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W. WANGL29P Y. ZHANGD®, X. SONGY

Y Department of Engineering Mechanics, School of Ciwvil Engineering
and Architecture, Henan University of Science and Technology,
Luoyang 471028, China; e-mail: wswang@live.cn (corresponding author)

2 State Key Laboratory of Structural Analysis, Optimization and CAE Software for
Industrial Equipment, Dalian University of Technology, Dalian 116023, China

A HEXA-ARM HONEYCOMB UNIT CELL derived from a traditional honeycomb struc-
ture is proposed in this study. Through the periodic arrangement of the unit cell in
a two-dimensional plane, four distinct honeycomb configurations are constructed: high
density hexa-arm honeycomb (HHAH), orthogonal hexa-arm honeycomb (OHAH), in-
clined hexa-arm honeycomb (IHAH), and staggered distributed hexa-arm honeycomb
(SHAH). Their deformation patterns and compression behaviors under quasi-static
in-plane compressive loading are systematically investigated. Specimens are fabri-
cated using 3D printing and subjected to quasi-static compression tests, numerical
simulation models are established to validate the experimental results. Quantitative
validation shows good agreement between experiments and simulations with high re-
peatability. The SHAH structure exhibits superior mechanical properties: compared
with a conventional hexagonal honeycomb, its specific energy absorption is up to
155% higher. All four structures show positive Poisson’s ratios. The hexa-arm hon-
eycomb demonstrates a dual-stage deformation pattern during compression: the ini-
tial elastic stage is characterized by coordinated deformation of the entire structure,
whereas further compression transitions into a second stage involving local failure or
layer-by-layer collapse. The effects of different structural parameters on deformation
patterns and specific energy absorption are also explored. These research findings
provide valuable references for engineering applications of this type of honeycomb
structure.
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1. Introduction

HONEYCOMB MATERIALS ARE POROUS BIOMIMETIC MATERIALS characterized
by a two-dimensional lattice exhibiting a periodic topological arrangement within
the plane, with parallel stacking layers extending out of the plane. Compared
to conventional solid materials, honeycomb structures exhibit high porosity and
low mass density, thereby demonstrating lightweight properties, high stiffness,
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and excellent energy absorption capability. These mechanical advantages have
led to their widespread application in aerospace, marine engineering, automotive
manufacturing, biomedical engineering, and sports equipment sectors [1H5]. For
instance, in aerospace applications, honeycomb structures are employed in com-
ponents such as fuselages, wings, and bulkheads [6], significantly reducing their
weight while enhancing fuel efficiency and structural stability. In naval engi-
neering, the outstanding impact resistance of honeycomb materials makes them
common in critical structures, such as deck beams and hull walls [7H9]. In the au-
tomotive industry, honeycomb structures are employed in lightweight body and
passenger compartment designs [10], effectively enhancing the structural safety
and energy economy [11]. Notably, distinct application domains impose different
demands on the mechanical properties of honeycomb structures: the aerospace
sector prioritizes compressive and flexural strengths, whereas marine engineer-
ing places greater emphasis on impact resistance. To fulfil these specific require-
ments, a precise mechanical analysis of honeycomb structures is essential, along
with optimized design approaches tailored to different operational contexts.
The application of honeycomb structures dates back nearly seven decades,
during which scholars have conducted systematic investigations into their sand-
wich structures and mechanical properties, from the macro to micro scales.
Numerous reviews have summarized relevant findings from diverse perspec-
tives. Some studies have systematically reviewed advances in optimizing the
mechanical properties of honeycomb structures [12, [13], whereas others have
drawn inspiration from the geometric configurations of natural honeycomb struc-
tures, revealing their potential for structural optimization and material innova-
tion |14]. Research on chiral honeycomb structures has focused on their charac-
teristics, such as vibration, acoustic wave attenuation, impact energy absorption,
and negative thermal expansion coefficients [15, 16]. The properties, fabrica-
tion techniques, and engineering applications of stretchable metamaterials and
their derivative structures have also been comprehensively reviewed [17]. Despite
decades of accumulated research, determining the key mechanical properties of
honeycomb structures remains a significant challenge due to the diversity of their
lattice shapes, configurations, and material types. The accurate prediction of
these properties is crucial for their application in complex engineering scenarios.
Traditional honeycomb structures typically comprise periodically arranged
hexagonal cells, with adjacent cells interconnected to form a continuous space
[18-20]. Moreover, distinct unit cell geometries, such as stellate, square, and cru-
ciform configurations, significantly influence the mechanical properties and en-
ergy absorption capacity [21-24]. By modifying the cell structures, the mechani-
cal performance can be customized [25-29], rendering them particularly suitable
for applications such as composite sandwich core materials, where exceptionally
high energy absorption-to-weight ratios are achieved [30, 31]. CHEN et al. [32]
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analyzed the influence of the in-plane shear modulus and the unit cell geometry
on the honeycomb behavior under in-plane compression based on the cellular
material theory. QI et al. [33] compared the performance of honeycomb sand-
wich panels with re-entrant hexagonal unit cells via blast impact tests, and
demonstrated a superior energy absorption capacity for the stiffener-enhanced
structure compared to the conventional honeycomb. DONG et al. [34] systemati-
cally investigated the influence of cell wall thickness on honeycomb deformation
patterns. Through quasi-static compression tests, they validated the significant
differences in the deformation behavior between thin-walled and thick-walled
honeycomb structures. By comparing the finite element analysis with the ex-
perimental results, the effect of the cell number on the honeycomb compression
deformation and collapse behavior was explored. SIMSEK and Evis [35] con-
ducted multiparameter experiments and finite element simulations on the lattice
structure of super-expanded honeycomb cores and investigated the regulatory
mechanisms of the mechanical properties through variations in single-cell param-
eters. ARQUILLA et al. [36] conducted a comparative analysis of the compressive
behavior of aluminum honeycombs under pure stress, combined stress, and shear
stress, and investigated the distinct deformation modes of cells during combined
compression. The study revealed that as the load application angle increased,
both the shear resistance of the honeycomb and the tangential displacement at
densification reached higher values.

