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Based on the microstructure of biological femur, the femur-like multimodal surface structures are
designed. But they exhibit fracture behavior when the porosity changes, resulting in structural failure.
The high curvature surface factor is introduced to improve the fracture behavior of the biomimetic sur-
face structure. Combine the high curvature surface factor to construct novel biomimetic homogenized
surface structures. Novel radial gradient surface structures and axial gradient surface structures are
designed based on the construction concept of cone functions and linear functions gradients.
Theoretical, experimental and numerical methods are used to investigate the mechanical properties of
novel biomimetic multimodal surface structures. Euler theory states that the properties of lattice struc-
tures are determined by the relative density of structures. The load distribution in the radially gradient
structure is uniform, and the deformation mode presents overall failure, which can achieve better
resistance and dissipation of the load. The deformation modes of axial gradient structures present layered
failure. The underlying mechanism of the difference in mechanical properties of biomimetic multimodal
structures is explained in detail. It’s very important significance for targeted application in protective
engineering.
� 2023 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Biomimetic surface structures are support structures found in
the microstructures of living organisms that provide necessary
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support for biological cells and tissues. They are characterized by
various distribution forms, such as arrangement distribution,
material distribution, hierarchical distribution, etc., as seen in
structures like bird beaks, femurs, bamboo, etc. [1,2]. Biomimetic
surface structures have multiple surfaces and can be expressed in
different forms, such as spatial surface structures or infinite surface
structures [3]. Their structural characteristics mainly include vol-
ume stability, stress distribution, surface curvature, surface bend-
ing degree, flexure, etc. [4–6]. From the mechanical perspective,
biomimetic surface structures have great mechanical properties
such as durability, bending resistance, compression resistance, tor-
sion resistance, etc. [7]. The structural type, size, and porosity
parameters of biomimetic surface structures can be controlled
and adjusted through function parameters. By using the functional
relationship between porosity and mechanical properties, it is pos-
sible to quickly predict the mechanical properties of biomimetic
surface structures. Many researchers have studied the mechanical
properties of biomimetic surface porous structures [8–10]. Based
on density homogenization and interpolation methods, Li et al.
[11] optimized the geometric continuity and connectivity of Gyroid
to obtain the optimal lightweight lattice structure FGCS with uni-
form density variation throughout the entire design space. Ronca
et al. [12] designed and manufactured a surface porous structure
with a high strength-to-weight ratio for efficient energy absorp-
tion, which was verified by the elastic isotropic mechanical proper-
ties of existing surface structures. Since actual structures are
subjected to loading from different directions, Yang et al. [13] dis-
cussed the orientation dependence of the mechanical response and
structural characteristics of Gyroid under different angles of tor-
sion to ensure the accuracy of uniaxial compression experiments.
Zhang et al. [14] obtained the main relationship between the iso-
tropic mechanical properties of various surface structures and their
porosity using experimental measurement methods. The mechan-
ical properties of biomimetic surface structures are influenced by
multiple factors and are therefore of great importance for engi-
neering design. In future research, it is of great significance to
study the mechanical properties of different types of biomimetic
surface structures under different external loads and their defor-
mation mechanisms.

However, due to the complex multi-surface configuration of
biomimetic surface structures, there are difficulties in the tradi-
tional industrial manufacturing of these structures with complex
geometries. The development of integrated manufacturing for
composite structures is urgently needed [15–17]. Additive manu-
facturing technology has the advantages of integrated forming,
short manufacturing cycle, low manufacturing cost, and high pro-
duction efficiency. Its development provides an effective solution
for the manufacturing needs of complex-shaped structures. With
the maturity of additive manufacturing technology, it is replacing
traditional manufacturing processes in structural manufacturing
and moving towards integrated manufacturing of structures [18–
20]. The most commonly additive manufacturing methods include
Fused Filament Fabrication (FFF), fused deposition modeling
(FDM), Wire Melting Deposition (WMD), and Selective Laser Sin-
tering (SLS) [21]. To better understand the basic geometric charac-
teristics of structures, Tripathi [22] used FDM technology with
polylactic acid (PLA) filaments to manufacture and compare the
performance of biomimetic surface structures with different poros-
ity. While existing additive manufacturing methods are used to
manufacture complex structures, the development of new tech-
nologies is also underway. Yang et al. [23] created more flexible
and varied shapes for complex surface structures, and prepared
and tested a gradient-shaped femur surface structure using novel
stereo lithography technology.

However, common additive manufacturing technologies may
be limited in the manufacturing of biomimetic surface structures
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due to the behavior of interfacial fracture defects during their for-
mation. Interfacial fracture defect is a common flaw in biomimetic
surface structures, which manifests as a gap between the two end-
points of a surface [24–26]. These gaps can affect structural prop-
erties, such as strength and stability, and also affect structural
appearance. Therefore, it is important to avoid interfacial fracture
defects as much as possible when designing bionic surface struc-
tures. In order to better address the impact of interfacial fracture
defects in biomimetic surface structures, various new methods of
improving surface structures have been proposed. Zhang et al.
[27] utilized optimization functions and finite element methods
to design and optimize uniform gradient I-Wrapped Package
(IWP) structure and Primitive structure, reducing interfacial frac-
ture defects in biomimetic surface structures. However, the reason
for the interfacial fracture defect behavior in biomimetic surface
structures lies in their own configuration functions. To simplify
the optimization process of biomimetic surface structures, Jiang
et al. [28] proposed a novel structural adaptive optimization
method that significantly improved the configuration stability of
gradient surface structures and reduced the impact of interfacial
defects in bionic surface structures.

