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Abstract

Flight provides to the birds efficient locomotion and occupation of various habitats.
Wings and feathers sustain strong forces and vibration during flapping flight.
Excessive vibration can lead to the stronger energy consumption, noise production
and can therefore negatively impact the flight stability. Hence, it is reasonable to
hypothesize that the primary feathers develop damping mechanisms to mitigate
vibrations. Although feather microstructures have been well investigated, their
damping properties still lack a systematic study. Here, this study shows that the
primary flight feathers are capable of various damping mechanisms related to

different structures.

In the shafts and barbs, the cortex and gradient foam support the mechanical bending
and decay vibrations. The first indication of graded damping properties was related to
the morphology of the shaft (foam cells size, area ratio of foam to cortex, and
percentage of foam). In the vanes, there are three different types of structures related
to the reduction of damping. First, we performed experiments to compare damping
properties between feathers with vanes and the bare shaft without vanes. After
trimming vanes, the damping ratio decreased by 38-60%. Second, the damping of
zipped vanes and unzipped vanes was studied under normal air pressure. The results
indicate that the zipped vanes have higher damping ratios. The planar surface of
zipped vanes is responsible for acrodynamic damping, contributing 20% to 50% to the
whole damping in a feather. Thirdly, the damping tests between zipped and unzipped
vanes in vacuum were performed. Structural damping demonstrates 3.3 times (at
vertical deflection) and 2.3 times (at horizontal deflection) difference in damping ratio

between zipped and unzipped feathers in vacuum.



Kurzzusammenfassung

Die Fihigkeit zu fliegen ermoglicht Vogeln effiziente Fortbewegung und schnelle
Anpassung in unterschiedlichen Lebensraumen. Fliigel und Federn von Vogeln sind
beim Schlagflug starken Kriften und Vibrationen ausgesetzt. UbermiBige
Vibrationen konnen zu einem hoheren Energieverbrauch, einer hoheren
Gerduschentwicklung und somit zu einer Beeintrdchtigung der Flugstabilitdt fiihren.
Deshalb ist anzunehmen, dass die Schwungfedern in ihrer Evolution verschiedene
Déampfungsmechanismen entwickelt haben, um die Vibrationen abzumildern. Obwohl
die Mikrostrukturen von Federn bereits griindlich erforscht wurden, gibt es
hinsichtlich der Dampfungseigenschaften noch keine systematischen Analysen. Diese
Studie zeigt, dass die Schwungfedern iiber verschiedene Ddmpfungsmechanismen

verfiigen, die auf unterschiedliche Strukturen zuriickzufiihren sind.

Im Schaft und in den Fahnenstrukturen unterstiitzen Kortex und Gradientenschaum
das mechanische Biegen und reduzieren die Vibration. Primdr sind die
Dampfungseigenschaften abhidngig von der Morphologie des Schaftes (Grofe der
Schaumzellen, Flachenverhiltnis von Schaum und Kortex, und Schaumanteil). Bei
der Fahne gibt es drei verschiedene Arten von Strukturen, die Einfluss auf die

Dampfungseigenschaften haben.

Zuerst wurde ein Vergleich zwischen den Ddmpfungseigenschaften von Federn mit
Fahnen und dem bloBen Schaft ohne Fahne durchgefiihrt. Nachdem die Fahnen
entfernt wurden, hat sich das Dampfungsverhéltnis um 38-60% verringert. Danach
wurde das Dampfen von intakten und auseinandergezogenen Fahnen unter normalen
Luftdruckverhiltnissen untersucht. Die Resultate zeigen, dass die intakten Fahnen
groflere Dampfungsverhéltnisse haben. Die ebenen Flichen der intakten Fahnen sind
fiir die aerodynamische Dampfung verantwortlich. Sie tragen 20-50% zur gesamten
Dampfung der Feder bei. Zuletzt wurden Tests zwischen intakten und
auseinandergezogenen Fahnen im Vakuum durchgefiihrt. Die strukturelle Démpfung
zeigt einen 3,3-fachen (vertikale Richtung) und 2,3-fachen (horizontale Richtung)
Unterschied im Dampfungsverhéltnis zwischen intakten und auseinandergezogenen
Fahnen im Vakuum 1im  Vergleich zum Versuch unter normalen

