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Abstract: In this study, the real 3D model of the feather shaft that is composed of medulla and cortex is characterized by X-ray computer tomography, and the structural features are quantitatively analyzed. Compression and tensile tests are conducted to evaluate the mechanical performance of the feather shaft and cortex at different regions. The analysis of the 3D model shows that the medulla accounts for ~70% of the shaft volume and exhibits a closed-cell foam-like structure, with a porosity of 59%. The cells in the medulla show dodecahedron and decahedron morphology and have an equivalent diameter of ~30 μm. In axial compression, the presence of medulla enhances the shaft stability. Especially, the combined effect of the medulla and cortex increases the buckling strength of the middle and distal shaft by 77% and 141%, respectively, compared to the calculated value of the shaft using linear mixed rule. The tensile properties of the cortex along the shaft axis are anisotropic because of the different fiber structures. As the fiber orientation gradually becomes uniform in the axial direction, the Young’s modulus and tensile strength of the cortex on the dorsal gradually increase from calamus to the distal shaft, and the fracture mode changes from tortuous fracture to V-shaped fracture. The cortex on the lateral shows the opposite trend, that is the distal shaft becomes weaker due to fiber tangles.
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1  Introduction

After millions of years of natural selection, the birds have adapted to flying in various environments, being the best pilots in nature. This is mainly due to their unique bone and feather structure. The bird flight feathers are considered to be the most complex skin derivative of all vertebrates due to their unique structure [1]. As the backbone of flight feathers, the feather shaft has strong mechanical properties yet with very lightweight characteristics. This lightweight and high-strength feature satisfies the need for tensile, compression and bending performance which is caused by its own motion and air resistance during flight [2–4]. Research on the special structure of the feather shaft may bring inspiration into the design of aircraft structural devices, making it lighter in weight and at the same time with strong mechanical properties.

In recent years, some scholars start to investigate the feather shafts of birds, and the studies mainly focus on charadriiformes and anseriformes. Both Wang et al. [5] and Zou et al. [6] studied the structure of the feather shafts of seagulls (Larus canus). They found that the feather shaft contains calamus and rachis. The calamus is a hollow tube with no vane covered and it is below the skin. The feather rachis is covered with vane and filled with foam-like medulla. Besides, the medulla is surrounded by the cortex. Other researchers found that the feather shaft structures of other birds, such as bean geese (Anser fabalis) and pigeons (Columbia livia) [7,8], also possess very similar structure. In order to understand the composition of the feather shaft, Fraser et al. [9] determined the structure of the protein by X-ray diffraction (XRD) and proved that the feather shaft is composed of β-keratin. Lingham-Soliar et al. [10] have used novel microbial biodegradation to verify the composition of the feather shaft. The β-keratin has excellent strength and stiffness [11]. Ashby et al. [12] confirmed in experiments that at relatively low density close to 1 g/cm3, the elastic modulus, strength and toughness of β-keratin is 1 GPa, 10 MPa, and 1 to 10 KJ/m2, respectively. The composition of the feather shaft is the basis of its excellent mechanical properties. Schelestow et al. [13] have conducted axial compression experiments on the calamus and feather rachis of dove (Zenaida meloda) and pelican (Pelecanus thagus). They used the porosity to calculate the effective area of the medulla and to obtain the compressive strength. The results proved that the presence of medulla in the rachis contributes to the buckling strength at low weight. Since the porosity is calculated from the 2D images acquired by scanning electron microscope (SEM), there may be some errors of the porosity value and the data need to be examined from the 3D perspectives. Weiss et al. [14] showed that the cortex mainly provides axial strength and the medulla provides transverse strength. Besides, the elastic modulus is similar along the length of the shaft. However, some scholars believe that the performance of the feather shaft varies with the bio-type and position of the feather. For example, the Young’s modulus of swan (Cygnus) calamus is generally lower than that of the feather rachis, however, in ostrich (Struthio camelus) feathers this trend is absent [15–17].

It is pointed out that the research on the structure of the feather shaft is mostly based on 2D images by SEM, whereas the structures are in three-dimension (3D). Therefore, the description of some specific structures such as the porosity of the medulla and the shape of the cell in the medulla is insufficient. Some errors might be produced when calculating the mechanical properties such as the compressive strength due to lack of the quantitative data for specific structures. With the development of X-ray technology, it is readily available to perform 3D analysis of materials using 3D characterization techniques such as X-ray computed tomography (CT) [18]. This technology can be used to analyze the structure of biological materials and obtain quantitative information through the reconstruction of real 3D model. However, to the best of our knowledge there is no such report on the application of this technique to study the feather shaft.

