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1 | INTRODUCTION
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Abstract

Avian flight feathers have the unique advantages of lightweight and high strength,

which play a key role in their flight capacity. In this article, the rachis of the bean

goose's primary flight feather was used as the research object. Its compressive prop-

erties were analyzed and the 3D microscale was observed by 3D microscope system

with a super wide depth of field. The distribution of mechanical properties,

section variation of fiber and internal microstructure of rachis were obtained by

micro-CT technique. Based on these results, a 3D reconstructed model was

established for structure mechanical simulation. The simulation results were close

basically to the compressive strength of the actual sample. These results show that

the synergistic effect of cortex and medulla can improve mechanical resistance of the

rachis. Therefore, the best position (N3) of the primary flight feather shaft can be

applied to the bionic design of thin wall structures for energy absorption. This

research can provide some guidance for the application of lightweight structural

design.

Research Highlights

1. The internal structure of bean goose feather shaft was observed by micro-CT.

2. The experimental method has a deeper understanding of the compressive proper-
ties of rachis fiber orientation.

3. Under the synergistic effect of cortex and medulla, the compressive performance

of rachis is better.

KEYWORDS
bean goose's primary flight feather, fiber orientation, mechanical properties

mechanical adaptability. In recent years, more and more researches

about the biological characteristics of feathers have been applied to

Avian feathers (including the vane and the shaft) have many excellent
characteristics (Sullivan et al, 2017), the most obvious being the
mechanical properties of lightweight and high strength. Flight
feathers are unique among all kinds of keratin appendages. The
rachis is a complex thin-walled structure that meets all the design

standards of lightweight and high-strength, and has excellent

the engineering field (Sullivan et al., 2019). There are many studies
on the vane, such as the recovery performance and microstructure
of bird feathers (Zhao et al., 2020), the connection pattern (Chen
et al., 2020) and the arrangement mode of barbule (McCoy
et al., 2018), and so forth. The results better explain the reasons for

birds flying. It provides a reference for the design of new bionic
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interlocking materials. However, the rachis also plays an important
role that cannot be ignored.

The rachis of birds is light, hard, and strong, and its cortex is com-
posed of various fiber layers (Laurent et al., 2019). It is an important
connecting body of the feathers (Xing et al., 2019). The airflow pene-
tration structure along the shaft can significantly reduce resistance
(Eder & Fiedler, 2017). The feather shaft is composed of calamus and
rachis (Schelestow et al., 2017). The former is a hollow tubular struc-
ture, which is the foundation of the shaft, and the latter is longer and
supports the upper vane. Some researchers have found that the inner
part of the rachis is entirely composed of p-keratin, which is the hard-
est known natural polymer (Astbury & Marwick, 1932; Wang
et al., 2016). Ventral curvature of the rachis can increase the proximal
lateral force (Oorschot et al., 2020). Studying the failure mechanism of
feather calamus and rachis after compression, it is found that the
foam medulla has a great influence on the mechanical response of the
specimen and the energy dissipated in the test (Schelestow
et al., 2017). Raman spectroscopy was used to study the difference in
the protein secondary structure between the inner and outer areas of
the rachis cortex, and the inner area is harder than the outer area to
avoid further buckling (Laurent et al., 2020). At the same time, it is
found that the rachis will swell and soften after the bending failure
after the hydration step, which will make the harder buckling fibers
reposition to the initial position, and the strength will be restored after
drying (Sullivan et al., 2018). Mechanical properties of the rachis of
different parts of birds are very different. The mechanical properties
of the rachis of the primary flight feathers are better than those of the
secondary flight feathers, tail feathers and alula feathers (Zou
et al, 2019; Zou et al., 2020). Wang studied the layered fiber and
porous structure of the primary flight feathers along the rachis length
(Wang & Meyers, 2016). However, there are few studies on the con-
tinuous mechanical properties of rachis fiber orientation. The mechan-
ical properties of different areas of rachis fiber orientation are also
very different. Finding the optimal area can pave the way for the
design of thin-walled structures.

In this article, the cross-sectional microstructure, mechanical
properties, and energy absorption mechanism of the rachis of bean
goose's primary flight feathers in different regions were studied. The
compression simulation test of the 3D reconstruction model was car-
ried out by Ansys Workbench software, and discovered the structural
parts that determine the good mechanical properties of the rachis.
This research provides relevant enlightenment and reference for the

design of anti-compression bionic structure.

