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Abstract

During flight, vibrations potentially cause aerodynamic instability and noise. Besides muscle control, the intrinsic damping
in bird feathers helps to reduce vibrations. The vanes of the feathers play a key role in flight, and they support feathers’ aero-
dynamic function through their interlocked barbules. However, the exact mechanisms that determine the damping properties
of the vanes remain elusive. Our aim was to understand how the structure of the vanes on a microscopic level influences their
damping properties. For this purpose, scanning electron microscopy (SEM) was used to explore the vane’s microstructure.
High-speed videography (HSV) was used to record and analyze vibrations of feathers with zipped and unzipped vanes upon
step deflections parallel or perpendicular to the vane plane. The results indicate that the zipped vanes have higher damping
ratios. The planar surface of the barbs in zipped vanes is responsible for aerodynamic damping, contributing 20%-50% to
the whole damping in a feather. To investigate other than aerodynamic damping mechanisms, the structural and material
damping, experiments in vacuum were performed. High damping ratios were observed in the zipped vanes, even in vacuum,
because of the structural damping. The following structural properties might be responsible for high damping in feathers: (i)
the intact planar surface, (ii) the interlocking of barbules, and (iii) the foamy inner material of the barb’s medulla. Structural
damping is another factor demonstrating 3.3 times (at vertical deflection) and 2.3 times (at horizontal deflection) difference
in damping ratio between zipped and unzipped feathers in vacuum. The shaft and barbs filled with gradient foam are thought
to increase the damping in the feather further.
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1 Introduction

The flight of birds is believed to have originated from dino-
saurs’ jumping, gliding, and eventually flapping powered
flight [1]. Through evolution, birds have transformed the
challenging act of flight into a complex mode of locomotion
[2]. Aerial locomotion was accompanied by numerous ana-
tomical and physiological adaptations [3]. These avian adap-
tations include wing stroke efficiency, the fusion of skeleton
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parts, and strong yet lightweight feathers [3, 4]. In addition,
the bird feathers are linked to the musculoskeletal and soft
tissues and can create efficient aerodynamic force [5].
During flapping, wings undergo continuous oscillations
[6]. Unwanted oscillations can negatively influence the per-
formance of dynamic systems, such as giant reeds [7], wings
of dragonflies [8] and damselflies [9], and insect antennae
[10]. In oscillations, damping alters the response of the sys-
tem and results in stability and enhanced controllability [11].
The loss factor is the ratio of the loss modulus to the storage
modulus and represents a system's viscoelasticity and damp-
ing capacity. For small damping ratios, the loss factor is
twice the damping ratio [12]. The loss factor is in the range
of 0.03-0.07 for the bending of the shaft of swan feathers
[13] and 0.896 +0.238 for the shafts of pigeon feathers [14].
The damping ratios of pigeon feather shaft regions gradually
decreased from the base to the tip from 0.268 to 0.034 [15].
A typical primary feather consists of a shaft and vanes.
The shaft has a rigid outer cortex and an inner foam-like
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medulla [16]. The vanes consist of numerous barbs aligned
parallel to each other but at a certain angle to the shaft [17].
The architecture of the vane is closely linked with advance-
ments in aerial locomotion [18]. The barb angle variations
[19, 20] and length [3] were assumed to be responsible for
the vanes’ morphology. Two regions along the barb were
observed by Robert Hooke [21], and details of barbules were
described [19]: the distal part with hooks that interlock with
grooves on the proximal part.

Previous research has studied the properties and mecha-
nisms related to the interlocking of the zipped barbs and their
potential application [14, 22-26]. The barb’s interlocking is
reversible and can be quickly re-established after separation,
and the separation force of the hooklets was investigated
[22]. The robustness and flaw-tolerance of the barb-barbule
structure were explained by an analytical model [23]. It was
assumed that the membranous flaps of overlapping barbules
of feathers are impervious to air [27]. The vane’s perme-
ability is based on the effect of barb dimensions and the
degree of their mechanical interlocking [28]. Damping of
feather vibrations could be affected by the vanes supported
by reversible hooklets, cooperative effects of neighboring
hooklets groups, and overlapping barbules [29].

In this study, the damping behavior and the underlying
damping mechanisms of the zipped and unzipped vanes were
examined at two types of deflection under atmospheric con-
ditions, to show the functional significance of zipping struc-
tures in damping. Air is considered a viscous media in our
experiments. Therefore, the energy dissipation of feathers
vibrating in air occurs due to the viscous airflow caused by
the vibrating structure [30]. Experiments were also carried
out in vacuum, to decrease the effect of the friction between
feathers and air and the associated aerodynamic damping.
Three damping mechanisms were discussed based on the
feather morphology and obtained experimental data.

