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This study designed and analyzed three novel hierarchical reentrant honeycomb structures, com-
posed of nested subunits with varying Poisson’s ratio characteristics, to evaluate their tensile per-
formance through simulations and experiments. The results show that all three structures exhibit
the negative Poisson’s ratio under tensile loading in both axial directions, with the subunits’ Pois-
son’s ratios influencing the overall Poisson’s ratio of the structure. The CH structure demonstrates
higher stiffness under Y-axis loading, while the SRH structure exhibits higher stiffness under X-axis
loading. In terms of deformation, the CH structure shows greater flexibility compared to the other
two. The SRH structure consistently maintains an intermediate tensile strength among the three.
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Nomenclature of abbreviation

RH — novel hierarchical reentrant honeycomb structures with reentran honeycomb subunit,
SRH — novel hierarchical reentrant honeycomb structures with semi-reentrant honeycomb subunit,
CH — novel hierarchical reentrant honeycomb structures with classic hexagonal honeycomb subunit.

1. Introduction

The rapid development of aerospace (Heo et al., 2013; Gong et al., 2022; Solak et al., 2023)
and military industries has driven a significant demand for lightweight materials with supe-
rior mechanical properties (Wang, 2019). Among these, various honeycomb structures, which
have shown great potential, have been extensively studied and applied. These structures can be
designed to exhibit excellent performance in stiffness, strength, impact resistance, and energy
absorption. It is well known that the key to achieving such outstanding mechanical behavior lies
in the design of the structural topology. Based on this, researchers have developed honeycomb
structures with various geometries, including hexagonal, Kagome (Liu et al., 2021), circular
(Ahmed & Xue, 2019), and triangular shapes.

Unlike traditional hexagonal honeycomb structures, reentrant honeycomb structures are
characterized by inward-curved cell designs on both sides, providing excellent shear resistance
and energy absorption properties. Additionally, reentrant honeycomb structures exhibit the
unique property of the negative Poisson’s ratio. This means that under axial tensile loading,
the cross-section of the reentrant honeycomb structure expands, while under axial compres-
sion, the cross-section contracts. This characteristic endows reentrant honeycomb structures with
significantly better macroscopic mechanical properties compared to traditional lattice structures
(Photiou et al., 2016) or foam materials (Kohnen et al., 2018), such as superior dent resistance
during elastic deformation (Patel et al., 2018), higher shear modulus (Ju & Summers, 2011),
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enhanced dynamic dent resistance during plastic yield (Hu et al., 2019), and greater energy
absorption capacity (Xiao et al., 2019a; Jin et al., 2016). Previous studies have explored these
properties in depth: Boldrin et al. (2016) discussed the dynamic behavior of negative Poisson’s
ratio honeycombs and found that specific gradient topologies are highly sensitive to dynamic
performance. Xiao et al. (2019b), through experimental analysis, examined the compressive be-
havior of reentrant honeycombs and identified V and I deformation modes. Liu et al. (2016)
investigated the energy absorption of reentrant honeycombs, claiming that due to early den-
sification, reentrant honeycombs absorb more energy than traditional honeycombs under the
same compressive strain. Lee et al. (2019) elaborated on the crushing performance of reentrant
honeycomb structures, including crushing stress and energy absorption.

However, all the design concepts mentioned above are limited to single-layer honeycomb
structures, which have low in-plane stiffness and fail to meet the increasingly stringent require-
ments of engineering applications, thus limiting their potential use. Research by Chen et al.
(2018) has shown that complex hierarchical structures are key to achieving high specific stiff-
ness, specific strength, and energy absorption efficiency. This design is inspired by various natural
organisms, such as bones (Liu et al., 2022), shells, and bamboo (Reznikov et al., 2018), which ex-
hibit hierarchical structures at multiple scales, with each scale corresponding to the next. These
biological materials achieve exceptional mechanical properties through their complex layered
structures. The introduction of hierarchical structures can enhance the strength, toughness, and
durability of materials. The interaction between layers allows the material to better distribute
and absorb stress under external forces, thereby improving the overall mechanical performance
of the structure.

While previous studies have extensively explored hierarchical and reentrant honeycomb struc-
tures, a significant research gap remains in understanding the tensile performance of novel hier-
archical reentrant honeycomb structures. This study developed three new types of hierarchical
reentrant honeycomb structures by incorporating honeycomb subunits with different Poisson’s
ratios and replacing the traditional cell walls with a double-layer nested configuration. Exper-
imental and simulation methods were employed to investigate the tensile performance of these
structures in two directions, with numerical comparisons made for elastic modulus, Poisson’s ra-
tio, fracture strain, and tensile strength. The deformation characteristics were also analyzed and
summarized. The results indicate that these newly designed honeycomb structures effectively uti-
lize hierarchical configurations to enhance the dynamic tensile behavior of honeycomb structures.
This study offers insights and references for designing multifunctional lightweight structures with
tailored Poisson’s ratios.