2 | MATERIALS AND METHODS

2.1 | Compression test

The primary flight feathers of bean goose (Anser fabalis) used in this
experiment were collected from Jilin Province Qian Xiyin Animal
Specimen Co., Ltd. The feather samples (Figure 1) were cut off from
the wings of the newly dead bean goose with scissors attached to the
roots of the primary flight feather. And the feather roots were
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Calamus Rachis
FIGURE 1 The primary flight feather of bean goose and the
diagram of different section position
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wrapped immediately with plastic wrap for avoiding water evapora-
tion. The compressive performance test samples were divided into
three groups, each group has three samples, which were used for the
axial compression test, the axial compression test after removing the
medulla, and the three-point bending test, respectively.

From thicker side of the rachis, these samples were cut out eight
parts in sequence along the fiber direction interval 10 mm, as shown
in Figure 1. The both sides of the rachis sample were polished by
No0.2000 sandpaper to ensure flat. A small electronic universal testing
machine (AG-X, SHIMADZU, Japan) with a measuring range of 1 kN
was used to study the mechanical properties of the bean goose's pri-
mary flight feather rachis in the fiber direction. The length of the sam-
ple did not more than 3.5-4 times the thickness, which can keep
vertical between sample and loading platform. The eight samples were
numbered N1-N8, respectively. In order to study the effect of the
rachis' medulla under the same conditions, a comparative test was
designed with rachis without medulla. Therefore, the sample's medulla
was removed by stainless steel high-precision pointed tweezers until
the residual did not more than 5%. The eight samples were numbered
S1-S8, respectively. The measured sample parameters including the
width, thickness, length and mass are shown in Table 1. The prepared
samples were placed the indenter of the testing machine, the loading
speed was set to 2 mm/min and the sampling rate was set to 10 Hz.

2.2 | Three-point bending test

Similarly, from thicker side of the rachis, the length of the sample was
calculated based on the thickness along the fiber direction. The three
samples (F1-F3) were cut in sequence with a sharp blade, as shown in
Figure 2a. The width, thickness, length, and mass of each sample were
measured, and the span was calculated. The sample parameters are
shown in Table 2. The dorsal side of the rachis was placed under the
indenter, the loading speed was set to 0.8 mm/min until the specimen is
crushed.

2.3 | Structural analysis test

Before the compression test, the cross-sections of eight rachis speci-
mens were observed by the 3D microscope system with a super wide
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. . TABLE 1  The sample parameters of
The size of rachis

compression test of the primary flight

Width Thickness Length Mass feather shaft
Specimen D1/mm D2/mm L/mm M/mg
With medulla N1 4.6+05 41+03 10.2 £ 0.9 40.9+28
N2 40+0.3 38+0.5 10.6 +1.7 38.3+5.1
N3 3.5+0.5 3.6+0.2 10.3+1.1 33.4+3.2
N4 3401 32%05 98+13 29.0+4.6
N5 3.1+£0.1 3.0+04 99+16 26.8+3.7
Né 29+0.2 27+04 94+03 233+22
N7 2.7+0.2 25%0.5 94+03 20.6 £ 3.4
N8 25+0.2 23+0.5 8.8+0.5 17.3+3.7
Without medulla S1 51+£00 45+0.1 10.3+1.0 41.6+£5.6
S2 45+0.1 42+01 11.0+ 0.6 40.1+23
S3 41+00 3901 10.1+0.2 33.3+£1.3
S4 3.7%0.1 3.6+0.1 9.8+ 1.0 30.6 +4.4
S5 35%0.1 34+0.0 10.7 £ 0.2 31.8+0.1
Sé 3.3x0.0 3.2+0.0 10.0+ 04 269 +14
S7 3.1+0.0 3.0+0.0 10.2+0.8 255+1.9
S8 3.0x0.0 29+0.1 10.5+£0.1 257 0.3
@ C\j] Sealpel The scan result provided the accurate quantitative and qualitative

information about the 3D shape of the sample (Saey &
Dietmar, 2006). The 2009 slice images of different positions with a
! resolution of 2269 x 2108 were exported. Then, the 3D model was

|
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Calamus Rachis

Three-point Bending Test
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built by importing these slices into Solidworks 2016, and its mechani-
cal properties were analyzed by Ansys Workbench 19.2.