Biomimetic surface structures based on the microstructure of
biological femurs exhibit interfacial fracture behavior when poros-
ity changes, leading to structural failure [29]. In this paper, high
curvature surface factor is introduced to improve the interfacial
fracture behavior of biomimetic function surfaces, and combine
the high curvature surface factor to construct novel biomimetic
homogenized surface structures: Optimized Gyroid structure (G-
opt) and Optimized Primitive structure (P-opt). Furthermore, to
investigate the mechanical performance of biomimetic surface
structure under multimodal conditions, novel gradient surface
structures (Radial gradient optimized Gyroid structure (GR-opt),
Axial gradient optimized Gyroid structure (GZ-opt), Radial gradient
optimized Primitive structure (PR-opt), Axial gradient optimized
Primitive structure (PZ-opt),) are designed by combining the gradi-
ent construction concept of the cone function and the linear func-
tion. The mechanical properties of novel biomimetic surface
structures are studied using theoretical, experimental, and numer-
ical methods, and the energy absorption characteristics of the
structures under different forms are analyzed. This paper further
investigates the effect of center deviation of central scattering gra-
dient on the mechanical properties.
2. Biomimetic prototype and structural design

The femur is one of the largest bones in the human body, and it
has a microstructure characterized by complex surface configura-
tions, including trabeculae, plates, and cortical bone, as shown in
Fig. 1 [30]. This microstructure gives the femur some unique
mechanical properties, such as being able to provide significant
support in resisting impact and torque. At the same time, it forms
a ‘‘domino” effect that allows the femur to better distribute and
absorb forces when subjected to external forces [31]. Meanwhile,
the microstructure of the femur gives it excellent mechanical prop-
erties, including strength, stiffness, and wear resistance. These
properties allow the femur to bear much of the body weight and
loads required for movement, providing strong support [32].

In this paper, two biomimetic surface structures are constructed
based on the microstructure of the femur surface [33]. The biomi-
metic configuration functions are shown in Eq. (1) and Eq. (2), and
the biomimetic models are illustrated in Fig. 1(b) (c).

DG ¼ sin aGx cos bGyþ sin bGy cos cGzþ sin cGz cos aGx ð1Þ

DI ¼ cos aIxð Þ cos bIyð Þ þ cos bIyð Þ cos cIzð Þ þ cos cIzð Þ cos aIxð Þ ð2Þ



Fig. 1. Design of biomimetic surface structures. (a) The femur. (b) Primitive. (c) Gyroid. (d) IWP.
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DP ¼ cos aPxð Þ þ cos bPyð Þ þ cos cPzð Þ ð3Þ
where, G, I, and P are Gyroid, IWP, and Primitive. DG, DI, and DP can
be used to adjust the volume fraction of the bionic surface porous
structure, respectively. ai, bi, bi, i = G, I, P represent the period in
the x, y, z directions of the different structural surface functions.

ai ¼ 2p nai
Lai
, bi ¼ 2p nbi

Lbi
, ci ¼ 2p nci

Lci
; nr; r ¼ ai; bi; ci respectively rep-

resent the number of units in the x, y, and z directions of the bionic
surface structure.Lr is the total length of the bionic surface structure
in different directions.

However, the biomimetic surface structures exhibit cutoff
defect behavior as porosity changes, as shown in Fig. 2. Primitive
exhibits severe cutoff defects at a porosity of 80%, while Gyroid
3

exhibits severe cutoff defect behavior at a porosity of 95%. This
leads to lower compressive performance in terms of structural
properties, as shown in Fig. 2(b) (d). At the same time, the uneven-
ness of surface bending curvature also leads to defects in structural
performance.

To mitigate the interfacial fracture behavior of biomimetic sur-
face structures caused by increasing porosity, this paper combines
the high curvature characteristics of the IWP surface intersection.
The IWP function is constructed as shown in Eq. (3), and IWP is
shown in Fig. 1(c). The detailed transformation principle is shown
in Fig. 2.

