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Abstract: Based on the traditional concave hexagonal honeycomb structure, three kinds of concave
hexagonal honeycomb structures were compared. The relative densities of traditional concave
hexagonal honeycomb structures and three other classes of concave hexagonal honeycomb structures
were derived using the geometric structure. The impact critical velocity of the structures was derived
by using the 1-D impact theory. The in-plane impact characteristics and deformation modes of
three kinds of similar concave hexagonal honeycomb structures in the concave direction at low,
medium, and high velocity were analyzed using the finite element software ABAQUS. The results
showed that the honeycomb structure of the cells of the three types undergoes two stages: concave
hexagons and parallel quadrilaterals, at low velocity. For this reason, there are two stress platforms
in the process of strain. With the increase in the velocity, the joints and middle of some cells form
a glue-linked structure due to inertia. No excessive parallelogram structure appears, resulting in the
blurring or even disappearance of the second stress platform. Finally, effects of different structural
parameters on the plateau stress and energy absorption of structures similar to concave hexagons
were obtained during low impact. The results provide a powerful reference for the negative Poisson’s
ratio honeycomb structure under multi-directional impact.

Keywords: honeycomb structure; similar concave hexagon; concave direction impact; in-plane
impact; specific energy absorption; stress plateau

1. Introduction

The effect of a negative Poisson’s ratio was first discovered in nature. The properties
are opposite to those of common materials when stretched or compressed. Material with
anomalous properties is called an auxetic material. Auxetic materials have excellent
shear resistance, impact resistance, fracture resistance, energy absorption, and vibration
isolation properties, etc. In 1987, Lakes made polyurethane foams with a negative Poisson’s
ratio property [1]. Research on artificial auxetic materials began slowly from this point.
Artificial auxetic materials are porous materials composed of tiny unit structures. The
common microcell structures that have been made by researchers with negative Poisson’s
ratio properties include: rotating rigid body structure [2], chiral structure [3], perforated
plate structure [4], arrow structure [5], concave hexagonal structure [6], etc. Negative
Poisson’s ratio materials have broad application prospects in engineering construction [7],
biomedicine [8], aerospace [9], textiles [10], and navigation [11].

The honeycomb structure is the best topological structure covering the two-dimensional
plane. It is a bionic structure. Compared with the common two-dimensional structure,
the honeycomb structure has fewer consumables, a high strength-to-weight ratio, a high
rigidity-to-weight ratio, high structural stability, good anti-fatigue characteristics, etc. In
addition, the honeycomb structure also has an excellent energy absorption capacity [12],
sound absorption capacity [13], heat absorption capacity [14], etc. Therefore, this kind of
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structure is widely used in automotive engineering, mechanical engineering, architecture,
medicine, and biological engineering.

