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ABSTRACT

Due to the unique deformation characteristics of auxetic materials (Poisson’s ratio u < 0), they have better shock
resistance and energy absorption properties than traditional materials. Inspired by the concept of variable cross-
section design, a new auxetic re-entrant honeycomb structure is designed in this study. The detailed design method
of re-entrant honeycomb with variable cross-section (VCRH) is provided, and five VCRH structures with the
same relative density and different cross-section change rates are proposed. The in-plane impact resistance and
energy absorption abilities of VCRH under constant velocity are investigated by ABAQUS/EXPLICIT. The results
show that the introduction of variable cross-section design can effectively improve the impact resistance and
energy absorption abilities of auxetic re-entrant honeycombs. The VCRH structure has better Young’s modulus,
plateau stress, and specific energy absorption (SEA) than traditional re-entrant honeycomb (RH). The influence
of microstructure parameters (such as cross-section change rate o) on the dynamic impact performance of VCRH
is also studied. Results show that, with the increase in impact velocity and «, the plateau stress and SEA of VCRH
increase. A positive correlation is also found between the energy absorption efficiency, impact load uniformity
and o under both medium and high impact speeds. These results can provide a reference for designing improved
auxetic re-entrant honeycomb structures.
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1 Introduction

Different from traditional materials, auxetic materials (Poisson’s ratio u < 0) are wider per-
pendicular to the tensile direction, and narrower perpendicular to the compression direction.
Due to their great advantages in shear resistance, indentation resistance, fracture resistance and
energy absorption properties [1-4], auxetic materials have been applied in various fields, including
sound insulation, shock absorber, sandwich panel composite core and artificial prosthesis [5-8].
Various microstructure models have been developed to enhance the mechanical properties of
auxetic materials [4]. Especially in the impact process, the dynamic response characteristics of
auxetic re-entrant honeycomb are heavily dependent on its non-uniform deformation. Moreover,
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the cellular structure has a great influence on the evolution of macro/micro dynamic stress [1].
Therefore, researchers are continually focused on designing better cell structure to enhance the
impact resistance and impact energy absorption abilities of auxetic material, and to ultimately
achieve better dynamic performance in line with the engineering requirements.

Significant efforts have been made by researchers to study the relationship between the
geometric structure and mechanical properties of auxetic material. Xiao et al. [9] predicted the
crashworthiness of re-entrant auxetic honeycomb under quasi-static loads and dynamic loads of
different impact velocities by using finite element method. The results showed that different load
conditions have great influence on the load-bearing, energy absorption and deformation modes
of re-entrant auxetic honeycomb. Hu et al. [10] and Hou et al. [11] analyzed the cell structure
parameters of re-entrant auxetic honeycomb, including cell wall angle, ratio of wall thickness
to wall length, etc. Tan et al. [12] designed two levels of re-entrant auxetic honeycomb based
on hexagon substructure and equilateral triangle substructure. It was found that the designed re-
entrant auxetic honeycomb has higher energy absorption capacity. Dong et al. [13] studied the
influence of wall thickness on re-entrant auxetic honeycomb deformation mode and the effect
of negative Poisson’s ratio on crushing stress through experimental and numerical methods. They
found that there are great differences in deformation modes and energy absorption between
re-entrant auxetic honeycomb with thin-wall and thick-wall. Sun et al. [14] proposed a multi-
functional layered honeycomb structure, whose mechanical properties such as Young’s modulus
were derived based on the Euler beam theory. Lu et al. [15] designed a new honeycomb structure
with a narrow rib in the inner concave honeycomb structure. Fu et al. [16] derived the analytical
solutions of equivalent Young’s modulus and Poisson’s ratio for a new chiral three-dimensional
auxetic material by using beam theory. Li et al. [17] designed a two-dimensional multi-level con-
cave honeycomb structure, and studied its energy absorption effect under different levels by finite
element method. Hou et al. [18] improved the two-dimensional multi-level concave honeycomb
structure. Then, they used the finite element method to analyze the dynamics of the improved
honeycomb structure in order to further improve the energy absorption effect. Zhang et al. [19]
proposed a bio-inspired re-entrant arc-shaped honeycomb, and studied the influence of cellular
microstructure on its impact dynamic response characteristics. The above literature review shows
the mechanical behavior of auxetic re-entrant honeycombs has been widely studied, but most of
the previous studies assume that the cross-section of the structure remains unchanged. There are
few studies on auxetic re-entrant honeycomb with variable cross-section.

