jackdaw specifically,
the anterior vane is narrower than the posterior vane, making the vanes asymmetric.

a Shaft cross section

R O @ B g

Cortex Empty

@]

b CT feather @)

Figure 4.1. Feather geometry

a) Shaft cross section. The cross section of the shaft is changing throughout the length of the
shaft, from the outer shape to the inner structures. At the base, the shaft is hollow with only
the outer cortex to support it. As the shaft continuous, the medulla, a foam type substance
fills the parts of the interior compartments until the medulla fills the entire inside. At the very
tip of the shaft the entire core is solid.

b) Anillustration of the top view of the CT scanned ninth primary flight feather of a Jackdaw.

c) A zoom in on the barb and barbules, the barbs stack closely together throughout the length
of the shaft.

d) Additional zoom in on the barbs and barbules to showcase their overlapping nature. The top
barbule has a hook where it hooks on to the bottom barbule from the adjacent barbule.
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Figure 4.2. CT scanned feather with cross sections.

View of feather dorsal surface with several cross sections throughout the shaft, the location where the
barbs attach to the shaft shift as well as how much of the hight of the shaft is matched by the barb hight
throughout the length of the shaft. Also note the inherent twist of the shaft.

a) The dorsal side of the CT scanned Jackdaw feather, with cross sections marked.

b) Only cross section of the scanned feather, the relative hight of the barbs vs shaft increases
throughout the length of the shaft.

c) Magnification of the cross section, marking some of the barbs, note the difference in barb
hight vs the shaft height.

4.1.2. Feather shaft (cross section and fibre directions)

The shaft of a bird feather is divided into two parts; the calamus and the rachis
(Lucas & Stettenheim, 1972). The calamus is the part that is embedded in the skin
and the rachis is the part that the barbs branch out from (Hendrickx-Rodriguez &
Lentink, 2025; Lucas & Stettenheim, 1972). The cross section of the shaft is not
constant (Bachmann et al., 2012; Hendrickx-Rodriguez & Lentink, 2025; Schmitz
et al., 2015), Figure 4.1 and Figure 4.2. At the base of the feather the cross section
has an oval shape (CS1) with an empty core, as the shaft stretches on the oval shape
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continues but grows in diameter (CS2). As the barbs starts to branch (CS2), the
ventral side of the shaft starts to square off and at the same time forming two internal
compartments containing the medulla (CS3), a cellular material (W.-L. Chang et al.,
2019; Hendrickx-Rodriguez & Lentink, 2025; Sullivan et al., 2017; Weiss &
Kirchner, 2010), and a hollow part of the feather with its oval shape continues to
shrink at the dorsal side of the shaft. The separation of the two compartments is
called the transvers septum (Bachmann et al., 2012; Purslow & Vincent, n.d.), and
the form of this wall can be different between species (W.-L. Chang et al., 2019).
The two compartments grow along the shaft and first eliminate the hollow parts and
at the same time the cross section forms a square rather than an oval (CS3-CS4). As
the shaft stretches on the cross-section tapers (CS4-CS10), and the two
compartments become a single compartment filled with the same medulla cellular
material (CS5-CS9). At the very tip of the shaft the cross section again has a more
circular shape, and the core is fully solid (CS10).

All components of the feather (shaft, barb and barbules) are made up of beta keratin
(Greenwold et al., 2014; Hendrickx-Rodriguez & Lentink, 2025; Sawyer et al.,
2000) and the keratin fibres are structured in fibre bundles (Lingham-Soliar, 2014).
The fibre directions are not constant throughout the shaft; they run longitudinal
(Lingham-Soliar, 2014; B. Wang & Meyers, 2017) in the part of the shaft that have
a circular cross section as well as in the dorsal and ventral parts of the square cross
section (figure 4.3). In the lateral parts (sides) of the square cross section, two set of
keratin fibres are run at a 45° angle to the shaft i.e. 90° between the fibre sets
(Lingham-Soliar, 2014; B. Wang & Meyers, 2017) (figure 4.3)). The keratin fibre
alignments in the barbs are structured in same way as the shaft (Lingham-Soliar,
2014). However, the barbs have a more rectangular shape compared to the shaft
circular/square shape. An internal compartment that is filled with a cellular medulla
and an advantageous cross section for resisting bending, is also the way the barbs
are built (Butler & Johnson, 2004; Hendrickx-Rodriguez & Lentink, 2025; Sullivan
et al., 2016).
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Longitudinal

Cross

Figure 4.3. lllustration of the fibre directions in the shaft
Main fibre direction on top is longitudinal and on the side is criss cross. On the ends of the shaft section
are cross section 5 and 6 (CS5 and CS6) displayed in Figure 4.2.

The longitudinal alignment of the keratin fibres on the top and bottom of the shaft
allow them to flex, which govern the dorsal-ventral motion of the feather (B. Wang
& Meyers, 2017). Whilst, the criss cross pattern, on the sides, increases the ability
to sustain the attachment of the barbs to the shaft in this area (B. Wang & Meyers,
2017), compared to a longitudinal alignment (B. Wang & Meyers, 2017), as well as
torsional rigidity (B. Wang & Meyers, 2017). For the entire shaft length, an outer
layer of keratin fibres is laid in a circular direction, encasing all of the other fibres
with their differing alignments (Lingham-Soliar, 2014; B. Wang & Meyers, 2017).
All the layers in the feather are all made of the same material, keratin, glued together
with a polymer interface (Lingham-Soliar, 2014). The way the material and the
layering is setup can be compared to a laminate composite (Clyne & Hull, 2019),
but contrary to most engineered composites, the layers in the feather are all made of
the same material, keratin, glued together with a polymer interface (Lingham-Soliar,
2014). Comparing the feather to an engineered system that has an overall similar
structure, long with high aspect ratio fastened in one end, such as a wind turbine
(‘Introduction to Wind Turbine Blade Design’, 2023), the internal build is similar
(figure 4.4). Although, the proportions and size are different, they both have an
aerodynamic surface (red), main load baring structure (blue) and shear structure
(neon blue). This with the origin being quite different, the feather has evolved over
a long time and the wind turbine constructed by engineers.
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a) b)
— :;j
Figure 4.4. Feather outline vs turbine blade outline.
Blue spar cap, neon blue shear webs, red aerodynamic surfaces

a) Feather outline
b) Turbine outline

4.1.3. The feather material

The feather components are made up of one single type of material, the keratin
fibres. However, the way it is laminated makes it necessary to investigate the
material properties as it is found in the feather and not only the keratin itself if a
proper computational model is to be built. The complex structure of a feather with
its hierarchal build requires that the subparts (shaft, barbs and barbules) be separated
to find the properties for each part. Previous studies have therefore focused on single
elements of the feather, where the primary focus has been on the shaft due to its load
bearing importance (B. Wang & Meyers, 2017). A general span of Youngs modulus
(E), which describes the stiffness of a material, of 1-8 GPa (Bachmann et al., 2012;
Bonser & Purslow, 1995; Cameron et al., 2003) can be found over a range of
species, however, whether this value is constant over the entire length of the shaft
depends on the study (Bachmann et al., 2012; B. Wang & Meyers, 2017). It is also
debated how much the medulla and transverse septum contributes to the stiffness
(Lingham-Soliar et al., 2009; Purslow & Vincent, n.d.) or have other main functions
such as weight reduction. Another inherent property of the shaft is the second
moment of area, which is calculated using the cross section of the shaft. This value
is not constant over the feather length, due to the changing cross section and will
vary greatly over the length of the shaft (Bachmann et al., 2012; Purslow & Vincent,
n.d.). The barbs and barbules have also been studied, but to a lesser degree.
Examples on studies include, the behaviour of the barb under load (Sullivan et al.,
2016) or what happens when the barbules separate from each other (Ennos et al.,
1995). Both studies, focuses on behaviour rather than material properties.

4.1.4. General movement of the feather

In a slotted wing (figure 2.1), the flight feathers spread apart creating slots between
the wingtip feathers, the base of the feathers are supported by an adjacent feather
while the outer part is not. The position where the flight feather goes from supported
to unsupported is at the notch, the location on the vane where the width changes
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noticeably. The part of the feather that has no support from its neighbours must
manage the forces exerted from the flow individually. Flight feathers show a great
deal of flexibility in movement, they bend dorsally (Oorschot et al., 2020), sweeps
backwards (Oorschot et al., 2020) and twist along the shaft (Oorschot et al., 2020).
These movements can be large in multiple directions at once (Oorschot et al., 2020),
where the feather structure in combination of the material properties must
accommodate the movement. The feather barbs and barbules are constructed in such
a way that they can move relative to each other without the barbules detaching
(Ennos et al., 1995). Even though the barbules’ hook system at first glance may
seem to not allow any movement, it is possible for them to move (Ennos et al.,
1995). The barbules from one barb can slide along the barbules from the adjecent
barb, and the barbules can also bend, changing the angle to the barb and
consequently the distance between the adjacent barbs (Ennos et al., 1995). Barbules
and barbs are flexible and since they are only attached at the base, they have several
degrees of freedom to move relative each other. All the movements described are
passively done by the feather without direct control by the bird.

4.2. Moving through the air

In a flight feather, it is mainly the vanes that forms the surface the air flows around
and interacts with. Even though the vanes are the main surface, the shaft contributes
to the surface since it holds the two vanes together, additionally, it also transfers
forces on the feather to the body of the bird. When flight feathers spreads out from
the wing into the slotted configuration, they functions as an independent
aerodynamic unit (KleinHeerenbrink et al., 2017; R. A. Norberg, 1985). This means
that the feather need to be able to maintain its shape, under different conditions such
as wind gusts or flapping flight (KleinHeerenbrink et al., 2017).

