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Abstract: The beetle’s elytra have the characteristics of light weight and high energy absorption
(EA). In this paper, based on the internal structure of beetle elytra, two bio-inspired honeycomb
column thin-walled structures (BHTS) I and II were fabricated by selective laser melting (SLM) tech-
nology in additive manufacturing (AM) in order to understand the possible influence of strain rate
effect (SRE) on the BHTS under low speed uniaxial compression loading. The influence of three
different SREs (0.001 s, 0.01 s! and 0.1 s™) on the EA of BHTSs specimens during loading was
discussed by means of out-of-plane uniaxial compression tests verified with numerical simulations.
The experimental results show that SRE has a significant effect on the EA of BHTSs in low speed
out-of-plane uniaxial compression tests: SRE can significantly increase the initial peak crushing
force (PCF) and specific energy absorption (SEA) of all types of BHTS specimens. The average
increase in PCF/SEA under SRE loading of 0.1 57! is 12.70%/9.79% and 17.63 %/11.60%, respectively,
compared with 0.001 s7! and 0.01 s™'. These research methods reduce the use of materials and
improve the utilization rate of materials, which can provide important assistance for the design,
manufacture and modeling of AM-based materials.

Keywords: honeycomb structure; strain rate effect; structure compression; energy absorption;
additive manufacturing

1. Introduction

With the excellent properties such as low density, high strength and high EA capacity
[1], honeycomb structures (HS) are one of the common approaches to achieve light-
weighting goals in practical engineering [2-4]. However, the results of several studies
have shown that HS lead to a significant degradation of strength and stiffness when sub-
jected to impact loading [5-7]. Therefore, the impact resistance of lightweight HS is re-
ceiving more and more attention. In recent years, the HS has attracted wide concern, es-
pecially in light weight and high strength research [8-11]. In industry, research has fo-
cused on structural crashworthiness and light-weighting, but these two diametrically op-
posed fields usually compete with each other [12].

In nature, organisms have evolved and naturally selected over millions of years to
filter out biological structures and materials that are more suitable for the natural laws of
the earth [13-15]. The beetle elytra are one of the most representative biological cuticles
(Figure 1a), and the elytra structure has the advantage of being light-weight and hard,
allowing the beetle to fly easily and protect itself [12]. Several scholars have investigated
the internal microstructure of elytra [16,17], the experimental results indicate the existence
of irregular HS and hollow columns within the elytra, and the hollow columns may be at
the honeycomb walls or at the intersection of the honeycomb walls (Figure 1b); this HS is
thought to have larger EA capacity. Several scholars have analyzed the internal
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microstructure of elytra and studied the mechanical properties of elytra [18,19], and sev-
eral different classes of biological models have been developed on this basis [20,21].

Figure 1. The beetle and its microstructure: (a) the beetle Allomyrina dichotoma; (b) micromorphology
of HS with columns [12].

SRE is usually present in the materials used to make HS, and different materials tend
to have their own unique SRE [19,22,23]. In the experimental and numerical simulation of
low-velocity impact tests, most scholars ignore the SRE in favor of simplifying the test and
reducing the time cost [12,24]. Guo et al. [25] analyzed the compression damage mecha-
nism of carbon/carbon composites using the multi-scale analysis method, found that the
out-of-plane compression behavior of three-dimensional finely braided perforated car-
bon/carbon composites was sensitive to the strain rate, and the initial compress modulus,
maximum stress, and strain at the maximum stress increased as the strain rate increased.
Rosenthal et al. [26] studied the SRE of AlSi10Mg aluminum alloy specimens in the strain
rate range of 2.77 x 10-6-2.77 x 10-! s! by SML, and they found that SLM-AISi10Mg
aluminum alloy has strain-rate-sensitive behavior: It was found to be strain-rate sensitive
with significant changes to the flow stress and strain-hardening exponents with an in-
crease in strain rate. Amir Hadadzadeh et al. [27] investigated the dynamic mechanics
behavior of the material using Split Hopkinson Pressure Bar apparatus for aluminum al-
loy AlSi10Mg in the strain rate range of 800 s and 3200 s. The alloy was found to be
strain-rate sensitive, with yield strength increasing with increasing strain rate.