Recently, some researchers have introduced the idea of variable cross-section, which can
improve the impact resistance and energy absorption abilities of structures. In order to improve
the crashworthiness of the front longitudinal beam (S-shaped thin-walled beam), Xu et al. [20]
designed a variable cross-section S-shaped thin-walled beam. Zhang et al. [21] proposed a kind
of multi-cell thin-walled structure with variable cross-section, and studied the influence of wall
thickness on its energy absorption abilities. Xiaofei et al. [22] proposed a new rhombic dodeca-
hedron lattice structure with variable cross section, which has better mechanical properties and
energy absorption than the original one.

In this paper, based on the variable cross-section design concept and the traditional re-entrant
honeycomb structure, a re-entrant honeycomb with variable cross-section (VCRH) was proposed.
Different cell wall structures were designed to improve the impact resistance and energy absorption
abilities. Then, the dynamic mechanical behavior of VCRH was compared to that of traditional
re-entrant honeycomb (RH). Finally, the effects of impact velocity and cell microstructure on the
impact deformation characteristics, plateau stress and specific energy absorption (SEA) of VCRH
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were studied by numerical simulation. This study provides a new way to improve the mechanical
properties and impact resistance of cellular materials.

2 Design of Structures

The cell structures of RH and VCRH are shown in Fig. 1. The geometric dimensions of
inclined cell wall length /, horizontal cell wall length ¢ and inclined cell wall angle 6 of the two
cell structures are consistent. In this study, / = 20 mm, ¢ = 10 mm, and 6 = 120°. All cell walls
of RH cells have uniform cross-section with thickness of ¢, while horizontal cell walls of VCRH
cells have variable cross-section. The maximum and minimum thicknesses are found at both ends
and at the middle of the horizontal cell wall, which are ¢#; and ¢, respectively.

a

(a) (b)

Figure 1: Unit cell structures: (a) RH, (b) VCRH

Different from other materials, the most important characteristic of a cellular material is its
relative density. The purpose of using the relative density is to eliminate the influence of the mass
of porous structure on the mechanical properties. The relative density is defined as follows:

L0
A,O = — (1)
Ps
where pg is the initial density and p, is the material density of the structures. For the RH
structure, the formula for calculating the relative density is as follows:
_ Ql+a)t

Ap
la sin%
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The VCRH cell is composed of two kinds of cell walls, including four inclined cell walls with
uniform cross-section and two horizontal cell walls with variable cross-section. The relative density
of honeycomb with variable cross-section can be given by the following formula:

451 +25,
o ab

where S; and S» represent the areas of inclined and horizontal cell walls:

Si=1t (4)

Ap (€)
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In order to quantify the change in horizontal cell wall cross-section, the cross-section change
rate « is proposed:

h 11—0n
N B 1

(6)

The cross-section change rate @ ranges from 0 to 1. The VCRH will degenerate into RH when
a =0. In the following research, the effective relative density Ap remains unchanged. Notably, the
relative density is not exactly the same due to errors. Different combinations of thickness 7; and
1> are selected to obtain the representative «. Tab. 1 lists all the cellular configurations considered.