4.2.1. Aerodynamics

The airflow around a flying object exerts forces on it (Gasiorek et al., 2006). A force
perpendicular to the air flow is called the lift (Gasiorek et al., 2006). In addition to
lift, a force parallel to the air flow is called the drag (Gasiorek et al., 2006) and is
created as the flying object pushes through the flow. The drag force is directed
opposite the flying direction and must be overcome by a thrust force propelling the
acrofoil forward. In aerodynamics, an object that is created to generate more lift
than drag is called an aerofoil (Gasiorek et al., 2006). Generally, an aerofoil is the
surface of wing but in the case of this thesis it is the feather. Independent on what
surface the air flows over, the underlying physics is complicated, and, the airflow
can be both unsteady and non-uniform (Gasiorek et al., 2006), which can introduce
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three-dimensional phenomena (Gasiorek et al., 2006) . One way of characterizing
the expected flow around an object is by the Reynolds number (Re), Eq 4.1.

Re = nertialforce _ Uec Equation 4.1
Viscous force v
Where U, is the free stream velocity, ¢ is the chord length and v is the kinematic
viscosity. The chord is defined as the distance between the leading edge and the

trailing edge.

Aerofoils are streamlined and optimized for the intended use, for example the
thickness and the camber, including optimal speed and propulsion type (Gasiorek et
al., 2006). The flow phenomena interacting with the aerofoils are dependent on Re.
When using the entire bird or bird wing as the reference the Re is in the range of
100,000 — 500,000 (Ajanic et al., 2023; KleinHeerenbrink et al., 2016; Lentink &
Kat, 2014; U. M. Norberg, 1990; Pennycuick, 2008), however when analysing the
stand alone feather, the chord is smaller. For the jackdaw feather used here the Re
number is in the range of ~7000, where it is possible for the flow to be laminar
(Gasiorek et al., 2006). At this low range of Re, the flow phenomena occurring for
standard aerofoil and plates are, but not limited to, laminar separation bubble (Chen
et al., 2013; Klose et al., 2021; Winslow et al., 2018), flow separation (Badrya et
al., 2018; Chen et al., 2013; Klose et al., 2021; Winslow et al., 2018) and several
modes of vortex shedding (Badrya et al., 2018; J. Chang et al., 2022; Klose et al.,
2021; Spedding et al., 2008). Another variable that affects these phenomena is angle
of attack, which is defined as the angle between the flow and the chord of the study
object. The angle of attack will increase or decrease the likeliness of the flow
phenomena to occur or how severe they are (J. Chang et al., 2022; Klose et al., 2021,
2025). For example, the higher the angle of attack, the more likely it is for the flow
to separate and the flow to start shedding (J. Chang et al., 2022; Klose et al., 2025).
During the shedding cycle the pressure distribution on the surface will change,
leading to a change in lift and drag magnitude (J. Chang et al., 2022; Klose et al.,
2025). The angle of attack of the feather can change for different reasons, gusts,
flying mode (Klein Heerenbrink et al., 2015; R. A. Norberg, 1985), or other
voluntary moves, but also the built-in features of the feathers, such as a built-in
twist, will subject the feather to different flow conditions.

In this thesis, the study object was a Jackdaw flight feather. Feathers in general have
a complex surface, the individual components (shaft, barbs and barbules) make it
so. Especially compared to a flat surface or an engineered aerofoil, which is often
considered in aerodynamics, and very unlike how one would think about an aerofoil.
The non-smooth surface created by the barbs and shaft effects the flow (van
Bokhorst et al., 2015) and could influence the pressure distribution over the surface
or where the flow separates (van Bokhorst et al., 2015). This in turn could affect the
how aerodynamically efficient the feather is or how the flow interacts with feathers
behind. As described earlier, the feather is also flexible and showcases an ability to
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bend, sweep and pitch with the shaft as an axis (Oorschot et al., 2020). In
engineering, when a system interacts over the boundary of aerodynamics and solid
dynamics it is called aeroelasticity (Dowell, 2022). The feather is a good example
of an object that exhibit aeroelastic properties, placing it in the centre of three fields
of study, biology, aerodynamics and structural dynamics. Understanding how and
why the feather behaves like it does, opens the possibilities to mimic it and be able
to utilize the multipurpose properties it possesses.
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5. Methods

The small scale of the feathers make them difficult to extensively study, especially
when intending to make morphological changes. The reason for this is that physical
models are difficult to manufacture with high tolerances and wind tunnels setup and
recording equipment may have to be run at the extremes of its capabilities.
Therefore, the main method used in this thesis are computational models. For the
first two papers (paper 1 and paper 2) the main method to investigate the flow
around the feather is a computational fluid dynamics (CFD) model. For the last two
papers (paper 3 and paper 4) fluid-structural interaction (FSI) models have been
utilized. FSI is a combination of CFD and structural dynamics models, which makes
it possible to investigate the entirety of the aeroelastic behaviour.

5.1. Computational Methods

5.1.1. Computational fluid dynamics

Computational fluid dynamics (CFD) is a method to solve fluid flow problems
(Versteeg & Malalasekera, n.d.) and uses numerical algorithms to do so. Solving
fluid flow problems is complex and flow behaviour is described by the properties
of the flow specifically, velocity, pressure, density and temperature, and their space
and time derivatives (Versteeg & Malalasekera, n.d.) (elements and time step). A
fluid flow problem is based on the mathematical description of the conservation of
mass, momentum and energy.

Mass conservation, Eq 5.1, states that the change rate of mass inside a fluid element
is the same as the flow of mass into the fluid elements over its boundaries and is
defined by the density p and the velocity vector u of the fluid (Versteeg &
Malalasekera, n.d.). The conservation of momentum, Eq 5.2, is based on Newtons
2" Jaw and states that the change of momentum is equal to the sum of the forces on
the fluid particle. The equation is defined by pressure p, viscous stresses T, density
p, velocity vector u and the a source term for body forces Sm (Versteeg &
Malalasekera, n.d.). The last equation, Eq 5.3, conservation of energy, based on the
1*" law of thermodynamics and states that the rate of change of energy in a fluid
particle is equal to the rate of heat addition to the fluid particle plus the rate of work
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done on the particle (Versteeg & Malalasekera, n.d.). The equation is defined by the
sum of internal and kinetic energy E, rate of heat addition kVT and a source term
Se.

% +V-(pu) =0 Equation 5.1
(%u +uV-(pu) =-Vp+Vr+Sm Equation 5.2
%E + V- (pEu) =~V (pu) + V- (r+u) + V- (kVT) + Se Equation 5.3

CFD algorithms can solve a wide variety of problems and must be tailored to the
task at hand. To do this one has to, somewhat, anticipate the flow phenomenon
occurring to correctly select the settings in the selected solver. A flow domain is
generally referred to the physical space and its boundaries that is to be modelled,
and for this thesis external flow domains are used. External flow domains are
defined as unbounded space that surrounds an object, for example a bird or a feather
in flowing air. Domains have to be discretised both space and time to allow for the
mathematical algorithms to calculate accurate results. This means that the domain
has to be divided into smaller parts where the algorithms have to be solved for each
part and time has to be iterated in small increments to accurately capture the flow
behaviour. The more complicated the flow is or the more intricate the object is the
smaller the space and time is discretized, which in turn increases the computational
costs, both in number of CPUs and CPU hours. The settings used in models have to
be verified, where the discretization is analysed and verified.

5.1.2. Computational solid mechanics

Solid mechanics studies the behaviour of solid materials, i.e. the motion and
deformation of a body subjected to force. The behaviour is dependent on the
geometry, material properties, boundary and loading conditions (G. R. Liu & Quek,
2013). These systems quickly become complex and numerical methods are often
necessary to solve a set of force equilibrium equations. One such method is the finite
element method (G. R. Liu & Quek, 2013) (FEM), which discretise the domain into
finite elements on which the equations are numerically solved. The force
equilibrium equations are based on Newton second law and are described by a set
of differential equations (G. R. Liu & Quek, 2013) (Eq. 5.4 and 5.5) which describes
how the stress tensor ¢ and external forces f;, are related to the second time derivative
of the displacement u and the density p.
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Lo+ f, =pU Equation 5.4

.. 2
Vo + f, =pU = pZTZ Equation 5.5

5.1.3. Fluid structure interaction models

For highly complex systems, where both deformation in the solid and corresponding
change in the fluid response is important to capture, standalone computations cannot
capture all aspects. This is especially true in a feather that can bend and twist,
therefore another type of computational model is needed. A fluid-structure
interaction (FSI) analysis is an analysis to determine how a fluid impact the
structural deformation and is the combination of a structural- and fluid- analysis.

CFD calculates
forces on body

; corresponding

FEM calculates
displcaements

CFD adjusts position to
match new location

Figure 5.1. Schematic illustration of the iterative process when data is transferred between the
different solvers.

The fluid dynamic domain calculates the forces on the body from the flowing fluid, these are then
transferred to the solid dynamic solver and the corresponding displacements to the forces are
calculated. The displacements are then transferred back to the fluid solver where the fluid domain has
to adjust to the displacements, and then the forces on the new setup can be calculated.

33



To perform this type of analysis an interface where the surface of the solid meets
the fluid needs to be established. As a fluid moves over a solid object it exerts
pressure on the solid surface, if this pressure overcomes the equilibrium state of the
solid object it must move to remain its equilibrium. Practically, figure 5.1, this
means that pressure calculated in the fluid computational domain must be
transferred to the solid computational domain. In the solid domain the
corresponding displacement is calculated and transferred back to the fluid
computational domain. In the fluid computational domain, the interface must then
adapt to the new boundary. In essence this means that the process is iterative in more
ways than one. The separate domains are stepping time forward with a time step set
to resolve the flow phenomena and capture the solids behaviour, and data is
transferred back and forth between the solvers. The time increments to drive the
time forward and the exchange of data typically comes with high computational
costs.

5.2. Computational models

The computational modelling only works if a computer model exists that the
applications can base its algorithms on. The base of the models used in this thesis is
based on a CT scan (figure 4.1 and figure 5.2) of the ninth primary flight feather
from a Jackdaw (Corvus monedula). The CT scan was done using the ZEISS Xradia
XRM520 Submicron Imaging System (http://www.zeiss.de/) at the 4D Imaging
Laboratory, Division of Solid Mechanics, Lund University, with a resolution of 10
um/voxel. The CT scanned feather is 170 long and 14 mm wide at the widest point.
Note that there are natural deviations from these measurements and can differ
between both wings on the same feather and between individuals in the same species
(Polo & Carrascal, n.d.).

