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Osteons are composed of concentric lamellar structure, the concentric lamellae are composed of periodic thin and thick sub-lamellae, and every 5 sub-lamellae is a cycle, the periodic helix angle of mineralized collagen fibers in two adjacent sub-lamellae is 30°. Four biomimetic models with different fiber helix angles were established and fabricated according to the micro-nano structure of osteon. The effects of the fiber periodic helical structure on impact characteristic and energy dissipation of multi-layer biomimetic composite were investigated. The calculation results indicated that the stress distribution, contact characteristics and fiber failur during impact, and energy dissipation of the composite are affected by the fiber helix angle. The stress concentration of composite materials under external impact can be effectively improved by adjusting the fiber helix angle when the material composition and material performance parameters are same. Compared with the sample30, the maximum stress of sample60 and sample90 increases by 38.1% and 69.8%, respectively. And the fiber failure analysis results shown that the model with a fiber helix angle of 30° has a better resist impact damage. The drop-weight test results shown that the impact damage area of the specimen with 30° helix angle is smallest among the four types of biomimetic specimens. The periodic helical structure of mineralized collagen fibers in osteon can effectively improve the impact resistance of cortical bone. The research results can provide useful guidance for the design and manufacture of high-performance, impact-resistant biomimetic composite materials.
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INTRODUCTION
Bone is a highly optimized composite material with outstanding mechanical properties, which has a very complex structure and is organized at different levels (Wang et al., 2020; Ingrole et al., 2021). Composite materials with high strength, light weight (Rahimizadeh et al., 2021) and impact resistance (Wang et al., 2021; Wang et al., 2022) have a wide range of needs in the fields of aerospace, military, vehicles and other fields (Dong et al., 2022; Sharma et al., 2022). Therefore, the research of biomimetic composites can provide inspiration for the design of materials with excellent mechanical properties and meet the special requirements of engineering (Bhudolia and Joshi, 2018; Jiang et al., 2019; Alizadeh and Ebrahimzadeh, 2022).
Lamellar bone is the most abundant type in the cortical bones and composed of osteonal tissue. Osteons are cylindrical shaped structural and is composed of concentric lamellar structure (Figure 1A) (Liu et al., 2017), the diameter ranges from 50 to 500 μm (Currey, 2012), and the lamella thickness is about of 3–7 μm (Giner et al., 2014a). Cortical bone is mainly composed of organic phase (Fratzl and Fratzl, 2010) and inorganic phase, and the organic phase is mainly formed by mineralized collagen fibers (Hamed et al., 2010). Xu et al. (Xu et al., 2003) characterized the micro-mechanical properties of human lamellar bone, and the results showed that the elastic modulus of thick lamellar bone was higher than that of thin lamellar bone. Gupta et al. (Gupta et al., 2006) investigated the microstructure of osteon, and the results showed that the osteon consists of a laminated cylindrical composite composed of mineralized collagen fibers. Carnelli et al. (Carnelli et al., 2013) evaluated the elastic constants of the sublayers of mineralized collagen fibrils in osteonal lamella, and the results show that the hierarchical structure of lamellar bone was the main determinant of the adjustment of tissue mechanical properties. Reznikov et al. (Reznikov et al., 2013) investigated the orientation of average collagen array and the dispersion of local collagen fibers, and three different sub-lamellar structural motifs. Varga et al. (Varga et al., 2013) investigate the 3D organization of mineralized collagen fibrils in human cortical bone, and find two specific dominant patterns, oscillating and twisted ply-woods coexisting in a single osteon, and the orientation of collagen fibrils changed periodically. Weiner et al. (Weiner et al., 1997) measured the angle between adjacent arrays of rat bone lamellae, the results shown that most of the angles were about 30°. The mineralized collagen fibers in osteons have their own uniqueness, which are periodic helical arranged and every 5 sub-lamellae constitute a lamella, the offset angle of fibers in two adjacent sub-lamellae is 30° (Giraudguille, 1988; Liu et al., 2000). Giner et al. (Giner et al., 2014a) drew a schematic diagram of the staggered structure of sub-lamellae of osteons and the fiber directions of the five sub-lamellae (Figure 1B), and the 5 sub-layers are simplified to a thin layer and a thick layer (Vercher et al., 2014).
[image: Figure 1]FIGURE 1 | Lamella structure of osteon. (A) Thin and thick lamellae of osteon, (B) arrangement direction of fibers in adjacent lamellae.