This way, the major contributions to plug in the existing research gaps in the present
study are as follows:

e  The proposed BHTSs improved the mechanical performance of the conventional HS,
increased the SEA of the manufacturing structure, reduced the mass of the stressed
structure and the use of manufacturing materials, which saved resources.

e  The application of AM to the manufacture of complex cellular structures not only
solves the problem of manufacturing such specimens by traditional industrial meth-
ods but also improves material utilization and saves energy.

e  In the numerical simulation of BHTSs, specific studies have been made in response
to some scholars underestimating the SRE of aluminum alloy materials under low
velocity uniaxial compression loading and do not consider the failure behavior of
materials.

e  The results obtained can provide new ideas and a theoretical basis for the rational
design of additive manufacturing porous biomorphic materials, and they have po-
tential application prospects in the fields of protective equipment [8,9], resource uti-
lization efficiency [28,29] and energy saving and emission reduction [30]. In addition,
Table 1 lists some other contributions in these research areas.
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Table 1. Comparison of present study with some major contributions.

Authors

Major Findings Research Gaps

Chen et al. (2008) [16]

The microstructures and bio-structure design techniques
in the forewing of the Allomyrina dichotoma beetleNot verified by test.
were examined.

Chen et al. (2012) [20]

Based on the research of the beetle forewing structure, a
method of constructing honeycomb panel in integral =~ No model test study.

form was designed.

Chen et al. (2014) [18]

Compression and bending properties of a novel bionic Manufacturing  accuracy
integrated honeycomb panel were studied. needs to be improved.

Sun et al. (2014) [19]

Investigation of the viscoelastic behavior of some bio-

materials (nacre, cattle horn and beetle cuticle) at lamel- No corresponding engi-
lar length scales using quasi-static and dynamic neering structures were de-
nanoindentation techniques in the materials’ Transverse signed and tested.
Direction (TD) and Longitudinal Direction (LD).

Clark and Triblehorn. (2014) [21]

The structure and material properties of insect cuticle
. No model test study.
were studied.

Gu et al. (2014) [31]

The bionic honeycomb panel was trial-produced, and its Manufacturing
mechanical properties were discussed.

accuracy
needs to be improved.

Xiang et al. (2016) [32]

Surface morphology and the cross-sectional microstruc-

. Not verified by test.
ture of the wings were presented.

Rosenthal et al. (2016) [26]

Strain-rate-sensitive behavior of SLM-AISi10Mg alumi-
num alloy in the strain rate range of 2.77 x 10-6—2.77 x
10-1.

No numerical model was
established.

Xiang and Du .(2017) [24]

SRE and terial fail
Two BHTS were proposed. an. material faiture
not considered.

Hao and Du. (2018)[12]

RE ial fail
Three BHTS were proposed. 5 anc'l materialfailure
not considered.

Hadadzadeh et al. (2019) [27]

Aluminum alloy AlSi10Mg is strain rate sensitive in the No numerical model was
strain-rate range of 800 s-! and 3200 s-!. established.

Guo et al. (2021) [25]

The out-of-plane compressive behavior of carbon/car- The designed structure is
bon composites is sensitive to strain rate in the strain  not based on bionic princi-

rate range of 0.0001 s-! and 1000 s-!. ples.

Saufi et al. (2021) [33]

The EA capacity and high strength of the bionic struc-
ture were studied by fused deposition modeling tech-
nology.

SRE not considered.

Dubicki et al. (2021) [34]

The structure of the simulated diatom truncated body
retains its similarity to natural shells, and 3D printing
and compression tests were performed to develop new
energy-absorbing materials using bionic methods.

SRE not considered.

Present study

Two BHTS models with different filling modes proposed by Hao and Du were used
to fabricated SLM-AISi10Mg specimens by AM technology. The comparative study
was carried out under three different low strain rates of 0.001 s-1,0.01 s-! and 0.1
s71, the failure mode and EA were evaluated. A reasonable numerical model were
established by using explicit finite element software LS-DYNA.

The rest of this article is structured as follows. Section 2 briefly introduces the test

materials and methods. In addition, this includes symbols and their description. Section 3
describes the test results, which verifies the feasibility of the study. Section 4 discusses the
results and summarizes the study.
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2. Materials and Methods
2.1. The Design of BHTSs

In this study, two different structural types of BHTS were designed from the internal
structure of the beetle elytra, as shown in Figure 2. The bionic honeycomb structure (BHS)
is a conventional HS without columns [12]. The design of BHTS is based on the thin-
walled HS with columns of BHS. The dimensions of the HS are the same for different
types, with side length, thickness, column diameter and height of 6 mm, 0.5 mm, 0.5 mm
and 20 mm, respectively. Among them, BHTS-I hollow column and BHTS-II hollow col-
umn are added to the center of the honeycomb wall surface and the wall connection, re-
spectively. Adopted Solidworks Pro.2020 according to Chinese specification [35], BHTS-
S (i.e,, BHS, treatment group), BHTS-I and BHTS-II were designed (Figure 2) with the
dimensional parameters shown in Table 2. The notation used in full text is given in the
Notation section.

o [¥] TC
N\ S D

BHTS-S BHTS-I BHTS-I
Figure 2. Types of BHTS.