The CT scan is the base of two main models, created in SolidWorks 2025 (Dassault
systems Waltham, Ma, United States. The first is a smaller model of a part of the
feather for standalone fluid dynamic analysis where it is possible to investigate
smaller details of the feather and a second model of the outer part of the feather for
more complex FSI analysis, where the overall behaviour can be studied.

5.2.1. Paper 1 and 2

The partial feather model build

The three-dimensional model for paper 1 and paper 2 was based on a cross-section
of the feather (figure 5.2) located in the open slotted part of the wing and subjected
to oncoming flow without support from adjacent feathers. The cross section (figure
5.2 ¢) contains the outline of a posterior and anterior barbs, shaft and barbules.
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Although a cross section of the feather contains the cut of several adjacent barbs, it
was assumed that they are similar enough to use to create one singular barb.
Therefore, the outline of these barbs was extracted from the cross section and
repositioned at the correct depth, so they form a continuous single barb. This barb
was then copied and repeated along the shaft creating a continuous vane. The shaft,
although changing throughout the length (figure shaft cross section) was assumed
constant in small sections. This approach also make it possible to create a cyclic
domain, producing a pseudo-infinite span that eliminates end effects that would
otherwise occur, which is not representable for the behaviour of a bird feather.
Additional simplifications were made to the treatment of the barbules. They are too
small to spatially resolve properly and where therefore approximated with a plane
with its top surface matching the upper placement of the barbules. In this manner,
the single cross section of the feather was made three dimensional and represents
the characteristics of the CT scanned feather. The process to create this base model
was described in paper 1.

This model represents a smaller section of the feather, instead of a larger section or
the entire feather. The measurement for the base feather model was 13.2 mm wide
(chord), shaft was 1 mm wide and high, and the angle of the anterior barbs are 17
degrees and 29 degrees for the posterior barbs. The position of the posterior vane
was the average of 5 individual feathers, where one is the CT scanned and 4 are
surface scanned feathers with a lower resolution scanner. The average of several
feathers was done to reduce the chance of impact from natural variation of vane
shape and warping.

In addition to the base feather model (FM), for paper 1, a feather equivalent aerofoil
(FEqA) was created, with the intention to create a streamlined foil that maintained
the flow response as the FM to further investigate the impact of the feather
components on the flow. The FEqA outline was based on the results from the FM,
where several recirculation zones were detected, the surfaces was chosen so that the
top surface was in line with the top of the barbs as well as the shaft and the bottom
surface was along the line where the divergence of the Lamb vector (Hamman et
al., 2008) (Lamb = w X U) was 0, at the zero lift angle (0=-2.59°). This criterion
indicates that the flow is irrotational (Hamman et al., 2008), which could be
interpreted as the true flow interaction surface where all the structures created by
the shaft and barbs are encapsulated.

For paper 2 a more in-depth morphological study was created, the morphological
changes were grouped into three subsets, barbule height location, barb angle and
shaft height were changed to study the flow response. This was done by using the
base model moving the barbule position along the barb height, changing the barb to
shaft angle whilst keeping the width of the vane and reducing the shaft height, see
paper 2 for details.
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a)

Figure 5.2. CT scan of Jackdaw feather
a) Dorsal view of the CT feather, black box shows location of magnification
b) Magnification of the CT scanned feather, lines show dorsal ridge of barbules
c) Cross section, on the shaft and barbules. Partially reworked from paper1.

Simulation model

A bird has many flight patterns, the two main ones are flapping and gliding, flapping
is the motion when the wings are moving to create lift and thrust and gliding is when
the wings are held in a fixed position. This study was made using the gliding flight
pattern. The flow properties for a feather of this size are interesting. A Jackdaws
glide speed is approximately 8 m/s (KleinHeerenbrink et al., 2016), which translates
to a Re~7000. At these conditions the flow and boundary layers are laminar, which
makes it unsuitable to use turbulent modelling. However, the flow may separate,
especially at higher angles of attack and then it is possible to have a turbulent wake,
therefore the setting on time and space are important and selected to capture
turbulence when present.

Simulation in paper 1 and paper 2 has been performed with OpenFOAMS
(openfoam.org) and all meshes where created in Hypermesh 2025 (Altair, Troy M1,
United States). The reference simulation model was validated by a mesh sensitivity
study where three mesh size settings were investigated for three angles of attack.
The result deviation was less than 3% for the two finer meshes so the middle mesh
was selected. The solver settings were investigated by setting up an Eppler 387
aerofoil and comparing it to wind tunnel results (McArthur, 2008). Simulated results
show quantitative adherence to wind tunnel data. However, further simulation with
additional aerofoils (Levy & Seifert, 2009; Sauvageat, 2016; Winslow et al., 2018)
compared to simulation data, suggest further experimental studies on E387 at low
Re are necessary. Se paper 1 for details.
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Results have been studied for a range of angles of attack. The base FM has been
investigated for a larger angle of attack range -4.59 — 20.41, whilst the feather
equivalent model as well as the modified feather models in paper 2 has been
investigated for angles of attack ranging -2.59 — 10.41.

When evaluating the flow, traditional engineering metrics for acrofoils have been
utilized, which are based on the lift, drag, and pressure coefficients as well as
looking at the separation points and torque around the shaft.

5.2.2. paper 3

A FSI model, consisting of two different solvers, is a more complex setup than a
stand-alone setup, where only one solver is used. The FSI approach is however
necessary when an object dynamically changes shape over time when exposed to
loads, as a feather does. FSI simulations, which are setup consecutively, meaning
one solver is working at the time as is used here, the computational demands can be
high. Additionally, the different solvers have different requirements for optimal
performance, which means that compromises often are necessary.

Build of feather model part

The model for paper 3 and paper 4 was based on the same CT scanned feather as
in paper 1 and paper 2. However, for this model only the part of the feather that is
located in the slotted part of the wing was included in the model. To create a model
seven construction cross sections located from the notch out to the tip of the feather,
was extracted from the CT scan. Each of the seven cross sections profiles was
connected using SolidWorks loft tool. However, instead of modelling each barb
individually, all barbs were encapsulated into a sheetlike structure where the dorsal
and ventral surface matches the top and bottom of the barbs, figure 5.3. This was
done for both the leading and the trailing vane, whereas the shaft was modelled as
solid after the outline of the shaft. The aerodynamic performance of the
encapsulated model was evaluated by the same process as presented in paper 1 and
paper 2, and found to be qualitative accurate, so this setup was used moving
forward.
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Figure 5.3. Cross section of the CT scanned model and encapsulated model.
On top the CT scanned model cross section outlining each barb and barbules. Below, the encapsulated
model’s cross section where the barbs and barbules have been encapsulated into a single structure.

The feather model was divided into three main parts, the leading vane, shaft and
trailing vane, since the material properties on these three parts vary. Additionally,
the shaft have changing properties along the length of the shaft, and is stemming
from the changing cross section, figure 4.1 and figure 4.2, including the shape and
the interior hollowness. To be able to take this into account the shaft was further
subdivided into eight parts. This is a simplification of the feather that has
implications for how the material properties needs to be setup. The encapsulation of
the barbs into a sheet adds mass to the vanes and modelling the shaft as a solid adds
mass to the shaft. In the case of the shaft, increased material also increases the
second moment of area. Both aspects have to be accounted for in the material setup.
However, due to computational cost and complexity of the solid and the fluid
dynamic models, as well as little knowledge how the barbs move under load, and
how much force is necessary to separate to adjacent barbs, this approach was
chosen.

Material setup

The feather has a high complexity resulting from the hierarchical and interconnected
structure between the shaft, barbs and barbules, as well as the internal lattice of the
keratin fibres inside each part. In combination with the simplifications made, the
resulting material in the model was set to be anisotropic to be able to imitate the
movement of the feather. For anisotropic materials, the stiffness E, Poisson's ratio,
v, and the shear modulus, G, as well as the material directions, must be defined.
Starting with the shaft, E is assumed to be constant, whether it is so or not is
unknown and conflicting data exists (Bachmann et al., 2012; B. Wang & Meyers,
2017). I is directly dependent on the cross section of the object, and if it is hollow
or not, and I therefore is different over the shaft length. Structural dynamic solvers
calculate I and area directly from the geometry, and in this case the simplified
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geometry was not representative of the real feather geometry. For the shaft, I can be
regulated by scaling E, using the ratio between I* and 1'% since it is the bending
stiffness EI that is used by the force equation in the solver. The calculation of I was
based on the method presented in (Purslow & Vincent, n.d.). The simplifications
made with the encapsulation of the vanes and the limited material data; the material
properties values were based on the shaft properties.

The mass can be regulated by scaling density based on the area covered by solid
material vs no material or medulla. The solid part of the shaft ranges from 53 —
100% of each modelled shaft subpart and the reference density is 700 kg/m?® (Weiss
& Kirchner, 2010). The relative density of the vanes is based on the area occupied
by the barbs in the base cross section vs the overall encapsulated area (19.6 and
18.9% for the leading and trailing vane, respectively). This gives a density of 137.2
for the leading vane and 130.2 for the trailing vane.

