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Abstract. The star-shaped concave structure material is a new type of negative Poisson’s ratio
material, which combines the advantages of negative Poisson’s ratio material and honeycomb
material. The negative Poisson’s ratio structure has very good mechanical properties, such as bearing
capacity, impact resistance, and shear resistance. The honeycomb sandwich panel is a typical
lightweight material with high specific strength, specific stiffness, and good energy absorption
characteristics. In this paper, the star-shaped concave structure is used as the core layer of the
sandwich panel, and the advantages of both the honeycomb sandwich panel and negative Poisson’s
ratio structure are combined to make a star-shaped honeycomb sandwich panel. In order to analyze
the properties of this material, we use the finite element numerical simulation method to study the
effects of several geometric parameters (element thickness, beam width, beam length, and star angle)
on the bending stiffness, buckling critical load and natural frequency of honeycomb sandwich panels,
which provides a new reference for the design optimization of star-shaped concave honeycomb
sandwich panels in practical engineering applications.

Keywords: star-shaped concave honeycomb sandwich panel; negative Poisson’s ratio; static and
dynamic performance; buckling analysis; free vibration.

1. Introduction

Sandwich panel structure is considered an ideal material for explosion-proof and impact resistance,
mainly because this material has excellent properties such as lightweight and efficient energy
absorption. The different components of the sandwich panel structure can play different functions.
When subjected to impact loads, the sandwich panel bears bending, compression, and tensile loads,
while the core layer bears shear loads. Among them, the core structure plays a dominant role, and the
space for improving the performance of the core is large. Common categories include honeycomb
corrugated plates and so on. Reasonably designing the geometric configuration of honeycomb cells
and matching them with appropriate materials can simultaneously obtain unique physical properties
such as a negative Poisson’ ratio. In recent years, with the development of industrial technology,
porous honeycomb materials have been widely used for damage protection and how to improve their
service performance has always been a hot topic in this field.

Among the numerous core forms, porous honeycomb structures have become the focus of
researchers’ attention due to their lightweight and designable characteristics. The cell shapes of
porous honeycomb microstructures are generally rectangular, hexagonal, and so on. Compared to
traditional dense materials, porous honeycomb materials have advantages such as low relative density,
high specific stiffness, and strength, which satisfy the needs of engineering practice.

Most of the earliest honeycomb structures studied and analyzed are positive Poisson's ratio, but
with the development of negative Poisson's ratio structure, honeycomb structures with negative
Poisson's ratio performance have been continuously studied and found. Negative Poisson's ratio
honeycomb has attracted wide attention because of its unique energy absorption ability and
compression torsion. After the deformation of negative Poisson's ratio sandwich structure, its
elements are always perpendicular to the curved surface, so that the strength and stiffness of materials
can be used efficiently. It is found that under the same initial density, the negative Poisson's ratio
material has higher yield strength and lower stiffness than the traditional material. Most of the earliest
honeycomb structures studied and analyzed are positive Poisson’s ratio, but with the development of
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negative Poisson’s ratio structures, honeycomb structures with negative Poisson’s ratio performance
have also been continuously examined. Negative Poisson’s ratio honeycomb has attracted widespread
attention due to its unique energy absorption ability and compression torsion. After the deformation
of the negative Poisson’s ratio sandwich structure, its elements are always perpendicular to the curved
surface, enabling efficient utilization of the strength and stiffness performance of the material.
Previous research has found that under the same initial density conditions, materials with negative
Poisson’s ratio have higher yield strength and lower stiffness compared to traditional materials.

In summary, although a large number of research has been conducted on the load response and
design issues of sandwich panel structures, there is still a gap in the optimization design of star
concave honeycomb sandwich panels. It is a new direction worthy of in-depth exploration to analyze
this sandwich panel with a new negative Poisson’s ratio honeycomb topology structure.

2. Research Contents

The research object of this paper is a sandwich panel composed of a regular array of star-shaped
cells. A single cell is composed of one core layer (as shown in Figure 1b) and two panels. In the finite
element model, the material of the star-shaped cells is iron, with a density of 7.8 g+ cm™3 and an
elastic modulus of 210 Pa . The material of the panel is aluminum, with a density of 2.7 g-
cm™3 and an elastic modulus of 70 Pa . This study mainly changes the four geometric parameters
shown in Figure b, namely t, L1, L2, H, with a single cell size of 50mm*50mm®*10mm. For the
convenience of modeling and analysis, we convert the magnitude of the star angle into the distance
between the sharp corner of the star angle and the center of the cell, which is the length L2. The
overall height of the cell is 10mm, which is composed of the thickness h of the panel and the thickness
H of the star-shaped inner core (2h+H=10mm). Before conducting numerical simulations, this study
conducts a convergence analysis of the grid to ensure the rationality of the three-point bending
analysis, buckling analysis, and free vibration analysis.

