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Abstract: In this paper, we design a new three-dimensional honeycomb with a negative Poisson’s
ratio. A honeycomb cell was first designed by out-of-plane stretching a re-entrant honeycomb
and the honeycomb is built by spatially combining the cells. The in-plane response and energy
absorption characteristics of the honeycomb are studied through the finite element method (FEM).
Some important characteristics are studied and listed as follows: (1) The effects of cell angle and
impact velocity on the dynamic response are tested. The results show that the honeycomb exhibits an
obvious negative Poisson’s ratio and unique platform stress enhancement effect under the conditions
of low and medium velocity. An obvious necking phenomenon appears when the cell angle parameter
is 75◦. (2) Based on the one-dimensional shock wave theory, the empirical formula of the platform
stress is proposed to predict the dynamic bearing capacity of the honeycomb. (3) The energy
absorption in different conditions are investigated. Results show that as the impact velocity increases,
the energy absorption efficiency gradually decreases. In addition, with the increase of cell angle, the
energy absorption efficiency is gradually improved. The above study shows that the honeycomb has
good potential in using in vehicle industry as an energy absorption material. It also provides a new
strategy for multi-objective optimization of mechanical structure design.

Keywords: negative Poisson’s ratio; impact response; deformation mode; energy absorption;
platform stress

1. Introduction

Re-entrant honeycombs have attracted considerable attention due to their excellent
mechanical properties, including high stiffness and specific strength [1,2] and superior
heat dissipation capabilities [3]. Because of their distinctive energy absorption abilities,
they are associated with lightweight material [4–6]. Thus they are extensively used in the
field of transportation [7], aerospace and construction [8]. Many studies have recently
been published that seek to investigate the in-plane compressing properties [9,10] and
out-of-plane compressing properties [2,11] of honeycombs.

Meanwhile, some scholars have used experimental, numerical and theoretical meth-
ods [12] to research the compression properties of the re-entrant honeycombs [13–16]. They
found that adding ribs in the cell of re-entrant honeycomb can improve Young’s modulus
and the energy absorption capacity [17,18]. Some researchers have investigated the defor-
mation modes under different compress velocities and found that the re-entrant honeycomb
has greater impact resistance than hexagonal honeycomb [5]. Some researchers also intro-
duce a hierarchy into re-entrant honeycombs to investigate the in-plane crashworthiness
performance [19]. In recent years, gradient honeycomb has also attracted the attention of
many scholars. Studies have found that this honeycomb has better ability by changing
the parameters to enhance energy absorption capacity [20–22]. There are many studies
on the cell configuration of re-entrant honeycomb and the cell configuration at different
compression speeds. Most re-entrant honeycomb is designed by directly stretching 2D
configuration to 3D configuration and such design commonly has limited abilities.
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In this study, a three-dimensional re-entrant honeycomb is proposed and its in-plane
compress performance is investigated. The deformation of the honeycomb under different
conditions is calculated by the finite element method, and then the stress formula of the
platform is fitted according to the stress–strain curve. Finally, the energy absorption abilities
of the honeycomb under different conditions are discussed.

2. Finite Element Model and Parameters
2.1. Digital Model

The new three-dimensional re-entrant honeycomb is formed by the rotation shown
in Figure 1. The cell of traditional re-entrant honeycomb in an out-of-plane tensile is
shown in Figure 1a, the representative structural cell (RSC) of the three-dimensional
re-entrant honeycomb in orthogonal space is shown in Figure 1b and the array of the
re-entrant honeycomb in orthogonal space is shown in Figure 1c. The dimensions of the
RSC are shown in Figure 2, where the length of upper and lower cell walls of the re-entrant
honeycomb structure is 2L, the length of the ligament connecting the adjacent honeycomb
structure is L, t represents the thickness of cell wall of the honeycomb, d represents the
width outside the cell wall and α represents the angle between the oblique edge of the
re-entrant honeycomb and the horizontal plane (i.e., the cell angle). For the traditional
re-entrant honeycomb, the range of α is from 0◦ to 90◦. The internal edges of the traditional
re-entrant honeycomb structure are overlapped when α is 0◦, and when α is 90◦, the
re-entrant honeycomb structure becomes a square honeycomb structure.
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Figure 2. Structural parameters of the traditional re-entrant honeycomb (2L is the length of upper
and lower cell walls, L is the length of the ligament, α is the angle between the cell walls and t is the
thickness of cell wall.).