The shaft is not straight and has a built-in twist (figure 4.2), and the barbule in the
vanes has at set angle in relation to the shaft. With anisotropic materials the direction
of the material is important, therefore a local coordinate system needs to be defined
for each part to correctly represent the material. For the shaft, the first direction was
set along the shaft, the second direction was from side to side (anterior to posterior),
and the third direction was set up and down (dorsal to ventral). For the vanes the
first direction is set with the same angle as the barbs are attached to the shaft, 17 and
29 degrees for the leading and trailing vane, respectively. The second direction was
in the dorsal-ventral direction and the third direction is in the remaining direction.
Due to the high flexibility and low buckling tendencies of the feather it is assumed
that the Poisson's ratio is zero for all v in the vane and for the shaft v12 and v13 is
set to zero and v23 is 0.4 (Bachmann et al., 2012) . The shear modulus G’s initial
value, 1.4¢9 GPa, is based on the isotropic equation, eq 5.6, with v=0.4 and E=4¢9
GPa, table 5.1. The isotropic relationship does not have to be true for an anisotropic
material, and with the high flexibility of the feather in multiple direction it is
possible it needs to be lower to allow the material to deform the amount necessary.
In the vanes, the values were assumed to be lower than the isotropic relationship
and the desired sweep motion is controlled by G13 and G12 or G23, which are set
to a similar value as a start point. For the shaft, shearing was not expected in the
(23 direction, so that was set to the isotropic relationship, whilst the potential shear
is higher in the other two directions. However, using the cross sections of the shaft
to evaluate the behaviour it was assumed that G12 < G13. The starting values of the
material properties as set for the reference case is summarized in table 5.1. Note,
that for the shaft, these are the values that represent a cross section where it is
entirely solid. Where the shaft is not, the values are modified according to the E and
density ratios, see paper 3, for details.

_ E
T 201+v )

Equation 5.6
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Where G is the shear module, E is the Young’s modulus and v is Poisson’s ratio.

In addition to the material properties already defined, another aspect has to be
considered. Feathers in general, have shown features that potentially dissipate
energy, for example owls flying silently (Gao et al., 2015) or structural damping
from barbs and barbules moving (Deng et al., 2023). Although, no data has been
collected from a jackdaw, damping properties have been investigated on a pigeon
(Deng et al., 2021) and based on that study the Reyleigh damping was calculated.
Using the tip frequency of 6.46 and 8.16 and an average damping ratio of 3.8 percent
(Deng et al., 2021), the damping coefficient are estimated to o = 1.72 and 3 = 8.3e-
4.

Table 5.1 Material properties for reference case
Table showing reference material setup for vanes and shaft, shaft material is modified for each part.

El |E2 |E3 |vI2 |vl3 |v23 |Gl2 | G13 G23

Vanes 4e¢9 | 4e9 | 4e9 | 0 0 0 14e5 1.4E5 | 1.4E5

Shaft 4e9 | 4e9 [4e9 | 0 0 0.4 | 1.4e6 | 1.4e7 | 1.4e9

Simulation models

The final setup of the model is a fluid-structure interaction (FSI) model. It is a
partitioned approach set up consecutively running one computational model at a
time. The fluid dynamic simulation is performed with Simcenter STAR-CCM+
2022.1 Build 17.02.007, Siemens digital Industries Sofware, Plano, TX, USA and
the structural dynamic simulation was performed with Abaqus/Standard v.2023,
Dassault Systémes Simulia Corp., Johnston, RI, USA. The simulation setup for each
solver was checked prior to the FSI setup, the fluid simulation was checked by a
mesh refinement study were the pressure and velocity was monitored around the
model as well as the aerodynamic forces. For the structural simulation, mesh was
checked by monitoring the exited frequency modes, see paper 3 for details. When
the two solvers were combined to the FSI setup, it was validated against
experimental data. Note that the feather used for experimental test was not the
identical feather used for the CT scan-based model, but still a 9 primary Jackdaw
feather. The experimental setup was a feather mounted in a wind tunnel (Pennycuick
et al., 1997), and the displacement and angle of attack was monitored with a high
speed camera system (two LaVision Imager pro HS 4M, 2016 x 2016 pixels,
LaVision, Gmbh, Goettingen, Germany). 15 points were monitored by manually
tracking setup in Matlab clicking gui two_cams, a custom written Matlab software
by Dr Simon Walker (Walker et al., 2009))
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To mimic gliding flight conditions the velocity of the simulation domain was set to
8 m/s (KleinHeerenbrink et al., 2016), which is equivalent to Re =7600, with the
modelled feather base chord at 0.015 m. Due to simulation startup stability, the flow
is ramped with a linear ramp from 0-8 m/s over the first 0.05 seconds, which
corresponds to 26 ¢/U. The time step was set to 4.5¢-6 seconds and the simulation
time was 0.153 seconds (80.5 ¢/U). Note, that the CT scanned model is scaled by a
factor 1.17 in all directions, to better fit the measurements of the feather used in the
experiments. The wall the feather model (figure 5.4) was mounted to was set with
slip conditions, the wall back of the feather was set to a pressure outlet, and all other
walls was set to a velocity inlet.

Data was collected at 9 cross sections in the feather model (collocated with the shaft
subparts. At each cross section 8§ points of data were recorded, on point at the leading
and trailing edge, two at the base of each vane where the shaft and vanes attach, and
one point at the top and bottom of the shaft. At these points the coordinates of each
point were tracked allowing for displacements, pitch angle and camber to be
estimated. This data was then compared to experimental data from a wind tunnel,
additionally, in the simulation forces on the feather were tracked.

Figure 5.4. The feather FSI model mounted to the wall, in resting position.

5.2.3. Paper 4

The model for paper 4 was based on the same principals used for paper 3, therefore
only the differences will be presented in this section. The main differences between
paper 3 and paper 4 are that in paper 3, the material properties was the focus, and
in paper 4 a morphological study was done.

The feather has a built-in pitch up twist, figure 4.2, and consequently the CT based
model for paper 3 and paper 4 also has this twist. Each construction cross section
has a built-in geometry angle compared to the base chord line. This geometry angle
was modified in steps of 33 %, based on the CT scanned feather versus a completely
untwisted feather. Each construction cross was twisted in steps, so that the relative
twist of the modelled feather was change. The result was 5 models where the twist
was 0% - 133%, where the modification with 0% twist did not have any twist, 100%
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was the unmodified CT based model and the modification with a 133% twist was
twisted more than the CT based model.

The material is setup the same way as described for paper 3. However, only one of
the tested material property combinations was selected as settings for this paper.
The selected properties were the ones corresponding most accurately to the
experimental data, see table 5.2 for material properties.

In paper 3 a linear ramp was used to ramp up the flow for startup stability, however
it was observed that there was a slight overshoot of the displacement of the feather.
To decrease this overshoot, and consequently reach a stabilized solution faster, the
linear ramp was switch to a linear ramp with an elliptic end phase. The ramp up time
was the same as in paper 3. Additionally, twist modifications 33-133% was
simulated using 4 m/s as air speed.

Table 5.2. Material settings on vanes and shaft for paper 4

All stiffness, Poisson’s ratio and shear modulus material properties for both the vane and base values
for the shaft, for all 3 directions.

El |E2 |E3 |vI2 |vl3 |v23 |Gl2 | G13 G23

Vanes 4e9 | 4e9 | 4e9 | O 0 0 14e3 1.4E4 | 1.4E5

Shaft 4e9 | 4e9 [4e9 | 0 0 0.4 | 1.4e6 | 1.4e7 | 1.4e9
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6. Results

A summarised version of the results from each paper included in the thesis is
presented in this chapter.

6.1. The flow around a feather section (paper 1)

In Paper 1, a thorough investigation of how the air moves around a feather section
was performed and it is uncovered that the flow patterns are complex, especially on
the bottom side of the feather. This complexity indicates that the effective surface
of the feather was not outlined by the feather itself but by the feather and the flow
structures surrounding the feather. There are several rotating structures under the
barbules in front of the shaft and a larger rotating structure behind the shaft (figure
6.1 a) pushing the effective surface out from the feather model. This interpretation
was investigated by using the model that creates a more aerofoil like surface, the
feather equivalent aerofoil (FEqA), described in the method section.

The response of the modelled feather shows a lift and drag curve (figure 6.1 ¢) that
have similar behaviour to engineered aerofoils and matches the performance for
similar Re and construction (camber, thickness). Time series of the lift curves show
three distinct oscillation patterns associated with a range of angles of attack, a <
441,541 <0<10.41 and a> 15.41, respectively. These groups are associated with
the flow three distinct separation points, trailing edge, back end of the shaft and the
leading edge. These separation points are also strongly linked to the shedding
patterns and the subsequent fluctuations in the lift and drag coefficient response.

On the ventral side, the flow patterns are complex, on the leading vane (figure 6.1),
rotating structures are located close to the lower edge of the barb, in the space
between the barbs. When the flow reaches the shaft, the air must move under it, and
the large backward facing step at the end of the shaft forces the flow to separate
from the feather surface. This in turn creates a large rotating structure under the first
half of the trailing vane. The air flow direction between the barbs on the trailing
vane was not uniform. Depending on the pressure distribution, the flow either flows
towards the shaft or away from the shaft, depending on the position along the barb.

The pressure distribution (figure 6.1) changes characteristics as the angle of attack
increases, both on the leading and trailing vane, reflecting the changing position of
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the separation point and the shedding pinch-off point. The subsequent centre of
pressure was not collocated for all angles of attack, however, for 3.41 < a <15.51
they are closely located at approximately ~0.4 x/c. The resulting pitch moment has
two distinct curves, one for a<5.41 And one for a>5.41.
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Figure 6.1. Summary of the results from paper 1
a) Schematic flow patterns around the feather. Separation points differ.
b) Net Cp for feather, at different angles of attack, see c)
c) Cland Cd for both the FM model (blue) and FEQA (red)
d) Visualization of the shedding patterns

The feather equivalent aerofoil (FEqA) aims to include all the recirculating
structures under the feather, as well as the barbs and shaft on the top side to create
an aerofoil object. This larger profile shape allows the flow to pass around the
profile with minimal disturbances while maintaining the same properties as the
feather. The overall result from this model was that that the flow characteristics and
resulting behaviour was similar to that of the feather model. Nevertheless,
differences are detected between the two models and noticeable with lower lift and
drag for the FEqQA model. With a smooth dorsal surface, the flow separation points
are less distinct, and the fluctuations seen in the lift curve transitions at different
angles. The difference in separation points also impact at what angle of attack the
shedding starts. The smooth surface profile of the FEqA, also reflects in the pressure
distribution, where the distinct effect of the shaft was lessened and a smoother
transition from the leading vane over the shaft to the trailing vane was observed.
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The centres of pressure are grouped at 0.34 x/c somewhat forward of centre of
pressure grouping of the feather section model. Overall, since the structures
obstructing the flow are removed the flow has less disturbances than the feather
model.