As the interfacial fracture behavior is caused by excessively
small surface curvature, it can be improved by increasing the



Fig. 2. Biomimetic surface structure with interfacial fracture behavior. (a) Original Primitive. (b) Original Gyroid. (c) Interfacial fracture behavior of Primitive. (d) Interfacial
fracture behavior of Gyroid.
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surface curvature. Take the improvement of Primitive as an exam-
ple to illustrate. IWP surface and Primitive surface are superim-
posed in the same coordinate system, as shown in Fig. 3(a). It
can be seen that the main part of IWP surface and Primitive surface
present a complementary state. This complementary configuration
causes the surface coordinate points to approach the IWP surface,
thereby enhancing the curvature of the surface. As shown in Fig. 3
(b), the coordinate points of the Primitive surface are approaching
the vicinity of the dashed line. It can be clearly seen that the cur-
DP - opt ¼ mP - opt cos aP - optx
� �þ cos bP - opty

� �þ cos cP -
��

þnP - opt cos aP - optx
� �

cos bP - opty
� �þ cos bP - opty

� �
cos cP - optz

� �þ cos c
��

DG - opt ¼ mG - opt sin aG - optx
� �

cos bG - opty
� �� þ sin bG - opty

� �
cos cG - optz

� �
þnG - opt cos aG - optx

� �
cos bG - opty

� �þ cos bG - opty
� �

cos cG - optz
� �þ c

�
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vature of the structural surface has been significantly improved,
and the porosity of the improved structure can reach 99 %, as
shown in Fig. 3(c) (d). The curvature increases at the units’ inter-
section, and the improved structure has a larger curvature transi-
tion, which mitigates the impact of structure interruption on
production and application, as indicated by the circled areas in
Fig. 3 (c) and Fig. 2 (a). The specific improved surface functions
are given by Eqs. (4) and (5).
optz
��

P - optz
�
cos aP - optx

� �� ð4Þ

þ sin cG - optz
� �

cos aG - optx
� ��

os cG - optz
� �

cos aG - optx
� �� ð5Þ



Fig. 3. Transformation principle of the interfacial fracture behavior of the bionic surface structure. (a) Improved function surface and original function surface. (b) Improved
principle of surface coordinate movement. (c) Improved Primitive. (d) Improved Primitive unit.
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where, mP-opt, nP-opt, mG-opt, and nG-opt are constants representing
the curvature of the transition section of the surface.

To better understand the influence of the gradient change in
structural porosity on the mechanical properties of the bionic sur-
face structure, a novel bionic axial gradient surface structure func-
tion is constructed by modifying Di into a linear function related to
the unidirectional z coordinate, Du ¼ cu þ duz;u ¼ G - opt;P - opt.
The size of the improved axial gradient surface structure is
40 � 40 � 40 mm. The number of lattice units is 6 � 6 � 6 in
the x, y, and z directions. The axial porosity varies from 31.5% to
55.5%, as shown in Fig. 4(b) (e). The design parameters of the
improved axial gradient surface structure are shown in Table 1.

Similarly, Di is replaced with the conical function to construct
novel radial gradient femur-like surface structure function,
Dv ¼ ev þ f v

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
; v ¼ GR - opt; PR - opt. The size of the

improved radial gradient surface structure is 40 � 40 � 40 mm.
The number of lattice units is 6 � 6 � 6 in the x, y, and z directions.
5

The radial porosity varies from 31.5 % to 55.5 %, as shown in Fig. 4
(c) (f). The design parameters of the improved radial gradient sur-
face structure are shown in Table 2.

Establish the parameter Di ¼ a1xþ a2yþ a3zþ b1x2 þ b2y2þ
b3z2 þ c1xyþ c2yzþ c3zx, where x, y, and z are coordinates and
ad, bd, and cd are the constant, d ¼ 1; 2; 3. During compres-
sion of the structure, output the stress and corresponding coordi-
nate, and establish a functional relationship between stress and
coordinates using interpolation, where r ¼ g1xþ g2yþ g3zþ
j1x2 þ j2y2 þ j3z2 þ #1xyþ #2yzþ #3zx, where x, y, and z are coor-
dinates and gd, jd, and #d are the constant,. The porosity I and the
bearing stress r have a linear relationship, that is, r ¼ -I, where
- is a constant. The structure porosity at different positions can be
directly adjusted according to the coordinates, that is,
Di ¼ I ¼ g1xþ g2yþ g3zþ j1x2 þ j2y2 þ j3z2 þ #1xyþ #2yzþ

�
#3zxÞ=-. Thus, multimodal ultrahigh strength structures with
superb freedom are achieved, as shown in Attachment 2.



Fig. 4. Novel multimodal biomimetic surface structures. (a) P-opt. The porosity is 43.5%. (b) PZ-opt. (c) PR-opt. (d) G-opt. The porosity is 43.5%. (e) GZ-opt. (f) GR-opt. Write
and output novel multimodal biomimetic surface structures using Matlab software, as shown in Attachment 1.

Table 1
The design parameters of the improved axial gradient surface structure.

a b c m n c d

PZ-opt 0.25 0.25 0.25 4 2 �4 0.05
GZ-opt 0.25 0.25 0.25 10 4 �6.08 0.2

Table 2
The design parameters of the improved radial gradient surface structure.

a b c m n e f

PR-opt 0.3 0.3 0.3 4 2 �4.28 0.145
GR-opt 0.3 0.3 0.3 10 4 �8.1 0.4
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3. Structural additive manufacturing and material parameter
characterization

The generated STL models are imported into the FS300 selective
laser sintering (SLS) printer to efficiently print eight types of multi-
morphology novel biomimetic surface structure samples, as shown
in Fig. 5(a). The SLS process is carried out under argon protection to
ensure that the oxygen content is less than 300 ppm. The diameter
of the 3D printer nozzle is 0.4 mm. The scanning speed of the SLS
process is 1000 mm/s, and the power range of the disk laser is 110–
180 W. The precision is 0.6 mm. The specific 3D-printing parame-
ters are shown in Table 3.