According to the theory of porous materials [1], the relative density of honeycomb
materials can be calculated by the ratio of the volume of RSC in Figure 1b to the total
volume of three-dimensional space. Therefore, the relative density of three-dimensional
honeycomb materials, ∆ρ, can be written as Formula (1)

∆ρ =
VRVE
VTotal

=
td(16L − d)

8(L sin α + t
2 )(2L − L cos α)2 (1)
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where VRVE is the volume of three-dimensional honeycomb structure, and VTotal is the total
volume of representative structural cells in three-dimensional space in Formula (1).

2.2. Model Parameters and Constraints

The schematic diagram of the three-dimensional honeycomb calculation model is
illustrated in Figure 3, where the direction setting in the simulation model is shown. The
specimen formed by the three-dimensional honeycomb is placed between the upper and
lower plate. In the test, the lower plate is fixed and the upper plate is driven by the external
velocity, and it compresses the honeycomb specimen along the negative direction of the
y-axis. The cell wall length (L) is 5 mm, the thickness (t) is 0.3 mm and the cell wall
width (d) is 1 mm. By changing the cell angle and impact velocity, the dynamic response
characteristics of the model in y-axis direction are calculated by Abaqus/Explicit dynamic
finite element method. The matrix material of honeycomb is selected to be aluminum,
assuming that the material is an ideal elastic–plastic material model, which conforms to the
Mises yield criterion. The material parameters are given in Table 1. In order to facilitate the
calculation of the simulation model, the upper compressed and the lower fixed plate are
both regarded as a rigid plate.
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Table 1. Mechanical properties of the aluminum.

Material ρ/(Kg·m−3) E/GPa σs/MPa v

Aluminum 2700 69 76 0.3

The Abaqus software is used. In order to ensure the convergence of the calculation
process, each cell wall of the three-dimensional honeycomb is discretized by S4R shell
element, and five integral points are taken along the direction of cell wall thickness. The
general contact of each element of the simulation model is set as an automatic contact and
rigid plate, and this can greatly reduce the workload of defining different contact pairs.
Therefore, multiple contacts are defined in the calculation, such as the general contact
between the rigid plates and the honeycomb specimen and the self-contact between the
internal elements of the specimen. Since the contact surfaces cannot be completely smooth,
the friction coefficient is set to 0.02 for calculation accuracy [23]. In order to verify the model
accuracy, we set simulation parameters as the same as the ones in article [24] and make a
comparison. The results show that the deformation is completely consistent in Figure 4,
which proves the simulation model is correct. In addition, this article also compares the
performances in convergence with different mesh sizes. The force over calculation time is
shown in Figure 5. Considering the calculation time and the accuracy of the results, the
mesh size is set to 0.5.
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According to the calculation results in [23], the dynamic response of honeycomb
specimens can be stabilized when the number of cells in each axial direction exceed 10.
Therefore, the specimen has 10 structural cells in the x-axis and z-axis directions, and the
number of cells in the y-axis direction change according to the cell angle. The number of
cells set in each axis direction are marked in Figure 6. In order to facilitate the comparison
of energy absorption efficiency, the height of specimen in y-axis is maintained at about
95 mm.
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2.3. Calculation Critical Velocity

The impact velocity is a significant index affecting the dynamic response characteristics
of materials. The dynamic response process is discussed under three conditions:

1. When the impact velocity is lower than the first critical impact velocity (i.e., the notch
wave velocity), the whole specimen is slowly compressed, and the force is relatively
uniform during the impact process. The material undergoes quasi-static deformation.