(b)
Fig. 1 Star-shaped Honeycomb Sandwich Panel and Its Cell Structure

Table 1 Parameter Design of Cell Geometry Size

H t L1 L2

(mm) (mm) (mm) (mm)
H-1 9.6 2.0 18 15v2
H-2 9.2 2.0 18 15v2
H-3 8.8 2.0 18 15v2
H-4 8.4 2.0 18 15v2
H-5 8.0 2.0 18 15v2
t-1 8.8 0.5 18 15v2
t-2 8.8 1.0 18 15v2
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t-3 8.8 1.5 18 15v2
t-4 8.8 2.0 18 15v2
t-5 8.8 25 18 15v2

L1-1 8.8 2.0 10 20V2
L1-2 8.8 2.0 12 202
L1-3 8.8 2.0 14 202
L1-4 8.8 2.0 16 202
L1-5 8.8 2.0 18 202
L2-1 8.8 2.0 18 102
L2-2 8.8 2.0 18 12.5v2
L2-3 8.8 2.0 18 15v2
L2-4 8.8 2.0 18 17.5v2
L2-5 8.8 2.0 18 20V2

2.1 Three-point Bending Analysis

The finite element model of the three-point bending test is shown in Figure 2, and the supporting
points at the left and right ends are 50 mm away from the edge of the honeycomb sandwich panel.
The model applies a load on the sandwich panel by controlling the cylinder located above, causing it
to move downward and squeeze the sandwich panel, and thus obtains the force-displacement curve
of the honeycomb sandwich panel. In the three-point bending analysis model, we design the
macroscopic size of the honeycomb sandwich panel to be 1000mm * 500mm * 10mm, which is
composed of 50 * 10 cell arrays. We adopt a C3D10 grid with the number of 66607 grids and 115941

nodes.

Fig. 2 Three-point Bending Model Diagram
2.2 Buckling Analysis

The finite element model of buckling analysis is shown in Figure 3. In the buckling analysis, three
sides of the star-shaped honeycomb sandwich panel are constrained by completely fixed constraints,
the remaining free sides are uniformly distributed, and the first six critical buckling loads and
deformation diagrams corresponding to sandwich panels with different geometric parameters are
obtained. In the finite element model of buckling analysis, the grid type is C3D10, the number of
grids is 61915 and the number of nodes is 109293

Fig. 3 Buckling Analysis Model Diagram
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2.3 Free Vibration Analysis

Fig. 4 Free Vibration Analysis Model diagram

In the free vibration analysis of the star-shaped honeycomb sandwich panel, the periphery of the
sandwich panel is completely constrained, the first 8 natural frequencies of the model are calculated,
and a deformation nephogram is drawn. In this model, we choose a C3D10 type grid with a total
number of 61915 elements and 109293 nodes.

3. Result Analysis
3.1 Three-point Bending Analysis

In order to explore the influence of the thickness of star-shaped cells on the bending performance
of sandwich panels, five groups of controlled variable tests are carried out by using the variable design
scheme shown in Table 1, and the group numbers are H-1, H-2, H-3, H-4, H-4, and H-5 respectively.
Through calculation, it can be found that the bending stiffness of sandwich panels increases with the
increase of panel thickness because the bending moment provided by two panels accounts for the
majority.

In order to further compare the economy of different sandwich panels, we adopt a new indicator:
the ratio of bending stiffness to equivalent density k /p*, where k is the slope of the force-
displacement curve, p* is the equivalent density of the star-shaped honeycomb sandwich panel.
After calculation, we found that the ratio increases with the thickness of the panel, and the growth
rate slows down as the thickness increases. Therefore, in practical engineering, it can be considered
to appropriately increase the panel thickness, reduce material costs, and improve economic benefits
while satisfying the performance requirements of engineering materials.
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Fig. 5 Three-point Bending Analysis under Different Cell Thicknesses