At room temperature (RT, �298.15 K), XRD characterization
shows that the powder composition is Nylon phase and no other
secondary phases are observed, as shown in Fig. 5(b). The
6

microstructure of Nylon powder is shown in Fig. 5(c), and it can
be seen that most of the powder particles are regular spheres.
Nylon powder is prepared by solvent precipitation method, with
the particle size range of 10 � 100 lm, as shown in Fig. 5(d).
Orthogonal stacking can occur on the powder bed (composite
stacking of large particle size powder and small particle size pow-
der), which reduces the porosity of the powder bed and improves
the quality of model forming [34].

Material tensile and compressive experiments are conducted on
Nylon samples using a universal testing machine (Instron 5963), as
shown in Fig. 6. The testing speeds are set at 1 mm/min for tensile
testing and 0.5 mm/min for compressive testing. Each sample is
tested three times, and the test results are averaged. The constitu-
tive material of the models is Nylon, with the following material
properties: density of 1100 kg/m3, elastic modulus of 1000 MPa,



Fig. 5. Additive manufacturing process and material samples analysis. (a) SLS manufacturing process. (b) XRD curve of Nylon powder. (c) Cumulative distribution of Nylon
powder size. (d) Microscopic morphology of Nylon powder.

Fig. 6. Results of material property testing. (a) Tensile testing results of nylon. (b) Compressive testing results of nylon. (c) Property testing results of aluminum alloy square
tube [37].

Table 3
3D-printing parameters.

Parameters Scanning speed (mm/s) Build cavity temperature (�C) Laser power (W) Preheating temperature (�C) Jumping speed (mm/s)

Tensile sample 7.62 169 22 140 2.54
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and Poisson’s ratio of 0.33. The compression and tensile relation-
ship of Nylon is characterized by an ideal elastic–plastic constitu-
tive model, and the specific material property results are shown
in Fig. 6(a) (b). Due to the strain sensitivity of nylon, materials with
low strain sensitivity, such as aluminum alloy [35], are used for
impact testing of porous structures. Aluminum alloy can effectively
reduce the influence of strain rate, ensuring the accuracy and reli-
7

ability of impacting data. The density of aluminum alloy is
2700 kg/m3. Its elastic modulus is 69.3 GPa. Poisson’s ratio is
0.33, and its static yield strength is 258 MPa [36]. The accuracy
of the properties of the aluminum alloy material is verified through
square tube simulation, as shown in Fig. 6(c).

The nonlinear dynamic finite element program LS-DYNA is used
to simulate the quasi-static compression response and impact



R. Liu, G. Yao, Z. Xu et al. Materials & Design 231 (2023) 112018
response of surface porous structures. The bionic surface structure
is placed on a fixed rigid plate with six degrees of freedom con-
straints, and quasi-static compression is performed in the z direc-
tion by another movable rigid plate, as shown in Fig. 7. However,
due to the excessively high computational cost of simulating the
loading speed (1 mm/min) analogous to quasi-static compression
experiment, the speed of v = 0.01 m/s is assigned to the movable
rigid plate to ensure the accuracy and efficiency of quasi-static
compression simulation [34]. # Surface-to-surface contact and #
Self-contact algorithm are defined to simulate the contact behavior
between different parts of the bionic surface structure after com-
pression deformation. The friction coefficient between the
dynamic simulation is 0.15 [38].
4. Structural mesh sensitivity analysis

In order to decide on the optimal elements’ dimensions of the
structural components, the sensitivity analysis is performed. Single
lattice of G-opt and P-opt is meshed using Tet solid element in LS-
DYNA. By subjecting bio-inspired lattice to the compression of
Fig. 8. The structural mesh sensitivity analysis. (a) Structural compressive absorbed
variation.

Fig. 7. Structural Compression Simulation.

8

3 mm, the total absorbed energy of the bio-inspired structures is
depicted in Fig. 8.

As shown in Fig. 8(a), the evolution of structural compressive
absorbed energy with the change of mesh size is extracted for dif-
ferent element sizes. Compared with the ultra-fine mesh size of
0.5 mm, the models with structural mesh sizes of 0.75 mm and
1 mm can generate very similar results. However, the deviation
of the structural compressive absorbed energy increases as the
structural mesh size increases. The required time for structural
compression simulation with size variation running on a 4-core
Intel (R) Core (TM) i7-7500U CPU @ 2.70 GHz is shown in Fig. 8
(a). As the mesh size gradually increases, the computational time
cost gradually decreases. Based on the results of Fig. 8, it is appar-
ent that the simulation elements should be sized at 1 mm.