2. When the impact velocity exceeds the first critical impact velocity (i.e., notch wave
velocity), the impact process transits from the overall deformation to the local defor-
mation and the local deformation band is formed. With the increase of impact velocity,
the local deformation of the upper end of the specimen is more obvious.

3. When the impact velocity is higher than the second critical impact velocity, the local
deformation zone will propagate from the upper end to the lower end of the specimen
in the mode of a shock wave.

The impact velocity of honeycomb material with local deformation zone during impact
is called the first critical impact velocity, and its calculation formula is as follows:

vc1 =
∫ ε1

0

√
σ(ε)

∆ρρA
dε (2)

In Formula (2), ε1 is defined as the corresponding nominal strain (i.e., initial strain)
when the stress reaches the stress peak for the first time in the process of impact fluctuation.
σ(ε) represents the elastic modulus of honeycomb material in the online elastic stage, and ∆ρ
is the relative density of honeycomb material. ρA is the density of the honeycomb material.

The shock velocity when honeycomb material deformation is compressed with shock
wave deformation characteristics is known as the second critical shock velocity. The
calculation formula is as follows:

vc2 =

√
2σpε3

∆ρρA
(3)

σp is the plateau stress of honeycomb materials under quasi-static compression in
Formula (3), and ε3 is the locking strain, that is, the strain value at the beginning of the
densification stage of honeycomb materials.

According to the above Formulas (2) and (3), when the cell parameters are as follows:
t = 0.3 mm, d = 1 mm, α = 45◦ and L = 5 mm, the first critical impact velocity Vc1 ≈ 11 m/s
and the second critical impact velocity Vr2 ≈ 62 m/s are calculated. This paper selects the
impact velocity V1 = 3 m/s (V1 < Vcr1), V2 = 20 m/s (Vcr1 < V2 < Vcr2) and V3 = 200 m/s
(Vcr2 < V3) to study the impact deformation in order to observe the influence of different
impact velocities on the dynamic response of three-dimensional re-entrant honeycombs.

3. The Result of Simulation and Discussion
3.1. Deformation Mode

Under different impact velocities, the deformation of model is an important charac-
teristic of the dynamic response of honeycomb. The reason for the deformation is that the
wall of cell inside the specimen is rotation and buckling under external loads.