2. Structure design and method

In this study, reentrant honeycomb structures with a negative Poisson’s ratio, semi-reentrant
honeycomb structures with the zero Poisson’s ratio, and classical hexagonal honeycomb struc-
tures with the positive Poisson’s ratio were employed as subunits. Unlike traditional hierarchical
honeycomb structures, a novel double-layer nested configuration was introduced to replace the
conventional cell walls of reentrant honeycomb structures. The detailed structural design is
shown in Fig. 1. In order to facilitate the comparison and analysis of the subsequent simulation
results, the dimensions of the three novel hierarchical reentrant honeycomb structures designed
in this study are controlled at ¢ = 142 mm long and b = 87 mm wide, and the cell wall thickness
of all three cellular metamaterials ¢ = 0.6 mm and a thickness of this substructure is 5 mm.
Meanwhile, the detailed geometrical definition for the dimensions of the substructure is car-
ried out in this study. The reentrant honeycomb subunit with negative Poisson’s ratio (Shukla
& Behera, 2022), the reentrant honeycomb substructure designed in this study has a wall length
h = 4mm, | = 1.8mm, a turning angle 8 = 33.69°; and for the semi-reentrant honeycomb
subunit with zero Poisson’s ratio (Xiao et al., 2019b; Ingrole et al., 2017) designed in this study
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Fig. 1. Three novel hierarchical reentrant honeycomb structures and simulation.

has a wall length h = 3mm, [ = 1.8 mm, a turning angle o = 8 = 33.69°. For the classical
hexagonal honeycomb subunit which is positive Poisson’s ratio (Xu et al., 2024), the honeycomb
wall length A = 2mm, [ = 1.8 mm, a turning angle o = 33.69°.

This paper evaluates the tensile performance of three novel hierarchical reentrant honeycomb
structures using the finite element analysis and tensile simulations conducted with Abaqus 2023.
Additionally, tensile experiments were performed on 3D-printed samples produced with fused
deposition modeling (FDM) technology to comprehensively assess the tensile properties of these
structures. The tensile performance was examined in two directions.

In the finite element simulations, rigid plates were attached to both sides of the honeycomb
structures. Axial displacement boundary conditions corresponding to the tensile direction were
applied on one side, while fixed support boundary conditions were set on the opposite side.
The simulation used a “dynamic/explicit” analysis step, with a friction coefficient of 0.3 ap-
plied tangentially, and a “hard contact”, general contact setting applied in the normal direction.
The honeycomb structures were meshed using S4R (four-node shell) elements with a mesh size
of 2, while the plates were meshed using C3D8R (eight-node linear hexahedral) elements with
a mesh size of 4. In total, the honeycomb structures consisted of approximately 90.000 mesh
elements.

For the experimental analysis, the study included the hierarchical reentrant honeycomb struc-
ture designed by scholar Lian, referred to as RH1, to compare mechanical properties. To maintain
scientific validity, the overall configuration and wall thickness were kept constant, with minor
adjustments to the structure’s dimensions to match the frame length of the structures designed
in this study. All samples were fabricated using fused deposition modeling (FDM) 3D printing
technology under consistent parameters: a printing temperature of 210°C, a bed temperature
of 40°C, and a layer orientation angle of 0°. To analyze deformation behavior during tensile
testing, a digital image correlation (DIC) system was used to capture precise deformation mor-
phologies at specific tensile strains, with images recorded every 4 seconds. Tensile tests were
conducted using a universal testing machine at a constant rate of 2 mm/min, as shown in Fig. 2.

The material used in this simulation analysis is polylactic acid (PLA), a biodegradable poly-
mer prepared from renewable resources. The specific material property parameters used in the
simulation are shown in Table 1.



220 D. Wu et al.

Fig. 2. Experiments on 3D printed solids under FDM

Table 1. Mechanical properties of PLA.

Materials Elastic modulus | Yield strength | Fracture | Poison’s | Mass density pa
[MPa| [MPa| strain ratio [kg/m3)
PLA 2500 39.14 0.18 0.3 1378

3. Simulation of bi-directional tensile simulation

3.1. Simulation of stretching along the X-axis

As shown in Fig. 3, deformation characteristics were captured at tensile strains of 0.05,
0.10, 0.15, and 0.20. A comprehensive analysis revealed significant differences in the fracture
strain of the three structures: RH fractured below 0.05, SRH between 0.05 and 0.10, and CH
between 0.10 and 0.15. Notably, the fracture locations were similar across all three structures,
occurring at the junctions of the hierarchical substructures, specifically in the central honeycomb
subunits. This is due to the central honeycomb structure being more prone to deformation, as
it is subjected to the combined effects of surrounding structures and vertical layers. As tensile
strain increases, fractures extend from the center toward the outer regions of the structure.
Additionally, at a tensile strain of 0.2, deformation occurs primarily in the middle layer, with
the upper and lower hierarchical honeycomb layers remaining largely undeformed. This suggests
that the novel hierarchical reentrant honeycomb structure has a unique ability to protect the
outer layers during axial tensile loading as shown in Fig. 3.