5. Characteristic analysis of multimodal biomimetic surface
structures

5.1. Theoretical prediction of complex structures

The lattice structure undergoes elastic deformation during ini-
tial compression. For quasi-static compression (extremely small
structural strain rate) and relative density greater than 0.1 [38],
Euler theory can be used to calculate the deformation of the lattice
structure. The micro-deformation of the structural beam is
determined.

DL ¼ FL3

ESI
ð6Þ

I ¼ t4

12
ð7Þ

where, ES is the material elastic modulus. t is the width of beam. L is
the length of beam.

The structural elastic modulus is

E ¼ r
e
¼ f

ESI

SL2
ð8Þ

r ¼ F
S
¼ DLESI

SL3
ð9Þ

e ¼ DL
L

ð10Þ

where, f is the constant.
energy with size variation. (b) Structural compressive simulation time with size
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The structural relative density is

q
qS

¼ M=V
M=VS

¼ VS

V
ð11Þ
Fig. 9. Theory Results. (a) The relation between relative elastic modulus E=ES and relativ
q2=q2

S .

Fig. 10. Quasi-static compression results. (a) Compressive force–displacement curve
multimodal biomimetic Primitive. (c) E of multimodal biomimetic structures. (d) SEA of

9

where, The structural actual volume VS / Lt2. The structural space
volume is V ¼ L3, q is the density of the lattice structure. qS is the
material density of Nylon.
e density q2=q2
S . (b) The relation between bending stress r=ES and relative density

of multimodal biomimetic Gyroid. (b) Compressive force–displacement curve of
multimodal biomimetic structures.
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q
qS

/ t
L

� �2

ð12Þ

So,

E
ES

/ q
qS

� �2

ð13Þ

That is
Fig. 11. The deformation and damage mechanisms of multimodal biomimetic structures.
(a2-3) SEM figures of G-opt under engineering compression strain of 34.5 %. (b1) The defo
figures of GZ-opt under engineering compression strain of 34.5 %. (c1) The deformation m
GR-opt under engineering compression strain of 34.5 %. (d1) The deformation mode of G-o
engineering compression strain of 34.5 %. (e1) The deformation mode of G-opt under engi
compression strain of 34.5 %. (f1) The deformation mode of G-opt under engineering com
strain of 34.5 %.
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E
ES

¼ A1
q
qS

� �2

þ B1 ð14Þ

where, A1 and B1 are the constants.
Similarly, the structural bending force is

F ¼ a
n2pESI

L2
ð15Þ

where, n = 0.7 [39]. a is the constant.
(a1) The deformation mode of G-opt under engineering compression strain of 34.5 %.
rmation mode of GZ-opt under engineering compression strain of 34.5 %. (b2-3) SEM
ode of GR-opt under engineering compression strain of 34.5 %. (c2-3) SEM figures of
pt under engineering compression strain of 34.5 %. (d2-3) SEM figures of P-opt under
neering compression strain of 34.5 %. (e2-3) SEM figures of PZ-opt under engineering
pression strain of 34.5 %. (f2-3) SEM figures of PR-opt under engineering compression
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Therefore, the structural load is under compression
deformation.

r / F

L2
/ ESI

L4
ð16Þ

Combine (7) and (12),

r
ES

/ t4

L4
/ q

qS

� �2

ð17Þ

So

r
ES

¼ A2
q
qS

� �2

þ B2 ð18Þ

where, A2 and B2 are the constants.
The theory results of structures are shown in Fig. 9.
The structural performance is directly related to the relative

density, and complex structures with the same relative density
have similar elastic modulus and bending stress, as shown in
Fig. 9. However, the structural performance is directly correlated
with structural form after reaching the bending stress, as shown
in Fig. 10.

5.2. Analysis indicators

To achieve precise and quantitative assessment of the protec-
tive capabilities of the bio-inspired structure, various evaluation
parameters are employed, including energy absorption EA and
specific energy absorption SEA [40].

The energy absorption resulting from the structural deforma-
tion caused by the compression of the rigid wall is computed using
Eq. (19).

EA ¼
Z x0

0
Fdx ð19Þ

where, x0 represents the total displacement caused by quasi-static
compression, while F denotes the quasi-static payload applied dur-
ing compression.

SEA refers to crucial parameters that measure the energy
absorption capacity per unit mass and per unit volume. This is
demonstrated in Eq. (20).

SEA ¼ EA
M

ð20Þ

where, M is the structural mass and V is the structural volume. The
significance of SEA in protective design cannot be overstated, as it
plays a crucial role in ensuring the effectiveness of protective engi-
neering. High SEA values are especially critical in such applications,
Fig. 12. Principle of structural section analysis. (a) Microscopic morphology of Nylo
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as they indicate a greater capacity for energy absorption, thereby
enhancing the protective capabilities of the structure.
5.3. Compression characteristics analysis of multimodal biomimetic
surface structure

Simulations and evaluations are conducted on the compression
characteristics of multimodal biomimetic surface structures. The
rigid base is fixed at the bottom of structures, and a rigid plate
compresses the multimodal biomimetic surface structure from
the top at a constant speed to evaluate its compression and frac-
ture response. The results are processed into force–displacement
curves and energy absorption figures, and comparison figures are
drawn with the experimental results as shown in Fig. 10.