When the angle α is 45◦, the deformation of the three-dimensional honeycomb under
three different impact velocities of low speed (V1 = 3 m/s), medium speed (V2 = 20 m/s)
and high speed (V3 = 200 m/s) are shown in Figures 7–9, respectively. The nominal strain
(ε) in the Figures is the ratio of the displacement of the specimen in y-axis direction to the
initial height.
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In the case of low velocity (V1 = 3 m/s), the deformation process of three-dimensional
honeycomb can be roughly divided into four stages. Phase I (ε = 0.096) is mainly the
rotation of the inclined cell wall inside the three-dimensional honeycomb. The results
show that the more the impact velocity is close to the velocity of quasi-static compression,
the more uniform the stress is in the compression process. The specimen is uniformly
deformed all the time in this stage and the upper and lower ends are close to the middle
under the action of the x-axis force generated by the rotation of the cell wall, which shows
that the specimen has a specific negative Poisson’s ratio. The middle part of the specimen
in the y-axis direction has little force and almost no deformation, so the middle part of
the specimen is convex during compression. In Phase II (ε = 0.277), the deformation is
mainly caused by the continuous rotation of the inclined cell wall in the upper structure of
the specimen in order to withstand the compression deformation in the y-axis direction.
Therefore, under the action of the cohesion in the x-axis direction, the upper end of the
specimen has obvious concave phenomenon. When the upper end is compressed to a
certain extent, it enters Phase III (ε = 0.470). The internal inclined cell wall of the upper end
of the specimen will maintain a certain angle in the process. The pressure is transferred
from the upper end of the specimen to the lower end, which leads to the rotation of the
internal inclined cell wall of the lower end of the specimen. The cohesive force begins to
contract to the middle, and the concave shape appears to bear the impact force transmitted
from the upper end. When the upper and lower ends are basically symmetrical and the
upper and lower ends of the specimen are concave and the middle part is convex, forming
a ‘barreling’ state, this stage is completed. Then the deformation enters Phase IV (ε = 0.782),
the specimen continues compressing in the y-axis direction. Because the upper and lower
ends of the specimen have been compressed to a certain extent, the inclined cell wall of
the middle part of the specimen in the y-axis direction will rotate. Under the action of
transverse force in the x-axis direction, the inclined cell wall begins to converge to the
middle vertical plane. When the inner cell wall of the structure basically parallel, the
adjacent cell walls reach full contact density, and the compression is stopped.
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In the case of medium velocity (V2 = 20 m/s), the deformation can be divided into
two stages. The first stage includes the deformations where the strain is between 0 to
0.47. When ε = 0.096, the impact energy cannot be transmitted to the lower end of the
specimen, resulting in the compression of the upper end of the specimen. The inclined cell
wall begins to rotate inside the specimen. Because the impact velocity is higher than the
one at low speed, the horizontal cell wall will produce buckling and the external impact
energy is absorbed. Due to the rotation and buckling of the inner cell wall of the specimen
structure, the upper part of the specimen will produce an obvious concave deformation,
where negative Poisson’s ratio characteristics are shown. When ε = 0.277 and ε = 0.470, the
deformation still presents in the first stage. The specimen is compressed layer by layer from
top to bottom. In the second stage (ε = 0.782), the compression of the specimen is passed
layer by layer to the lower of the specimen, and the internal cell walls begin to contact
each other and produce dense compression. At this stage, the bottom layer of the specimen
cannot bear the force in the x-axis direction due to the lessened friction force, so there is a
slight rollover phenomenon.

At high speeds (V3 = 200 m/s), the compression deformation can be seen as one stage.
The inertia effect plays a leading role due to the fast impact speed. The inclined cell wall in
the specimen structure cannot produce rotation and only buckling deformation occurs. The
specimen is compressed layer by layer from upper to lower, until the compression reaches
to the bottom and the inner cell wall of the structure is fully contacted and dense. Negative
Poisson’s ratio can be hardly shown in this process.

It can be concluded that when the speed is low, the whole specimen is more evenly
deformed from top to bottom. Due to the effect of friction, when the speed is low, the
specimen presents ’barreling’. With the speed increases, this phenomenon gradually
disappears, inertial force plays a major role, the specimen deforms from the upper end and
the bottom deformation becomes smaller.

The above research discusses the influence of different impact velocities on the defor-
mation of specimen at the same cell angle. The deformations of specimen with different
cell angles under the same impact velocity is discussed next. In the test, the cell wall length
L = 5 mm is unchanged, the impact velocity is 3 m/s and the compression deformation is
set as ε = 0.186. The deformation of specimens with different cell angles α = 30◦, 45◦, 60◦

and 70◦ are shown in Figure 10a–d, respectively.
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When the cell angle α = 30◦, the impact energy is first transferred from the upper of
the specimen to the lower. Shrinkage deformations in the vertical direction are produced in
the middle part. The shrinkage deformation of the lower part of the specimen is greater
than that of the upper part of the specimen. The deformation mode of this case is that the
deformation is small near the upper end and the deformation is great next to the lower end.

When the cell angle is α = 45◦, the impact energy is also transferred from the upper to
the lower of the specimen. In the process of the compression deformation of the specimen,
due to the rotation of the inclined cell wall inside the specimen, the transverse deformation
in the x-axis direction is produced. Both ends of the specimen shrink and the middle
position of the y-axis direction is relatively small, so it finally presents the ‘barreling’ mode.