Table 2. BHTS parameters of the study.
Cell Wall Cell Side

Splf:acll)lzllen Thickness COIEmI(ImH;;gI Length Colugn(];l;:etl
T, (mm) ¢ L, (mm) ¢
BHTS-S 0.5 20.0 6.0 /
BHTS-I 0.5 20.0 6.0 0.5
BHTS-II 0.5 20.0 6.0 0.5

2.2. Mechanical Properties of the Base Material for the BHTSs

In order to determine the mechanical properties of the BHTS material Al1Si10Mg, the
mechanical experiments of three-dimensional (3D)-printed porous structures by many
scholars such as Ngoc San Ha, Thong M. Pham and so on [36] were referred to: the con-
stitutive relation of the material is determined by uniaxial tensile test, and the finite ele-
ment simulation is carried out using the obtained test data. The results show that the nu-
merical model can effectively reflect the EA mechanism. According to the experimental
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concept of the above scholars, stretched dog-bone rods were designed according to ASTM
E8/E8M standard [37] (Figure 3), 200 mm long, 20 mm wide at both ends and 12.5 mm
wide in the middle, with a circular diameter of 63.5 mm and a 2 mm diameter hole in the
middle. The tensile test was conducted on a Sansizongheng 50kN UTM5504GD universal
testing machine with the proposed controlled tensile velocity distribution of 0.2mm/s and
2mm/s for each group of 5 specimens, corresponding to strain rates of 0.001 s and 0.01
s

Figure 3. Strain gauges arrangement, unit: mm.

The longitudinal elongation is measured with strain gauges, and the data from the
strain gauges and the pressure measuring element are recorded by an additional com-
puter. Figure 3 shows a typical stretching dog-bone rod tested. where the true stress-strain
of the tensioned member is related to the engineering stress-strain curve as follows:

er =In(1+ &) 1)
or = og(1 + &) 2)

In Equations (1) and (2), er, &g, o7, and o, are the true strain, engineering strain,
true stress and engineering stress, respectively.

In the stretching process, the dog-bone rod was in the stage of linear elastic defor-
mation before the proportional limit, and it entered the stage of nonlinear elastic defor-
mation after reaching the proportional limit. With strain increasing, after reached the yield
strength, the dog-bone rod changed from the elastic state to the plastic state, the material
entered the strain-hardening stage, the tangent slope decreased continuously until reach-
ing the peak stress. After strain increased, the stress gradually decreased, and the material
entered the strain-softening stage, this stage was accompanied by local necking at the
round hole of the dog-bone rod, i.e., strain localization and non-uniform distribution phe-
nomenon, followed by fracture of the specimen. Since AlSi10Mg was Mises material, the
stress state represented by the spherical stress tensor ¢, was only the volume change of
elasticity and did not cause plastic deformation. Therefore, the linear elastic deformation
stage and nonlinear elastic deformation stage were removed during plastic deformation
analysis (Figure 4).
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Figure 4. True stress—strain curves of AlSil0Mg specimens at different strain rates.
After converting the engineering stress—strain into true stress—strain, the average ul-
timate stresses corresponding to 255 MPa and 270 MPa at 0.001s™ and 0.01s were ob-

tained from the experiment. The material properties obtained from the experiment are
shown in Table 3.

Table 3. Material properties of AlSi10Mg alloy.

Initial Yield
Strength
2670 kg/m3 69 + 5 GPa 0.3 220 + 10 MPa

Density Young’s Modulus Poisson’s Ratio

2.3. Out-of-Plane Uniaxial Compression Test

In recent years, the bio-cellular materials have become an important research area in
the field of AM due to their complex lightweight design, and high EA properties under
compressive loading [38-40]. Al-Si alloys have low density, high specific strength and
good casting properties, and they are widely used in aerospace and automotive applica-
tions [41,42]. The Al-Si alloy AlSil0Mg was chosen as the build material for this study,
using the design parameters described in Table 2. Each model was produced in an indus-
trial grade ISLM-280 professional metal printer using SLM technology with high-part
making accuracy and material utilization. The fabrication direction of the sample is out-
of-plane direction, and Figure 5 shows the design model made by AM technology. The
out-of-plane uniaxial compression response of the models (2 specimens per batch) was
applied with a compression load at a constant rate using the Sansizongheng 50 kN
UTM5504GD universal testing machine with the specimen types shown in Figure 2. The
crushing force and displacement were recorded by an external computer. The specimens
were conducted uniaxial compression at constant velocities of 0.02 mm/s, 0.2 mm/s and 2
mm/s, respectively. All nine groups of specimens were crushed to 75% of their original
length. The force-displacement values were recorded and used for further analysis.
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(a) (b) ()

Figure 5. BHTSs out-of-plane uniaxial compression loading diagram: (a) BHTS-S ; (b) BHTS-I; (c)
BHTS-II.