Fig. 10(a) and (b) show the force–displacement curves under
quasi-static compression, and it is evident from the figures that
structural compression response is characterized by two distinct
stages. The curve begins with the linear elastic stage, followed by
a long flat plateau. After the initial elastic stage, structures exhibit
plastic deformation and absorb energy under relatively constant
stress. However, in the axial gradient models, the force–displace-
ment curve remains steadily increasing or shows a step-like
increase due to the increased self-contact area between the walls
of each layer. Moreover, there is good agreement between all
repeated experiments, and the experimental and simulated results
have high reliability with a similarity degree of over 90%.

The multimodal biomimetic structures are sequentially com-
pressed to a strain of 34.5%, and observed for damage by scanning
electron microscopy (SEM). Fig. 11 shows the damage patterns in
different regions of biomimetic structures. The strain of the upper,
middle and lower layers of G-opt, GZ-opt, and GR-opt is similar.
After the overall cracking occurs, the force increases slowly, as
shown in Fig. 10(a). During the structural compression, the strain
of P-opt, PZ-opt, and PR-opt in the upper, middle and lower layers
is different, with a decreasing strain from top to bottom. The dam-
aged area shows structural bending and cracking (Fig. 11(a1-3) (b1-
3) (c1-3)). The strain region of P-opt, PZ-opt, and PR-opt shows that
structures are bent, which led to the extension of cracks and then
twisting and structural fracture. The structural strain region expe-
rienced tearing, resulting in a decrease in force in the force–dis-
placement curve, as shown in Fig. 10b). Since the structural
cracking further merges, connects, and expands with compression
[41], structures do not suffer severe destruction as a whole and
remain intact, which greatly retain the carrying capacity, and keep
their load stable, as shown in Fig. 10(a) (b).

Micro-voids are preferentially produced when the structure
fractures. With the deformation of the structure, micro-voids
nucleate, grow, slip, and aggregate to form a ductile dimple frac-
n fracture surface. (b) Bending stress of section. (c) Torsional stress of section.
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ture, as shown in Fig. 12(a). The irregular distribution of internal
crack leads to an increase in crack propagation resistance during
fracture. Multiple steps are generated during the process of crack
propagation, resulting in a rough surface of the fracture and
increased energy consumption. In the ductile dimple at the com-
pression fracture surface, the fiber direction is consistent and pre-
sents a distinct herringbone pattern. However, there are also some
small ductile dimples with fibers torn in other directions, as shown
in Fig. 12(a). This further indicates that the fracture site is sub-
jected to uniaxial bending and torsional loads, and loading position
is the junction part of the structural unit.

In essence, different types of structures have different bearing
capacities. The bending section modulus of the structure is
Fig. 13. Structural compress

12
Wz ¼ Iz
ymax

ð21Þ

where the moment of inertia of the section is

Iz ¼
Z
A
p2dA ¼

Z
A

z2 þ y2
� �

dA ð22Þ

A is the cross-sectional area of biomimetic surface structure in
the direction of compression. The detailed schematic is shown in
Fig. 12(b) (c).

rzmax ¼ Mz

Wz
¼ MzymaxR

A z2 þ y2ð ÞdA ð23Þ
ion deformation modes.
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where, Mz is the structural moment around the z-axis.
Similarly, the bending stress around the y-axis is

rymax ¼ My

Wy
¼ MyzmaxR

A z2 þ y2ð ÞdA ð24Þ

The sum of all the micro torque forces on the cross-section is
the total torque of the structural cross-section. That is

T ¼
Z
A
pspdA ð25Þ

The torsion section coefficient of biomimetic surface structure
is

W t ¼ It
pmax

ð26Þ

where, the polar moment of inertia of the section is

It ¼
Z
A
p2dA ¼

Z
A

x2 þ y2
� �

dA ð27Þ

Structural torsional stress is

smax ¼ T
W t

¼ pmax

Z
A

psp
x2 þ y2ð ÞdA ð28Þ

At the same height, the cross-sectional area of the radial gradi-
ent structure and uniform structure is the same, and the cross-
sectional area of axial gradient structure is small. However, the
cross-sectional area of axial gradient structure increases layer by
layer. The original structure has a minimum cross-sectional area
at the junction of the units, as shown in Fig. 2(a) and Fig. 3(c). At
the same time, the radial gradient structure has a higher p than
the uniform structure. So structural bending stress satisfies
rR > rU > rA > rOrigin. Where, rR is the bending stress of radial
gradient structure. rU is the bending stress of uniform axial gradi-
ent structure. rA is the bending stress of axial gradient structure.
rOrigin is the bending stress of original structure. Similarly, struc-
tural torsional stress satisfies sR > sU > sA > sOrigin. As compres-
sion occurs, the cross-sectional area of the load-bearing position
in the axial gradient structure increases and is greater than that
Fig. 14. Structural impact results with initial velocity 10 m/s, 30 m/s, and 70 m/s. (a) Imp
10 m/s. (b) Impact force–displacement curve of multimodal biomimetic Gyroid with init
Gyroid with initial velocity 70 m/s. (d) Impact force–displacement curve of multimodal bi
of multimodal biomimetic Primitive with initial velocity 30 m/s. (f) Impact force–displa
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of the radial gradient structure and uniform structure. According
to Eq. (23), Eq. (24), and Eq. (28), the bending stress of the structure
satisfies rA > rR > rU > rOrigin, and structural torsional stress sat-
isfies sA > sR > sU > sOrigin. Fundamentally explaining the changes
in load capacity of structures with different shapes is consistent
with the trends observed in experimental and simulation results.