In this study, the feather shaft of the sparrow hawk (Accipiter nisus) is used as the research object. The X-ray microscope is utilized to perform CT scans of the feather shaft to obtain the digital features in the feather shaft. In order to evaluate the mechanical performance of the feather shaft, the compression tests and tensile tests are conducted on different parts of the feather shaft and on the cortex at different positions of the shaft, respectively. The relationships between the shaft structure and mechanical properties are the focus of the current study, and will be discussed.

2  Materials and Experimental Procedures

2.1 Materials

Flight feathers from sparrow hawk were used in this study. The feathers were purchased from Yishuai Trading Co., Ltd., China. The feathers were noninvasively picked from their habitat. According to the morphological characteristics of bird feathers, the similar primary flight feathers without visible fault bars were chosen for study. The feathers were stored at room temperature (25∘C) and dry environment (humidity 30%), so that the state of the feather shaft before the experiment was similar to the natural state with the moisture content less than 10 wt% [19,20]. For experiment, the vanes of the feather were removed by a sharp scalpel to obtain the smooth feather shaft, and then the feather shaft can be divided into three parts: calamus, middle shaft and distal shaft (the middle and distal shafts are divided from the midpoint of the rachis), as shown in Fig. 1a.
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Figure 1: (a) Schematic diagram of sampling locations for different experimental samples of feather shaft; (b) schematic diagram of axial compression test; (c) schematic diagram of the tensile test of the cortex; (d1–d6) the cross-sectional morphology of feather shaft at positions 1–6 in Fig. 1a

2.2 Structural Characterization

2.2.1 2D Morphology Characterization

The structure of the feather shaft was macroscopically observed using optical microscope. The feather shaft was cut into several segments (numbered as 1–6) along the feather axis, as shown in Fig. 1a, and cleaned in ultrasonic environment with alcohol for 10 min. These segments were embedded in epoxy and smoothed by 2000# sandpaper until each transverse section of the feather shaft was exposed.

Furthermore, the specimens were observed in a scanning electron microscope (ZEISS SUPRA 55, Germany). The feather shaft was cut at calamus, middle shaft and distal shaft in the liquid nitrogen environment, and processed into round rod-shaped samples with scalpel. After cleaning with alcohol for 10 min in ultrasonic environment, all samples were coated with a layer of gold using the ion sputter-coater (Quorum Technologies Q150T ES, England). The secondary electron signal was used to observe these samples under the voltage of 15 kV.

2.2.2 3D Morphology Characterization

In order to better observe the structure of the feather shaft, X-ray computer tomography of the feather shaft was performed using an X-ray microscope (ZEISS VERSA, Germany). The projected images of the feather shaft structure were reconstructed by Scout and Scan System coupled in the X-ray microscope itself. The data were rendered using Avizo software (FEI VSG, France) to obtain the 3D model and the features were also quantitively analyzed using the same software package. The detailed processing method of slice data can be found in the appendix.

In order to compromise the spatial resolution and sample size, only the distal shaft with ~1 mm in diameter was selected as the studied object, as shown in Fig. 1a. The parameters of X-ray microscope used for the CT scans are summarized in Tab. 1.

Table 1: The parameters of X-ray microscope used for 3D characterization
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2.3 Mechanical Properties

2.3.1 Axial Compression Test

Axial compression samples were prepared from the calamus, middle shaft and distal shaft, which correspond to the positions 1, 3 and 5, respectively, in Fig. 1a. These compression samples were divided into five types: ax-calamus, ax-middle shaft, ax-middle shaft-no, ax-distal shaft, ax-distal shaft-no. The “ax” means axial compression and the “no” means the medulla is removed to obtain cortex specimens. For the accuracy of the experiment, the samples in the same position have similar size and shape, and three tests were conducted for each sample condition. The height of the samples is ~12 mm, however, the size of transverse sections varies with the sampling location. Before compression test, one end of the sample was super-glued to a square steel block (10mm×10mm×5 mm) to ensure that sample axis was parallel with the load direction, as shown in Fig. 1b. The compression testing machine used is INSTRON 5948 with the 2000 N force sensor and the compression speed of sample was 1.5 mm/min.