6.2. Response to morphology changes (paper 2)

In paper 2, the flow response to modifications of the base CT feather section model
has been explored. The modifications have been categorized into three groups, the
first two modifications investigate the depth to width ratio between the barbs and
barbule plane, and the third group investigates the shaft profile. In the first group,
the barbule plane is moved along the height of the barbs, which creates different
depths of the wells between the barbs. In the second group, the barb angle was
changed, which makes the barbs closer or farther apart, and in the third group the
shaft is cropped to create a more aerodynamic profile. The modifications have been
evaluated by comparing the integrated lift-to-drag ratio ((Cv/Cq)sum) as well as the
maximum value of lift-to-drag ratio ((C/Cg)max), summarized in figure 6.2,
reworked from paper 2. A higher value, in the presented ratios, suggests a higher
aerodynamic efficiency. Additionally, the pitch moment has been analysed, and all
the cases evaluated have a distinct two slope appearance where the change in pitch
slope is found around a=5 degrees, close to the estimated (Ci/Cq)max.

Barbule plane

For this group of modifications, the barbule plane was moved along the hight of the
barbs. First, considering the modification on the trailing vane, the aerodynamic
efficiency performance was worse as the plane was lowered, which increases the
distance between the plane and the top of the barbs. On the one case where the
barbule plane was elevated the aerodynamic efficiency was increased. Secondly,
when lifting the barbule plane on the leading vane, the performance went down,
compared to the base CT feather model. This is associated with a dip in lift
coefficient at a =4.41 and a=5.51.

Regarding the spanwise flow on the dorsal and ventral side of the trailing vane, the
overall location where the flow changes direction as well as the intensity is similar
to the reference CT scanned feather. However, the lower the posterior barbule plane
was located, the greater the effect on the flow above the plane, which consequently
impacts the lift and drag.

Barb angle

For all the modifications where the barb angle was changed, the values for (Ci/Cg)max
and (C//Cq)sum are worse than the base CT feather model case (figure 6.2). This stems
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from a dip in C;, and higher Cq4 in mid-range angles of attack. Changing the distance
between the barbs, by changing the angles, changes the balance in the flow and the
position where the flow changes direction in the space between the barbs. The wider
the channels the higher the spanwise velocity, see paper 2.

Shaft height

Removing a large part of the shaft that protrudes below the vanes of the feather
model, changes the flow paths, particularly under the feather model, as well as the
flow direction between the barbs. This in turn effects the pitch moment and the two
slope characteristics changes to three slopes instead. This modification shows better
(C1/C4)max (C1/Cq)sum than the base CT feather model, however, the oero 1int has shifted,
which narrows the operational length since the angle of attack which the modified
feather produces lift increases.
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Figure 6.2. Results from paper 2, reworked from paper 2
a) (C/Cqy)max for all cases, dot size indicate relative magnitude and presented in the value above
the hart. the right axis show at what angle of attack the maximum was.
b)  (C/Cq)sum, the integrated value of the lift-to-drag ratio for all cases, normalized with the CT
reference case.
c) Schematic image of proposed mechanism for passive pitch control.

6.3. Response to material properties (paper 3)

In paper 3, the response of the distal part of the feather, to changing material
settings in the vanes and the shaft was explored. The feather has two different states,
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one unloaded and one loaded, where the difference is whereas the wind is blowing
or not. In the loaded position, the base test case had an upwards bend of 13.4 mm
(experiment = 10.9) and backwards bend of 4.1 mm (experiment = 9.3 mm). The
change in pitch angle of the feather was 1.2 degrees for the first 6 cross sections and
3 degrees higher for the rest of the cross section compared to the unloaded state.
The first 6 cross sections were in line with the experiments, and the outer 3 show an
increase rather than the decrease in pitch angle found in the experiments. In the base
setup the backwards sweep is the variable that was the furthest from the
experimental setup. The general flow over the feather model, contains large
shedding structures from the middle of the feather and distally as well as a tip vortex
(figure 6.3), these shedding structures reflected in the force monitors (figure 6.3).

The modifications of the material properties have been divided into three groups;
changes to the shear module on the vanes, changes to the shaft properties and
miscellaneous changes. The results are evaluated by tracking the displacement,
pitch angle of the feather and shaft, the camber and the forces on the feather. A
summarized version of the results in paper 3 will be presented, see manuscript for
details.

Changes on the shear module on the vanes

Changing all shear variables at once by decreasing the values, gives a less ridged
response of the feather model. The least stiff of these settings, increased the distance
of the min/max values from the mean, had more upwards bend and lower angles of
attack then the reference case. When changing one shear module variable at a time,
the response affected primarily one property at the time. Decreasing G12, lead to a
better response in sweep, figure 6.3, which also improved the agreement with the
experimental value. Decreasing G13 mainly had an impact on the camber,
increasing the values. Finally, decreasing G23, had a slight negative impact on the
sweep, reducing the agreement with experiment, as well as reducing the angle of
attack and lift and drag forces.

Changes on the shaft properties

Changes to the shaft properties, were made on both the shear module and the
stiffness of the shaft. Lowering the shear module and stiffness of the shaft made the
response, ultimately, less ridged by either increasing the bend or by decreasing the
angle of attack, without increasing the backwards sweep. Two main responses were
seen, the first was a decrease of the pitch angle and the second an increase of the
upwards bend.

Miscellaneous changes

Three different changes were considered, halving the thickness of the trailing vane,
removing the damping and increasing the density of the material, thus increasing
the weight of the feather model. Halving the trailing vane on the model lowered the
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angle of attack response. Removing the damping and increasing the density had the
same effect, increasing the instability of the time signals. In the case of the no
damping, an oscillating pattern was introduced on the displacement time signal. For
the case with the density, the amplitude of the oscillations in the force signals was
increased, and the signals also showed signs of diverging.
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Figure 6.2. Results from paper 3, reworked from paper 3
a) Sweep displacement for all material modifications run.
b) Shedding patterns represented with Q-criterion at value 100000.0 /s*2
c) Force, lift, drag and side, response over time for the base reference case.

6.4. Response to feather untwisting (paper 4)

In paper 4, the same feather model setup as presented in paper 3, was used.
However, the basic reference case was not the same. The selected case was the one
behaving most similar to the experimental data. Five different modifications were
explored where the inherent twist of the feather had a twist of 0-133%, where the
model with no twist was represented with 0% and the unmodified model had a twist
of 100%. The general response of the modifications was that the lift and drag
showed a reduction with a decreasing twist (figure 6.4). Even though they both
where decreased, the drag decrease was larger than for the lift. This also results in a
L/D that increased as the feather decreased in twist. Another feature that was
noticeable in the time signals for the lift, was the change in frequence in the variation
in the signal. The modifications with higher twist displayed a higher frequency
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(~180Hz measured for twist 100%) and a lower frequency for the modifications
with a lower twist (~33Hz measured for twist 0%).

The response in the displacement did not follow the same decreasing pattern as for
the lift and drag. The upwards bend was consistently between 12-14 mm, whilst the
backwards sweep decreased, as seen in lift and drag, with approximately 2 mm for
each step of untwisting (figure 6.4).

a b i [
) Force IN] ) Displacement [mm] ) Twist 100%  Twist 0%
8 m/s )
0.04
Is k3 1 [T¥_3 B T
0.03 + T T end
0.02 10 1 T,
3 x
0.01 T = Sweep
l 5 Ts
O E
g ==7F 0 T,
88880 88880
Twist Twist

Figure 6.4 Results from paper 4, reworked from paper 4
a) Mean force response for modifications 0-133% at 8m/s.
b) Mean displacement response for all modifications 0-133% at 8 m/s.
c) Pressure distribution for twist 100% and 0% for time t1 = 0.1816 s, t2 =0.1836 s t3 = 0.1849
sand t4 = 0.1867 s.

The reference case, twist 100% shows a small difference in the angle of attack
between the resting and loaded case, with a slight lowering of the angles for the
proximal cross section. As the feather was untwisted the angle of attack increased
in the loaded state, compared to the resting position. On the contrary, when the
feather was twisted more the angle of attack did detwist for all the measured cross
sections.

The pressure distribution as well as the shedding patterns changed with the twist,
which was also reflected in the time signals for the force. In the pressure distribution,
figure 6.4, for twist 100%, a shifting pressure was seen, especially at the outer part
of the feather (figure 6.4). Comparing the pressure distribution of twist 100% and
twist 0% (figure 6.4), over the same time frame, the shift in the pressure is much
smaller in line with the oscillating patterns seen in the time signal for the lift.

Lastly the effect of speed was examined, where the air speed was lowered to 4 m/s
for modifications 33-133%. The response in the displacement was four times lower
than the original model, consistent with the reduction in aerodynamic force (xu2,
where u is the local speed). The patterns in the displacement were the same as for 8
m/s, where the upwards bend was similar for all modifications and the backwards
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sweep was lowered stepwise with the untwist. The angle of attack also showed the
same patterns as the case with higher speed, if the angle increased with higher speed,
it also happened for the case at the lower speed, just to a lower degree.

50



7. Discussion

At first glance one may think that the feather construction is quite straight forward,
and in some respects it is. It is made up by three parts (Lucas & Stettenheim, 1972)
with a hierarchal growth pattern where the barbules interlock to create the vanes
(Ennos et al., 1995; Feo & Prum, 2014; Lucas & Stettenheim, 1972). However, the
deeper you look, the increasingly more complex it becomes. The basis for the
complexity are the large displacements possible (Carruthers et al., 2007; Oorschot
et al., 2020), whilst withstanding a complex varying force distribution (H. Liu et al.,
2024) (paper 3 and paper 4). Furthermore, the feather structures have intricated
inner structures that on its own is complex by default (Hendrickx-Rodriguez &
Lentink, 2025; Lingham-Soliar, 2014; Lingham-Soliar et al., 2009; Prum, 1999),
with their changing cross section shapes (Bachmann et al., 2012), medulla filled
centres (Hendrickx-Rodriguez & Lentink, 2025; Lingham-Soliar & Murugan, 2013)
and varying fibre lattice directions (Lingham-Soliar & Murugan, 2013).
Additionally, the part of the feather and the selected operating conditions used as a
study object in this thesis, preforms under passive control with little direct control
from the bird (Carruthers et al., 2007; Oorschot et al., 2020). This thesis aims to
increase the knowledge on the flight feather functions and behaviour, and there are
several points of view to consider. In particular, the basic interaction between the
feather and the flow, how the feather structures material impacts the feather
response and how the morphology of the feather impacts behaviour.