Auxetic materials and honeycomb structures can be well combined. The excellent
mechanical properties of negative Poisson’s ratio honeycomb structures can be applied
in everyday life. Therefore, negative Poisson ratio honeycomb materials have been exten-
sively researched. Strek et al. [15] studied the influence of contact between half-cylinder
elastic and plates. The contact pressure and length of the contact boundary when the
half-cylinder elastic acts on the clamped auxetic plate and the plate covered with an aux-
etic layer were analyzed. When the Poisson’s ratio of the homogeneous auxetic plate
is smaller, the contact pressure value will be larger, and length of the contact boundary
will decrease. These two variables are closely related to Poisson’s ratio. The contact pres-
sure and length of the contact boundary of the composite plate are closely related to the
thickness of the auxetic layer. The clamped auxetic plate performs better than a plate
covered with an auxetic layer. The significant influence of Poisson’s ratio on contact pres-
sure (indentation issue) is clear, especially for extremely negative values close to minus
1. Mrozek et al. [16] studied a new type of deformed rotating block structure with holes
and adjusted the structure’s geometric parameters to adjust the structure’s Poisson’s ratio
(1 to —1). The dynamic mechanical properties (mechanical impedance, vibration transfer
loss, transmissibility) of the structure are closely related to Poisson’s ratio. The dynamic
mechanical properties of different structural parameters are analyzed in detail to determine
the appropriate mechanical impedance and transmissibility. Novak et al. [17] made chiral
auxetic cellular structures with alloy as the base material and determined the Poisson’s
ratio of the structures in a variety of different structural parameters through experiments
and simulations. The blast resistance performance of sandwich plates with chiral auxetic
cellular structures under an explosion load is studied in detail. Compared with the positive
Poisson’s ratio of the sandwich plate and homogeneous plate, the sandwich plate with
negative Poisson’s ratio has better blast resistance performance. The research on the blast
resistance performance of auxetic sandwich structures provides a great influence for the
research on the blast resistance performance of composite sandwich structures. Alderson
et al. [18] controls the Poisson’s ratio and the hole gradient of the foam by controlling the
opening condition of the foam by technological means. The Poisson’s ratio of the foam
is controlled from —1 to 1 and the effects of foam compression under different Poisson’s
ratios were compared. This kind of auxetic foam research can be used in sports protective
equipment, medical prosthetics, shoes, etc. Imbalzano et al. [19] introduced a sandwich
plate consisting of an auxetic honeycomb structure and a metal section. They studied the
mechanical properties of the structure under a pulse load and concluded that the pulse
energy absorption of the sandwich plate was twice that of the solid plate when it was
subjected to explosion impact, and the maximum displacement after impact was signif-
icantly reduced. Sarvestani et al. [20] proposed a semi-analytical method for structural
and low-speed impact based on the modified high-order shear deformation theory and
predicted the mechanical properties of sandwich structures by finite element analysis. The
team also 3D-printed three different topological types of honeycomb sandwich plates and
tested the samples for low-speed impact. It is concluded that the sandwich plate with
a concave hexagonal honeycomb core has higher energy absorption capacity than that
with square sandwich core and regular hexagonal sandwich core. Imbalzano et al. [21]
studied the anti-violent performance of tensile honeycomb and ordinary honeycomb and
used the Johnson-Cook model to describe the dynamic response of composite sandwiches
under a high strain rate load. By changing the structural parameters of honeycomb, the
performance of sandwiches with different structural parameters under the explosion load
was studied and analyzed. Compared with the traditional sandwich plate, the auxetic
honeycomb sandwich plate will have the effect of local stiffness enhancement under the
explosion load.

In addition, the in-plane dynamic mechanical properties of auxetic honeycomb struc-
tures have also been extensively studied. Through experimental and numerical analy-
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sis, Glinaydin et al. [22] compared the mechanical properties of 3D-printed back chiral
quad ligamentous honeycomb and concave hexagonal honeycomb under in-plane com-
pression. They concluded that the mechanical properties of in-plane back chiral quad
ligamentous honeycomb were superior to concave hexagonal honeycomb, and the exper-
imental results were verified. Liu et al. [23] analyzed the impact response and energy
absorption characteristics of the concave honeycomb material under different strain rates,
defined the irregular structure of the concave hexagonal honeycomb, and pointed out that
the structural irregularity would enhance the energy absorption ability of the concave
honeycomb under low velocity impact. Alomarah et al. [24] proposed a new structure
with a negative Poisson’s ratio (re-entrant chiral auxetic, RCA) by combining the concave
hexagon cell structure with the chiral structure. Later, a cylindrical geometric structure was
added to the RCA, and its in-plane mechanical properties were improved. The Poisson’s
ratio of honeycomb can be changed by adjusting the new cylindrical structure. Lu et al. [25]
established the models of two honeycomb structures, the RP-H-RP and the H-RP, based
on the regular hexagonal honeycomb structure. They analyzed the mechanical properties
of the two models when both directions in the plane were subjected to explosive loads.
They also summarized the deformation modes and energy absorption distribution of alu-
minum honeycomb under two kinds of blast types: direct explosion and indirect explosion.
Alderson et al. [26] proposed the chiral structure of the concave triligament for the first
time, compared four types of triligament honeycomb structures, and predicted the in-plane
elastic constants and out-of-plane bending responses of these honeycomb structures. The
results show that all four types of triligament honeycomb structures exhibit a negative
Poisson’s ratio phenomenon when the load is placed in the plane. When the load is placed
in the horizontal plane, the conventional chiral and back chiral honeycomb structures have
the same positive Poisson’s ratio phenomenon as the regular hexagonal honeycomb struc-
ture, while the concave chiral and back chiral honeycomb structures have the same negative
Poisson’s ratio phenomenon as the concave hexagonal honeycomb structure. Li et al. [27],
through the analysis of explicit dynamics, studied the compression characteristics of uniax-
ial and biaxial in the honeycomb plane of three types of honeycombs: regular hexagonal
honeycomb, concave hexagonal honeycomb, and mixed honeycomb. The deformation
modes of three types under different impact modes are summarized and compared, and the
energy absorption of the three honeycomb types under impact is analyzed and compared.
At present, a large number of researchers have extensively studied the in-plane char-
acteristics of honeycomb structures with different element types, but the impact direction
of the research is relatively singular. Among many negative Poisson’s ratio cell structures,
the concave hexagon structure is special, and it will have different deformation modes and
mechanical properties when impacted in different directions. Based on the traditional Con-
cave hexagonal structure, we propose two types of similar concave hexagon honeycomb
structures with a negative Poisson’s ratio. The relative density and critical velocity of the
hexagonal structure are derived, and the dynamic impact response and energy absorption
characteristics of each structure are analyzed by finite element simulation. This research
reveals the double shape transformation of the concave direction of the similar concave
hexagon structure when it is subjected to an in-plane impact. The research also provides
basic information for the study of the impact performance of negative Poisson’s ratio
honeycomb structures in multiple directions and applications in multiple scenarios.