In order to explore the effect of straight beam width on the bending performance of sandwich
panels in star-shaped cells, we design a variable scheme as shown in Table 1, and conduct five sets
of experiments. After calculation, we found that as the width of the straight beam increases, the
bending performance does not change significantly, but the number of its k /p* significantly
decreases, that is, an increase in the width of the straight beam does not significantly enhance the
bending performance, but significantly increases the material cost. Therefore, in engineering design,
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the width of the straight beam in the star-shaped cell should be reduced to improve the efficiency
while meeting the mechanical performance requirements.
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Fig. 6 Three-point Bending Analysis under Different Beam Width

In order to investigate the effect of straight beam length L1 on the performance of sandwich panels,
we design control variable experiments with group numbers L1-1, L1-2, L1-3 and L1-4. L1-5,
respectively. From the calculation results, it can be seen that as the length of the straight beam
decreases, the bending performance of the panel does not significantly decrease, but the number of
its k /p* significantly increases. Therefore, in engineering design, the straight beam length L1
should be appropriately reduced to improve economic efficiency while satisfying the mechanical
performance requirements.
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Fig. 7 Three-point Bending Analysis under Different Straight Beam Lengths

In order to investigate the influence of changes in star angle telescopic length L2 on the
performance of sandwich panels, we design experiments with group numbers L2-1, L2-2, L2-3, L2-
4, and L2-5, respectively. After calculation, we can see that as the star angle telescopic length
decreases, the bending performance does not change significantly, but the number of its k / p*
significantly increases. Therefore, in engineering design, when meeting performance requirements, it
is possible to appropriately reduce the star angle telescopic length to save materials and improve the
economy.
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Fig. 8 Three-point Bending Analysis under Different Telescopic Lengths of Star Angles

3.2 Buckling Analysis

In order to investigate how the height of star-shaped cells affects the buckling state of star-shaped
honeycomb sandwich panels, we adopt geometric models as shown in Table 1, and the group numbers
are H-1, H-2, H-3, H-4, H-4, and H-5, respectively. After calculation, we found that as the height of
the star-shaped cell decreases, the critical buckling load of the panel shows an increasing trend,
mainly because the equivalent bending elastic modulus of the sandwich panel also increases. This
change is understandable. When the star-shaped honeycomb sandwich panel is subjected to bending
loads, the part above the neutral axis bears compressive stress, and the part below the neutral axis
bears tensile stress. As we discussed earlier, the thicker the two panels, the greater the bending
stiffness of the panel.
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Fig. 9 Buckling Analysis under Different Cell Thicknesses

In order to investigate how the width ¢ of the straight beam of the star honeycomb sandwich panel
affects its buckling state, we used the variable design scheme shown in Table 1 for buckling modal
analysis. From the calculation, it can be seen that as the width of the straight beam increases, the
critical buckling load of the panel shows an increasing trend, mainly because the equivalent bending
elastic modulus of the sandwich panel also increases, which is easy to understand. From the content
we discussed earlier, as the width of the straight beam of the star-shaped honeycomb sandwich panel
increases, its tensile and bending performance increases, but the growth rate is very small.
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Fig. 10 Buckling Analysis of Straight Beams with Different Widths

In order to explore how the straight beam length L1 of the star-shaped honeycomb sandwich panel
affects its buckling state, we use the model shown in Table 1 for buckling modal analysis. The
calculation shows that with the increase of L1, the buckling critical load of sandwich panels first
increases and then decreases. It reaches the maximum when the length is 16mm and decreases to the
minimum when it is 18 mm. When L1 is 16mm, the planar load resistance in the panel is the strongest.
When the length of L1 is small, the equivalent bending elastic modulus increases with the increase of
L1. When the length of L1 is too long, the influence of equivalent bending elastic modulus on
buckling critical load weakens. Obviously, the change in L1 length has little influence on the buckling
critical load, which is easy to understand, because the influence of straight beam length on the
equivalent bending elastic modulus of star-shaped honeycomb sandwich panel is limited.
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Fig. 11 Buckling Analysis of Straight Beams with Different Lengths

In order to investigate the effect of different star angle telescopic lengths on the buckling state, we
conduct control variable experiments on group numbers L[2-1, L2-2, L2-3, L2-4, and L2-5,
respectively. According to the calculation, the critical buckling load of the panel decreases to the
minimum when L2 is 10v/2mm and increases to the maximum when L2 is 17.5v2mm. When L2 is
10v/2mm, the planar load resistance inside the panel is the smallest. The equivalent bending elastic
modulus increases with the increase of L2, and the first-order buckling mode of the star honeycomb
sandwich panel is not significantly influenced by the size of the star angle.
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Fig. 12 Buckling Analysis under Different Telescopic Lengths of Star Angles