Ventral 5 '. Roller
o 24 | The evaluation index of mechanical
(b) Initial State Termination State
B performance
O .pe . . .
= v (1) Specific energy absorption: It is the energy absorbed by the unit
I.;*z; Specimen mass of the structure, and it represents the utilization rate of the
K. Indenter \ Lo X . .
= "ii }EIPSH,::,,;T@,,-&. < N material in the energy absorption of the structure during the collision.
//% = = § Its calculation formula is shown as Equation (1):
Roller-1 = | Roller-2 8 =
Qo @ “] Q
E JFds
FIGURE 2 The three-point bending test diagram (a) the SEA = ;\’j"" VR (1)

preparation of the rachis specimen; (b) the test process under quasi-
static load from the initial state to termination state

(2) Mean crush force: It represents the ratio of the energy

depth of field (VHX-5000, KEYENCE, Japan), obtaining the change
rule of the rachis section in the fiber direction, as shown in Figure 1.
Micro-CT (Xradia 610, Zeiss, Germany) was used to obtain the internal
structure of the best mechanical properties sample, the detail was
shown in Figure 3. The internal microstructure of the sample can be
observed through high-contrast scanning imaging. The scan parame-

ters are shown in Table 3.

absorbed by the plastic deformation of the thin-walled tube to the
deformation displacement of the thin-walled tube during the collision.
Its calculation formula is as Equation (2):

od

E _ Etotal o ()f(X)dX (2)
A
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TABLE 2 The sample parameters of
three-point bending test of primary flight
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The size of rachis

feather shaft Width Thickness Length Mass Span
Specimen D1/mm D2/mm I/mm M/mg L/mm
F1 3.92+£0.23 3.70+0.21 53.65 +3.18 198.73 £ 23.94 44.50 £ 2.38
F2 2.72+0.18 2.64 £0.17 38.64 + 1.81 92.88 + 11.04 32.00 + 1.73
F3 207 £0.17 2.10+0.15 29.78 + 2.38 46.20 + 7.87 2525+1.71
Rotaing Nosepiece Scanning

Area

x-ray
Source

Sample
Stage

FIGURE 3 Micro-CT (Xradia 610) versa 3D X-ray microscope.
The internal structure of sample can be obtained

(3) Compressive strength: It refers to the strength limit when an
external force exerts pressure. Its calculation formula is as

Equation (3):

F
0:§~ (3)

(4) Young's modulus: It is the physical quantity of the tensile or com-
pressive resistance of a material within the elastic limit. Its size indicates
the rigidity of the material. The greater the Young's modulus, the less
likely to be deformed. Its calculation formula is shown as Equation (4):

o F/S

E:E_dL/L' @

where, ¢ represents linear stress, e represents linear strain.
(5) Bending strength refers to the ability of a material to resist

bending without breaking, and its standard formula is as follows:

3FL

= ooh?’ ©)

of

where, F is the instantaneous load, L is the span, b is the width of the

sample, and h is the thickness of the sample.

3 | RESULTS AND DISCUSSION
3.1 | Compression test
3.1.1 | Compression test of rachis with medulla

Compression tests were carried out on longitudinal different areas of
the primary flight feather shaft, and the maximum elastic modulus of

each sample before reaching the maximum stress was taken, as shown
in Figure 4a. It can be seen that the elastic modulus of the rachis
increases gradually along the fiber direction.

It can be seen from Figure 4b that the mean crushing force from
the root of the rachis first increases and then decreases in the fiber
direction, while the specific energy absorption first increases and then
decreases and gradually stabilizes. In Figure 4c, the compressive
strength first increases and then basically stabilizes. Higher specific
energy absorption and average load means better energy absorption,
and higher compressive strength means better compressive resis-
tance. Comprehensive analysis shows that the mechanical properties

of the N3 sample are the best.

3.1.2 | Compression test of rachis without medulla
As shown in Figure 5a, comparing the rachis specimens with medulla,
it is found that the specific absorption energy of rachis without
medulla is significantly reduced, which is basically consistent with the
change law of rachis with medulla. Moreover, it can be seen from
Figure 5b that the loaded region of N1 rachis with medulla is large
after compression, after reaching the peak, it slowly weakens and then
increases again. First, one end of the specimen begins to deform, and
then after the pressure reaches a certain value, the stress increases
again, and the medulla is again involved in cooperating with the cortex
to resist the pressure.

From Figure 5c, there were no medulla. The S1 sample fractured
rapidly after compression to the maximum stress, indicating that the
rachis without medulla became more brittle, easier to fracture, and
the loaded region was also reduced. The comparison found that the
cortex and medulla synergistic effect on the rachis compression per-
formance is better. At the same time, it shows that the medulla is light
in weight, but it has a great influence on the energy absorption and

mechanical properties of the shaft.