2. Model Analysis
2.1. Analysis of Geometric Structure

The concave hexagon structure is derived from the traditional concave hexagonal
structure (re-entrant hexagon honeycomb, RHH) [6]. In this paper, three kinds of hon-
eycomb structures with concave hexagons are introduced which are different from the
traditional concave hexagon. Sinusoidal curved edge honeycomb, (SCEH), tangential of
ligamentous multi-ring stretching honeycomb (TMH), and link of ligaments multi-ring
stretching honeycomb (LMH). The structure of the intraclass concave hexagonal cell is
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shown in Figure 1. In Figure 1, L is the width of the cell, H is the height of a single cell, t is
the thickness of the cell, Rt is the radius of the ring in the cell of TMH, and Ry, is the radius
of the ring in the cell of LMH.
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Figure 1. Diagrammatic sketch of similar concave hexagons. (a) Traditional concave hexagonal
structure; (b) the top and bottom two ligaments are tangent to the ring, and the middle ring is tangent
to the four adjacent ligaments; (c) the ligaments on both sides conform to a sinusoidal curve, where
one period of the curve is T = H, and this structure is derived from RHH; (d) two ligaments at the top
and bottom are connected to the ring, and the middle ring is tangent to the four adjacent ligaments.

In the in-plane crushing of the honeycomb structure, the energy absorption character-
istics in the deformation process are closely related to the relative density of the honeycomb
structure. The relative density can be expressed as the ratio of the cross-sectional area of
a single cell to the rectangular area of the cell contour. In Figure 1, the relative density of
each cell is as follows:
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2.2. Performance Evaluation of Cellular Structures

The mechanical properties of the honeycomb structure are mainly determined by the
stress plateau and the energy absorption when the honeycomb structure is impacted [28].
The stress plateau of the honeycomb structure is expressed as:

oy = ! /Sd o(e)de 5)

€d — €y ey

The index to evaluate the energy absorption capacity of honeycomb structures can
be expressed in terms of specific energy absorption [28]. It represents the ability of the
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honeycomb structure to absorb energy per unit mass. The specific energy absorption of
honeycomb structures can be expressed as:

&d
%Azﬁzéﬁfﬁf (6)
m £Ps

where 0}, is the platform stress of the honeycomb structure, ¢y is the yield strain of the
honeycomb structure, ¢; is the compactification strain of the honeycomb structure, m is
the overall mass of the honeycomb structure, p is the relative density of the honeycomb
structure, p; is the density of the substrate that makes up the honeycomb structure, and E
is the total energy absorbed.

2.3. Analysis of the Critical Velocity

According to the one-dimensional impact wave theory [29], the expression of the first
critical velocity of honeycomb structures can be obtained as follows:

tr [do 1
W‘A M%Ek @)

The expression for the second critical velocity is as follows:

Vo = \/20p24/p* (®)

where ¢, is the strain at the first strain peak when the honeycomb structure is subjected to
an in-plane impact, p* can be expressed as p* = pps, and ¢, is the strain at the beginning
of the compaction phase when the honeycomb multi-empty plate is subjected to in-plane
impact.