When the cell angle is α = 60◦, the impact energy is transferred from the upper to the
lower parts of the specimen. In the process of compression deformation, the situation is ba-
sically the same as that of α = 45◦, so it finally presents the ‘barreling’ state. Compared with
α = 45◦, the deformation at the lower part of the specimen is smaller, and the deformation
is mainly concentrated in the upper part of the specimen.
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When the cell angle α = 75◦, the internal cell wall of the specimen is sparser due
to the larger angle of α. When the impact begins from the upper part of the specimen,
it shows that the upper part of the specimen is prone to deformation, while the lower
part does not produce deformation. A specific position at the upper part of the speci-
men shows the necking phenomenon, and the specimen has obvious negative Poisson’s
ratio characteristics.

By studying the impact deformation of different cell angles under the same impact
velocity, it is found that when the cell angle α = 30◦, the deformation of the negative
Poisson’s ratio mainly occurs at the lower part of the specimen, and the deformation
morphology is different from that with other angles where the lower shrinkage is larger
than the upper shrinkage. When the cell angle is α = 45◦ and α = 60◦, the deformation
modes are basically the same, showing the shape of ‘barreling’. Besides the phenomenon of
negative Poisson’s ratio still exists at the upper and lower ends of the specimen. However,
with the increase of the cell angle, the deformation at the lower part of the specimen
gradually weakens and mainly concentrates on the upper part of the specimen. When
the cell angle is α = 75◦, the upper end of the specimen displays an obvious ‘necking’
phenomenon, and the lower end almost has no deformation. It can be concluded that
under the same impact velocity, with the increase of the cell angle, the deformation position
gradually transits from the lower of the specimen to the upper end and shows different
deformation modes.

When the impact velocity is low (V1 = 3 m/s), the nominal stress–strain curve of
the specimen is shown in Figure 11. When the three-dimensional honeycomb parameters
are α = 45◦, L = 5 mm and t = 0.3 mm, the ε represents the nominal strain in the hori-
zontal coordinate, that is, the ratio of the compression reaction of the upper rigid plate
to the initial contact area of the specimen, and the σ represents the nominal stress in the
vertical coordinate.
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Figure 11. Nominal stress–strain curve of specimen under in-plane impact.

When honeycomb is subjected to in-plane compression, it is studied according to [25].
The compression process of traditional honeycomb is generally divided into three regions,
as shown in Figure 11, which are the linear elastic region, platform region and dense
region. However, compared with the traditional honeycomb, the compression process of
the three-dimensional re-entrant honeycomb is divided into four regions, namely, the linear
elastic region, platform region, platform enhancement region and dense region.

The linear elastic region is a process, where the compression stress of the upper rigid
plate suddenly increases and reaches the initial stress peak in a very short time. After that
(ε = ε1), the stress begins to fluctuate and finally tends to be stable. In the platform region,
the compressive stress of the specimen after reaching the initial strain ε1 fluctuates around
a certain value and remains relatively stable. The specimen undergoes great compressive
deformation in this stage, so it is the main stage of energy absorption. After the end of the
platform stage, it enters the platform enhancement region. With the continuous increase
of the compressive strain of the specimen, the stress no longer remains relatively stable,
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but gradually increases with a specific slope and exceeds the platform stress value to a
certain extent. After the strain at the end of the enhancement stage reaches ε3, the cells in
the specimen begin to contact with each other in dense region. At this region, the stress
value of the specimen rises sharply in a small strain stage until the inner wall of the cells in
the specimen is completely bonded together and the dense stage ends.