Table 1: Geometric parameters of VCRH

Sample Ap t t o

VCRH-1 0.2235 1 1 0

VCRH-2 0.2236 1.11 0.89 0.2
VCRH-3 0.2238 1.25 0.75 0.4
VCRH-4 0.2237 1.42 0.57 0.6
VCRH-5 0.2241 1.65 0.33 0.8

3 Finite Element Simulation Analysis

3.1 Finite Element Model

In order to analyze the influence of cross-section change rate o on the impact resistance and
energy absorption abilities of VCRH, ABAQUS/EXPLICIT software was used to simulate the
conventional and new-type re-entrant honeycomb structures. The finite element model of VRCH
is shown in Fig. 2 (taking VCRH-1 for example). The matrix material in the numerical simulation
is aluminum with density p of 2700 kg/m3, Young’s modulus E of 69 GPa, and Poisson’s ratio v
of 0.3 The ideal elastic-plastic model obeys Mises yield criterion, where yield stress o, is set to 76
MPa. In the simulation process, the supporting rigid plate is fixed by setting the reference point
degree of freedom to 0, and the upper rigid plate is squeezed vertically by constant impact load.
The mass of impacting rigid plate is 20 kg. The honeycomb is modeled by three node plane stress
triangular element (cps3). The out of plane thickness of honeycomb structure is 10 mm, so the
plane stress/strain thickness is set to 10. General contact is applied on the surfaces of the model.
In addition, face-to-face contact is made between the VCRH structure and the two rigid plates,
and the friction coefficient is set to 0. The free boundary is adopted for left and right edges of
the sample.

3.2 Key Performance Indicators

The nominal stress—strain curve (solid line) of the VCRH is shown in Fig. 3. As seen from the
figure, the process of deformation can be divided into three stages: the initial elastic deformation
of honeycomb, progressive plastic yield of honeycomb cell, and significant amount of cell yield
which leads to densification. Plateau stress (0,,) is an important index to evaluate the energy
absorption abilities of cellular structures. The plateau stress value of cellular structure can be
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obtained by taking the average value of the platform stage stress in the stress—strain curve, which
can be expressed as follows:

1 €d
Om = o(e)de (7
Ed — &y £y
v
Impacting
rigid plate A
Supporting ) 7 57§

rigid plate

Figure 2: Finite element model of VCRH-1
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Figure 3: Nominal stress—strain curve and energy absorption efficiency curve of VCRH

Here, o (¢) represents the change in nominal stress with the strain; €, represents the nominal
strain corresponding to the peak value of initial stress, which is set to be 0.02 here; and ¢, is the
maximum strain before the material is compressed and compacted. Previous research shows that
the densification strain €, is largely decided by the impact velocity and the topological structure
of the cell [23]. In order to eliminate the influence of subjective factors, the densification strain
was obtained by energy absorption efficiency method:

d 1 &
d [T)/ “‘””’8]

As shown in Fig. 3, there are many local peaks in the energy efficiency curve. The nominal
strain corresponding to the final peak value (i.e., the point at which the energy efficiency curve
begins to decline rapidly) is regarded as the densification strain. In order to study the impact

=0 ®)
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resistance and energy absorption abilities of VCRH, the following key performance indicators
based on densification strain are proposed.

A cellular material with good impact behavior should maintain impact load uniformity during
impact. In other words, the maximum stress peak value should be less than the damage critical
value, and the fluctuation of stress should be as small as possible. The impact load efficiency
(ILE) represents the impact load uniformity of cellular material, which is expressed as:

ILE = 2"

)

Omax

Here, oy and oy, are two parameters corresponding to the nominal stress—strain curve,
the maximum peak stress and the plateau stress. In order to obtain better energy absorption
structure, the value of o, should be smaller and the value of ILE should be higher. For
an ideal energy absorbing structure, ILE = 1, which means o, is equal to o,;,. The minimum
cushioning coefficient C,,;, is an evaluation index of honeycomb structure crashworthiness, which
is defined as:

1

Chin= 75— 10
min ILE x ¢, (10)

Here, C,,; represents the energy absorption efficiency of honeycomb structure under the
impact load. The impact resistance of honeycomb structure is negatively correlated with the value
of Cmin-

In order to evaluate the energy absorption abilities of honeycomb structure, specific energy
absorption (SEA) is defined as the ratio of total energy absorption to mass:

B Vfoe"a(s)ds B Oeda(e)de
B m  po

where m, V' and pq are the mass, volume and density of the honeycomb model, respectively.

SEA (11)

3.3 Analysis of Mesh Sensitivity

In this part, the accuracy and reliability of numerical simulation are verified. In order to verify
the accuracy and reliability of the finite element model, the deformation mode of traditional re-
entrant honeycomb under impact load is simulated and compared with the literature results [24].
Fig. 4 shows the deformation comparison between the simulation results and the literature results
under dynamic impact load (v = 20 m/s). When the impact velocity, material properties and geo-
metric parameters are the same, the local deformation and global deformation of the simulation
results are in good agreement with the literature results [24].