3. Finite Element Analysis

In this paper, explicit dynamics is used for the finite element analysis. The structural
matrix material mentioned in the paper is PLA. The matrix material is assumed to be
an ideal elastoplastic material. The material parameters of PLA are as follows: Young’s
modulus E; of 2360 MPa, yield stress oys of 33 MPa, the density p of 1.24 x 10% kg/ m°.
Shell elements are used in the finite element analysis process and the mesh is divided into
S4R elements. In order to verify the reliability of the finite element model established in
this paper, the same finite element model as in reference [30] is established: the honeycomb
material is based on aluminum, and Young’s modulus E; of 69 GPa, yield stress Oys of
76 MPa, the density p of 2.698 x 10% kg/m? in the references, the Poisson’s ratio v of 0.33.
The out-of-plane thickness of the model is 1 mm and the arrangement of the cells in the
honeycomb structure is 14 x 15. The friction between the honeycomb structure and the
steel plate is regarded as smooth. The boundary conditions of finite element analysis are
that the bottom steel plate is fixed, the top steel plate provides kinetic energy, and the Z-axis
direction of the honeycomb structure is limited (as shown in Figure 2). The validation
model of references is as follows (as shown in Figure 3): the angle is 15° and the impact
velocity is 20 m/s.

3.1. Analysis of Impact Characteristics under Static Compression

The length and width of RHH, SCEH, TMH, and LMH are kept the same. The
structural parameters of the four types of cells are as follows: H = 30 mm, L = 36 mm,
« = 50°, and t = 1.2 mm. The thickness of the honeycomb structure is 10 mm. The ring
radius of TMH and LMH are Rt = R; = 2 mm. To ensure stability during impact, the
arrangement of the cells in the honeycomb structure is 6 x 30. The material parameters
of PLA in ABAQUS are as follows: Young’s modulus Es of 2360 MPa, yield stress oys of

33 MPa, the density p of 1.24 x 103 kg/ m3, and the Poisson’s ratio v of 0.35. In order
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to ensure that the honeycomb structure is subjected to quasi-static impact, an ultra-low
velocity of 1 m/s is used to simulate the impact in ABAQUS. The deformation patterns and
performance parameters of honeycomb structures are observed under quasi-static impact.
The differences between three kinds of concave hexagonal honeycomb structures and the
traditional similar concave hexagonal honeycomb structures in the concave direction are
analyzed in the quasi-static compression.

The impacted
steel plate

Figure 2. Diagrammatic sketch of impact mode.
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Figure 3. Finite element verification. (a) The deformation modes caused by the boundary conditions
in this paper compared with those in the reference [30], (b) The comparison between the SEA caused
by the boundary conditions in this paper and the SEA in the references [30].

In Figure 4a, when subjected to quasi-static impact in the concave direction, the four
kinds of honeycomb structures show the phenomenon of a double stress plateau. The
phenomenon does not occur when the other directions of the traditional concave hexagon
are impacted. The first stress platform of TMH and LMH is higher than RHH and SCEH.
LMH has the highest initial stress peak of the four honeycomb structures. TMH and LMH
have a higher second stress plateau compared with SCEH and RHH. In Figure 4b, when
the strain of the honeycomb structure is between 0 and 0.4, the energy absorption effect of
SCEH and TMH is better than that of RHH and LMH under the same loading conditions.
The energy absorption effect of KMH and RHH is almost the same. When the strain of
the four honeycomb structures is greater than 0.5, LMH has the best energy absorption
effect. In general, the in-plane performance of the similar concave hexagonal honeycomb
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structures is better than that of the traditional concave hexagonal honeycomb structures
under quasi-static impact.
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Figure 4. (a) Stress—strain curve of four honeycomb structures under 1 m/s, (b) SEA-strain curve of
four honeycomb structures under 1 m/s.

In terms of deformation mode, TMH and LMH are more stable than SCEH and RHH
when subjected to in-plane impact, under the premise of the same cell size and number.
As shown in Figure 5, when the strain of honeycomb structure reaches ¢ = 0.4, SCEH and
RHH show greater skew compared with TMH and LMH.