In order to study the effect of structural cross-sectional shapes on the performance of
the honeycomb sandwich structure under low velocity impact, specimens with different
geometric design parameters (BHTS-S, BHTS-I, BHTS-II) were tested and analyzed un-
der uniaxial compression at strain rate design values of 0.001 s, 0.01 s and 0.1 s7, re-
spectively. To completely capture the deformation process of BHTS in each test, an indus-
trial-grade global shutter high-speed camera MV-SUA133GC-T with a maximum frame
rate of 245 and an industrial-grade HD lens MV-LD-8-4M-G with a focal length of 8§ mm
was used to completely record the deformation process of the structure (Figure 6).

Figure 6. Schematic diagram of the high-speed camera site layout.

2.4. Assessment of the EA Performance

In this study, the magnitudes of all crushing parameters were calculated from the
force—displacement curves. The PCF [42,43] is defined as the first peak force. The mean
crushing force (MCF) [42-44] was calculated as the average crushing force in the dis-
placement range of 3 to 15 mm. The formula for calculating MCF is:
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1 b
MCF = — [ Fd6 ©3)

In Equation (3), where a is 3 mm, b is 15 mm, dé is the increment of compression
displacement at the beginning of the densification state and F is the compression load.

EA capacity is an important index to characterize the performance of porous materi-
als. In order to study the EA performance of different configurations, in terms of crushing
force efficiency (CFE) [42-45] and SEA [46,47], two typical indexes were used as evalua-
tion criteria to assess the EA properties of different types of BHTS at different low strain
rates. CFE is defined as the ratio of MCF to PCF, as shown in Equation (4).

CFE = M¢E 4)
PCF

EA [37,43] is the amount of energy dissipated by the specimen during the crushing
process. It is determined from the area under the force-displacement curve according to
Equation (5) and calculated from the displacement from 0 to b (15 mm).

EA = [ Fds 5)

Due to the high strength-to-weight ratio of the multi-cell structure, it is extremely
important to consider the energy absorbed per unit mass of the material, so this is also
known as the SEA, which is the EA divided by the mass (m) of the specimen, as shown in
Equation (6).

EA
SEA = P (6)

Generally speaking, the higher the SEA, the better the EA capacity of the BHTS. In
this paper, SEA is used to evaluate the EA capacity of a structure under out-of-plane com-
pression.

2.5. Finite Element Model (FEM)

This study mainly uses the explicit finite element LS-DYNA commercial software for
out-of-plane uniaxial loading of biomorphic cellular structures. LS-DYNA is a general fi-
nite element program for dynamic and nonlinear analysis [48]. Because the loading pro-
cess is low-velocity loading, the temperature effect generated during high-speed loading
can be disregarded. The aluminum is simulated using the Cowper-Symonds isotropic
hardening model considering SRE [49,50], and the model’s expression is:

In Equation (7), o, is the initial yield stress. € is the strain rate. §§ is the hardening
parameter. C and P are strain rate parameters. eﬁf Tis the effective plastic strain, and
Ep is the plastic hardening modulus

do EE;

P der 7 E-E,

In Equation (8), €7 is the plastic strain, E is the modulus of elasticity, and E, is the
tangent modulus [49-52]. The FEM was determined according to the data under each

strain rate of the tensile test so that it can feed back the test values of other groups (Figure
4).

(8)

In the BHTS uniaxial compression test, the FEM consists of three parts, the fixed sup-
port steel plate, the upper end impact steel plate and the BHTSs in between (Figures 7-9).
The BHTSs model used *MAT_PLASTIC_KINEMATIC and defined the upper end impact
plate and the lower end support plate as rigid bodies with *MAT_RIGID, and it adopted
the reduced volume element. The calculation used *DEFINE_CURVE to set the motion
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path and then used *BOUNDARY_PRESCRIBED_MOTION_SET to define a linear dis-
placement with time for the upper impact plate to ensure its uniform motion, the impact
plate was constrained all displacements except the impact direction, and the fixed support
plate was constrained all its displacements. The BHTSs were simulated using a full inte-
grated membrane element Belytschko-Tsay [53,54], and the Al-Si alloy was simulated
with considering SRE, as determined experimentally in Section 2.2, quadrilateral mesh
was used. The single-sided automatic contact algorithm *CONTACT_AUTOMATIC_SIN-
GLE_SURFACE was used for the contact of the HS model itself, the point-surface auto-
matic contact algorithm *CONTACT_AUTOMATIC_NODES_TO_SURFACE [54,55] was
chosen for the contact type between the HS and the upper surface of the fixed support
plate, and the same algorithm is used for the contact type between the HS and the impact
plate.