Before the simulation, the sensitivity of the numerical results to the mesh size was analyzed.
Fig. 5 shows the effect of element size on the plateau stress and the calculation time. The results
show that when the element size decreases to 1 mm, the platform stress tends to be stable and
converges gradually. However, with the decrease in eclement size, the calculation time increases
rapidly. Considering the accuracy and efficiency of finite element simulation, the mesh size of
honeycomb structure is set as 0.5 mm. A large number of convergence tests show that the existing
finite element model is accurate and effective, and is suitable to analyze the dynamic characteristics
and energy absorption performance of honeycomb structures under impact load. Therefore, the
finite element model described above is reliable and can be used for subsequent research.
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Figure 4: Comparison of impact deformation for traditional re-entrant honeycomb at v =20 m/s
(a) the simulation results and (b) the reference results
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Figure 5: Effect of element size on plateau stress and calculation time of VCRH

4 Results and Discussion
4.1 Deformation Mode

element size (mm)

computing time (min)

In order to study the influence of the cross-section change rate o on the deformation mode of
the re-entrant honeycomb structure, the in-plane impact numerical simulation with velocity of 20
m/s was carried out for all the designed samples. Fig. 6 shows the deformation mode and stress
distribution of conventional and VCRH structures under in-plane impact. At the initial stage of
impact, when ¢ = 0.1, the deformation of honeycomb structure is concentrated on the cell unit
near the impact end, and the “necking” phenomenon occurs at the two free surfaces of the impact
end. When the strain increases gradually, the shock wave cannot propagate to the bottom of the
model in a short time due to the high velocity, so it is mainly concentrated near the impact end.
In other words, the cells closest to the impact end deform greatly, while the other cell units of
the model are not deformed to a great extent. Therefore, the cell units of the model are crushed

layer by layer.
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Figure 6: Deformation mode comparison of VCRH structures through simulation results

It can be seen from Fig. 6 that the VCRH can enter the deformation mode of layer-by-
layer collapse more quickly, which means the cells nearest to the impact end are crushed more
quickly. This is mainly because the two ends of horizontal cell wall of VCRH cell are thicker,
and the strain value required for cell collapse is smaller. Fig. 7 shows the comparison of the
deformation modes of VCRH unit cells at crushing strain. Tab. 2 shows the strain of re-entrant
cellular structure under different cross-section change rates. The larger the cross-section change
rate «, the earlier the complete collapse stage appears.

Sample At crushing strain

VCRH-1

VCRH-2

VCRH-3

VCRH-4

VCRH-5

Figure 7: Deformation mode comparison of VCRH unit cells at crushing strain
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Table 2: Crushing strain data of VCRH structures

Sample VCRH-1 VCRH-2 VCRH-3 VCRH-4 VCRH-5
Crushing strain 0.591 0.578 0.566 0.546 0.509

4.2 Mechanical Characteristics of VCRH
4.2.1 Young’'s Modulus

In order to obtain the elastic modulus of the structure, the quasi-static compression simulation
of the model was carried out. The total displacement of top surface of VRCH is assumed to
be 1 mm under the loading rate of 0.6 mm/min. In this case, the elastic moduli of five models
with different values of cross-section change rate « are given in Tab. 3. As can be seen, there is
a positive correlation between the elastic modulus and «.