In conclusion, through the comparison of four kinds of honeycomb structures in
quasi-static impact, the in-plane performance of the similar concave hexagonal honeycomb
structure is better than that of the traditional concave hexagonal honeycomb structure. In
order to avoid repeated conclusions, three kinds of similar concave hexagonal honeycomb
structures are analyzed in the following sections.

3.2. Analysis of Impact Characteristics of Similar Concave Hexagonal Honeycomb Structures
under Different Impact Velocities

Based on the structure parameters in 3.1 and according to Equations (2)—(4), the relative
density of the honeycomb structure composed of the three kinds of cells can be obtained as
follows: prpg = 0.151, o3y = 0.155, pgopy = 0.157. According to the relative densities
of the three types and Equations (7) and (8), the critical velocities of the three types of
honeycomb structures can be obtained as shown in Table 1. According to the three types of
critical velocity in the table, the low velocity impact velocity is 1 m/s, the medium velocity
impact velocity is 30 m/s, and the high velocity impact velocity is 70 m/s. Since the low
velocity of 1 m/s has been discussed in the previous section, only the impact characteristics
under the medium velocity and high velocity conditions are discussed in this section.

3.2.1. In-Plane Response at Different Impact Velocities

In Figures 6 and 7, the deformation modes of the three honeycomb structures under
medium and high velocity impact are shown. By combining the deformation modes in
Section 3.1 we can obtain the following conclusions: there is no normal “V”-shape defor-
mation band or “X”-shape deformation band [23] when the concave direction of the similar
concave hexagonal honeycomb structure is impacted. When the honeycomb structure
is impacted by the concave direction, a special “—” shape deformation band appears,
and, with the increase in impact velocity, the first appearance of the “—” deformation
band in the honeycomb structure appears to move up. With the fusion of the “—"”-shaped
deformation bands of each layer of the honeycomb structure, the second regular structure
shape appears under low velocity impact. In the second shape of the honeycomb structure,
the shape of a single cell is shown as a parallelogram. This is a sign of the appearance of
a second stress platform. In the medium velocity impact, the honeycomb structure also
produced a “—”-shaped deformation band, but mainly appeared in the top and low layers
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of the honeycomb structure, with the overall appearance of an “I” shape. When their strain
reaches 0.65, LMH and SCEH are compressed into irregular shapes and TMH maintains
the parallelogram shape. This leads to an unclear second stress plateau in TMH. In the high
velocity impact, due to inertia the deformation of the honeycomb structure only occurs at
the top. The overall deformation band of the “T” shape appears and the structure below
the “—” shape deformation band is relatively stable. When the strain reaches 0.65, the
regular quadrilateral structure does not appear, but the irregular structure does appear.
In Figure 8a,b and the deformation mode diagram of the honeycomb structure, with the
increase in the impact velocity, the compression deformation is mainly concentrated to the
impact end because of inertia and the adhesive structure is formed between the cells. The
parallelograms used for overloading do not appear, causing the second stress platform to
blur or disappear.
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(b) e=02 e=04 e=0.65
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Figure 5. Deformation mode of the honeycomb structure under 1 m/s. (a) Deformation of TMH at
different strains, (b) deformation of SCEH at different strains, (c) deformation of RHH at different
strains, (d) deformation of LMH at different strains.



Materials 2023, 16, 3262

9of 15

”

AL L.h,',,W'_ﬂ‘.‘,“AW]L.“.“IWN«

| |

Mﬂ:[ NS ARANA v
Al

aabeianralababesababraalaabaah

My ‘L.‘WL iy .],l‘nL Y

N ) A
ARSI Y

"
IVNANANNNNN

Table 1. LMH, SCEH, and LMH critical velocity.

TMH SCEH LMH
Vw (m/s) 1.77 1.44 1.2
Vs (m/s) 35 32 34
e=0.2 e=04 e=10.65

|
RPN

AN

T
r;'wqtt"

,ﬁ’

=04 £=0.65

e=04 e=10.65

Figure 6. Deformation mode of honeycomb structure under 30 m/s. (a) Deformation of TMH at differ-
ent strains, (b) deformation of LMH at different strains, (c) deformation of SCEH at different strains.