At present, the existing literatures have reported the mechanical properties and structure bionics of multilayer fiber reinforced composites from different perspectives (Jansen et al., 2016; Rua et al., 2021), the research on osteon mainly focuses on microstructure (Giner et al., 2014b; Reznikov and Weiner, 2014; Yin et al., 2021), distribution of collagen fibers and osteocyte lacunae (Liu et al., 2017; Liu et al., 2019). However, biomimetic composite materials with periodic helical arrangement of fibers are rarely reported. Based on the distribution of fibers in osteon, four kinds of biomimetic composite model with different helix angle were constructed. In order to compare and analyze the impact characteristics of composite materials affected by the periodic helical arrangement of fibers, four biomimetic composite models were fabricated. Furthermore, the effects of the fiber periodic helical structure on impact characteristic and energy dissipation of multi-layer biomimetic composite were investigated by progressive damage analysis and drop-weight test.
MATERIAL AND METHODS
Structure biomimetic and impact analysis
A biomimetic composite model was constructed (Table 1, Sample 30) based on the helical structure of mineralized collagen fiber in osteon, and the offset angle of periodic helix fiber is 30°. In addition, for comparing and analyzing the effects of fiber helix angle on the impact resistance of biomimetic composites, three composite material models of osteon-like with 0°/90° model and fiber helix angle of 15° and 60°models were constructed (Table 1). Then, the effects of fiber arrangement structure on the impact resistance and energy dissipation capacity of the bionic composite were investigated based on finite element (FE) analysis.
TABLE 1 | Models of multilayer fiber biomimetic composites.
[image: Table 1]According to the periodic helical arrangement structure of the fibers in osteon, a 12-layer periodic helical structure bionic model was constructed in ABAQUS (Figure 2), and it is assumed that the thickness of each sublayer in the helical structure is same and the layers are well integrated among themselves. The geometric size of the model is 150 mm × 100 mm×6 mm (standard thickness in ASTM-D-7136: 4–6 mm), the number of layers is 12, and the thickness of each sublayer is equally distributed as shown in Table 1. The mechanical performance parameters of the composite material models used in FE analysis are shown in Table 2 (Giraudguille, 1988; Weiner et al., 1997; Hansen and Martin, 1999; Liu et al., 2000; Karakuzu et al., 2010; Giner et al., 2014b; Reznikov and Weiner, 2014; Vercher et al., 2014; Jansen et al., 2016; Liu et al., 2019; Rua et al., 2021; Yin et al., 2021; Ekhtiyari and Shokrieh, 2022).
[image: Figure 2]FIGURE 2 | Impact analysis model of biomimetic composites. (A) Finite element model for impact analysis, (B) fiber arrangement direction of composite material (red indicates fiber).
TABLE 2 | Characteristic parameters of composite material.
[image: Table 2]Drop-weight impact analysis was conducted on the four bionic models. The impact energy of 20 J was selected, the mass of the drop-weight is 2kg, and the critical contact velocity is 4.47 m/s 45# steel is selected as the punch material, the elastic modulus E and Poisson’s ratio ν of the punch are 210GPa and 0.3, respectively. The shape of the punch tip is hemispherical with a diameter of ϕ16 mm, and the punch is constrained as a rigid body. A reference point was chosen on the punch and a mass point was added, and impact velocity was applied on the mass point. The impact energy is applied to the punch according to formula E = mv2/2.
The analysis model of periodic helical bionic structure with fiber helix angle of 30° is shown in Figure 2A, the distribution direction of the fibers in each layer are shown in Figure 2B. The four models constructed in this analysis are modeled by 3D shell element for obtaining higher accuracy, and the element type and size are the same. Furthermore, due to the severe mesh deformation in impact center area, the mesh in the impact center area was refined for improving the calculation accuracy. Then, the mesh size was increased gradually from the middle region to the boundary region to ensure the mesh quality and reduce the calculation time. Through grid optimization, the mesh information is 6 292 nodes and 6 275 hyperbolic shell elements (S4R) with large strain, reduced integral and sand leakage control. Full restraint was applied to the four sides of the model based on the drop-weight test requirements of ASTM-D-7136 for. Due to the hard contact between the punch and the composite plate in impact process which will cause the failure of contact mesh, thus the ordinary hard contact algorithm is adopted. The failure degradation of the mesh is based on the Hashin failure criterion, and the fiber is 0° along the 1-direction and 90° along the 2-direction (Figure 2A).