Stress values are determined by dividing reaction forces (F') from the rigid grip section by the
cross-sectional area of the grip section (.5). Therefore, stress is represented as o1 or oy = F/S.
Strains (¢ = U/d) are derived from the ratio of top grip displacements (U) to the structure’s
length (d). Poisson’s ratio is defined as v = —&, /e, where ¢, is the strain perpendicular to
the axial load direction and ¢ is the axial strain value, the stress-strain curve plotted against
Poisson’s ratio-strain curve obtained is shown in Fig. 4.

The tensile stress-strain curve in Fig. 4a depicts the progression from initial tensile loading
to the first fracture in the structure. The curve reveals that all three structures undergo an
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Fig. 3. Characteristics of tensile deformation along X-axis.
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initial elastic phase, a buckling phase, and a final fracture during the tensile test. By applying
Hooke’s Law to the initial elastic phase, the elastic moduli of the three different structures
can be calculated. The figure also shows the tensile strength of each structure at the fracture
strain, with specific data provided in Table 2. The study results indicate that, in terms of the
elastic modulus, SRH > RH > CH, suggesting that the SRH structure has greater stiffness and
stability compared to the other two. This is because the semi-reentrant honeycomb subunits
in the SRH structure combine the mechanical properties of the other two subunits, resulting in
stronger interactions during tensile loading.

Table 2. Physical parameters related to stretching along the X-axis.

Type Elastic modulus Rupt}lre Tensile strength Minimum _
[MPa] strain [MPa] Poisson’s ratio

RH 12.68 0.05 0.27 —0.523

SRH 13.93 0.08 0.53 —0.365

CH 10.41 0.14 0.61 —0.378

However, in terms of tensile strength, the order is CH > SRH > RH. Despite having a lower
elastic modulus, the CH structure’s deformation characteristics allow it to undergo greater de-
formation during tensile loading. This increased deformation helps the CH structure disperse
stress concentrations more effectively and absorb more energy before fracturing, resulting in
superior tensile strength. On the other hand, the SRH and RH structures tend to transfer en-
ergy through fracture rather than significant deformation. As a result, they fracture under lower
stress, leading to a relatively lower tensile strength. The SRH structure, which combines charac-
teristics of both subunits, has a tensile strength between the other two. The RH structure, due
to its earlier fracture strain, fractures earlier in the tensile process, exhibiting the lowest tensile
strength among the three.

Additionally, when examining the RH1 structure individually, it is evident from the images
that the novel hierarchical reentrant honeycomb structure designed in this study has a signifi-
cantly higher elastic modulus compared to the RH1 structure. This suggests that the structure
developed in this research offers greater stability.

As shown in Fig. 4b, all three structures exhibit negative Poisson’s ratio characteristics
during tensile loading up to the first fracture. However, Poisson’s ratio trends differ: the RH and
SRH structures show an overall increase, while the CH structure shows a decrease. The study
also found that the RH structure has the smallest minimum Poisson’s ratio among the three,
with SRH and CH having relatively similar values. This phenomenon can be attributed to the
inherent negative Poisson’s ratio of the reentrant honeycomb subunits, which directly influences
the overall Poisson’s ratio of the RH structure. This observation further supports the conclusion
that Poisson’s ratio of the subunits directly impacts Poisson’s ratio of the entire structure.
Additionally, the tensile study under out-of-plane compression along the X-axis confirmed the
alignment between the simulation results and the physical experiments.

3.2. Simulation of stretching along the Y-axis

During tensile loading along the Y-axis, deformation images were captured at four strain nodes:
0.05, 0.1, 0.15, and 0.2, as shown in Fig. 5. The results indicate that at a tensile strain of 0.15,
the RH and SRH structures exhibited significant fractures, while the CH structure fractured at
a tensile strain of 0.2. The fracture points for SRH and RH were located at the junctions of
the hierarchical structures, with RH’s fracture occurring on the walls of the middle hierarchical
structure. These findings suggest that the CH structure has superior flexibility during tensile
loading, consistent with the results from the X-axis tensile tests. Further analysis revealed that
the reentrant and semi-reentrant honeycomb subunits did not undergo significant deformation;



Numerical study about tension properties of novel hierarchical reentrant honeycomb structure 223

Strain =0.10 Strain =0.15 Strain =0.20

yL Strain =0.05

Fig. 5. Characteristics of tensile deformation along Y-axis.

instead, the energy of the structure was released through fracturing. In contrast, the classical
hexagonal honeycomb subunits experienced greater deformation during tensile loading, which
helped to distribute stress more evenly and delayed fracture, resulting in a later fracture point.
Notably, the RH and SRH structures exhibited an outside-in fracture pattern, while the CH
structure showed an inside-out fracture pattern.