2.3.2 Tensile Test

In this study, the tensile properties of the dorsal, ventral and lateral cortex along the shaft length are examined. The sample positions are shown in Fig. 1a and three sets of parallel samples are tested at each position for good statistics. The sample preparation process is as follows: first, the medulla was removed using a scalpel and was cleaned in an ultrasonic environment with alcohol for 10 min; then, the cortex was carefully cut into rectangular strips without gaps; finally, each sample was glued to the metal gasket, as shown in Fig. 1c. The samples for tensile test have a size of 2.5mm×(0.2–0.3)mm×15 mm (width×thickness×length). The tensile machine is the same as the compression testing machine and the tensile test was conducted at a speed of 0.6 mm/min.

3  Results

3.1 Cross-Sectional Morphology of the Shaft

The cross-sectional morphology of sparrow hawk feather shaft varies along the shaft length, as shown in Fig. 1d. At the calamus, the cross-sectional shape is round-like, with the extension to the direction of the distal shaft where the cross section becomes rectangular-like. The cross-sectional dimension of the shaft gradually changes. The equivalent diameter of the calamus cross section is about 5–6 mm, and the length of the cross section at the distal shaft is only 2–3 mm. The white part in the figures is the medulla and it is wrapped by the cortex. It is seen that the shaft is hollow in the central region. Along the direction of the distal shaft, the hollow region gradually disappears as it is filled by the medulla.

3.2 SEM Microstructure

The calamus of the feather shaft is a cylinder formed by the cortex. The middle and distal shaft have the same structure in that the cortex is filled with medulla. In order to compare with the CT-3D model of the feather shaft, the most representative SEM images of the distal shaft are shown in Fig. 2a. Fig. 2b shows the interface at high magnification. It is seen that the cortex and medulla are very tightly connected through irregular protrusions with a clear boundary. The barb on the cortex has a hollow structure which helps to reduce the weight of feathers, as shown in Fig. 2c. The medulla exhibits a closed-cell foam-like structure. In addition, the cells that make up the medulla are uniform in shape and size, and are nearly circular with a diameter of ~30 μm, as shown in Fig. 2d. It can be seen from Fig. 2e that the cell walls composed of irregularly arranged fibers have many cavities. Besides, the adjacent cells are connected by fiber struts to maintain the overall stability of the medulla (Fig. 2f).
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Figure 2: The SEM images showing the details of (a) the distal shaft, (b) the medulla and cortex, (c) the barb of the shaft, (d) the medulla of the shaft, (e) the single cell in the medulla, and (f) the struts between cells

3.3 3D Reconstruction Model of Feather Shaft

Fig. 3a shows the 3D model of the feather shaft. In this model, the blue and green part represents the cortex of the feather shaft and medulla, respectively. Each cell in the medulla is quantified in size and the result is shown in Fig. 3b. The cells are individually colored in the figure. The volume of the cell presents a Gaussian normal distribution with the maximum value of ~14,000 μm3 (~30 μm in diameter). The total volume of all cells is counted as Vc, and the total volume of cell walls and fiber struts in the medulla as Vs. The formula for calculating the total volume (Vm) and porosity (P) of the medulla is as follows [21]:

Vm=Vc+Vs
(1)

P=Vc/Vm
(2)
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Figure 3: (a) The 3D rendering of feather shaft; (b) the extracted 3D medulla cells and their volume distribution; (c) the cross-section of medulla and analysis of the proportion of medulla in the feather shaft; (d) extracted magnified 3D model of medulla; (e) the 3D complete cells extracted from medulla; (f) representative single cell

After calculation, the porosity of the medulla is 59%. Besides, the proportion of medulla in the shaft is 69%–72%, which is calculated by Sm/(Sm+Sc), as shown in Fig. 3c. The porosity of the medulla and the percentage of medulla in the shaft will be used in calculating the compression stress.