Table 3: Young’s modulus values of VCRH structures

Sample VCRH-1 VCRH-2 VCRH-3 VCRH-4 VCRH-5
Young’s modulus (MPa) 396 437 489 556 761

4.2.2 Plateau Stress

According to Eq. (7), the effects of cross-section change rate o and impact velocity on the
plateau stress oy, of VCRH are studied. Fig. 8§ shows the change in plateau stress relative to o
under different impact loads. The results show that the plateau stress of VCRH structure is greater
than that of RH structure. When the impact velocity is constant, the plateau stress increases with
«. For the honeycomb structure with the same «, the plateau stress increases with impact velocity.
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Figure 8: Effect of cross-section change rate o on plateau stress of VCRH under different
impact velocities
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4.2.3 Impact Load Uniformity

As a critical indicator for good impact resistant structure, the impact load uniformity of
VCRH was also investigated. The dynamic response curves of VCRH structure with cross-section
change rate « = 0.8 and RH structure at v=20 m/s are shown in Fig. 9. Due to the introduction
of variable cross-section cell wall structure, the maximum peak stress of VCRH structure is less
than that of RH structure under the same impact velocity.
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Figure 9: Dynamic response curves of VCRH-1 and VARH-5
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Figure 10: Effect of cross-section change rate « on ILE of VCRH under different impact velocities
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The impact load uniformity is quantified as ILE for better understanding the influence of
cross-section change rate o on the energy absorbing ability of VRCH. Fig. 10 shows the curve
of a vs ILE under different impact velocities. At low velocity impact (v =3 m/s), ILE decreases
first and then increases with «. Especially when o = 0.8, the crush load uniformity of VCRH
structure is the same as that of RH structure. However, under the conditions of medium velocity
(v=20 m/s, v=50 m/s) and high-speed impact (v = 100 m/s), the impact load uniformity of
VCRH structure is better than that of RH structure, and the ILE of VCRH structure increases
with «.

4.3 Energy Absorption Characteristics

In order to evaluate the energy absorption efficiency of honeycomb structure, the minimum
dynamic cushioning coefficient (Cy,;;) is proposed. C,,;;, 1s inversely proportional to the cushioning
performance of honeycomb. Fig. 11 shows the effect of cross-section change rate @ on C;, of
VCRH structure at different impact velocities. At low velocity impact (v =3 m/s), Cp;n, like the
ILE, increases first and then decreases with «. Under the conditions of medium velocity (v =20
m/s, v=50 m/s) and high-speed impact (v =100 m/s), the C,,;, of the new honeycomb structure
decreases with the increase in value of «. Under the condition of medium and high velocity
impact, C,,;, decreases with the increase in impact velocity for re-entrant honeycomb structure
with the same «.
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Figure 11: Effect of cross-section change rate « on C,; of VCRH under different impa-
ct velocities

Fig. 12 shows the effect of cross-section change rate « on the specific energy absorption (SEA)
of VCRH under different impact velocities. The results show that the SEA of VCRH structure
is greater than that of RH structure, that is, the VCRH structure has better energy absorption
characteristics. The SEA increases with « under the same impact velocity. For the honeycomb
structure with the same «, the SEA increases with impact velocity.
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Figure 12: Effect of cross-section change rate @« on SEA of VCRH under different impa-
ct velocities

5 Conclusions

In this study, a re-entrant honeycomb with variable cross-section (VCRH) is proposed based
on the concept of variable cross-section design. Compared with the traditional re-entrant honey-
comb (RH), the impact resistance and energy absorption of VCRH are significantly improved. The
dynamic impact response and energy absorption characteristics of VCRH under different in-plane
impact velocities are evaluated by studying the micro-structure parameters. The main conclusions
of this paper are obtained by simulation analysis.

The deformation mode of honeycomb structure is determined by impact velocity and cell
microstructure. The introduction of variable cross-section into RH leads to the change in
macro/micro deformation characteristics during impact. Compared with RH, VCRH can enter the
complete collapse stage earlier. Moreover, the crushing strain of VCRH is negatively correlated
with the cross-section change rate o.

Compared with RH, the elastic modulus of the VCRH structure is significantly increased. In
addition, at the same impact velocity, the VCRH has higher dynamic platform pressure and SEA
than the RH. It is found that the RH has better impact load uniformity and energy absorption
efficiency at low speed, while the VCRH structure has better impact load uniformity and energy
absorption efficiency at medium and high speed. The results also show that the dynamic platform
pressure and SEA are positively correlated with the cross-section change rate. At medium and
high impact velocities, the impact load uniformity and energy absorption efficiency are positively
correlated with the cross-section change rate. These results can provide a reference for designing
improved auxetic re-entrant honeycomb structures.
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