In Figure 9, the dynamic Poisson’s ratios of the three honeycomb structures are shown
when the concave direction of the three honeycomb structures is impacted at different
impact velocities. The dynamic Poisson’s ratio of the honeycomb structure is more affected
at low velocity impact and the dynamic Poisson’s ratio of the three honeycomb structures
is smaller at low and medium velocities when they are impacted in the concave direction.
With the increase in the impact velocity, the dynamic Poisson’s ratio in the concave direction
of the honeycomb structure is less and less affected by the velocity. When the concave
direction of honeycomb structure is impacted by high velocity, the dynamic Poisson’s ratio
of the honeycomb structure is close to zero. With the increase in velocity, the difference
in the dynamic Poisson’s ratio in the concave direction of the three honeycomb structures
becomes smaller and smaller.

3.2.2. Energy Absorption Characteristics at Different Impact Velocities

Based on Equation (6), the specific energy absorption curves of TMH, LMH, and SCEH
structure cells under different impact velocities are obtained, as shown in Figure 10.
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Figure 7. Deformation mode of honeycomb structure under 70 m/s. (a) Deformation of TMH at differ-
ent strains, (b) deformation of LMH at different strains, (¢) deformation of SCEH at different strains.
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Figure 8. Stress—strain curve of three honeycomb structures at different velocities. (a) 30 m/s, (b) 70 m/s.

In Figure 10, when the impact is at low velocity, the specific energy absorption of
TMH and LMH is better than that of SCEH, but when the three strains reach about 0.5, the
energy absorption effect of the two cells is relatively weak. According to the deformation
patterns of the three honeycomb structures at low velocities, the reason for the appearance
of this structure is that SCEH entered the transition stage of parallel four-deformation
earlier than TMH and LMH. When the three structures are subjected to medium velocity
or high velocity impact, the inertial effect is enhanced and the relative density of TMH is
minimal. As a result, the specific energy absorption of TMH is lower than that of the other
two honeycomb structures at medium or high velocity impact. When the strain of the three
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honeycomb structures reaches 0.8, the honeycomb structure enters the compaction stage.
Due to the unique ring structure of TMH and LMH, the specific energy absorption effect of
TMH and LMH is much higher than that of SCEH after the strain reaches 0.8.

05 T T T
0
£ °
s _ £-05
@ B
4 H
2 g
@ TMH-1m/s @
& 1} — — —TMH-30ms| | B
_______ TMH-70m/s g? LMH-1m/s
— — —LMH-30m/s
=155 e LMH-70m/s 1
-1.51 1
0 0.1 02 03 04 05 06 07 08 2 ‘ : ‘ ‘ : ' '
8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Strain ;
Strain
(a) (b)
L0 0 STTTTRTPPPPPIPREPITTECTE .
L£-05 1
-
g
>M
=
2 -1 1
2
nc_ —— SCEH-1m/s
— — — SCEH-30m/s
L 1 A FPPPYPR SCEH-70m/s | |
_2 1 1 1 1 1 i ] 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Strain
(c)
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ratio of SCEH at different velocities.
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3.2.3. Structural Deformation Analysis of a Single Cell

When the concave hexagonal honeycomb structure is impacted in the other direction,
the unit cell only shows the concave contraction of the cell wall. However, when the
concave direction of the concave hexagonal honeycomb structure is impacted, the unit
cell in the honeycomb structure will collapse regularly. Finally, it will form a regular
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parallelogram structure (as shown in Figure 11). The special deformation mechanism
causes the generation of the second stress plateau and the unusual change in the specific
energy absorption at low velocity impact.

The first stress The second stress The compaction stage
plateau stage plateau stage

()

(b)

(c)

Figure 11. Deformation trend of unit cell of three honeycomb structures. (a) TMH; (b) LMH; (c) SCEH.

3.3. Influence of Structural Parameters
3.3.1. The Effect of « in the In-Plane Impact

In order to research the influence of the  on the platform stress o}, and the specific
energy absorption of three honeycomb structures, the influence of different « on the stress
plateau and the specific energy absorption of three honeycomb structures was studied
when the cell wall was 1.2 mm and was impacted by 1 m/s.

As shown in Figure 12, the o is mainly the second stress plateau in the honeycomb
structure. The second stress plateau in the three honeycombs becomes more ambiguous
as the o decreases, and when « = 60, the second stress plateau in the three honeycomb
structures becomes very ambiguous. When the « increases, the second stress platform will
increase and extend, which means that the impact resistance is better. In Figure 13, It can
be observed that changing o has little effect on the energy, but, when the strain value of
LMH and SCEH is approximately 0.5-0.6, the smaller « will greatly improve the specific
energy absorption of the honeycomb structure.