The medulla was further examined in 3D with high resolution of 0.2 μm/pixel and the extracted 3D result is shown in Fig. 3d. In the figure, the red part is the skeletal structure connected by the inner cell walls and fiber struts of the medulla, and the blue part is the bubbles in the cells. Detailed examination of the cells shows that the cells are not perfectly spherical. The internal complete cells individually colored are extracted for detailed analysis and the 3D structures are shown in Fig. 3e. All the cells are individually examined and the extracted representative cells are shown in Fig. 3f. The cells are basically decahedron and dodecahedron in 3D morphology.

3.4 Axial Compression Test Results

Figs. 4a-1–4a-5 show the deformed samples of the feather shaft and different instability states of the samples after compression. The ax-calamus and ax-middle shaft-no show progressive buckling, while the ax-distal shaft, ax-distal shaft-no show Eulerian buckling, and the ax-middle shaft is somewhere in between. This phenomenon may be related to the difference in the length to diameter ratio.
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Figure 4: (a1–a5) The morphology of the samples after axial compression, 1–5 represent ax-calamus, ax-middle shaft-no, ax-middle shaft, ax-distal shaft, and ax-distal shaft-no, respectively; (b) typical compression stress-strain curves of cortex without medulla; (c) typical axial compression stress-strain curves in middle shaft; (d) typical axial compression response in distal shaft; (e) typical medulla with altered shape after compression; (f) deformed single cell; (g) shows the separation between cortex and medulla, with the magnified image showing the separation of fibers in the cortex

Fig. 4b shows the typical cortex compression response at different sampling locations. The compressive curves exhibit a typical elastic deformation mode at the early stage, then, the stress value suddenly drops and fluctuates. The first peak point is considered as the critical point of buckling of the sample, and the maximum slope of the curve before this point is considered as the compressive Young’s modulus [13,16]. The buckling strength of the cortex at the calamus, middle shaft and distal shaft samples is 37, 41 and 67 MPa, respectively. Correspondingly, the Young’s modulus is 1.6, 2.8 and 3.4 GPa. The buckling strength and modulus gradually increase along the extension direction of the distal shaft.

In order to better show the contribution of medulla and cortex to buckling strength, the compression properties of the medulla were separately studied. Due to the foam-like structure of the medulla, its effective area (Ae) is calculated using the porosity (P) and the total area (At) as follows:

Ae=(1-P)⋅At(3)

The stress value (σt) of the ax-middle shaft and ax-distal shaft is linearly calculated using the mixed rule according to the buckling stress of the cortex (σc) and medulla (σm) and their respective volume ratios. According to the reconstructed 3D model, the average proportion of medulla in the cross-section of the rachis is 70.5%, and the theoretical strength value is calculated according to:

σt=σm⋅70.5%+σc⋅(1-70.5%)(4)

The calculated stress–strain curve and the experimentally measured curve of middle shaft and distal shaft are shown in Figs. 4c and 4d. The buckling strength of the medulla is only 2 MPa, while medulla shows good stability without curve fluctuation. It is found that the buckling strength of the middle and distal shaft filled with medulla is much higher than the theoretical strength of medulla and cortex calculated using the linear mixed rule.

The compressed samples were observed in SEM, and Figs. 4e–4g show the most representative images of the ax-middle shaft. The overall integrity of the medulla is destroyed, and the deformed structure results in stacking, as shown in Fig. 4e. As for the single cell, its shape becomes irregular, however, the cell wall is not damaged, as shown in Fig. 4f. It is seen that the cortex is separated from the medulla after compression, as shown in Fig. 4g. Besides, the fibers of the cortex are also separated, as shown in high magnification image of Fig. 4g.

3.5 Tensile Test Results of Cortex

Tensile tests were carried out for the cortex at different positions along the length of the feather shaft to further understand the mechanical performance of the cortex in a tensile loading condition. Fig. 5 shows the tensile response of cortex strips of dorsal, lateral, and ventral regions along the shaft length, and the specific mechanical properties including strength, Young’s modulus and breaking strain are summarized in Tab. 2. The stress-strain curves of all samples are very similar in that each curve first undergoes a uniform elastic deformation stage that is approximately straight, and then followed by a non-uniform deformation stage until the sample breaks. As for the tensile strength, cortex of the dorsal, ventral, and lateral of the calamus is almost the same (~255 MPa), as shown in Fig. 5d. The tensile strength of the dorsal cortex in middle and distal shaft shows a much higher value than that of the calamus, which can reach more than 300 MPa and is about 50 MPa higher than that of the ventral. However, the tensile strength of the lateral is obviously reduced, only 171 MPa for the middle shaft and 141 MPa for the distal shaft.
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Figure 5: Tensile stress–strain curves of the cortex of (a) calamus, (b) middle shaft, and (c) distal shaft; (d–e) the variation of (d) Young’s modulus, (e) tensile strength, and (f) breaking strain of the dorsal, lateral and ventral cortex strips along the shaft length