3.2 | Three-point bending test

From Figure 2b, the sample was placed on the two supports. When
the sample breaks or its displacement dropped to 5 mm, the test was
stopped. Figure 6a shows that the total energy absorption of the
three continuous segments in fiber direction of the rachis showed a
significant decrease, and the specific energy absorption gradually
increased, but its increase range was small. Taking into account, the
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TABLE 3 The micro-CT scan

Voxel (pm) Vision scope (mm) Energy/power (kV/W) Scanning time (hours)
parameters of the sample
2.25 4.5 40/3 2.0
900 600 25
35
wof @) (b) v )
5 500} 120 g 30f
700 F ». * <
% / ~i . ’ £ 25
1_% 600 [ — g4 ‘ il {58 Eal
S 500 | / T NN B < 173
s » © 300 < NN w Q151
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FIGURE 4 The distribution law of the mechanical properties of the primary flight feather shaft fiber orientation in different areas: (a) elastic
modulus, (b) mean crushing force and specific energy absorption, (c) compressive strength
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FIGURE 5 The influence of the medulla on the mechanical properties of the rachis fiber direction: (a) the specific energy absorption
distribution law of rachis with and without medulla; the stress-strain curve of S1 rachis: (b) with medulla (c) without medulla
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F1 sample's energy absorption effect is ideal. Figure 6b shows that
the bending strength of the three specimens has increased signifi-
cantly. Moreover, compared with the round tube, the square tube
under the same conditions has greater bending strength and is not

easy to deform, and the test results are in line with expectations.

3.3 | Structural analysis test

3.3.1 | The cross section of sample

The rachis is mainly composed of fibrous outer cortex and foamy inner

medulla. The cross-sections of the eight rachis specimens of the primary

Bending strength

FIGURE 6 The mechanical properties
of the fiber direction of the rachis in

different areas: (a) the total energy
absorption and specific energy absorption
of the three consecutive sections of the
sample (b) bending strength

Position

flight feathers were observed by the 3D microscope system with a super
wide depth of field. As can be seen from Figure 7, the proximal shaft
cross-sectional shape of the N1 is almost round, and there is a deep
groove on the ventral side. However, the shape changes along the fiber
direction, the cross-sectional shape gradually evolves into a square shape,
and the groove gradually becomes shallower. Second, the cortex on the
two sides close to the pinna is very thin, while the cortex on the other
two sides is thicker, and the cortex on the dorsal side of the rachis has a
ridge (similar to a reinforced ridge), which adds longitudinal reinforce-
ment. The cortex is composed of longitudinal fibers. This fiber arrange-
ment is usually used in the design of synthetic composite materials to
inhibit the separation of axial fibers by preventing axial splitting during

bending. There are no support plates in the rachis and most of them are
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FIGURE 7 The change of cross-section along rachis fiber direction

foam-filled. Foamy medulla is considered closed-cell and absorbs a lot of
energy, making the strength of the entire rachis higher. Moreover, the
foam medulla can delay local buckling, adapt to and adjust the deforma-
tion of the cortex, and absorb a large amount of energy through cell
deformation, and wall buckling and rupture (McKittrick & Yang, 2013).
Combined with the change law of the cross-section of the rachis, its
cross-section gradually evolves from an approximate circle to a square
(from N1 to N8). Under the same cross-sectional area and thickness, the
square tube has higher stiffness per unit area than the round tube
(Wang & Meyers, 2017), so the closer to the distal shaft, the smaller

deformable of the rachis specimen.

3.3.2 | Micro-CT results

Based on the above test results, the mechanical properties of N3 speci-
men are better. A section at this position of the rachis is selected and
observed with Xradia 610 Versa 3D X-ray microscope. Figure 8a is the
3D Viewer software of ZEISS, which can observe the reconstructed 2D
slice. Each quadrant represents a different orthogonal virtual slice. The
colored lines correspond to the same border color slice. By moving the
color line, you can see the virtual slice change of the corresponding color
wire frame. The three pictures in Figure 8b are virtual slices taken at dif-
ferent positions in the same direction with a voxel resolution of 2.25 pm.
The microstructure of the rachis can be clearly seen. There is a groove on
one side of the rachis and the other side has structural ridges to
strengthen the internal structure; the dense foamy medulla inside
increases its energy absorption capacity. At the same time, from the prox-
imal shaft to the distal shaft, the number of teeth of the structural ridge
shows a decreasing trend. In addition, based on the observation results, a

3D model of the 7-tooth specimen was reconstructed.

3.4 | The analysis of mechanical properties of 3D
reconstructed model

The observed cross-section images by micro-CT (Figure 8) were impo-
rted into the Solidworks2016 to establish the 3D reconstructed model

RESEARCH & TECHNIQUE
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of rachis, as shown in Figure 9a. Its height is 80 mm. The 3D model
has two parts, including cortex (yellow) and medulla (gray), as shown
in Figure 9b. After assembly, it was imported into ANSYS Workbench
19.2. The meshing diagram was shown in Figure 9c. A hexahedral
method is used to divide the mesh. The minimum element size is
3 pm. The number of elements in the rachis model is 413,700 and the
number of nodes is 1,900,405. And the model was compressed along
the Z axis at a constant speed of 2 mm/min. As shown in Figure 9d,
the total compress displacement was 5.61 mm.