2 Materials and methods

2.1 Feather preparation and morphology
observations

The outermost primary feathers (Fig. 1A, Nos. 1-5) of an
adult male rock pigeon (Columba livia) were taken from the
Zoological Institute of Kiel University, Germany. An iPhone
X camera (Apple, California, USA) and a scanning electron
microscope (SEM) Hitachi S-4800 (Hitachi, Chiyoda, Japan)
were used to explore the hierarchical structure of the feath-
ers (Fig. 1). For SEM, the middle section of the vanes was
sectioned, glued, and mounted on an SEM stub, coated with
8 nm gold—palladium using a sputter coater EM SCD500
(Leica, Wetzlar, Germany), and examined at an acceleration
voltage of 3.0 kV.
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2.2 Damping test at the atmospheric pressure
and in the vacuum condition

Damping tests were performed at ambient conditions
(room temperature of 18 °C-20 °C and relative humidity
of 40%—45%). The specimens (primary feathers Nos.1-5)
were fixed at the calamus with the vane oriented horizon-
tally. The feather oscillations were excited by a step deflec-
tion of 10 mm in horizontal (parallel to the vanes, from the
leading edge to the trailing edge, x-axis) or vertical (per-
pendicular to the vanes, from the ventral to the dorsal side,
y-axis) direction. The tips of the feathers were marked using
a small white paint point (the mass could be ignored com-
pared to the mass of the feathers) to increase the tracking
efficiency. The vanes' unzipping was performed by treat-
ing the feather with an air gun for 1 min with a pressure of
1.7 atm (Fig. 1B).

Damping tests in vacuum were performed inside a glass
bell at 10 mbar pressure, to decrease the effect of air friction.
Oscillations of the feathers fixed at their calamus on a 3D
micro-manipulator were excited by the 10 mm tip deflection.

The decaying vibrations were recorded using a high-
speed digital video (HSV) camera (I-Speed 3, Olympus,
Tokyo, Japan) focused on the tip of the feathers with a focal
plane parallel to the oscillation plane at 3000 fps, shutter
time of 0.667 ps, and resolution of 1280 x 1024 pixels.

The tracking data (horizontal position X and vertical
position Y) were extracted by Tracker (OSP, Massachu-
setts, USA) and plotted in the orthogonal coordinate system
(Fig. 2). Fast Fourier Transform (FFT) in Origin software
(OriginLab, Massachusetts, USA) was performed for deter-
mination of the fundamental frequencies in X- and Y-direc-
tions separately. Damping ratios were obtained using the
fitting procedure in Origin software (OriginLab, Massachu-
setts, USA).

It is challenging to predict orders of frequencies and
mode shapes that do not have uniform cross-section areas
or constant elastic moduli [31]. A related aspect of flutter in
airflows was described. Feathers may exhibit several oscil-
lation modes and abruptly switch from one mode to another
[32]. The first main frequencies of the vibrations in hori-
zontal (f,) and vertical (f,) directions in the air and vacuum
were determined to simplify the analysis. The equation for
under-damped vibrations was employed to define vibrations
of the first main (fundamental) frequency. The displacement
X and the decay time ¢ satisfy the under-damped condition
according to the following equation [33]:

X = Ae P'cos(wt + @), (1)

where £ is the damping coefficient, A is the initial amplitude,
e is Euler’s number, o is the frequency, and ¢ is the phase
angle. The damping coefficient § was obtained by curve
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Fig. 1 Morphology of the primary flight feathers. A Wing of the
pigeon with numbered primary feathers. B Primary flight feather
(PFF No.l) is composed of the shaft and asymmetric vanes (upper
image). Lower image represents unzipped vanes after air gun treat-
ment. C Hooked barbules are interlocking with the neighboring barbs
within the vane. D Hooklets at the tip of the barbules interlocking

fitting with initial boundary conditions for A being the peak
value of the oscillation, w being the frequency gained by
FFT analysis, and ¢ initially set to zero. To compare the
present data with results gained from earlier studies, the
damping coefficient was converted to the damping ratio {
using the equation below:
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with the barbules. E The damping oscillation of the feather specimen
was measured by two excitations and release vertically (upper panel)
perpendicularly to the vane and horizontally in the plane of the vane
(lower panel). The right image shows the simplified cross section of
the feathers shaft (dot) with zipped vanes (full line) and unzipped
vanes (dotted line) under 2 deflections

s l=

2
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Fig.2 Trajectories of the decay-
ing vibrations of the primary
feathers no. 1 with zipped and
unzipped vanes in vertical (Y)
direction after vertical (left) and
horizontal (right) deflections

at atmospheric pressure (A-D)
and in vacuum (E-H)
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For statistical analysis, two-way ANOVA was used for ~ comparisons by the software SigmaPlot 12.0 (SPSS Inc,
normalized data, including the Turkey test for multiple = Chicago, USA).
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3 Results
3.1 Morphology