3.3.2. The Effect of t in the In-Plane Impact

In order to research the influence of the t on the platform stress o, and the specific
energy absorption of three honeycomb structures, the influence of different ¢ on the stress
plateau and specific energy absorption of three honeycomb structures was studied when
the o was 50° and was impacted by 1 m/s.

According to the stress—strain curve in Figure 14, the t of the cell will simultaneously
affect the first stress plateau, the second stress plateau, and the third stress plateau of the
similar hexagonal honeycomb structure. The stress plateau will rise as the f increases.
A short, third stress plateau will appear when the strain of TMH and LMH reaches 0.8.
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This phenomenon occurs because the ring in the cell plays an important role in the com-
paction stage of TMH and LMH. The following conclusions can be obtained by comparing
Figures 13 and 15: changing t will increase the specific energy absorption more than chang-
ing o, when the concave direction of the similar concave hexagonal honeycomb structure is
impacted. When the strain of TMH and LMH reaches 0.8, the inflection point will appear
in the value of specific energy absorption. The inflection point is because of the effect of the
ring in the compaction stage of TMH and LMH.
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Stress (Mpa)
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0 02 04 06 08 0 0.2 0.4 06 0.8 0 0.2 0.4 0.6 0.8
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(a) TMH (b) LMH (c) SCEH

Figure 12. Stress—strain curve of three honeycomb structures with different x under 1 m/s.
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Figure 13. SEA-strain curve of three honeycomb structures with different « under 1 m/s.
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Figure 14. Stress—strain curve of three honeycomb structures with different t under 1 m/s.
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4. Conclusions

In this paper, we compared the in-plane performance of similar concave hexagonal
honeycomb structures when they are impacted by concave direction. TMH, LMH, and
SCEH have a better in-plane performance than RHH in the concave direction. The in-plane
response and specific energy absorption of three similar concave hexagonal honeycombs
were analyzed in the concave direction. We arrived at the following conclusions:

(1) When a similar concave hexagon honeycomb structure is subjected to low-velocity
impact in the concave direction, the honeycomb structure appears in two shapes. The
two shapes are concave hexagonal morphology and parallel quadrilateral morphology.
The first stress plateau corresponds to the concave hexagonal shape, and the second stress
plateau is marked by the appearance of a parallelogram shape. In addition, TMH and LMH
contain a ring structure, and a transient third stress plateau will appear when entering the
compaction stage. The multi-platform mechanism improves the impact resistance of the
honeycomb structure. It is beneficial to the application of multi-condition impact resistance.

(2) In the analysis of in-plane responses, TMH, LMH, and SCEH have a second stress
platform similar to RHH under low-velocity impact. The stress plateau of the similar
hexagonal honeycomb structure is higher than that of RHH and the phenomenon indicates
that the three kinds of similar concave hexagonal honeycomb structures are better than RHH
under low-velocity impact in the concave direction. In the medium velocity impact and
high velocity impact, the inertia generated by the impact will end the cell glue phenomenon
and the honeycomb structure cannot form a stable second shape. This causes the second
stress platform to blur or even disappear. If the stress platform needs to be raised, it can be
changed by « or t. The t affects the stress of all platforms in the concave direction of the
similar hexagonal honeycomb structure and the « mainly affects the second stress plateau.

(3) In the analysis of specific energy absorption, under low velocity impact, the specific
energy absorption of TMH and LMH is better than that of SCEH on the whole. The specific
energy absorption of SCEH and LMH is better than that of TMH under medium and high
velocity impact. SCEH will enter the second shape stage earlier than TMH and LMH, so
when the strain of the honeycomb structure reaches about 0.5, the specific energy absorption
of SCEH will be higher than that of TMH and LMH. If the stress platform needs to be
raised, it can be changed by t. The « has little effect on the specific energy absorption of the
honeycomb structure in the concave direction.

(4) In the analysis of the deformation modes of three kinds of honeycomb structures,
the skew of SCEH is larger than TMH and LMH under low-velocity, medium-velocity, and
high-velocity impact.
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