Comparing each biomimetic surface structure, it is evident that
the radial gradient structure outperforms original structure, uni-
form structure and axial gradient structure in terms of energy
absorption and load capacity, as shown in Fig. 9. Compared with
the axial gradient model, maximum E of the radial gradient struc-
ture can be increased by 10.8%, and SEA can be increased by 13.2%.
Compared with the uniform model, maximum E of the radial gra-
dient structure can be increased by 6.3%, and SEA can be increased
by 7.5%. At the same time, compared with the original model, max-
imum E of the radial gradient structure is increased by 39.1%, and
SEA is increased by 38.7%. Among all structures, PR-opt has the
most excellent mechanical properties.

The deformation modes of biomimetic surface structures with
the same morphology under quasi-static compression are similar,
as shown in Fig. 13. The improved structure deforms more evenly
and is less likely to undergo structural failure, but the original
structure is prone to suffer from structural failure after compres-
sion deformation due to the low curvature of the joints between
structural units. The compression deformation mode of the uni-
form biomimetic surface structure and radial biomimetic surface
structure is relatively uniform, with each layer undergoing uniform
bending deformation simultaneously. At the same time, it can be
observed that the central and lateral regions of the structures exhi-
bit significant deformation in the transverse and loading direc-
tions, resulting in a bulging deformation. On the other hand, the
axial gradient surface structure undergoes uniform bending defor-
mation layer by layer from top to bottom, corresponding to the
step-like rise of the force, as shown in Fig. 10. In terms of stress dis-
tribution, the uniform biomimetic surface structure and radial bio-
mimetic surface structure show uniform distribution of overall
stress, and the magnitude of the distributed stress is consistent.
As shown in Fig. 10, the radial gradient biomimetic surface struc-
act force–displacement curve of multimodal biomimetic Gyroid with initial velocity
ial velocity 30 m/s. (c) Impact force–displacement curve of multimodal biomimetic
omimetic Primitive with initial velocity 10 m/s. (e) Impact force–displacement curve
cement curve of multimodal biomimetic Primitive with initial velocity 70 m/s.
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tures have lower stress, indicating that they have better load
absorption and dissipation capacity. Meanwhile, the uniform bio-
mimetic surface structures have higher stress and weaker load dis-
sipation capacity. The axial gradient biomimetic surface structures
show a gradual decrease in stress distribution from top to bottom.
Under the same strain conditions, the part of the axial gradient bio-
mimetic surface structures with low porosity has the lowest stress
distribution. This characteristic is of great significance in human
protection engineering.

5.4. Crashworthiness characteristics analysis of multimodal
biomimetic surface structure

The same numerical model as described in the previous section
is used to simulate dynamic impact. A rigid plate with a mass of
10 kg is subjected to free-fall impact with three different initial
impact velocities of 10 m/s, 30 m/s, and 70 m/s, respectively. The
force–displacement curves obtained from the impact tests are
shown in Fig. 14.

The force–displacement curves obtained from impact test have
representative regions similar to that of the quasi-static curves.
Fig. 15. Structural impact results. (a) E of multimodal biomimetic Gyroid. (b) SEA of m
multimodal biomimetic Primitive.
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Unlike quasi-static test results, the force–displacement curve
under dynamic impact shows an initial peak force, followed by
an upward trend.

As the impact velocity increases, the crushing force increases
significantly. At the same time, as the impact rate increases, the
deviation between peak force and plateau force becomes more
and more obvious. This difference is related to the strain rate effect
of the structural configuration. It is noted that the yield stress sig-
nificantly increases with the increase of loading rate. The impact
resistance of the structure under three different loading rates
shows the following pattern: radial gradient structure > uniform
structure > axial gradient structure. By comparing each biomimetic
surface structure, it is evident that the radial gradient structure
outperforms the uniform structure and the axial gradient structure
under dynamic impact, as shown in Fig. 15. Compared with the
axial gradient model, maximum E of the radial gradient structure
can be increased by 20.6%, and SEA can be increased by 20.8%. At
the same time, compared with the uniform model, maximum E
of the radial gradient structure can be increased by 7.1%, and SEA
can be increased by 7.5%. Among them, PR-opt has the most excel-
lent mechanical properties in resisting impact.
ultimodal biomimetic Gyroid. (c) E of multimodal biomimetic Primitive. (d) SEA of
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6. Optimal design of radial gradient surface structure

6.1. Radial parameter transformation of PR-opt

Among the above-mentioned biomimetic multimodal surface
structures, PR-opt has the most outstanding mechanical proper-
ties. PR-opt is a biomimetic structure that imitates the gradient
distribution of femoral density. The porosity in the structural inter-
mediate axis is high, and the porosity gradually decreases along
the axis towards the periphery. To investigate PR-opt with the
most outstanding performance in radial gradient variation, the
Fig. 16. Radial parameter transformation of PR-opt. (a) Radial gradient distribution. The
55.5%. (b) Original radial gradient center. (c) 45� offset radial center. (d) y axial offset ra

Table 4
Y and oblique 45� offset radial center location.