Material failure criterion of impact analysis
The damage types of multilayer composite materials are mainly divided into in-plane damage and interlaminar damage under low-speed impact load. The in-plane damage of composites mainly includes fiber fracture and matrix crack, and the interlaminar damage mainly refers to delamination failure between sublayers. Energy-based damage evolution was adopted for the interlaminar interface of the multi-layer composite. The impact process of composite materials can be roughly divided into four stages: compression stage, shear stage, fiber stretching deformation stage and penetration stage (Doddamani et al., 2023). Because the material is squeezed under impact load. Therefore, this paper focuses on the comparison and analysis of the in-plane damage of materials with different fiber arrangement methods, and the interlaminar damage of composite materials was ignored.
Damage failure criterion
The Hashin failure criterion can accurately determine various damage failure modes and is simple and effective, it has been widely used in practice. The combination of Hashin failure criterion and stiffness degradation criterion can simulate the progressive damage process of composite materials and can be easily realized. Thus, the Hashin criterion was used to simulate the impact damage of multilayer bionic composite. The expressions of Hashin failure criterion are as follows (Hashin and Rotem, 1973):
Fiber tensile failure ([image: image])
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Tensile failure of matrix ([image: image])
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where, XT is the longitudinal tensile strength of the single layer; XC is the longitudinal compressive strength of the single layer; YT is the transverse tensile strength of the single layer; YC is the transverse compressive strength; SL is the longitudinal shear strength; ST is the transverse shear strength; σ11, σ22 and τ12 are effective stress tensor components.
Material degradation criterion
The failure process of multilayer fiber reinforced composites is a complex process of progressive deterioration. At the initial stage of loading, some form of damage will occur in the weak part of the composite and cause the redistribution of load, but it may not be manifested macroscopically. With the increase of load, the damage accumulation and superposition, causing the continuous degradation of composite material properties and the continuous decrease of bearing capacity, until the whole laminates are destroyed. The progressive failure analysis method considers the local damage through the material performance degradation model, which can better simulate the failure mechanism, interaction and propagation process, and the ultimate failure load of composite laminates.
Material degradation means that when the mesh satisfies certain failure criteria in the FE models, the meshes in the model will be damaged. According to these different damage modes, the material properties of the damage element in the model need to be given new values according to certain rules, so as to obtain a new material model. In the FE progressive damage analysis, there are many methods to degrade the stiffness of the mesh. The material parameter degradation mode (Zhang and Chen, 2021) was used to degrade the stiffness of damaged area in this research, and different in-plane damage modes correspond to different degradation schemes, as shown in Table 3.
TABLE 3 | Material stiffness degradation criterion.
[image: Table 3]Biomimetic composite fabrication and test
Specimen fabrication
Unidirectional glass fiber prepreg (glass fiber/epoxy resin, model: G 12,500) was used to fabricate bionic spiral structure composite laminates. The fiber ratio of unidirectional glass fiber prepreg is 125 g/m2, the resin content is 33% (included 33wt% - of resin), and the thickness of single layer is 0.1 mm. The fabrication processes of the composite laminate with fiber periodic helix ply structure are as follows.
(1) The prepreg was cut into a square of 120 mm × 120 mm.
(2) The prepreg was arranged periodically at the angles of 15°, 30°, 60° and 90°. The number of layers is 12.
(3) The prepreg lamination is put into the hot press mold, and the hot press (hot press model: hy61zf) is used for hot press curing.
The hot-pressing process is as follows.
(1) The initial pressure is 2t, and the temperature is raised to 200 °C;
(2) After holding the pressure for 5 min, the pressure dropped to 1t;
(3) The four kinds of bionic composite laminate can be obtained by keeping the pressure for 120 min and cooling naturally.
Drop-weight test
The biomimetic composite laminates were cut into drop-weight impact test specimens (size: 50 mm × mm). Then, the drop-weight impact tests were conducted according to the test method of ASTM- D-7136. The model of impact testing machine is XH-2000, and the manufacturer is Yangzhou Xinhong Test Machine Factory. The diameter of rigid body punch is 8.5 mm and the dimension of punch tip is 4mm, the mass of the drop-weight is 2kg, the drop-height is 1 m. The total impact energy (J) of a specimen was computed by the equation E= MgH, where M is the weight of the hammer (kg), g is 9.8 m/s2, and H is drop-height (m).