Figure 7. The crushing process of BHTS-S under various strain rate loading.

Figure 8. The crushing process of BHTS-I under various strain rate loading.
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Figure 9. The crushing process of BHTS-II under various strain rate loading.

3. Results and Discussions
3.1. Deformation and Failure Modes

From Figure 7, it can be seen that under the uniaxial compression loading of BHTS-
S, BHTS-I and BHTS-II specimens with the strain rate of 0.001 s, the damage location is
mainly concentrated in the middle. Under strain rate loading of 0.01 s, the failure of the
lower part is more obvious than that of the upper part. Under the strain rate loading of
0.1 s7, the damage was concentrated in the middle and lower part of the specimen, and at
the same time, the upper part of the specimen also showed expanded cracks, which was
different from the loading phenomena of 0.001 s'and 0.01 s

The out-of-plane uniaxial compression of the BHTS-S specimens were analyzed (Fig-
ure 7): under the 0.001 s strain rate loading, the specimens were in the elastic deformation
stage with the increase in the compression displacement, and the middle began to expand,
when the lateral deformation of the specimens were regular. As the displacement contin-
ues to increase, the specimens were in the elastic nonlinear deformation stage, and the
increasing range of transverse deformation was relatively large. At this time, both sides
of the rib of the specimens appeared to undergo local buckling: the rib also because of the
P-A effect (gravity second-order effect). Then, buckling collapse, and local flexural buck-
ling also appeared. Displacement continued to increase, the integral specimens began to
more obviously experience a unit cell form of shear failure followed by collapse. The ma-
terial at the bottom and top of the specimens reached the failure strain, being gradually
crushed into the folding and compacting stage, cycling in folding and crushing. Finally,
the specimens were compressed into broken small pieces. Under a 0.01 s~ strain rate load-
ing, the specimens first appeared to undergo flexural buckling at the bottom of the loading
process. as the displacement increases, the unit cell and the continuous form gradually
collapse after shear failure, and the final specimens were compressed into broken small
pieces. With the increase in displacement under 0.1 s strain rate loading, the specimens
first appeared to undergo flexure buckling at the bottom during loading with the increase
in displacement. Then, it collapsed after continuous shear failure with the further increase
in displacement loading, and finally, the specimens were compressed into small broken
pieces.

The out-of-plane uniaxial compression of the BHTS-I specimens were analyzed (Fig-
ure 8): under 0.001 s strain rate loading, the specimens underwent linear elastic defor-
mation and nonlinear elastic deformation stages during the loading process. With the fur-
ther increase in displacement, the integral specimens appeared to undergo torsional-flex-
ural buckling, and then, it collapses after the shear failure of a unit cell. The material at
the bottom and top of the specimens reached the failure strain and were gradually crushed
into the folding and compacting stage, cycling in folding and crushing. Finally the
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specimens, were compressed into broken small pieces; under 0.01 s strain rate loading,
the specimens appeared to undergo flexural buckling in the middle of the loading process,
and it gradually collapsed with the increase in displacement. Under the 0.1 s strain rate
loading, the specimens appeared torsional-flexural buckling at the middle of the loading
process, and it gradually collapsed after the shear failure of a unit cell and continuous
form with the increase in displacement, until finally, the specimens were compressed into
broken small pieces.

The out-of-plane uniaxial compression of the BHTS-II specimens were analyzed (Fig-
ure 9): under 0.001 s strain rate loading, the loading process was similar to that of BHTS-
S and BHTS-I, and linear elastic deformation and nonlinear elastic deformation occurred
one after another. With the increase in loading displacement, the integral specimen ap-
peared to undergo flexural buckling, which was followed by collapse after shear failure
of a unit cell. The material at the bottom and top of the specimens reached failure strain
and were gradually crushed into the folding and compacting stage, cycling in folding and
crushing, until finally, the specimens were compressed into broken small pieces. Under
0.01 s strain rate loading, the specimen appeared to undergo flexural buckling at the
middle and bottom during the loading process, and it gradually collapsed with the in-
crease in displacement. Under 0.1 s strain rate loading, the specimens appeared to un-
dergo flexural buckling at the middle and bottom during the loading process, and it col-
lapsed after the shear failure of a unit cell. Continuous form gradually appeared with the
increase in displacement, until finally, the specimens were compressed into broken small
pieces.

3.2. Validation of the FEM

The specimens numbers of the experiment conducted at different SRE levels for the
three different design options BHTS-S, BHTS-I and BHTS-II are shown in Table 4. The
impact load time curves are shown in Figures 10-12.