Structure 0–40 3.5–36.5 7–33 1

Coordinate axis x y x y x y x

y shift 20 0 20 3.5 20 7 2
Oblique 45� shift \ \ \ \ 7 7 1
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porosity gradient center is controlled to move along the y-axis
and the diagonal 45� direction, as shown in Fig. 16. The positions
of the y-axis and diagonal 45� offset centers are shown in Table 4.

6.2. Crashworthiness analysis of multimodal PR-opt

The numerical model utilized for dynamic impact simulation
remains consistent with that outlined in the previous section. A
rigid plate weighing 10 kg undergoes free-fall impact at three dis-
tinct initial velocities of 10 m/s, 30 m/s, and 70 m/s, are shown in
Fig. 17.
porosity gradient increases from yellow to blue, and the porosity is from 31.5% to
dial center. The red dot represents the radial gradient center.

0–30 13.5–26.5 16.5–23.5 20–20

y x y x y x y

0 10 20 13.5 20 16.5 20 20
0 10 13.5 13.5 16.5 16.5 20 20



Fig. 17. Impact results of multimodal PR-opt. (a) The force–displacement curve of PR-opt with y center offset at an impact velocity of 10 m/s. (b) The force–displacement
curve of PR-opt with y center offset at an impact velocity of 30 m/s. (c) The force–displacement curve of PR-opt with y center offset at an impact velocity of 70 m/s. (d) The
force–displacement curve of PR-opt with oblique 45�center offset at an impact velocity of 10 m/s. (e) The force–displacement curve of PR-opt with oblique 45�center offset at
an impact velocity of 30 m/s. (f) The force–displacement curve of PR-opt with oblique 45�center offset at an impact velocity of 70 m/s. x-y-v, where x is the x coordinate value,
y is the y coordinate value, and v represents the initial impact velocity.

R. Liu, G. Yao, Z. Xu et al. Materials & Design 231 (2023) 112018
The impact force increases gradually with the increase of
impact velocity. However, it is obvious that the bearing capacity
of the structure increases gradually with the deviation degree of
the radial gradient central, but the uneven distribution of load
increases at the same time. This is because one side of the bound-
ary has high porosity, and the diagonal part has lower porosity,
which makes the structure have higher resistance to impact in a
single direction. When the porosity gradient center of PR-opt is off-
set, the centers of bending and twisting also offset accordingly. As
the deviation degree of the radial gradient central increases, the
value p also increases. According to Eq. (23), Eq. (24), and Eq.
(28), the bending stress and the twisting stress both increase with
the increase of central deviation degree. This is consistent with the
simulation results of the structure. But the load direction can come
from the side in a real environment, which makes the high porosity
parts have very low resistance. Therefore, in practical engineering
applications, the structure with a high deviation of the radial gra-
dient center can be used when facing the predictable unidirec-
tional load impact. The structure with the radial gradient center
located at the central axis can be adopted when there is uncertain
load.

7. Conclusion

This paper studies biomimetic surface structures, which are
designed based on the microstructure of biological femurs that
are both superb free modes, lightweight, and strong freedom of
variable form. The results show that these structures have positive
properties, and the following conclusions are drawn:

(1) The concept of large curvature surface factor is introduced to
enhance the interfacial fracture behavior of biomimetic sur-
face structures. Novel types of these structures are con-
structed by combining the large curvature surface factor,
resulting in the design of novel radial gradient surface struc-
tures and axial gradient surface structures.
16
(2) Euler theory states that the properties of lattice structures
are determined by the relative density of structures. The
axial gradient variation of structures can cause them to enter
the dense stage earlier, with the high porosity area playing a
crucial role in bearing and dissipating energy. The deforma-
tion modes of axial gradient structures exhibit layered fail-
ure, which is significantly important for targeted
applications in protective engineering.

(3) The radial gradient variation of bionic structures enhances
their structural durability, resulting in an increase of up to
7.5% compared to other structures. In addition, the load dis-
tribution in radially gradient structures is uniform, and the
deformation mode exhibits overall failure, which offers bet-
ter resistance and dissipation of loads. Different radial gradi-
ent structures can have diverse engineering applications. As
the central axis deviation of radial gradient structures
increases, the unidirectional resistance of radial gradient
surface structures improves. However, this improvement is
accompanied by an increase in the uneven distribution of
the load.
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