Table 2: Tensile results of dorsal, ventral and lateral cortex strips along the shaft length
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The breaking strain of the cortex at different parts of the feather shaft is almost the same (about 0.12), with a slightly lower value observed for the lateral of middle and distal shaft, as shown in Fig. 5e. The Young’s modulus in the tensile specimen is calculated using the slope of the elastic stage of the curve [16], as shown in Fig. 5f. The results show that the modulus of the cortex on the dorsal of calamus is about 5.1 GPa. The modulus at the same position of the middle and distal shaft is 29% and 43%, respectively, higher than that of calamus. The Young’s modulus of the ventral and lateral tends to decrease from the calamus to the distal shaft. The modulus of the calamus and distal shaft is about 5.3 and 3.4 GPa, respectively, the modulus of distal shaft is 36% lower than that of the calamus. The Young’s modulus is within the reported modulus of barn owls and pigeon, which is 3–7 GPa [22].

4  Discussions

The unique structure of the feather shaft that combines the foam-like medulla and strong cortex determines the excellent compression and tensile properties of sparrow hawk, and enables its extremely strong flying ability. The cross-section of the feather shaft is not uniform along the axis direction. Extending from the calamus to the distal shaft, the cross-section of the shaft changes from circular to rectangular morphology. This change can reduce the weight of the shaft while maintaining good rigidity. The calamus needs to be circular to penetrate smoothly into and connect efficiently with the tissue. As for the distal shaft, it is exposed to the skin and bears more air resistance during flight. The rectangular cross-section can better maintain the overall shape of the shaft. Wang et al. [23] also proved that the cross-section having the rectangular morphology is more rigid than the circle with the same area, and can maintain the original shape during flight. Feather shafts from other volant birds generally exhibit similar feature characteristics, such as pigeon and bar owl [8,22]. Note that the cross-section of the peacock feather shaft is basically round throughout its length [20]. The existence of structural change along the feather shaft in sparrow hawk further confirms that this cross-sectional shape change is beneficial to the flying.

In addition, the equivalent diameter of the cross-section of the feather shaft gradually decreases along the feather shaft (from the calamus to distal shaft) resulting in changes in the buckling form of compression samples at different positions. This change is related to the length to diameter ratio. Andrew et al. [24] found that if the length to diameter ratio is beyond a certain threshold, tubes fail by Eulerian buckling. The samples used in the current study have the same length, and the length to diameter ratio gradually increases from calamus to distal shaft. The length to diameter ratio of the calamus, middle shaft and distal shaft is about 2, 2.4 and 4, respectively. As the ratio of length to diameter increases (between 2 and 4), the buckling form of the feather shaft changes from progressive buckling to Eulerian buckling.

The weight of feathers is an important aspect that restricts the flight ability of the sparrow hawk. It is seen from the 3D model reconstructed by CT that the medulla occupies about 70% of the volume of the feather shaft. The foam-like structure of the medulla greatly reduces the weight of the shaft. Furthermore, the small cavities on the cell wall further reduce the weight [25].

The existence of medulla also has extraordinary significance to the compression test of the feather shaft. Darvizeh et al. [26] found that the low strength polyurethane foam provides stability to slender metal tubes during axial compression. Torres et al. [27] showed that the foamy core of porcupine quills can retardate catastrophic destruction. In this study, it is again confirmed that the presence of the foam-like medulla increases the buckling strength of the shaft structure. During the axial compression test, the force is transferred from the cortex to the medulla and the cortex also limits the deformation of the medulla during compression. This enables the cell wall of the medulla to provide a larger area to withstand the force. Besides, we observed through the reconstructed 3D model that the shape of the cell is dodecahedron and decahedron, which is similar with the hexagonal and pentagonal cells observed by Schelestow et al. [13]. This means that under the same volume, decahedron and dodecahedron cells can provide a larger bearing area than spherical cells. When axial compression occurs, these cell walls dent inwards to absorb the loading force and improve the overall stability of the medulla, as shown in Figs. 4e and 4f.