Luftdruckverhéltnissen.
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CHAPTER 1

Introduction

Flying ability can offer animals many benefits over non-flying animals of similar size.
For example, flight affords more predator-escape routes and possible access to remote
or higher locations (Alexander, 2015). The question ‘How do birds fly’ attracted so
much attention over a long history of science. Avian flight triggered a long
exploration from cave drawings to the technological revolution. Nowadays, we are

still struggling to find more precise answers.

The basic laws enlightened the 17th and 18th centuries of physics explorers. The
contributions of Daniel Bernoulli, Gottfried, Isaac Newton, and Leonhard Euler, set
up the foundation of the mechanics of fluids (Videler, 2005). A century later, Otto
Lilienthal tested his fly machines, and Osborne Reynolds provided insights into the
different patterns in fluid flow (Videler, 2005). Finally, in the 20th century, the
steady-state aerodynamic theory of fixed wings was established (Videler, 2005).

For so long, scientists and engineers have learned a lot from birds. They figured out
how to generate the lift force and developed artificial flying devices. However, the
flexibility and maneuverability are still far behind those of birds. To better understand
avian flight, we further explore how birds’ flight apparatus meets the flying

requirements, especially in vibration in each beating.

1.1 Flight-related apparatus
1.1.1 Avian body, respiratory system

Different types of flight and the related aecrodynamic basis of the flight mechanism of
birds have been investigated (Brown, 1963; Simpson, 1983). Birds must counteract
gravity and deal with drag to be airborne (Bachmann, 2010). The avian bodies have
cancellous bones, and fusion skeleton is reshaped to keep strong but lightweight
(Sullivan et al., 2017). Birds possess a streamlined body with a rounded surface

leading part and a pointed one at the trailing part (Alexander, 2015). Moreover, the
7



ratio between diameter and length is optimized to decrease drag. The largest diameter
is at 1/3 of the length, and the ratio of diameter over length is between 1/4-1/5
(Videler, 2005). The neck and legs are expected to change their position and adjust
the center of gravity during flight. The legs also help them to run, push off, and

absorb energy when landing.

Flying birds can travel long distances, not only relying on body shape adaptations but
also due to their respiratory and cardiovascular adaptations. The relationship between
respiratory frequency, body temperature, and heart beat in different flights was

studied and quantitatively analyzed in a wind tunnel (Butler et al., 1977).

1.1.2 Wings and tail

In birds, the wings are the most prominent flight-related parts of the body and receive
the most scientists' attention. Wings are curved on the top, which forces the air to
move fast and causes lift by low pressure, and the lift changes with the titling leading
edge, camber, speed, and wing area (Alexander, 2015). Bird wings consist of an arm
and a hand part, covered by feathers and connected by skeletal elements controlled by
muscles (Kondo et al. 2018). Wings can be folded and stretched. They unfold and
stretch at the onset of flight, flex during the upstroke, and extend before the
downstroke. Significant variability of the wings has evolved among birds due to
different demands by birds (Videler, 2005). Characteristics of the wing form were
discussed, including the ratio of wing length to chord, overall size, weight divided by
the wing and body area, sweep angles, camber and tip shape of wings, and so on
(Weger, 2017). Wings must be strong enough during flapping by exchanging forces
with the airflow and receiving the reactive forces. Simultaneously, wings must be
light to reduce the inertial forces in the flapping cycles. Feathers are crucial elements

for flight performance. They extend the shape of birds, especially that of the wings.

The tail comprises a few caudal vertebrae and pygostyle (Videler, 2005). The
functional morphology study in the pigeon's tail (Columba livia) has been performed
in detail (Baumel, 1988). Tail feathers, called rectrices, are attached to the tail and
connected to the modified vertebrae. These rectrices differ in length and shape, which

could form a variation of the tail shape (Videler, 2005). Furthermore, tail asymmetry



could be controlled by spreading and tilting angles of rectrices to meet the

requirements of flight.