Although the cortex and medulla of the rachis are almost
entirely composed of -keratin, their density is quite different. The
density of the medulla is 0.037 ~ 0.08 g/cm®, and the density of
the cortex is 0.66 ~ 0.81 g/cm3Wang & Sullivan, 2017). The cor-
tex is more than 100 times harder than foamy medulla. Due to this
great elasticity, the geometry of the cortex dictates the bending
stiffness of the rachis. Feathers are composed of fibers that are ori-
ented in such a way to maximize resistance to bending and twist-
ing, which undoubtedly increases the complexity of the hierarchy.
The keratin fibers in the feathers are arranged in different direc-
tions to improve their own stability. Integrating the preliminary
biological experiments, the finite element model parameter set-
tings are shown in Table 4.

In order to analyze the compressive performance of the model, all
the degrees of freedom at the bottom of the model were restricted,
and pressure was applied to the upper end of the model to a size of
104 N. The equivalent stress diagram and equivalent strain diagram of
the model were obtained (Figure 10).

Figure 10a is the equivalent stress diagram of the model. It can
be seen that under the action of axial pressure, the equivalent
stress of the medulla model is very small, and the maximum stress
value is concentrated at the junction of the two semicircles and the
sawtooth of the cortex model. Because the load is basically carried
by these two places, the stress on the surrounding area is relatively
small, and the stress at the semicircular joint and the sawtooth is
relatively large. It shows that these two places play a certain role in
supporting and relieving stress. It also shows that these two areas
are the load bearing region, and the mechanical properties of the

model is related to the cross-sectional structure. The maximum
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FIGURE 8 (a) The scanning result of rachis and (b) the virtual slices of different positions in the same direction with the 2.25 um voxel
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FIGURE 9 (a) 3D reconstructed
Cortex model of rachis. Its height is 80 mm;

(b) cortex and medulla; (c) meshing

diagram of the 3D model; (d) the overall

deformation of the model
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TABLE 4 The parameters of the 3D finite element model

Density

Elastic modulus
Poisson ratio
Friction factor
Compression quality

Squeezing velocity

Value (cortex) Value (medulla)
0.70 g/cm?® 0.06 g/cm?®
500 GPa 4.50 GPa

0.3

0.3

1000 kg

2 mm/min

0

stress of the model is 643 GPa and the minimum stress is
723.82 MPa. Figure 10b is the equivalent strain diagram of the
model. The analysis found that when the model is under pressure,
the strain in the early stage increases uniformly, and the strain at
the semicircular joint in the later stage increases significantly,
which is quite different from other areas. Therefore, this structural
feature is suitable for the design of energy absorption, and the
structural parameters of these two places were extracted, which

can improve the energy absorption characteristics.
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FIGURE 10 (a) The equivalent stress and (b) the equivalent

elastic strain cloud diagram of 3D finite element model

4 | CONCLUSION

In this study, the compressive capacity, bending performance and internal
structure of the bean goose's primary feather shaft in different areas
along the fiber direction were studied. The 3D reconstructed model of
the rachis specimen with best performance was established. And the axial
compression statics of 3D model was analyzed by Ansys Workbench
19.2. Therefore, the conclusions are as follows:

1. From N1 to N8, the elastic modulus and bending strength of the
rachis specimens gradually increase; the compressive performance
first increases and then decreases. At the same time, the compres-
sive performance of the rachis without medulla shows the same
trend. However, compared with the rachis with medulla, the com-
pression resistance of the specimens in each area of the rachis
without medulla is greatly reduced, which proves that the medulla
plays a vital role in the compression performance of the rachis.

2. The mechanical properties of the rachis are related to the cross-
sectional structure. The simulation results of the rachis of the N3
sample show that the maximum stress is concentrated at the junc-
tion of the two semicircles and the sawtooth of the cortex model,
and these two places play a certain role in supporting the entire
model and alleviating stress.

3. From the proximal shaft to the distal shaft, the cross-sectional
shape gradually evolves from round to square. There are structural
ridges inside the dorsal side of the rachis cortex, and the number
of teeth on the structural ridges first increases and then decreases,
up to seven.

4. The elastic modulus and bending strength of the rachis in fiber
direction increase gradually; the compressive performance
increases first and then decreases (the rachis with medulla and the
rachis without medulla).
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