The primary feathers are shown in Fig. 1A. In the primaries,
the shaft is surrounded by the zipped asymmetrical vanes
(Fig. 1B). A feather with unzipped vanes after treatment
with the air gun is shown in Fig. 1B. Barbules and hooklets
could be visualized using SEM. The barbs are arranged at
some angle towards the tip. They are interlocked with the
adjacent barbs via the overlapping barbules in a uniform
direction (Fig. 1C). The barbules can be subdivided into
two distinct regions, the distal part that branches out at the
tip having hooklets and the proximal one towards the base
(Fig. 1D) The hooklets overlap at the adjacent barb and keep
neighboring barb in parallel (Fig. 1D). The simplified cross
section of the feathers shaft (dot) with zipped vanes (full
line) and unzipped vanes (dotted line) under 2 deflections is
presented in the right image (Fig. 1E).

3.2 Damping behaviors

Damping tests were conducted to investigate the damping
property of the feathers with both zipped and unzipped
vanes at ambient conditions (atmospheric pressure) and in
vacuum. In the air, the shapes of the trajectories, excursion
amplitudes, and the directionality of the vibrations var-
ied depending on the zipping state of the vanes and initial
deflection direction (Fig. 2A-D). The vibrations of feath-
ers in the vacuum differed in their tip trajectory shapes and
amplitude decay speed (Fig. 2E-H). The oscillations of the
primary feathers with the zipped vanes and unzipped vanes
in the atmosphere and the vacuum are shown in Figs. 3, 4.
The oscillations of all feathers decayed in an under-damped
regime. The oscillations in vacuum decayed slower.

3.3 Vibration frequency

The frequency spectra were obtained using FFT of the X(t)
and Y(t) curves. To simplify the analysis, the first main fre-
quencies of the vibrations in horizontal (f;) and vertical (f,)
directions at ambient atmospheric conditions and the vac-
uum condition are summarized in Tables 1 and 2.

In the atmosphere, the feathers with zipped vanes had sig-
nificantly lower fundamental vibration frequencies f{x) and
f{(y) than the unzipped vanes at both horizontal (P <0.001)
and vertical deflections (P <0.001). The possible reasons for
the higher vibration frequencies of the unzipped vanes could
be the effective rigidity and its distribution, which may affect
the vibration modes and damping ratios. In zipped feath-
ers, the innumerable barbules and hooklets interact during

vibrations. Since the hooklets interlocking and overlap of
barbules are influenced by the external force, the sliding,
unzipping and new hooking may change the temporary
microstructure.

In vacuum, only under vertical deflection, the frequen-
cies of vibration f{x) and f{y) of the zipped vanes were sig-
nificantly lower than that of the unzipped vanes (P=0.021
and P=0.041, correspondingly). f{x) was significantly dif-
ferent between the two deflection directions (P=0.013 and
P <0.001, for feathers with zipped/unzipped vanes). The
possible reason for the absence of a significant difference
between zipped and unzipped vanes at horizontal deflec-
tion in vacuum could be the following. The influence of the
barbs’ interlocking in vertical deflections still works, even
though the hooks were partly unzipped. These barbs over-
lapping and interlocking hinder the barb separation (vane
extension) but allow the vane compression. This overlapping
barb property could affect the effective feather stiffness and
distribution at horizontal deflection.

3.4 Dampingin air

For comparative aspects, the damping characteristics of the
vanes were analyzed using the damping ratios determined
for the first natural frequency. Under vertical deflections,
the damping ratios of feathers with the zipped vanes were
¢,=0.368+0.068 and {;=0.477+0.213, and the values of
unzipped vanes were {, =0.297+0.042, {,=0.248 +0.092.
Under horizontal deflection, the damping ratios of the
zipped vanes were £, =0.628 +0.110 and {,=0.272+0.026,
while with the unzipped vanes were {,.=0.330+0.083 and
¢,=0.219+0.044 (Fig. 5).

For vibrations in the horizontal direction, the highest
damping ratio {, was observed in feathers with zipped vanes
under horizontal deflection (P <0.001). At vertical deflec-
tions, ¢, decreased by 20%, and Z_,’y decreased by 50% after
unzipping. At horizontal deflections, the {, decreased by
48%, and {, decreased by 20% after unzipping. There was no
difference in the damping ratio between zipped and unzipped
vanes under vertical deflection (P =0.295). In the feathers
with zipped vane, a significant difference was found between
the two deflection directions (P <0.001). In contrast, no dif-
ference was present in the damping ratio between the two
deflections in the feathers with unzipped vanes (P =0.758).