In addition, the actual buckling strength of the middle and distal shaft (23 and 41 MPa, respectively) is 77% and 141%, respectively, higher than the theoretical value (13 and 17 MPa, respectively) using the linear rule. This phenomenon was also revealed in Wang’s experiment on seagull feather shafts [5]. During axial compression test, they found that the load carried by rachis is much greater than the sum of the loads carried by the medulla and cortex with the same area. This is attributed to the layer of medulla attached to the inner side of the cortex after compression, as revealed in Fig. 4g. Besides, it can be seen from the high-magnification image of Fig. 4g that the fibers of the cortex are separated under the compressive force.

Three main processes should take place during the axial compression: (i) separation of the medulla and cortex, (ii) separation of fibers on the cortex, and (iii) deformation of the medulla under loading. However, the sequence of these three processes is not determined in the current study which would be possible after conducting a more detailed in-situ mechanical experimental research in the scanning electron microscope and three-dimensional X-ray computed tomography in the future.

Compared to the medulla, the strength of the feather shaft is largely determined by the cortex. From the results of axial compression and tensile tests, it is shown that the properties of cortex at different positions is anisotropic. Fig. 6 shows the SEM morphology of the samples after tensile test. It is found that the stretch fracture and anisotropy of performance is closely related to the fiber structure. The tensile strength, breaking strain and Young’s modulus of the dorsal, lateral and ventral of the calamus are similar, as shown in Fig. 5a, and their fracture forms are tortuous fractures, as shown in Figs. 6a-1 and 6a-2. The appearance of this type of fracture is related to fiber rupture. The fibers of the cortex present obvious delamination. Circumferential fibers and axial fibers are observed to be present in the outer layer and inner layer, respectively, as shown in Figs. 6a-3 and 6a-4. When tensile fracture occurs, the circumferential fibers of the outer layer provide little axial support, but can restrain the splitting of the axial fibers, leading to the tortuous fracture. This tortuous fracture is more obvious than the reported transverse straight fracture of the seagull calamus [5]. This is because the cortex of sparrow hawk calamus has fewer circumferential fibers than the seagull. This kind of fiber delamination phenomenon becomes insignificant at the dorsal of the middle shaft. And as the quantity of circumferential fiber decreases, the extension length of the fracture in the axial direction increases, as shown in Fig. 6b.
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Figure 6: SEM images of tensile fractured cortex specimens along the shaft length: (a1–a4) the dorsal, lateral and ventral cortex of the calamus all show a tortuous fracture due to the fiber delamination, which means the outer circumferential fiber wraps the inner axial fiber; (b) the dorsal of middle shaft has insignificant delamination; (c) the ventral of middle shaft, (e) the dorsal and (f) ventral of distal shaft all show a V-shaped fracture; (d) and (g) show the plane fracture for the lateral of middle and distal shaft, respectively

As shown in Figs. 5b and 5c, the tensile performance of the dorsal and ventral of the middle and distal shaft is significantly better than that of the lateral. This mainly depends on the way the fibers are arranged. The ventral of the middle shaft, the dorsal and the ventral of the distal shaft are all composed of axial fiber, so that the fracture along the axial length is further increased and becomes the V-shaped fracture, as shown in Figs. 6c, 6e and 6f. This is consistent with reports that towards the distal shaft the volume of circumferential fibers decreases [28]. In Wang’s research, the fracture of the cortex at the same position of seagull feather shaft still shows a transverse straight fracture [5]. In these positions, there is a thinner circumferential fiber layer on the outer side of the seagull feather shaft, which is not observed on the feather shaft of the sparrow hawk. When subjected to axial tension, some of the axial fibers break first, yet the whole cortex is not broken. This also explains why the fluctuations of the curve in Figs. 5b and 5c often appear in the ventral of the middle shaft, the dorsal and the ventral of the distal shaft. This part of the broken fiber will cause the stress to drop suddenly, while the stress continues to increase upon loading. Therefore, the fracture extends in the axial length and forms a V-shaped fracture.