7.1. Air flow around the partial feather model

7.1.1. Method

Using a computational method to create a model has the benefit of having large
freedom in geometry creations, especially when the details of the feathers are as
small as they are. Physical models are difficult to create with small details, and in
an experimental setup the data recorded is limited, at least compared to the
information available in fluid dynamic solvers. These two facts in combination
made it desirable to create computer models, with the number of modifications that
was intended, and the reason why this method was selected. An effect of not having
a physical model was the lack of verification of the models. Even if a physical model
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had been created, the verification between experimental and simulations are
precarious at low Re. Studies show that depending on experimental site (Klose et
al., 2021; Tank et al., 2017) and what type of simulation (2D or 3D)(Klose et al.,
2021), the quantitative results may be the same but the qualitative is not. The
verification process becomes complicated when no direct comparison is at hand, we
opted to verify the model by testing the stability of the solver, as well as verifying
the solver settings with already know profiles. The solver setting was found to be
very stable (paper 1 supplement) and the quantitative results from the verification
model was also satisfactory.

7.1.2. General flow

The general flow around the feather, the overall flow characteristics and the flow
phenomena that generally occur at the Reynolds number regime of the feather can
be described using other types of object rather than feathers, such as or standard
aerofoils or plates (Badrya et al., 2018; J. Chang et al., 2022; Chen et al., 2013;
Klose et al., 2021, 2025; Spedding et al., 2008; Winslow et al., 2018). This approach
has been used several times, both in an experimental setup (McArthur, 2008;
Okamoto et al., 1996) and in computational setups (J. Chang et al., 2022; Levy &
Seifert, 2009; Winslow et al., 2018), since they are easy to manufacture or create
simulation models out of. However, generally the profile of the aerofoils in these
investigations are simpler than the profile of the feather (Badrya et al., 2018; Klose
et al., 2021) and, the feather has many microstructures that may impact how the
airflow interacts with the feather surface (Alenius et al., 2026; Harvey et al., 2023).
For example, the dorsal part of the shaft sits above the barbules (Sullivan et al.,
2017) forming the dorsal part of the vanes (also shown in paper 1 and paper 2), as
well as protrudes below the ventral site of the barbules (Sullivan et al., 2017).
Structures that are not flush with the surrounding feather may have the potential to
trigger the flow to separate, which in turn can affect the aerodynamic performance
(Badrya et al., 2018; Klose et al., 2021). It is therefore difficult to know if a simpler
standard aerofoil is suitable to use when investigating the performance and
behaviour of the feather. A more detailed model, as the one in paper 1 and paper
2, therefore add insight into the flow behaviour around the feather. The results in
paper 1 showed that there were flow structures surrounding the feather that pushed
the effective aerodynamic surface outwards, creating a shape more in line with
traditional aerofoils. However, this shape is dependent on the underlying structures
and for studies that intend to explore the behaviour of the feather and the
microstructures effect on the flow a more complex profile is needed that the studies
on aerofoils and plates (Badrya et al., 2018; J. Chang et al., 2022; Chen et al., 2013;
Klose et al., 2021; Spedding et al., 2008; Winslow et al., 2018).

Would it then be possible to create a compromise, i.e. a profile that retains the
behaviour of the feather with a simpler profile? We attempted to do so using the
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feather equivalent aerofoil presented in paper 1. It retained many of the behaviours
of the feather and showed qualitative similar results (Alenius et al., 2026). However,
I argue that the use of a simplified feather model, to a more aerofoil-like structure,
is dependent on the purpose of the study. If it is a more general flow behaviour that
is sought after, it can be acceptable with a simplification. However, the FEqA lacks
the features that could be one of the driving parts in the feather’s behaviour. So, in
those cases were the behaviour of the feather or the impact the structures have on
the flow, a simplification may not be suitable.

7.1.3. The effect of the feather components

When comparing the FEqA to the detailed feather model, the feather model has a
distinct point where the flow separates and drag is worse, suggesting the shaft and
barbs increase drag (paper 1). Even though the difference in drag is small, it sits in
contrast to other biological system that have shown the opposite behaviour. The
valleys between the barbs can be compared to features in sharks (Dean & Bhushan,
2010; Harvey et al., 2023; Oeffner & Lauder, 2012) and dragonflies (Kesel, 2000),
which have surfaces associated with drag reducing capabilities. However, compared
to sharks and dragonflies, the alignment of the barbs is set at an angle to the flow,
which does not follow the alignment pattern seen in sharks (aligned)(Dean &
Bhushan, 2010) or dragonflies (transvers)(Kesel, 2000). On the other hand,
compared sharks and dragonflies, the feather structures appear more in line with
blade riblets (Bechert et al., 1997), where an optimum height-to-dept ratio have been
found to be drag reducing (Dean & Bhushan, 2010). However, the father structures
do not fall into the optimal range (Bechert et al., 1997), thus having a low potential
for drag reducing potential. It is possible that the paper 1 study is too limited, the
conditions where the drag lowering mechanism is critical is during other phases of
flight or that the drag penalty from the shaft is sufficiently high to mask any drag
lowering contributions. Another explanation for the lack of drag reduction is the
way air move in the feather valleys. The angle permits the flow to move spanwise,
paper 1 and show a complex flow where the direction of the air in the valley’s
changes direction. This flow behaviour obstruct the continuous flow over the
surface that contributes to the lower drag, as explained for sharks (Dean & Bhushan,
2010). Combining the higher drag and apparent lack of drag reduction from the
barbs, it seems that the primary driving force of the appearance of the barbs and
shaft are structural, and not aerodynamic. In the case of the shaft, the easiest
explanation is that it has favoured structural stability, the square shape of the cross
section is suitable to bare high loads (B. Wang & Meyers, 2017). For the barbs,
higher structural rigidity with smaller angles (Feo et al., 2015) or developmental
constraints may have a role, e.g. how the feather grow in the follicle may prevent
the barbules to for a surface at an optimal position (Prum, 1999).
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To further explore the feathers microstructures, and their effect on the feathers
behaviour the hight-to-dept ratio between the barbs and barbules was studied in
paper 2. In paper 2, the angle of the barbs was also explored, the way the angels
were modified also had an effect to the hight-to-dept ratio. However, only a few
cases showed lower drag coefficients (paper 2 modifying the barbule hight),
however these cases were also combined with a lowered lift for the critical angle of
attack (5.41 degrees). So, either the drag was worse or the lift was lower, so the
overall aerodynamic efficiency was lower. The results suggest that the unaltered
setup (CT feather model), is one of the setups tested with the highest acrodynamic
efficiency. Only one setup was better, where the barbule plane is flush with the top
part of the barbs on the trailing vane (paper 2). As mentioned previously, it could
be that a developmental constraint is the reason that the barbules sit higher up on
the shaft. However, another possibility is the higher risk of damages on the delicate
barbules if they were to be more exposed, which would lead to shorter moult
intervals, which is costly for the bird (Terrill & Shultz, 2023). Both the location of
the barbules and the angle of the barbs show signs of optimization by natural
selection for aerodynamic performance, having one of the highest aerodynamic
efficiencies.

Arguments have been made that the centre of pressure of a feather should be behind
the shaft (R. A. Norberg, 1985). Combine the location of the centre of pressure with
the feather’s asymmetrical vanes, this should create a pitch down movement, with
respect to the shaft. This would increase the passive movement of the feather,
compared if the centre of pressure is closer to the shaft, and therefore also how
predictable the feather is moving. The result in paper 1 show that the centre of
pressure is behind the shaft for all angles of attack, as suggested in (R. A. Norberg,
1985), the results from paper 1 and paper 2 show that a pitch down moment is
induced by the feather model.

7.1.4. Evolutionary implications

From the results in paper 1 and paper 2 two properties recur to explain the feathers
behaviour, predictability and stability. We argue for a possible passively stabilizing
control mechanism, explained by the pitch momentum slopes. Large angles of attack
on the flow would induce a pitch momentum to lower the pitch angle of the feather,
and at a low angle of attack the large inherent twist of the feather would keep the
pitch angle of becoming too low. Another behaviour that seems to be in favour of
predictability, is the large dips in C; seen in the barb angle and barbule plane
modifications (paper 2). For many of the modified cases in paper 2, there is a
noticeable dip in Cl, we argued that this is probably due to the flow transitioning
from laminar to turbulent mode, due to the fact that the force coefficient curves also
start oscillating indicative of shedding (Badrya et al., 2018; J. Chang et al., 2022; R.
A. Norberg, 1985). It is not unheard of in standard aerofoils to have a shift in the lift
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curve, usually it is an sudden increase connected to the bursting of a laminar
separation bubble (Chen et al., 2013; Klose et al., 2021; Spedding et al., 2008). No
separation bubble is detected in the feather modifications, but it does not mean that
a separation is not present. We have shown in paper 1 that the flow separates at
different location for the feather model than the feather equivalent aerofoil. The
rapid change in lift, could change the functionality of the feather, an increase in lift
as seen for the aerofoils (Klose et al., 2021; Spedding et al., 2008) can be positive
since a small change in angle of attack would give more force for control. However,
for the feather modifications in paper 2, with a dip in lift coefficient, it would mean
a loss of force, close to the angle of attack of max C/Cq4 (paper 2), which we argue
are the optimal angle for the feather to be in. This type of dip in a seemingly critical
area, seen in the modification, would not suggest a predictable force distribution and
may be an explanation on why the unmodified variant of the feather is the one we
see today, because it appears to be more predictable for small changes in angle of
attack.