For vibrations in the vertical direction, significant dif-
ferences in the damping ratios {, were found in zipped and
unzipped vanes under vertical deflection (P <0.001). In
zipped vanes, damping ratios for the two deflection direc-
tions showed a statistically significant difference (P =0.002).
However, no statistically significant difference was found in
the unzipped feathers.

In summary, the zipped vanes had a higher damping
capacity along the direction of deflections. For both {,
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Fig. 3 Feather oscillation

decay in X- and Y-directions at
atmospheric pressure. A Zipped
vane after vertical (along y-axis)
deflection, B zipped vane after
horizontal (along x-axis) deflec-
tion, C unzipped vane after
vertical deflection, D unzipped
vane after horizontal deflection
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and ¢, from unzipped vanes, no significant difference was
found between the two deflection directions. The unzip-
ping changed the damping of vanes under two deflec-
tions by affecting their integrity, partly weakening the
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hooklets-mediated interactions between barbs and reduc-
ing the coupling between vibrations perpendicular and
parallel to the vane plane.
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Fig.4 Feather oscillation
decay in X- and Y-directions in
vacuum. A Zipped vane after
vertical deflection, B zipped
vane after horizontal deflection,
C unzipped vane after vertical
deflection, D unzipped vane
after horizontal deflection

3.5 Dampingin vacuum

In vacuum, the damping ratios of feathers with the zipped
vanes under vertical deflections were {,=0.216+0.051
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and {,=0.341+0.049, and the values for unzipped
vanes were {,=0.096+0.009, Cy =0.075+0.013.

Under horizontal deflection, the damping ratios of
feathers with zipped vanes were {,=0.353+0.140

@ Springer



121 Page8of 11 K.Deng et al.
Table 1 Fir. st main frequencies Feather state Deflections/relative to the vanes f/Hz f,/Hz
of feathers in atmosphere ;
(n=60) Zipped vanes Vertical/perpendicular 39.59+1.26 39.86+2.85
Zipped vanes Horizontal/parallel 39.80+3.26 39.89+1.39
Unzipped vanes Vertical/perpendicular 45.95+3.63 44.80+2.47
Unzipped vanes horizontal/parallel 47.31+5.29 45.11+4.33
Table 2 Fir.st main frequencies Feather status Deflections/ relative to the vanes |/ Hz f,/Hz
of feathers in vacuum (n=60) Y
Zipped vanes Vertical/perpendicular 50.73+2.20 51.75+3.83
Zipped vanes Horizontal/parallel 46.42+4.61 49.70+3.19
Unzipped vanes Vertical/perpendicular 53.81+3.63 54,45 +4.64
Unzipped vanes Horizontal/parallel 46.88 +3.74 47.77+4.16
Fig.5 Damping ratios of A B,
feathers with zipped (empty ns ’
. —— .
bars) and unzipped (hatched 1 zipped
bars) vanes in air in A X- and w2 unzipped
B Y-direction corresponding to 06 06
the main natural frequency after ° o ns
vertical and horizontal deflec- ® ® 1
tions. Ns indicates no significant = =
difference 'g. 0.4 'g_ 0.4 ns
3 3
< >
0.2 0.2
0.0 T 0.0 T T
vertical horizontal vertical horizontal
Deflection Deflection
Fig.6 Damping ratios of feath- A s B s
ers with zipped (empty bars)
and unzipped (hatched bars) [ zipped
vanes in vacuum conditions in unzipped
A X- and B Y-direction cor- 0.6 0.6

responding to the main natural
frequency after vertical and
horizontal deflections. All data
show significant differences

and Cy:0.25210.097, whereas those of feath-
ers with unzipped vanes were {,=0.131+0.012 and

¢,=0.135+0.005 (Fig. 6).
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First, in both ¢, and ¢, the damping ratios of the zipped
vanes were significantly higher than those of unzipped

vanes (P <0.001). Respectively, at vertical deflections,
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decreased 66%, and {, decreased 79% after unzipping. At
horizontal deflection, the decrease was 63% in ¢, and 46%
in ¢,. Second, in zipped vanes, both damping ratios ¢, and
¢, at horizontal and vertical deflection were higher than ¢,
and £, by perpendicular deflection (vertical and horizontal,
correépondingly) (P<0.001, P=0.001). Third, in unzipped
feathers, the damping ratio £, at horizontal deflection was
higher than ¢ at vertical deflection (P=0.014; P<0.001).