Table 4. BHTS test set and FEM number.

Panel T Strain Rate
Number ype 0.001 s-1? 0.01 s 0.1s1
1 Specimen BHTS-5-11 BHTS-S-21 BHTS-S-31
FEM FEM-BHTS-S FEM-BHTS-S FEM-BHTS-S
5 Specimen BHTS-I-11 BHTS-1-21 BHTS-1-31
FEM FEM-BHTS-I FEM-BHTS-I FEM-BHTS-I
3 Specimen BHTS-II-11 BHTS-I1-21 BHTS-11-31

FEM FEM-BHTS-II FEM-BHTS-II FEM-BHTS-II

The first numbers (1, 2 and 3) which are after the last letters in the specimen refer to the veloc-
ity/specimen length ratio of 10-3s!, 10-2s-! and 10-' s respectively while the second number refers

to the repeated test.
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Figure 10. Typical response curves of BHTS-S at each strain rate: (a) curves of experimental; (b)
curves of FEM; (¢) comparison between experimental and FEM.
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Figure 11. Typical response curves of BHTS-I at each strain rate: (a) curves of experimental; (b)
curves of FEM; (c) comparison between experimental and FEM.
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Figure 12. Typical response curves of BHTS-II at each strain rate: (a) curves of experimental; (b)
curves of FEM; (c) comparison between experimental and FEM.

The experimental tests showed that the specimens BHTS-5-11, BHTS-5-21 and
BHTS-S-31 in panel 1 of BHTS-S (group 1) were in progressive crushing mode at strain
rates of 0.001 s, 0.01 s''and 0.1 s7, respectively (Figure 10). BHTS-5-11 loading at 0-0.62
mm was the linear elastic deformation stage; after exceeding the proportioned limit, at
0.62-2.02 mm, a more obvious geometric nonlinear deformation was caused by the pres-
ence of unavoidable lateral displacement during loading, and in the subsequent loading
stage, the curve does not have a strengthened stage but rather a direct buckling. After the
loading displacement reaches 2.02 mm the specimen collapsed due to shear failure after
local flexural buckling, and the loading force decreased significantly; the initial folding
occurs after the displacement was loaded at 2.61 mm, and the specimen became more
dense after folding and enters the progressive crushing mode where buckling and
strength damage coexist, and the strength curve appeared to rose when dense and fallen
after buckling and strength damage coexist, and repeatedly during the loading process, it
fluctuates until all compression was completed. The loading specimen of BHTS-5-21 and
BHTS-S-31 was almost the same as those of BHTS-5-11, but there was a significant in-
crease in PCF and MCF compared to BHTS-5-11. For the PCF comparison of the three
specimens in panel 1 of BHTS-S, BHTS-5-21 is 5.63% larger than BHTS-5-11, while
BHTS-S-31 is 10.31% larger than BHTS-5-11; in the MCF comparison, BHTS-5-21 is
9.16% larger than BHTS-5-11 and BHTS-5-31 is 16.48% larger than BHTS-S-11.

The force—displacement variation pattern of specimen BHTS-I-11 in panel 2 of group
2 during loading is similar to that of BHTS-5-11 of group 1 (Figure 11), but BHTS-I-11
has a more obvious torsional effect. Under the action of bending—torsion coupling, BHTS-
I-11, BHTS-I-21 and BHTS-1-31 within the BHTS-I group undergo local torsional—flex-
ural buckling, and the relationship between PCF and MCF are both BHTS-I-31>BHTS-5-
21>BHTS-I-11. For the comparison of PCF of three specimens in panel 1 of BHTS-I,
BHTS-1-21 was 2.42% larger than BHTS-1-11, while BHTS-I-31 was 14.12% larger than
BHTS-I-11; in the comparison of MCF, BHTS-1-21 was 4.06% larger than BHTS-1-11,
while BHTS-1-31 was 16.71% larger than BHTS-I-11.

The force-displacement variation pattern of BHTS-II specimens in panel 3 of group
3 during loading is similar to that of groups BHTS-S and BHTS-I (Figure 12). For the PCF
comparison of the three specimens in panel 3 of BHTS-II, BHTS-1I-21 is 1.73% larger than
BHTS-1I-11, while BHTS-1I-31 is 7.91% larger than BHTS-1I-11; in the MCF comparison,
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BHTS-1I-21 is 11.70% larger than BHTS-1I-11, while BHTS-II-31 is 23.15% larger than
BHTS-II-11.