Even though the feather model do not share the drag reduction seen in dragonflies
(Kesel, 2000), another feature is. As the angle of attack is increased, the time signal
shows a oscillating pattern connected to the separation (Badrya et al., 2018; J. Chang
et al., 2022; Klose et al., 2025), if you take the mean value of the signal as well as
the max and mean values you get the envelope of the force variation. If you compare
the force variation between aerofoils and dragonflies you see that the dragonfly has
a more consistent increase in the extreme values than for the aerofoil (Levy &
Seifert, 2009), which increases steady up to a point and then increases rapidly. The
feather model shares the dragonfly’s profile for the force variation envelope (paper
1 supplement). Not only showing that the feather does share properties with other
biological system, but another suggestion also that the selection pressures has
favoured stability and predictability. Examining the flow regime of insects (Vargas
et al., 2008; Wakeling & Ellington, 1997), we find that it is similar to that of the
Jackdaw feather, in the ultra-low regime (Vargas et al., 2008). So, it is possible that
making a study to compare a feather and insects wings could yield interesting
results.

Feathers have features that suggest trade-off between the different functions that a
feather performs. The drag penalty of the shaft is probably less important than
having a strong enough structure that can withstand the structural demands of flight
(paper 1 and paper 2). The results in paper 2 suggests that unaltered morphology
of the feather is one of the most efficient and predictable of the investigated
modifications. Also, there is evidence that the earliest living birds, such as
Archeopteryx has lower barb angles on the trailing vane (Feo et al., 2015), we also
show that such a configuration has lower aerodynamic efficiency and also stronger
spanwise flow between the barbs (paper 2). Suggesting that aerodynamic efficiency
is important in some respects, and that natural selection could have favoured barb
angles seen in birds today.
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7.1.5. Limitations

The smaller section model, as seen in paper 1 and paper 2, was only setup for one
section of the feather where the shaft extends from the vanes. Compare this to a
section further out on the shaft where the shaft extends less from the vanes (figure
4.2) and we see that the selected section is the furthest from engineered aerofoils.
Thus, the knowledge about how engineered aerofoils behaves is not as transferable
to this section as more distal sections on a feather. However, it would still be
valuable to explore interactions between the flow and the microstructures on a
section were the shaft is less protruding than in the section seen in paper 1 and
paper 2.

Our model show potential in investigating the flow structures around a feather
section. The spanwise flow seen between the barbs show that 2D representations of
the flow around a feather will not give an accurate representation of the 3D
dimensionality of the flow structures. The modifications made in paper 1 and paper
2 suggest that there have been an trade-off between aerodynamic and structural
function as well as aerodynamic improvements compared to earlier birds (Feo et al.,
2015). Nevertheless, our model can be improved on, the main simplification we
made as the modelling of the barbules. We decided to create a solid sheet instead of
the individual barbules. Two of the main drawbacks to this was that the ventral
barbule was removed increasing the depth of the channel under that barbule plane
(paper 1 supplemental), we argued that this would have little effect since little air
flow is present here, however this is unknown. The other drawback was that the gap
between the shaft and the barbule that is created by the angle of the barbule. This is
documented to have an effect (Eder et al., 2011), and closing the holes decreases the
aerodynamic performance (Eder et al., 2011), mainly by increasing drag.

7.2. Aeroelastic behaviour of the feather

In this section the larger computational model of the outer part of the feather is
considered. The barbs and barbules were encapsulated in a sheet and the shaft was
solid. The computations were run with a fluid-solid interface to capture the
aeroelastic interaction in the feather.

7.2.1. Method

In paper 3, it is shown that the material of a feather has a complex interaction with
the functionality of the feather. An anisotropic approach of the material matrix was
necessary to get the model to behave similar to the experiments. This was
exemplified in paper 3, we showed that values of the shear module were far lower
than for an isotropic relationship, additionally, shear module property had different
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values depending on the direction in both the shaft and the vanes. With that said,
upwards bend and angle of attack had a different response, in respect to the reference
case, for more than one material parameter. This highlights the importance of
knowing the material behaviour of each subpart of the feather. Unfortunately,
modelling the feather material was, and still is, a major challenge. Material studies
tend to focus on one aspect of the feather, either the shaft (Bachmann et al., 2012;
Bonser & Purslow, 1995; Cameron et al., 2003) or the barb (Butler & Johnson, 2004;
Ennos et al., 1995; Sullivan et al., 2016). Modelling the shaft, is easier due to the
expectation that it behaves like a cantilever beam (Purslow & Vincent, n.d.), and
there is engineering knowledge in creating systems with similar build such as wind
turbines (‘Introduction to Wind Turbine Blade Design’, 2023). Being a single part,
compared to the vanes that is built by several copies of the same structures
(Hendrickx-Rodriguez & Lentink, 2025; Lucas & Stettenheim, 1972), it is easier to
map out the cross sections than for the vanes. Nevertheless, due to computational
costs, overall complexity and the model simplifications, previous protocols for of
how to apply the known material data was limited.

The approach chosen was to make have an initial setup of the material properties
and adjust them to make the model behave like the feather in the experiment. The
relationship between the shear module variables in the shaft was partly based on the
knowledge about the fibre directions inside the shaft (Lingham-Soliar, 2014; B.
Wang & Meyers, 2017), and how that effects the behaviour (B. Wang & Meyers,
2017). We selected to model the feather with encapsulated barbs and a solid shaft.
This decision added mass and increased the second moment of area to the shaft and
vanes. To account for this, the density was adjusted with the help of the area of
selected cross sections along the shaft and then scaled. The reference density used
was taken from the tail feathers from a peacock (Weiss & Kirchner, 2010), possible
not the most representative for a Jackdaw. However, feathers are made by the same
keratin (Greenwold et al., 2014; Hendrickx-Rodriguez & Lentink, 2025; Sawyer et
al., 2000), and measuring the density of the feather components has its own sets of
issues. Even if the shaft is used, it is small, partly hollow (W.-L. Chang et al., 2019;
Hendrickx-Rodriguez & Lentink, 2025), partly medulla (W.-L. Chang et al., 2019;
Hendrickx-Rodriguez & Lentink, 2025) and solid (figure 4.1a). The size makes it
easy to damage, and the cellular medulla could trap air, so we opted to start with a
best guess and modified as needed. The second moment of area can be calculated
from the CT scan, so the ratio was calculated and applied to the Young’s module,
which is one part of the flexure stiffness EI. These are initial assumptions and
adjustments and refinements are certainly possible.

7.2.2. General behaviour

Investigations of feathers behaviour when air is blowing on them have been done in
several different studies, in wind tunnels (Li et al., 2022; Murayama et al., 2021,
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Oorschot et al., 2020; Wiswell & Wissa, 2026a) and computationally (Bouard et al.,
2024; Fukami et al., 2025; Gamble et al., 2020), with a mix of feather like and
aerofoil like objects. However studies that had the perspective of exploring the
behaviour the feather were often made aerofoils based on NACA profiles (Bouard
et al., 2024; Fukami et al., 2025; Murayama et al., 2021; Wiswell & Wissa, 2026b).
Even though our model has not been investigated in a slotted configuration, the
reference Jackdaw feather is located there, and lessons learned from this thesis could
be used to improve studies on wings with slotted feathers, which used simplified
NACA profiles as feathers (D. Liu et al., 2021; Wiswell & Wissa, 2026b). As
suggested in paper 1 and paper 2, simplified aerofoils do not fully capture the
feather structure effects on the flow and for paper 3 and paper 4, a FSI model is
used to capture the expected passive movement of the feather (Oorschot et al.,
2020).

Computational models are powerful and can show both the behaviour of the feather
and the flow around it, but to be able to utilize them the setup has to be accurate. In
paper 3, the setup of the model, the accuracy of the material matrix and the
behaviour of the feather is explored. The feather model showed a generally stable
behaviour, with low fluctuations in displacement and angle of attack. When the
mechanical damping was removed or the density was increased (i.e. increased mass)
the fluctuations increased and the behaviour became less stable, further suggesting
the feathers inherent stable and predictable nature. However, different bird species
show different types of energy dissipation described as damping or flutter, owls
reduce sound (Gao et al., 2014, 2015), and, for example, hummingbirds can produce
sound (Clark et al., 2011; Clark & Prum, 2015). So further exploration of the
damping properties is necessary. Focusing on the mass/density aspect of this
phenomenon, a lower mass means lower overall weight on the bird, and lower cost
(Berg & Rayner, 1995; Sullivan et al., 2017). A lower mass also means that the
structural demand on each feather is lower, which could increase the functional
limits of the feather.

7.2.3. Importance of material

The material properties affect the behaviour of the feather model, however, for a
material as complex as this, it is important to know what parameter effect what
response. When you know that you can better balance the parameters for better
response compliance. This is especially important for the vane, which is less studied,
and simplified in the model, it also and form the better part of the aecrodynamic
surface. As mentioned, the upwards bend and angle of attack is affected by more
material variables than one. With the limited details how to transfer the know
material properties to the model, it is difficult to know the balance between these
variables without more studies into the material properties of each microstructure of
the feather.
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Nevertheless, the results (paper 3) suggest that the balance is possible to find. In
the case of the backwards sweep, only a single parameter had large impact on the
results, the shear module G12 on the vanes, which would be the equivalent motion
of the barbs moving in parallel, sliding up and down. We assumed that the vane
variable G13 also should have had an impact on this motion since that would
represent the barbs moving closer together, but it did not have a large effect (paper
3). We know that feathers possesses the possibility to deflect (Oorschot et al., 2020)
(paper 3), which implies that the barbs move relative to each other. The angles that
the barbs and barbules are laid out in make it possible for the movement (Ennos et
al., 1995; Feo et al., 2016), and the barbs can glide along each other without
separating the barbules (Ennos et al., 1995). The barbules do attach to each other
and it requires force to separate them (Kovalev et al., 2014). The angel of the barbs
and barbules also facilitates other necessary functions, for example it allows for
easier preening (Ennos et al., 1995). If the feathers are easier to maintain, the overall
cost is lower to maintain them. It places the arguments from paper 1 and paper 2
in another light, showing that it is not only the aerodynamic function that needs to
be considered when evaluating the layout of each feather part. There is a trade-off
factor between multiple functions, not only aerodynamic and structural but also a
maintenance factor. The lack of response when trying to find the parameter balance
to get the correct sweep, and the how the barbs and barbule move, suggest that the
model can be improved by splitting the vane into smaller parts where relative
movement is allowed.