RESULTS AND DISCUSSION
Effects of laying mode on stress distribution
Figure 3 shows the nephogram of Mises stress distribution at the typical time moment of Sample30 biomimetic model under the impact energy of 20 J. From this stress distribution nephogram can be seen, the stress wave is transmitted in the direction of the flat plate surface and the direction perpendicular to the flat plate surface from the impact center area in the composite laminate. When the stress exceeds its limit value, the mesh will fail and be destroyed. In addition, from the stress distribution of the biomimetic model with helix angle of 30° (Sample30), the Mises stress contour line roughly shows a “peanut” shape, which is consistent with the results of the general composite impact test (Chang and Lessard, 1991), which indicates the correctness of the numerical model and analysis calculation established in this paper.
[image: Figure 3]FIGURE 3 | The nephogram of Mises stress distribution at the typical time moment of Sample30 when the impact energy is 20 J.
Figure 4 shows the maximum stress distribution clouds of four biomimetic models based on the node maximum principal stress principle when the impact energy is 20 J. It can be seen from the analysis results that with the increase of the fiber helix angle, the shape of the stress contours and the maximum stress have obvious differences. The maximum stresses of Sample15, Sample30, Sample60, and Sample90 are 34.6 MPa, 35.4 MPa, 48.9 MPa, and 60.1 MPa, respectively. The maximum stresses of Sample15 and Sample30 are similar, but with the increase of the helix angle, the concentration of stress obviously increases. Compared with the Sample30 model, the maximum stress of Sample60 and Sample90 models increases by 38.1% and 69.8%, respectively.
[image: Figure 4]FIGURE 4 | Nephogram of the maximum principal stress distribution of four biomimetic composite models when the impact energy is 20 J.
The above analysis results indicated that for fiber-reinforced composite materials, when the material composition and material performance parameters are same, the mechanical properties of the material can be effectively improved and the stress concentration of the composite material when subjected to external impact can be reduced by adjusting the laying way of the fibers. For periodic fiber helical lamination composite materials, a smaller helix angle helps to reduce the stress concentration.
Effects of laying mode on impact characteristics
The maximum contact force and damage behavior are significantly different when the multi-layer composites with different fiber arrangement are subjected to external impact. For comparing and analyzing the effects of fiber arrangement methods on impact characteristics, the same boundary conditions were used in the four models and the impact damage analysis was conducted.
Contact characteristics during impact
When the impact energy is 20J, the impact load variation history of the four biomimetic composite models with time are shown in Figure 5. According to the analysis results, during the impact process, the time history of the impact load can generally be divided into two stages: the first stage is stamping stage, where the impact load continuously increases and finally reaches the peak point of the impact load; the other stage is rebound stage, in which the impactor is rebounded and gradually detaches from the composite laminate. The impact load gradually attenuates until the impactor completely detaches from the surface of the plate, and the impact load decreases to 0.
[image: Figure 5]FIGURE 5 | The curves of impact force-time history when the impact energy is 20 J. (A) Sample 15, (B) Sample 30, (C) Sample 60, and (D) Sample 90.
By comparing and analyzing the change history of contact load over time of four biomimetic models (Figure 5), it is can be seen that there are significant differences in the change process and peak value of contact load during the impact process. And there are also differences in the timing of the peak point of contact load for the four models. The Sample90 model first appears the peak point, and the Sample60 finally appears the peak point.
The contact load peak curve and impact contact time for the four models are shown in Figure 6. It can be seen from Figure 6B that with the increase of the fiber helix angle (from 15° to 60°), the contact time decreases significantly, and the impact contact time of Sample60 decreases by 22.1% compared to Sample15. The impact contact characteristics of the four models indicate (Figure 6) that the fiber arrangement methods directly affect the peak contact load and contact time, and there are significant differences between the fiber helical structure and the orthogonal arrangement structure. In addition, according to the maximum principal stress analysis results of the four models can be known (Figure 4), the impact stress of Sample90 is the largest, and the stress concentration phenomenon is the most obvious, which means that damage occurs first during the impact process. The analysis results of the impact contact characteristics of the above four models also show that, when the material composition and performance parameters are same, the impact resistance characteristics of the composite plate can be effectively improved by adjusting the fiber laying method. With the reduction of fiber helix angles, its stress distribution becomes more uniform, and the stress concentration phenomenon and impact resistance characteristics are significantly improved.