Figure 13 compared the PCF and MCF and finite element simulation results of the
specimens in groups 1, 2 and 3. Comparing the average error values of the PCF and MCF
test and numerical results for BHTS-S, BHTS-I and BHTS-II at a strain rate of 0.001-0.1
s71, the PCF values of FEM were larger than the test by —4.97%; 2.63% and 0.899%, respec-
tively; and the MCF values of FEM were larger than the test by 10.69%,0.92% and 5.28%
respectively. The results show that the experimental results are in good agreement with
the FEM results, indicating that the numerical models have good reliability.

@) 55 ® 25

V7 10°s'-PCF 7777107 s'-MCF —B—FEM-10"s"-PCF —0—FEM-10" s"-MCF
E=10>s'"PCF E==10s"-MCF —e—FEM-107s'-PCF  —0—FEM-10" s'-MCF
20 10" s'PCF B 10" s'-MCF 20 F_A—FEM-10" s"-PCF —A—FEM-10" s'-MCF
> ~IsF \
) £ 4
@
= =
L /A
5 —
s 0 1 1 1
BHTS-S BHTS-I BHTS-II BHTS-S BHTS-I BHTS-1I
Specimens .
Specimens

Figure 13. Comparison of PCF and MCF average values of experiment and FEM: (a) experiment; (b)
FEM.

3.3. Mechanical Properties and EA Performance

Matlab [56], a business mathematics software produced by MathWorks, was used to
compile calculation programs for data entry and calculation summary. Table 5a,b sum-
marizes the PCF, MCF, CFE, EA, and SEA for all 3 groups of specimens. For comparison,
we calculated the average values of MCF, CFE, EA and SEA for the duplicate specimens.

Table 5. Values of each EA property of BHTS under different strain rates.

(@
Grou ] ) Velocity/Specimen Velocit Mass PCF MCF
Numbzr Detail Specimen L}e,ngI:h (mm/s)y (g) (kN) (kN)
11 103 0.02 3.02 3.20 3.13
12 103 0.02 2.97 3.15 3.09
21 102 0.2 3.03 3.38 3.24
! BHTS-5 22 102 0.2 3.03 3.27 3.21
31 10 2 3.01 3.53 3.48
32 10 2 3.03 3.61 345
11 103 0.02 3.85 15.30 4.19
12 10 0.02 3.88 15.26 4.09
21 102 0.2 3.88 15.67 4.36
2 BHTS-1 22 102 0.2 3.85 15.44 4.43
31 10 2 3.87 17.46 4.89
32 10 2 3.85 18.04 4.99
11 10 0.02 3.63 12.13 419
21 103 0.02 3.66 12.24 4.29
3 BHTS-II 21 102 0.2 3.62 12.34 4.68
22 102 0.2 3.62 12.40 4.65

31 101 2 3.64 13.09 5.16
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32 101 2 3.61 13.64 194
(b)
A Val
Group , , CFE  EA  SEA AL AL
Number Detail Specimen %) 0 le) PCF MCF CFE EA SEA
o

F N &N ) () (g
11 9781 4429  14.67

i 0810 4306 1480 18 311 9796 4413 1474
21 9586 4595 1517

1 BHTS-S 22 o1y sngs 113 33 323 9702 4590 1515
31 9858 4921 1635

- sy 4003 1e1s 357 347 9708 4912 1627
11 2739 7789 2023

i vesl  vear 1oy 1528 414 2710 7663 1983
21 2784 7814 2014

2 BHTS-I i~ 670 veos  1ogs 1556 440 2827 7710 19.95
31 2803  90.02 2326

s et sers  owe 1775 494 2784 8839 2290
11 3450 7184 1979

1219 424 3478 7317 2008
21 3506 7450 2036
21 3789 8166 2256

3 BHTS-II 1237 467 3771 8199 2265
22 3753 8231 2274
31 3941 9222 2534

1337 505 3783 9245 2551
32 3625 9268 2567

The first numbers (1, 2 and 3) which are after the last letters in the specimen refer to the veloc-
ity/specimen length ratio of 10-3s!, 10-2s! and 10-' s respectively while the second number refers
to the repeated test.

3.4. Comparison of EA Characteristics of BHTSs

The force versus displacement obtained from the numerical simulation was com-
pared with the experimental results of each model, and the comparison of the out-of-plane
mechanical properties obtained from the experiments and FEM is shown in Figure 14
From Figure 14a, it can be seen that the experimental results have a good agreement with
the FEM results, which indicates that the numerical models have good reliability. Analyz-
ing the CFE test results, the overall trend of CFE is BHTS-S > BHTS-II > BHTS-I: at 0.001
s7! strain rate, the CFE of BHTS-S is 97.96%, which is 261.48% and 181.66% higher than
BHTS-I and BHTS-II, respectively; at 0.01 s strain rate, the CFE of BHTS-S is 97.02%,
which is 243.19% and 157.28% higher than that of BHTS-I and BHTS-II, respectively; at
0.1 s strain rate, the CFE of BHTS-S is 97.08%, which is 248.71% and 156.62% higher than
that of BHTS-I and BHTS-I], respectively. Under the above three SREs, the average CFE
of BHTS-S is 97.35%, which is 250.94% and 164.75% higher than the average CFE of BHTS-
I and BHTS-II, respectively.