In vacuum conditions, the contributions of the structural
and material damping of the zipping structure of vanes are
distinguishable. Compared to vacuum conditions, feather
oscillations decay faster and have higher damping ratios in
the atmosphere.

4 Discussion and conclusion

Our results show that the feathers with zipped vanes have
a higher damping capacity in the atmosphere and vacuum
in comparison to those with unzipped vanes. The damping
ratios of the feathers at deflections within the vane plane and
perpendicular to it are different. The mechanisms contribut-
ing to damping are the following:

I. Aerodynamic damping. Aerodynamic damping is
related to the effect of the air on vibrating structures
[34]. Feathers are practically air-impermeable during
flight [35], and the airflow interacting with feathers
could aerodynamically dampen their vibrations [34].
The intact planar shape and the air-valved hooked
structure in the zipped vane help to enhance the
damping ratios of feathers. This could help explain
why the feather damping in the air decreases from 20
to 50% after unzipping. In addition, the feathers with
intact zipped vanes had lower fundamental frequen-
cies at both deflections. However, in vacuum, there
is no difference between zipped and unzipped vanes
at horizontal deflection. The influence of the barbs’
interlocking in vertical deflections still works, even
if the hooks are partly unzipped. Such overlapping
and interlocking of barbs hinder the barb separation
(vane extension) but allow the vane compression.

II. Structural damping. Structural damping is another
factor demonstrating a 3.3 times and 2.3 times differ-
ence in damping ratio between zipped and unzipped
feathers in vacuum (0.278 vs. 0.085 at vertical deflec-
tions, 0.303 vs. 0.133 at horizontal deflections, the
corresponding mean values). Under feather deforma-
tion, the barbules and hooklets undergo relative dis-
placements. The barbules and hooklets are assumed
to encounter moving, sliding, anchor-breaking, twist-
ing, uncoupling, and recoupling: all these actions
lead to energy dissipation. The resulting friction leads

to energy dissipation and, consequently, to structural
damping. Besides, the extension of a zipped vane is
irregular because of the collective effect in hook-
lets’ separation [22], which facilitates the oscillation
energy transfer from natural frequency to higher har-
monics. The energy dissipation is typically higher at
higher frequencies.

III. Material damping. Material damping, as an inherent
energy dissipation mechanism during material defor-
mation, is another source of feather damping. The
most efficient is the material damping in the basal
part of the shaft medulla, since the damping ratio
measured in vacuum is lower than the damping ratio
measured for the base of a feather shaft. The interior
part of the barbs is filled with gradient foams [18].
This foam structure undergoes plastic deformation,
which contributes to energy dissipation, similar to
the damping in the shaft medulla [15]. However, the
contribution of the material damping is the lowest if
compared to the two mechanisms mentioned above.

Future studies may investigate other sources of damp-
ing, such as acoustic vibration, i.e., the transfer of vibra-
tions to the surrounding feathers and tissues (skin, bones).
Sound is classified as pressure waves generated by vibrat-
ing structures [36]. The sound damping related to the zip-
ping structure is also an interesting mechanism that may
contribute to the overall damping of the feather.

In conclusion, our research suggests that the interlock-
ing in the zipped vanes increases the damping ratio of
feathers and transfers oscillations perpendicular to the
vane into oscillations parallel to the vane plane. This effect
shortens the decay time and dampens the oscillations by
friction. The damping capability in the vanes can poten-
tially contribute to the bird's flight efficiency. The zipped
vanes features can inspire efficient, lightweight aerospace
materials with tailored damping properties. The vibration
behavior and damping ratio of artificial wings or other
parts in unmanned aerial vehicles could be adjusted by
varying the number of zipped structures.

Higher damping in the zipped vanes of primary feath-
ers, compared to unzipped ones, is confirmed in the
atmospheric and vacuum conditions. Possible damping
mechanisms and their relation to feather morphology are
discussed. In ambient condition, the planar surface and the
interlocked one-way barbs in the vane improves its aerody-
namic damping. The experiments in vacuum showed that
the vane microstructure significantly contributes to its high
damping due to the cooperative effect of overlapping barbs
in zipped vanes helping the energy dissipation. Finally, the
shaft and barbs filled with the gradient foam are thought
to improve the damping in the feather further.
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The magnified mimic vanes mode could be printed and
matched in a 3D printer. It is possible to adjust the hooked
and overlapped layers to control the damping properties
and develop flexible damping structures. These bioinspired
composites could improve the stability of flapping robots or
other shock absorption applications with energy conserva-
tion and make less noise.
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