[image: Figure 6]FIGURE 6 | The maximum contact force (A) and contact time (B) of four different models when the impact energy is 20 J.
Fiber failure during impact
Fiber compression failure. When the impact energy is 20J, the initial failure of fiber compression and the failure distribution nephogram of the four kinds of bionic composites in the impact process were shown in Figures 7, 8, respectively. According to the fiber compression failure criterion, the fiber compression failure occurs when the failure criterion is greater than or equal to 1. It can be seen from the analysis results (Figure 7) that with the increase of impact energy, the fiber compression failure occurs first in the sample 90, followed by the sample 30 model, and finally the sample 15 model. However, there is no obvious fiber compression failure in the sample 60 model under the impact load. In addition, it can be seen from Figure 5 that although the fiber compression failure exists in the sample15, sample30 and sample90 models, there is a significant difference in the failure initiation time. It can be seen from the failure distribution nephogram (Figure 8) that the fiber compression failure ratio in the sample90 model is the largest, followed by the sample15 model, and the failure proportion in the sample30 model is the smallest, which indicates that the collagen fiber arrangement structure with a helix angle of 30° is helpful to enhance the compression resistance ability of osteon.
[image: Figure 7]FIGURE 7 | The relationship of impact time history and fiber compression failure.
[image: Figure 8]FIGURE 8 | The fiber compression failure distribution when the impact energy is 20 J (the red area represents the part of fiber compression failure).
The above analysis results show that the fiber stacking mode directly affects the compression failure of the fiber. By adjusting the fiber stacking mode in the multi-layer composite, the initial time of fiber compression failure and the ratio of fiber compression failure can be effectively improved.
Fiber tensile failure. The time history of fiber tensile initial failure of four bionic composite models during impact process was shown in Figure 9. It can be seen from the analysis results that under the same impact load, the model of sample90 first appears fiber tensile failure. The second model is sample60 and sample30, but there are some differences in their time histories. Finally, the sample15 model, and the fiber tensile failure time of sample15 is much later than the first three models, which shows that the fiber has strong ability to resist tensile crack initiation in sample 15. Followed by the sample60 and sample30 models, but there are also certain differences in their time history. Finally, the sample15 model, and the fiber tensile failure time of sample15 is much later than the first three models, which shows that the fiber has strong ability to resist tensile crack initiation in model sample15.
[image: Figure 9]FIGURE 9 | The relationship of impact time history and fiber tensile failure.
It can be seen from the distribution nephogram of fiber tensile failure (Figure 10) that the proportion of fiber tensile failure increases in three models with fiber helix angle from 30° to 90°. However, the fiber tensile failure ratio is the largest when the helix angle is 15°, which indicates that the smaller the helix angle, the stress of the fiber in the model is more uniform. Once the failure occurs, the damage ratio will increase rapidly. The above analysis results show that the tensile strength of the multi-layer composite with fiber helix angle of 30° is stronger. Simultaneously, it also shows that the helix structure of collagen fibers with a helix angle of 30° in osteon helps to enhance the tensile strength of cortical bone.
[image: Figure 10]FIGURE 10 | The fiber tensile failure distribution when the impact energy is 20 J.
Effects of laying mode on energy dissipation
Energy is an important factor in low-speed impact test. The difference between the impact energy and the kinetic energy of punch pin at the end of the impact is defined as the energy dissipated. The “energy dissipated” defined here also includes other energy consumption during impact process, such as strain energy released by sandwich plate, kinetic energy of sandwich plate, strain energy released by punch, consumption of viscous damping and friction. In this study, the energy dissipation capacity of impact kinetic was mainly compared and analyzed. The calculation method of impact energy as follows: the kinetic energy of the punch at the moment of contact is regarded as the impact energy. Therefore, the actual impact energy Eimpact and the dissipated energy of composite plate Edissipated are defined as follows:
[image: image]
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where, m is the mass of the punch, m = 2 kg in this study (the mass of different sizes of punch is slightly different in actual experiment); v0 and vt are the velocities of the punch, at the moment of contact and separation between the punch and the upper surface of the model, respectively.