3.2. Platform Stress

When the stress remains in a relatively stable region from ε1 to ε2, the stress in this
region is called the platform stress (σp). It is an important indicator for describing the
dynamic response characteristics of the honeycomb and can be calculated by the following
Formulas (4) and (5):

σP =

∫ ε3
ε1

σ(ε)d(ε)

ε1 − ε3
(4)

σ(ε) =
F(ε)

Lx × Lz
(5)

In Formula (4), ε1 is the initial strain, that is, the corresponding strain value when the
initial stress is just stable and reaches the platform stress, so the value of ε1 is very small. In
order to achieve a high calculation accuracy, the value of ε1 in this paper is set as 0.013. ε3
is dense strain, that is, the strain corresponding to the contact between adjacent cell walls
within the specimen. In Formula (5), the value of F(ε) is derived from the average value of
the force of the upper rigid plate in the platform area obtained by the simulation. Lx is the
length of the specimen in the x-axis direction, and Lz is the length of the specimen in the
z-axis direction.

According to the one-dimensional shock wave theory [1,25], the formula of platform
stress is obtained as follows:

σP = mσs∆ρ2 +
∆ρρsν2

1 − n∆ρ
(6)

where σs represents the yield stress of the matrix material, ∆ρ represents the relative density
of the designed honeycomb material, ρs represents the density of the matrix material and m
and n are the coefficients to be calculated or fitted.

The stress over different velocities are calculated using the FEM method and listed in
Table 2. According to Formula (6) and the data points in Table 2, three curves are fitted and
plotted in Figure 12, and the formula of the three curves are obtained by linear regression,
so as to solve the parameters m and n in the formula. By verifying the results, it has been
found that the value of n is too large, mainly because the value of ρs in the formula leads
to the inapplicability of the formula. It is found that the value of n conforms to the linear
distribution by observation, so the calculation formula of platform stress is modified by
fitting the value of n again. The modified formula is as follows:

σp = 2.188σs∆ρ2 +
(

0.0023∆ρ + 6.948e−9
)

ν2 (7)

The comparison between the results of the three-dimensional honeycomb platform
stress under different densities by FEM and the curves of the formula are shown in the
Figure 12 as well. It can be seen that the fitting of the result is better, and the smaller the
relative density is, the higher the fitting degree is. Therefore, the rationality of the correction
formula is verified.
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Table 2. Platform stress in different condition.

v/(m/s) σp/(MPa)

∆ρ = 0.037 ∆ρ = 0.02 ∆ρ = 0.012 ∆ρ = 0.008

3 0.037 0.026 0.023 0.019

7 0.038 0.031 0.028 0.022

20 0.081 0.053 0.039 0.035

35 0.167 0.109 0.058 0.055

70 0.623 0.303 0.192 0.171

100 1.450 0.615 0.378 0.314

200 3.778 2.158 1.403 1.079
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3.3. Energy Absorption

The effects of the impact velocity and cell angle on the stress and strain of specimen
during impact are studied below. Firstly, under the condition of the constant cell angle
(relative density), the nominal stress and strain curves of three-dimensional re-entrant
honeycomb are obtained by simulation. It can be concluded from Figure 13a that under this
condition, the stress increases with the increase of velocity. In addition, the stress and strain
of different cell angles (different densities) under the same impact velocity can be obtained
in Figure 13b. It can be seen from Figure 13b, the stress decreases with the increase of the
cell structure angle.
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Energy follows the first principle of thermodynamics under external loads, which can
be expressed by Formula (8). Ignoring the energy of friction loss and the energy of the
damping dissipation of surrounding media in Formula (8), the external work is mainly
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converted into kinetic energy and the internal energy absorbed by the impact object, so the
sum of the two is regarded as the total energy absorbed by the material.

Ew + Eqb = Eu + Ek + E f (8)

where Eu is the internal energy of the material, Ek is the kinetic energy of the material, Ef is
the energy of the contact friction loss, Ew is the work done by the external load and Eqb is
the energy dissipated by the surrounding medium damping.

The curve of total energy over strain is shown in Figure 14. Figure 14a shows that
when the cell angle (relative density) unchanged, the ability to absorb energy during
compression increases with the increase of velocity. In addition, when the velocity is
constant (V1 = 3 m/s), the ability to absorb energy increases with the increase of cell
angle shown Figure 14b. Therefore, the energy absorption ability of three-dimensional
honeycomb can be improved by changing the impact velocity and cell angle.
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Figure 14. Relationship between energy absorption and strain of specimens. (a) E (total energy) with
different velocities. (b) E (total energy) with different angles.