The difference in the buckling modal diagrams of the panels is not significant. Figure 13 shows
the four-order modal diagram under the buckling test. From the figure, it can be seen that the first and
second orders have a waveform in the x-axis direction and half a wave in the y-axis direction. The
third order has two waveforms in the x-axis direction, one in the positive direction, one in the negative
direction, and half in the y-axis direction. The center of the fourth-order modal image is concave and
there is a slight waveform at the edge. In this case, the longer L1 and L2, the more obvious the
waveform at the edge. For most modes, the center of panel deformation is close to the side where the
load is applied, with only some fourth-order modal deformation centers located near the center of the

panel.
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Fig. 13 Deformation Nephogram of Standard Panel in Buckling Analysis

3.3 Free Vibration Analysis

In order to investigate how the thickness of the star-shaped cell in the star-shaped honeycomb
sandwich panel affects its free vibration state, we use the model shown in Table 1 for buckling modal
analysis, and the group numbers are H-1, H-2, H-3, H-4, H-4, and H-5, respectively. As the thickness
of the panel increases, the natural frequency of the star-shaped honeycomb sandwich panel increases,
and the growth rate first increases and then slows down. As the thickness increases, the equivalent
density of the panel also increases, and the growth rate remains basically unchanged. The variation
of natural frequency is related to the stiffness and mass of the sandwich panel. In the previous bending
and buckling analysis, we discussed that the equivalent stiffness of the five models H-1, H-2, H-3, H-
4, H-4, and H-5 increases with the increase of panel thickness, which is related to the increasing trend
of natural frequency. Figure 14(b) shows the variation of specific stiffness with thickness. It is evident
that the H-1 model has a higher specific stiffness, and this geometric parameter model can be
appropriately selected in engineering practice to improve economic benefits.

486



Advances in Engineering Technology Research EMMAPR 2024
ISSN:2790-1688 Volume-10-(2024)

1.028912

2200 H_]Model [_JMode2 [_]Mode3[__] Mode4

—=—D11(D22,D66)/p’|—=—D12/p" 430
Modes [ Mode6 ] Mode7 ] Mode§ ‘ (D22,D66)/p H P ‘

2000 H

=

ui el

L
o
a

1800 M E 1028910 =
. 165 & = o
1600 |- ) | g i 20 o
5 i ] i E Z #
T 1400 [ | 60 % = . s
k] M = z - 15 Z
2 1200 - z £ 1028908 | /! =
21000 [ 555 = / L
g a £ / 0%
=800 | Ml 50 5 o \ / o
= a \ =
600 e = 1028906 |- \ // 5 R
145 T \
» 1 \/
400 A = u 0
200 4.0
0 1028904 L L . L L K
H-1 H-2 H-3 H-4 -5 H-1 H-2 H-3 H-4 H-5
Unit Cells Unit Cells

Fig. 14 Free Vibration Analysis under Different Cell Thicknesses

In order to investigate how the length of a straight beam affects the free vibration of a sandwich
panel, we use the model shown in Table 1 for buckling modal analysis. From the calculation, it can
be seen that as the length of L1 increases, the natural frequency of the sandwich panel first increases
and then decreases, reaching its maximum at a straight beam length of 14mm and reaching its
minimum at an L1 length of 18mm. As L1 increases, the equivalent density of the panel continues to
increase, and the growth rate remains basically unchanged. This is understandable. As L1 increases,
the cells occupy more space, and the equivalent density increases. The variation of natural frequency
is related to the stiffness and mass of the sandwich panel. In the previous bending and buckling
analyses, we discussed the trend of equivalent stiffness with increasing L1 length, which is related to
the increasing trend of natural frequency. Figure (b) shows the variation of specific stiffness with L1
length. It is evident that the L1-2 model has a higher specific stiffness, and in engineering practice,
this geometric parameter model can be appropriately selected to improve economic benefits.