1.1.3 Flight feathers

Among the wings, feathers are essential for the flight performance (Weger, 2017):
Several types of feathers are connected to a bird wing (Fig. 1). The primary flight
feathers extend over the wing tip, and secondary flight feathers form a caudal wing
part, while the covert feathers could change the thickness of cambered part of the
wing.
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Fig.1 Wing and different feather types (7yto furcate pratincola) (Weger, 2017)

The flight feathers create the aerodynamic surface of the wing to generate lift. As all
main components of wings, primary feathers can withstand high cyclic loads and
vibration during the flaps. Here the question raises: how primary feathers' design
strategies prevent the potential instability caused by unwanted vibrations. This thesis
aims to answer the above question. For this purpose, the author first conducted
observations combining modern imaging techniques, including scanning electron
microscopy and micro-computed tomography. Then, the damping tests were
performed on primary feathers, to study the effect of different components of the shaft

and vanes, which influence the feathers’ damping behavior.

The thesis is subdivided into the following chapters. After this short introduction, I

further provide a review of the literature regarding the structure and mechanical



properties of the wing feathers (Chapter 1). Chapter 2 presents the relationship
between damping capability and the shaft microstructure, combined with a solid
cortex and foamy medulla. We investigate the graded damping in the different
locations in the shaft. In Chapter 3, the damping performance of feathers with and
without vanes was characterised. In Chapter 4, the vane function in damping behavior
was studied more thoroughly by comparing feathers in zipped and unzipped
conditions in atmosphere and vacuum. In Chapter 5, a general discussion and

outlooks are given. A short conclusion is presented in Chapter 6.

1.2 Bird feathers: evolution, morphology, and mechanical characteristics

During avian flight, their wings and feathers experience aecrodynamic forces and resist
vibrations (Bachmann et al., 2012; Schmitz et al., 2014; Harvey and Inman, 2022).
Since flight feathers interact with the airflow, it is essential to understand the role of
functional morphology in the damping property of primaries. This part summarizes
the literature to date, covering the evolution of flight feathers, the morphology of the
feather components and their impact on mechanical characteristics, and the potential

impact of associated vibrations on flight performance.

Early evolution of flight is documented by fossil record of feathered dinosaurs in
diverse intermediate feather forms (Zhang et al., 2006; Xu et al., 2012). Many
theropod dinosaurs and early birds possessed feather-like structures, such as rachis,
barbs, and vanes (Figs. 2-3) (Zhang et al., 2006). Feathers have been optimized in the
course of evolution (150 million years) and evolved hierarchical branches (Prum,
1999). Avian feathers are considered one of the most complex integumentary

structures (Bonser and Purslow, 1995).

10



Fig. 2 (A) The image of theropod Caudipteryx; (B) Magnified view of complex integument
structures similar to flight feathers of Mesozoic and extant birds (Zhang et al., 2006).

Fig. 3 Four types of feathers from Liaoning birds. (a) tail feather; (b) and (c) contour feathers
imply their aerodynamic function by possessing a shaft, bards, and barbules; (d) a strong and
curved shaft with asymmetric vanes; (¢) a weak shaft with long barbs (Zhang et al., 2006)

11



When seeking the evolutionary origin of the feathers, it is reasonable to put it into a
morphological context. During the feather evolution, plumulaceous branches evolved
for thermoregulation, water resistance, and pennaceous vanes for flight and display
(Chen et al., 2012; Chang et al., 2019). These functions are based on the architecture
composed of the shaft (rachis and calamus), barbs, and barbules (Chen et al., 2012).
The flight feathers of the avian wings consist of a central foam-filled shaft and two
vanes comprising barbs branching from the shaft and interlocking barbules branching

from the barbs. The barbules adhere to neighboring via hook and grooved structures.