In order to investigate the energy absorption distribution of three-dimensional hon-
eycomb structure under in-plane impact, the internal energy distribution coefficient Φ
(the proportion of internal energy in total absorbed energy) is defined. The formula is
as follows:

Φ =
Eu

Ek + Eu
(9)

The influence of impact velocity and cell angle on the internal energy distribution
coefficient Φ during the impact of specimen is studied below. The variation of the internal
energy distribution coefficient Φ with the nominal strain is shown in Figure 15. The
condition that relative density (cell angle) of the honeycomb is constant and the impact
velocity is different in Figure 15a. The result show that the impact velocity has a great
influence on the internal energy distribution coefficient Φ. With the increase of the impact
velocity, the internal energy distribution coefficient Φ decreases accordingly, and its value
gradually decreases from 0.95 at a low speed impact (V = 7 m/s) to 0.45 at a high speed
impact (V = 200 m/s). It can be concluded that when the impact velocity is lower than the
second critical impact velocity, the honeycomb absorbs most of the internal energy. With
the increase of impact velocity, the proportion of internal energy distribution decreases
due to the increase of inertial effect. In addition, when the impact velocity (V = 3 m/s)
is constant and the relative density (cell angle) changes, the internal energy distribution
coefficient Φ also depends on the cell angle, as shown in Figure 15b. Under the same impact
velocity, the internal energy distribution coefficient Φ increases slightly with the increase of
cell angle. It can be concluded that the effect of impact velocity on the absorption of impact
energy is greater than the cell angle.
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Figure 15. Relationship between energy distribution coefficient and strain. (a) Φ (internal energy
distribution coefficient) with different velocities. (b) Φ (internal energy distribution coefficient) with
different cell angles).

4. Conclusions

Based on the traditional re-entrant honeycomb, a 3D honeycomb through a spatial
combination is designed in this paper. Then, the dynamic response characteristics of three-
dimensional re-entrant honeycomb are numerically analyzed by the explicit dynamic finite
element method, and the following conclusions are drawn.

Three-dimensional honeycomb with different cell angles exhibits different deformation
modes at the same speed. When the cell angle is 30◦, it presents the different compression
deformation morphology where the shrinkage of the lower part is larger than that of
the upper part. When the cell angles were 45◦ and 60◦, the compressive deformation
pattern of ‘barreling’ was presented. When the cell angle is 75◦, the specimen shows the
necking phenomenon, which conform to the negative Poisson’s ratio material under axial
compression. The rotation and bending deformation of the cell wall are the main reasons
for the negative Poisson’s ratio of the honeycomb. With the increase of impact velocity,
the deformation localization is obvious, the inertial effect is gradually enhanced and the
negative Poisson’s ratio characteristic is weakened. In addition, the stress–strain curve of
three-dimensional re-entrant honeycomb adds the platform enhancement region compared
with the traditional honeycomb.

Based on the one-dimensional shock wave theory, the empirical formula of the plat-
form stress of three-dimensional re-entrant honeycomb is given, which is proved to be
in good agreement with the FEM calculation results. In addition, it can be seen from the
fitting results that the smaller the relative density, the higher the fitting degree.

The impact velocity has a great influence on the internal energy distribution coefficient
Φ. With the increase of the impact velocity, the internal energy distribution coefficient Φ
accordingly decreases, and its value gradually decreases from 0.95 at low speed (V = 7 m/s)
to 0.45 at high speed (V = 200 m/s). Therefore, it can be concluded that when the impact
velocity is lower than the second critical impact velocity, the material in this paper mainly
absorbs internal energy. With the increase of impact velocity, the proportion of internal
energy distribution will decrease due to the increase of the inertial effect.
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