The behaviour of the feather when the material properties are changed (paper 3),
thus guides the understanding of the importance of the material properties of the
different substructures. However, the material properties are a function of the
model’s simplified nature and build, which cannot be directly transferred to the
material properties of the feather. Nevertheless, what all material property
modifications had in common was that if they were lowered passed a minimum
threshold, the integrity of the behaviour disappeared. This meant that the angle of
attack was lowered significantly, the upwards bend increased or the loaded position
of the feather was no longer stable. This would suggest that, as long as, the feather
material property was above this threshold it would have some stable and
predictable aerodynamic function, at least for gliding flight, as it is the only flight
mode studied here. However, if some other flight mode produces larger forces this
minimum threshold would go up. Nevertheless, as long as the feathers in
evolutionary early birds had strong enough microstructures and they interconnected
to create an aerodynamic surface the natural selection and selection pressure could
refine the features to eventually form the feathers we see today.
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7.2.4. The effect of untwisting the feather

Untwisting the feather gave better aerodynamic performance than a feather with the
twist we see in Jackdaws today (paper 4), for example, better lift-over-drag ratios
(L/D). This means that the twist in the feather, used as reference, comes at an
aerodynamic cost compared to the untwisted ones (paper 4), in gliding flight at the
set speed (8 m/s). General studies on aerofoils show declining lift-to-drag ratios for
higher angles of attack (Winslow et al., 2018) (and paper 1), so from that aspect the
results are as expected. However we were expecting a passive detwist in the
modifications with high angles of attack to reduce this cost, which have been
suggested (Oorschot et al., 2020), and a mechanism we also argued in (paper 1 and
paper 2). In the first two papers the location of the centre of pressure and the pitch
moment curves suggested that a passive rotation of the feather to an angle of attack
to around the max Cy/Cq angle of attack, as to promote stable flight. However, we
see little evidence to this in the result (paper 3 and paper 4). For the unmodified
case the angle of attack was the same for both the loaded and unloaded state, for
increased twist there was a slight detwisting and for the untwisted cases the angle
of attack increased when loaded. There are several possible explanations for the
feather not detwisting, and at the current moment, it is difficult to understand what
scenario is most plausible, more studies are needed.

Examples of the reasons why we do not see the expected twist. The first possibility,
the balance of the material properties was not correct, or that the simplifications do
not allow the feather to rotate as it should. Noteworthy here, was that the experiment
also showed little tendency of detwisting, at least to the degree we expected (paper
3), suggesting that the main explanation lies elsewhere. Second possibility, the
mounting of the feather in the wall somehow locks to possibility for the detwist, or
if the detwisting is a part of a general rotation that is initiated closer to the root. A
complicated action since the base sweep of a flight feather (R. A. Norberg, 1985)
(figure 4.1), make the rotation axis not to be in line with the shaft for each cross
section of the feather. Third possibility, the high angle of attack allows for a different
shedding pattern that promotes predictability, as exemplified with cell-like vortex
shedding (Pandi & Mittal, 2025). Forth possibility, the driving pressure of selection
for the angel of the 9™ primary feather, is the fact that it is located first, in the slotted
configuration. The properties are difficult to understand in a standalone setup where
aerodynamic efficiency could be sacrificed for a behaviour that mainly benefits the
feather that follows in the slotted configuration.

7.2.5. Evolutionary implications

Keeping in mind the limitation of the material behaviour in the model vs a real
feather, there are some possible takeaways. In paper 2, we argued that a potential
reason for the feather not evolving a solid plane was developmental constraints,
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however the results from paper 3 suggest that the ability to sweep backwards is
linked to the ability of adjacent barbs to move independently. Such movements
could also absorb some of the energy needed to be dissipated, as discussed
previously, damping properties in the material matrix are necessary to imitate the
feather behaviour. It would also account energy dissipation that is not linked directly
to a function (Clark et al., 2011; Gao et al., 2014, 2015) (owls and hummingbirds)
but also what goes into frictional damping (Deng et al., 2023).

The results in paper 3 and paper 4 are not conclusive on the driving mechanisms
for the twist of the feather. The results show that the behaviour of the feather is
stable, with constant L/D that gives a predictable force output. Separating the L/D
to its separate components we see that the lift force increases with twist, so it is
possible that the increase in lift with sweep is more important than the drag penalty.
Disregarding the drag penalty is also something we saw in paper 1 and paper 2
where the protruding shaft increased the drag. Suggesting the drag penalty is
secondary to another function of the feather. With that said, the results in paper 4,
suggest a link between sweep and drag, making it a possibility that the penalty in
drag from the barbs and shaft is a mechanism that facilitates the backwards sweep.

7.2.6. Limitations

The larger feather model used in paper 3 and paper 4, have the drawback that it is
simplified and that it is fastened to a wall, but we do see that it behaves similar to
the experimental feather. However, the results from paper 4 are difficult to explain
with the current model. It is possible that the actual movement of the barbs and
barbules are necessary to fully model the feathers behaviour. Another aspect is the
flight style; this is a limitation shared with the model for paper 1 and paper 2 as
well. During flapping the angle of attack of the feathers and wings change (Klein
Heerenbrink et al., 2015). It is therefore possible that some of the explanations of
functionality, that have been difficult to explain, is rooted in flight style. The
function has not been primarily selected for in the conditions that we have selected.
Nevertheless, I argue that the results in this thesis is an initial step to understand the
behaviour but there is still much work to be done before the passive behaviour of a
feather is understood.
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8. Final thoughts

The work in this thesis is a first step to understand the behaviour and the effect the
9™ primary Jackdaw feather has on the air flow around it. It spans over the field of
biology and engineering and try to combine separate knowledge into one. The
results give a detailed description of the air flow around the mid part of the feather,
it explores the feathers components (shaft, barbs and barbules) interaction with the
air flow. It also explores the material properties and their effect on the behaviour of
the feather, and finally how the morphology of the feather effects its behaviour.

The results offer potential explanations to why features on the feather, as the angle
on the trailing vane, have evolved to have the angles we see today. It was shown
that the aerodynamic efficiency was higher (paper 2) than for a layout that has lower
trailing vane angels, as the evolutionary early birds had. So, even though the
effective surface of the feather encapsulates all the rotating structures created by the
feather component, they do influence the behaviour. Could there be a reason why a
more effective surface hasn’t been selected for. One explanation may be
developmental constrains during the growth phase that hinders a simpler way of
creating the aerodynamic surface, paper 2. With the findings in paper 3, another
explanation for the complex barb/barbule system was presented. The large
deflection we see in feathers, may be highly dependent on the relative movement
between the barb/barbules. Exchanging to a solid system and potentially adding
more mass would negatively affect the efficiency and stability and also add to the
cost of flight.

The overall results suggest that the feather behaviour and responses, favour stability
and predictability. The results suggest that trade-offs between the different functions
in the feather, such as aerodynamic and structural performance are present, for
example the drag penalty from the shaft. Even though there are commonalities with
other biological systems, such as the low variability in lift oscillation amplitude in
dragonflies, other benefits, such as drag reducing features (sharks, dragonflies) are
missing. Lastly, we suggested a possible passive pitch mechanism in paper 1 and
paper 2, which would work in combination with the inherent twist of the feather.
This mechanism would keep the feather in an optimal angle of attack. However, in
paper 4, the results did not support the previous argument. There was no straight
forward explanation of the twist from the aerodynamic perspective, and the twists
may have functionalities that are still unknown.
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As the complexities of the feather and its behaviour gradually came into light, from
the inner structures of the shaft and barbs, the interaction between the barbs and
barbules and the passive deflection in multiple directions at once. It became
apparent that many aspects surrounding the feather remain unknown. Especially
how the different feather component work together, their material properties and the
best approach to model them. At the stage where I leave my thesis, the future
possibilities appear endless. I argue that depending on your scope for your research,
three different main avenues can be pursued, always keeping in mind the bigger
picture. The main three approaches that I suggest is, first, continue and expand on
the more detailed type of model presented in paper 1 and paper 2. For example, a
smaller highly detailed model at more locations along the feather could answer the
different effects the tapering shaft has on the air flow. Continue to explore the effect
the relative position of the components has on the flow behaviour, as in paper 2. It
is also possible to change to model to include features we removed, such as how the
barbule plane was modelled, add porosity close to the shaft or refine the
approximation of the barbule representation. Second, explore the material and how
to model it best. The material modelling was challenging both because there was a
lack of data to support the material properties but also how the material was best
modelled. Therefore, measuring all the aspects of the material and the behaviour of
the feather under different conditions is a possibility. After, or in parallel, explore
the setup of the mechanical modelling and/or the balance in the material properties.
The results from paper 3 and paper 4, suggest that the movement of the feather
depends on the relative movement of the barbs and barbules and a model that reflects
that would be interesting. Third, explore the behaviour of the feather and flow and
morphologies on a larger model. The model used for paper 3 and paper 4 have its
drawbacks, even so, it still shows similar behaviour as the experimental feather and
can be used to gain more knowledge about the behaviour. However, another
possibility is to increase the degrees of freedom, by no longer having it attached to
the wall mid-point. Investigating the entire feather, the entire feather with added
constraints or a feather attached to a wing could be a first step into a setup with less
of the drawback seen. Another step could be to have several feathers, in a more slot
like configuration to see the feathers full potential, even though there is a lot of work
for it to be completed.
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