Figure 6 shows the stress-strain and Poisson’s ratio-strain curves for tensile loading along the
Y -axis, with detailed mechanical properties presented in Table 3. Compared to the tensile data
under X-axis loading (Table 2), the results reveal that the elastic moduli of all three structures
are significantly higher under Y-axis loading. This is because, during Y-axis tensile loading,
the axial tensile direction is parallel to the sidewalls of the hierarchical reentrant honeycomb
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Fig. 6. Tensile stress-strain curves and Poisson’s ratio-strain curves along the Y-axis.
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Table 3. Physical parameters related to stretching along the X-axis.

Type Elastic modulus Ruptpre Tensile strength Minimum .

[MPa| strain [MPa] Poisson’s ratio
RH 25.09 0.14 1.57 —0.682
SRH 25.54 0.11 1.55 —0.637
CH 28.91 0.16 1.44 —0.368

substructure, which provides greater stiffness and stability. However, the change in loading
direction also alters the stiffness characterization. Under Y-axis tensile loading, the stiffness
ranking is CH > SRH > RH. For fracture strain, the order is CH > RH > SRH, likely due to the
unique flexibility of the classical hexagonal honeycomb structure. In terms of tensile strength,
the order is RH > SRH > CH, with the values for SRH and RH being relatively close. The
analysis of the curves suggests that the lower tensile strength of the CH structure is due to
its extended yielding phase. Furthermore, the comparison of the simulation and experimental
curves in Fig. 6a confirmed the alignment between the experimental results and simulations.
Additionally, when comparing the RH1 structure based on experimental data, it was observed
that the novel hierarchical reentrant honeycomb structures designed in this study generally
exhibit higher stiffness and stability.

The analysis of Poisson’s ratio characterization in different structures, as shown in Fig. 6b,
reveals that Poisson’s ratio-strain curves under Y-axis tensile loading not only exhibit a fully
negative Poisson’s ratio, but all three structures also display two distinct increasing phases,
specifically in the strain intervals of 0-0.06 and 0.086-0.15. To further quantify the negative
Poisson’s ratio characteristics, the minimum Poisson’s ratio is ranked as RH < SRH < CH, indi-
cating that the RH structure has the most optimal negative Poisson’s ratio under Y-axis tensile
loading. This conclusion is consistent with the findings from tensile loading along the X-axis,
further confirming that Poisson’s ratio of the subunits significantly influences the overall Pois-
son’s ratio of the structure. Additionally, the results suggest that the change in axial tensile
direction has a relatively small impact on Poisson’s ratio characteristics.

4. Conclusion

This study designed three novel hierarchical reentrant honeycomb structures by nesting var-
ious subunits to replace the cell walls of traditional reentrant honeycomb structures. The me-
chanical behavior of these structures under axial tensile loading in two directions was evaluated
using the finite element analysis and tensile testing of 3D-printed samples.

In terms of elastic modulus, under X-axis tensile loading, the SRH structure exhibited the
highest stiffness, followed by the RH and CH structures. However, under Y-axis tensile loading,
the CH structure demonstrated superior stiffness, indicating its robustness and stability in this
direction. Compared to RH1 designed by Lian, the structures in this study exhibited higher
stiffness and stability, even with similar dimensions. Regarding tensile strength, under X-axis
loading, the CH structure displayed the highest tensile strength, attributed to its ability to
undergo greater deformation, which aids in the stress distribution. Conversely, under Y-axis
loading, the RH structure exhibited the highest tensile strength, followed by the SRH and CH
structures. The study of deformation morphology revealed significant differences in fracture pat-
terns across different loading directions. The RH and SRH structures tended to fracture earlier,
exhibiting an outside-in fracture mode in both loading directions, whereas the CH structure
fractured later, showing an inside-out fracture mode, indicating its greater flexibility. In terms
of Poisson’s ratio, all three structures exhibited the consistent negative Poisson’s ratio under
tensile loading, with the RH structure showing the most pronounced effect. This consistency
in both loading directions indicates that Poisson’s ratio of the subunits significantly influences



Numerical study about tension properties of novel hierarchical reentrant honeycomb structure 225

the overall Poisson’s ratio of the hierarchical structure. This study offers valuable insights for
designing multifunctional lightweight materials with tailored mechanical properties.
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