2400 HC_JModel [__]Mode2 [_]Mode3 [_] Moded] 10289095 *‘ - *
] Modes [ Mode6 [ Mode? [ Modes —=—D1ID22.066)p | —=—D12p] 115
[—=— Equivalent Density] {64 ~ 10289090 -
2000 | e
—_— . i — " = 1.0289085 |-
g0 —~ 10 ~
6 =< T’[ 7‘00
<1600 F M 2 1.0289080 - =
. - . vy < =
= Y g €
g o0 £ 10289075 | Sz
8 1200 z < s
|53 2007 (=
g a < 1.0289070 —
- - e X
= 2 B 0o =
800 |- 8 5 2 1.0289065 S
g s
= 1.0289060
400 H 56 94 -5
10289055 |-
0 5.4 10289050 L L L L L -10
Li-1 L2 L1-3 Li-4 L1-5 Li-1 L1-2 L1-3 Li-4 L1-5
Unit Cells Unit Cells

Fig. 15 Free Vibration Analysis under Different Straight Beam Widths

In order to investigate how the size of the star angle affects the free vibration state of the star-
shaped cell in the star-shaped honeycomb sandwich panel, we use models with group numbers L2-1,
L2-2, L2-3, L2-4, and L2-5 for analysis. As the telescopic length of the star angle increases, the
natural frequency of the star-shaped honeycomb sandwich panel first increases and then decreases,
reaching its maximum at a length of 17.5v2mm in L2 and reaching its minimum at a length of
20v/2mm in L2. However, the overall variation is stable and the amplitude of change is small. As L2
increases, the equivalent density of the panel continues to increase, and the growth rate remains
basically unchanged, which is easy to understand. Figure 16(b) shows the variation of specific
stiffness with L2 length. It is evident that the L2-4 model has a higher specific stiffness, and this
geometric parameter model can be appropriately selected in engineering practice to improve
economic benefits.
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In order to investigate how the width of the straight beam in the star cell of the star-shaped
honeycomb sandwich panel affects its free vibration state, we use the model shown in Table 1 for
buckling mode analysis, with group numbers t-1, t-2, t-3, t-4, and t-5. As the width of the straight
beam increases, the natural frequency fluctuation of the star-shaped honeycomb sandwich panel
reaches its maximum at a straight beam width of 0.5mm and its minimum at a straight beam width of
2mm. As the width of the straight beam increases, the equivalent density of the panel continues to
increase, and the growth rate remains basically unchanged. The variation of natural frequency is
related to the stiffness and mass of the sandwich panel. Figure 17(b) shows the variation of specific
stiffness with the width of the straight beam. It is evident that the specific stiffness is greatly affected
by the width of the straight beam. In engineering practice, this geometric parameter model can be
appropriately selected to improve economic benefits.
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Fig. 17 Free Vibration Analysis of Different Straight Beam Widths

The vibration mode nephogram of the star-shaped honeycomb sandwich panel is shown below,
and their common feature is that the deformation is located near the center of the panel. The first
mode has only one wave in both the x-axis and y-axis directions, while the second and third modes
are rotationally symmetric, with two waves in both the x-axis and y-axis directions. The four
deformation regions in the fourth mode are located on the four diagonals of the square plate. The four
deformation regions of the fifth mode are symmetrically distributed on two central axes. There is
significant deformation in the center of the sixth mode shape, with narrow deformation areas along
the edges. The deformation of the seventh and eighth vibration modes exhibits rotational symmetry,
with protrusions at both ends and a narrow and low deformation area in the middle.
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Fig. 18 Deformation Nephogram of Standard Panel in Free Vibration Analysis

4. Conclusion

In this paper, the static and dynamic performance of star-shaped concave honeycomb sandwich
panels is analyzed. The core of the sandwich panel is a concave star-shaped structure with a negative
Poisson’s ratio, and there is a lack of research on the static and dynamic performance system of this
structure in related fields. In this paper, the influence of different geometric parameters on the bending
performance, buckling performance, and vibration characteristics of sandwich panels is analyzed,
which lays a foundation for further research and practical engineering application of star-shaped
honeycomb sandwich panels.

(1) Summarizing the influence of different parameters on the static and dynamic performance of
star-shaped honeycomb sandwich panels. The bending stiffness of the sandwich panel increases with
the increase in panel thickness. With the increase of straight beam width, the bending performance of
the sandwich panel does not change significantly. With the increase of straight beam length, the
bending performance of the sandwich panel increases, but the increase is not significant. When the
telescopic length of the star angle increases, the bending performance is enhanced, but the increase is
limited. Considering the actual economic benefits of the project, the length of the straight beam and
the star angle can be appropriately reduced to save the cost under the condition of meeting the
requirements of mechanical properties.

(2) Further research may analyze the dynamic performance of the star-shaped concave honeycomb
sandwich panel, and explore its response under ballistic impact and permanent compression under
extreme load.
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