1.4.1 Shaft

As a lightweight multifunctional structure, feathers are composed of B-keratin and
show remarkable regional specific types (Chen et al., 2012). The shaft extends the
length of the feather and supports the herringbone-pattern barbs. In the center of the
shaft, the cellular foam is surrounded by the cortex (Fig. 4), and this sandwich-like

construction offers a maximum flexural-strength-to-weight ratio (Chen et al., 2012).

b. ~ Dorsal Surface

Fig.4 Hierarchical structure in the feather (Toco foucan). (a) SEM of the cross section of a
distal rachis; (b) dorsal and (c) ventral cortical rachis keratin is smooth, which is expected to
decrease the drag; (d) lateral cortical rachis keratin is fibrous (Chen et al., 2012)
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The mechanical properties of biological materials show a wide variation due to their
heterogeneous and composite nature (Chen et al., 2012). Biomechanics of feathers has
been subject to scrutiny in the last decades. Wing kinetic energy is transferred to the
air by a mechanism involving stored energy in the bent shafts of feathers (Fig. 5)
(Pennycuick and Lock, 1976). The dorso-ventral flexural stiffness is higher than the
lateral one to support the greater force in the downstroke during flapping (Fig. 6)
(Purslow and Vincent, 1978). The flexural stiffness of the shaft varies along the
length of feathers (Fig. 7) in different primary positions and species (Bonser and
Purslow, 1995). The characteristics of the shaft and vanes were investigated; in the
downward flap, the wider vanes are kept against the neighboring feathers shafts,
forming a gas-impermeable surface that allows the secondary feathers to change the
airfoil geometry with increasing angle of attack, while in the upward flap when the air
pressure on the upper side becomes more significant than that on the lower side, the
vanes are detached from the shafts of the neighboring feathers (Bostandzhiyan et al.,

2008).
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Fig. 5 (a) Apparatus for measuring bending feathers by a given radius of curvature. (b) Work
diagram from an experiment of primary rolled a cylinder radius of 3.8 cm, 13 cm from the tip
(Pennycuick and Lock, 1976)
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Fig. 7 Variation of Young’s modulus along the length of primary feather from a mute swan
(Bonser and Purslow, 1995)

Considering the weather condition, the influence of hydration on the structural
properties of feathers also triggered some interest. Usually, the stiffness and strength
of wet keratin were much lower than that of dry ones (Bonser, 2002). The failure
properties and moduli of the feathers in tension were presented, and it was proved that
a high-water content led to decreased stiffness, but to increased strain (Taylor et al.,

2004).

The relationship between geometry and the mechanics of the shaft is well studied.
Significant differences between proximal and distal feather regions show that the
geometry influenced their Young’s modulus and flexural stiffness in owls and
pigeons, (Fig. 8) (Bachmann et al., 2012). The geometry and mechanical properties

vary along the length have been examined on the shaft of a peacock's tail feather, and
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lower strength and Young’s modulus were confirmed under wet conditions compared

with dry conditions (Liu et al., 2015).
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Fig. 8 (a)Young’s modulus of feather rachis along the longitudinal length. (b) The bending
stiffness of rachis along the longitudinal length, from 5" primaries from barn owls and
pigeons (Bachmann et al., 2012)

A schematic drawing of the feather material with a detailed fiber orientation is based
on microbial biodegradation (Fig. 9) (Lingham-Soliar et al., 2009). The shaft, as a
multilayer fibrous composite with varying laminar properties, was examined by the
nano-indentation tests. The CT scan validates the link between the stress values and
the orientations of the laminae (Laurent et al., 2014). Later, the shape factor and
layer-fiber structure were found in the cortex: the shape change allowed different
bending rigidities and twists, and the dorsal and ventral cortex regions consisted of

longitudinal and circumferential fibers (Wang and Meyers, 2016a).

Fig.9 A schematic view of feather rachis. (a) i. superficial layer of fibers, circumferential

around the rachis. ii. The major fiber parallel extends to the axis. iii. the medulloid pith is

composed of air-filled foam structures. (b) Schematic cross-section of fibers and biodegraded
15