When the impact energy is 20J, the kinetic energy change history of the four models is shown in Figure 11. It can be seen from Figure 11 that when the punch contacts with the composite plate, the velocity gradually decreases to zero, and then it is ejected and detached from the composite plate. The kinetic energy when the punch separates from the plate is the residual energy of impact. According to the kinetic energy change curve in Figure 11. The calculation results show that, as the fiber spiral angle decreases from 60° to 15°, the dissipative energy of sample 30 increases by 5.94% compared with that of sample 60, and the dissipative energy of sample 15 increases by 18.37% compared with that of sample 60. The sample 90 model consumes the most energy. According to the analysis results of the above four models, this is due to more matrix and fiber damage in sample 90, which dissipates more energy.
[image: Figure 11]FIGURE 11 | The change history of kinetic energy of the four models when the impact energy is 20 J.
Bionic specimens impact test
Figure 12 shows the failure mode of layered bionic specimens after impact. It is indicated that bionic composite laminates with different helix angles have varying degrees of damage under the same impact load. A total of 20 effective samples were tested in this impact test, with 5 samples of each type. According to the measurement results of punch impact depth of the four kind samples, the average impact depths of punch of Sample15, Sample30, Sample60 and Sample90 are 4.26mm, 4.11mm, 5.14mm and 6 mm respectively, Sample 90 was penetrated. In addition, based on the impact analysis results of four bionic composites under the same impact energy, namely, stress distribution (Figure 4), fiber compression failure (Figure 8), fiber tensile failure (Figure 10). It can be seen from the comprehensive analysis that the biomimetic composite model with helix angle of 30° has better comprehensive capacity of anti-impact damage. Thus, the impact damage area of the sample with 30° helix angle is smallest among the four types of bionic composites. It can be concluded that the bionic composite laminate with fiber helix angle of 30° has a better ability to resist impact damage, which is consistent with the results of finite element impact analysis, which also shows the correctness of the FE analysis.
[image: Figure 12]FIGURE 12 | Impact damage of four biomimetic specimens. (A) Specimen15, (B) specimen30, (C) specimen60, (D) specimen90.
The model for the FE simulation analysis is rectangular, and the sample for the drop-weight test is square, the geometric size of the sample will affect its mechanical behavior. Since the focus of this study is to compare and analyze the impact resistance of different fiber helix angles on the bionic composites, a unified geometric dimension is adopted in the FE analysis process, and the impact trend of this geometric dimension on the four bionic composites is similar. In the impact test, the test standard of ASTM-D-7136 was referred to. The geometric dimensions of the four test specimens are square, and the influence trend of the geometric dimensions on the mechanical behavior of the four impact specimens is similar. Therefore, we believe that geometric dimensions of the specimen in the FEM model and in the experiments are not the same, which will not significantly affect the research results of the mechanical behavior of the four bionic composites.
CONCLUSION
In order to investigate the effect of fiber periodic helical structure on the impact characteristics of multilayer composites, four kinds of biomimetic composite models with different fiber helix angles were established based on the micro-nano structure of osteon, the impact characteristics and energy dissipation capacity of the four models were investigated. Then, the biomimetic structure with different helix angles were fabricated and tested. The conclusions as follows.
(1) The stress distribution and concentration of materials are affected by fiber helix angle. With the same material composition and material performance parameters, the stress concentration of composite materials under external impact can be effectively improved by adjusting the fiber arrangement method. The analysis results shown that the larger the fiber helix angle, the more serious the stress concentration phenomenon. And compared with the Sample30 model, the maximum stress of Sample60 and Sample90 models increases by 38.1% and 69.8%, respectively.
(2) The impact characteristics and energy dissipation capacity of multi-layer fiber reinforced composites are affected by the way of fiber laying. The fiber failure analysis results shown that among the four biomimetic composite models with fiber helix angles of 15°, 30°, 60° and 90°, the model with a fiber helix angle of 30° has the best resist impact damage. Moreover, in the case of without impact damage, the smaller the fiber helix angle, the more energy dissipated in impact process.
(3) The impact test results indicated that the impact damage area of the specimen with 30° helix angle is smallest among the four types of bionic specimens and has a better ability to resist impact damage, which is consistent with the results of FE impact analysis. Thus, the model with a fiber helix angle of 30° has the best comprehensive ability to resist impact damage.
(4) The helical structure of mineralized collagen fibers in osteon is the result of natural selection of biological evolution. This special structure can effectively improve the resist impact of cortical bone. The research results can provide useful guidance for the design and fabrication of high-performance biomimetic composites.
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