Energies 2022, 15, 6957

15 of 18

(b)

(a)
240
B 0.001 5" FEM-0.001 " R 0.001 5" FEM-0.001 s"
200 | Eools' FEM-0.01 5" 240 60 - I=[XF} FEM-0.01s" 460
B 0.1 FEM-0.15" B 0.1 FEM-0.1 5"
160 | 4180 ~ o~
S ©
e < o 40 F =
< o} B = =
E =120 (.I) S 430 V\}
© st = @ =
= 20 2
40 1%
0 0 0

= 0 = =
BHTS-S BHTS-1 BHTS-II BHTS-S BHTS-1 BHTS-II

Specimens Specimens

Figure 14. EA assessment indexes of BHTSs at each strain rate: (a) average CFE values of test and
FEM; (b) average SEA values of test and FEM.

By analyzing the SEA test results (Figure 14b), the overall trend of SEA is BHTS-II
> BHTS-I > BHTS-S: at 0.001 s! strain rate, the SEA of BHTS-II is 20.08, which is 36.23%
and 1.26% higher than the BHTS-S and BHTS-I, respectively; at 0.01s strain rate, the SEA
of BHTS-II is 22.65, which is 49.51% and 13.42% higher than BHTS-S and BHTS-I, respec-
tively; at 0.1s! strain rate, the SEA of BHTS-II is 25.51, which is 56.79% and 11.40% higher
than the distribution of BHTS-S and BHTS-I. Combining the above three SREs, the aver-
age SEA of BHTS-II is 22.75, which is 47.82% and 8.85% higher than the average SEA of
BHTS-S and BHTS-, respectively.

The SEA analysis of the three structures of BHTS-S, BHTS-I1 and BHTS-II at 0.001 s,
0.01 sand 0.1 s strain rates yielded 0.1 s > 0.01 s > 0.001 s': the average SEA at 0.1 s7!
in BHTS-S is 16.27, which is larger than those at 0.01 s~land 0.001 s~ of 10.38% and 7.39%,
respectively. The average SEA at 0.1 s-'in BHTS-I is 22.90, which is 15.48% and 14.67%
larger than that at 0.01 s7land 0.001 s7'. The average SEA in BHTS-II is 25.51 at 0.1s7!, which
is 27.04% and 12.63% larger than those at 0.01s' and 0.001s™'. The whole average SEA for
0.1 s'is 21.56 under the combined three structural designs, which is 18.33% and 11.94%
higher than the whole average SEA for 0.001 and 0.01s™, respectively.

4. Conclusions

In this paper, three different column-filling modes of bio-inspired honeycomb col-
umn thin-walled structure are proposed, and the influence caused by SRE on its energy
absorption characteristics is the main subject of study. Tensile and compression tests and
numerical analysis of each specimen were carried out, based on which the dynamic re-
sponse of the structure during SRE loading at different range stages was calculated by the
explicit finite element calculation software LS-DYNA. The following conclusions are
drawn by comparing several important energy evaluation parameters PCF, CFE and SEA:

1.  The designed cross-sectional shape had a very significant effect on the BHTS, and the
bionic structure of the beetle elytra greatly enhanced the mean crushing force and
energy absorption properties of the honeycomb structure.

2. The comparison of energy absorption characteristics of BHTS by test shows that the
strain rate effect has a significant effect on the energy absorption capacity of BHTS
under axial impact load.

3. The finite element simulation results are in good agreement with the experimental
results. This research method can provide an important reference for the design,
manufacture and modeling of materials based on BHTS.

4.  The finite element simulation and lightweight BHTSs design concept used in the de-
sign process of BHTSs greatly reduce the material consumption in the design stage;
the additive manufacturing with high utilization rate of materials used in the test
process optimizes the use efficiency of materials, conforms to the concept of energy
saving and emission reduction, and has potential promotion value.
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Notations
T, Cell wall thickness 0y Initial yield stress
H, Column height é Strain rate
L, Cell side length B Hardening parameter
D, Column diameter C,P Strain rate parameter
Er True strain el! Effective plastic strain
&g Engineering strain Ep Plastic hardening modulus
or True stress epP Plastic strain
og Engineering stress E Elastic modulus
Om Spherical stress tensor E, Tangent modulus
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