At the same time, since the fibers of the dorsal cortex gradually tend to distribute in the axial direction as the shaft extends from the calamus to the distal shaft, the Young’s modulus and strength gradually increase. And the modulus of the cortex during stretching is higher than that during compression. This is determined by the structural characteristics of the fiber material itself. The fiber arrangement in the lateral cortex of the middle and distal shaft is disordered, and there are many staggered fibers and fiber tangles, as shown in Figs. 6d and 6g. These staggered fibers have little effect on axial unidirectional stretching, but they can maintain shape stability. Therefore, the tensile strength of the lateral cortex of the middle and distal shaft is much lower than that of the other positions, as shown in Figs. 5b and 5c.

Based on the above experimental results, the hierarchical structure of the sparrow hawk feather shaft is extracted and is shown in Fig. 7. The calamus is only composed of cortex, and the rachis is composed of cortex and medulla. As shown in Fig. 7a, the outer cortex tightly wraps the inner medulla in the distal shaft. The closed-cell foam-like medulla is filled with decahedral and dodecahedral cells, and there are many cavities on the cell wall which are formed by staggered fibers. This unique structure enables the medulla to reduce the weight of the shaft to the greatest extent. Besides, the presence of medulla and the combination of medulla and cortex also greatly improves the axial compression performance of the shaft.
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Figure 7: Schematic diagram of the hierarchical structure of feather shaft, (a) the structure of distal shaft, (b) the fiber arrangement of the cortex at different positions (cross section)

As for the structure of the cortex, the fiber arrangement of the cortex at different positions is shown in the Fig. 7b. This anisotropy of the cortex is closely related to the flight of the sparrow hawk. When the sparrow hawk swings its wings, the cortex at different positions of the calamus has similar performance to better ensure the transmission of power. As for the middle and distal shaft, the air resistance during flight is perpendicular to the cortex of the dorsal and ventral, and parallel to the cortex of the lateral. Therefore, the strength and modulus of the dorsal and ventral are higher than that of the lateral, which can keep the shape of the feather shaft unchanged. This ingenious combination of fiber structure perfectly meets the strength requirements in flight.

In this hierarchical structure of feather shaft, the internal cell walls of the medulla with a closed-cell foam-like structure provide a large area to distribute the load while greatly reducing the overall weight of the feather shaft. The cortex, as a high-strength outer sheath, the different fiber structure of the cortex brings the anisotropic mechanical performance of the cortex, which is better adapted to the needs of flight. The medulla and cortex are closely combined through the interface to form a special structure, which can reduce the weight of the feather shaft as much as possible while meeting various mechanical properties required for flight. This unique hierarchical structure of the feather shaft provides us with a more detailed reference in the design of aircraft structural devices.

In addition, further mechanical modeling and simulations based on the extracted 3D model of the feather shaft and the hierarchical structure of the feather shaft and cortex can be further performed, which would be more realistically simulate the deformation and instability process of the feather shaft. In situ mechanical test in a scanning electron microscope and via X-ray computed tomography can be also used to directly study the biomechanisms of the feather shaft and to further validate the mechanical models that would be used in those simulations. Of course, those work is not performed in the current work and is worth of study in the future.

5  Conclusions

The conclusions of the current work are as follows:

1.    The feather shaft of sparrow hawk is composed of medulla and cortex, and its cross-section shape changes from round to rectangular morphology as the feather extends from the calamus to the distal shaft. The medulla is a closed-cell foam-like structure with a porosity of 59%, which accounts for 70% of the total volume of the feather shaft. The shape of each single cell in the medulla is decahedron and dodecahedron, and the equivalent diameter of each cell is about 30 μm.

2.    As the calamus extends to the distal shaft, the instability pattern changes from progressive buckling to Euler buckling in compression test. The axial buckling of the shaft includes three processes: separation of the medulla and cortex, separation of fibers on the cortex and deformation of the medulla under loading. The combination of medulla and cortex greatly improves the buckling strength of shaft.

3.    The cortex at different positions on the feather shaft is anisotropic in structure and tensile properties. The tensile strength and modulus of the dorsal cortex gradually increase from the calamus to the distal shaft along the axis direction, while the lateral cortex shows the opposite trend which is mainly due to the different fiber structure of the cortex. When the fiber orientations are interlaced, the fracture mode transfers to plane fracture and the strength is low. When the fiber orientation tends to be uniform along the axial direction, the fracture form becomes tortuous fracture and V-shaped fracture, and the tensile performance is improved.
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