The choice of material for preparing honeycomb cells is a key factor influ-
encing their mechanical and energy absorption properties. Inspired by the mi-
crostructure of wood, UFODIKE et al. [24] compared the mechanical responses of
honeycomb structures fabricated from different materials under in-plane com-
pression and confirmed that the material selection significantly affects the hon-
eycomb performance. YU et al. [37] analyzed the linear elastic response and
collapse behavior of honeycombs under out-of-plane compression conditions us-
ing both theoretical and experimental approaches. MOAT et al. [38] inspired by
the non-periodic Penrose P3 structure, designed a P3-based non-periodic honey-
comb that demonstrated superior isotropic performance compared to traditional
periodic square and hexagonal honeycombs. SHEN and L1 [39] utilized an inter-
penetrating epoxy resin to construct a non-uniform three-dimensional ceramic
lattice structure, significantly enhancing the energy absorption and load-bearing
capacity. GAO et al. [40] demonstrated the superior mechanical properties and
enhanced energy absorption capacity of novel structures through quasi-static
compression testing and numerical simulation of board-based lattices with vary-
ing densities. WANG et al. |[41] designed and fabricated shell-spike matrix struc-
tures with highly tunable anisotropy, investigated the influence of anisotropy
on compressive mechanical behavior, and showed that the material orienta-
tion could be adjusted to adapt to loading conditions. GIBSON and ASHBY [42]
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systematically investigated the effects of the material type and structural pa-
rameters on the mechanical properties and energy absorption characteristics of
honeycombs across different orientations. YADAV et al. [43] investigated a Ti64-
Zn MBMYV bimetallic composite and successfully incorporated Zn into the Ti64
honeycomb nail structure, demonstrating that this novel honeycomb scaffold
holds promise as a next-generation biodegradable implant.

However, traditional honeycomb manufacturing processes, such as forming,
bonding, welding, and extrusion, are only suitable for preparing simple honey-
comb configurations and struggle to accommodate novel honeycomb structures
with complex geometries [44-46]. Fortunately, the rapid advancement of 3D
printing technology has opened new avenues for the design and fabrication of
complex geometric unit cell structures [47, 48]. WADLEY et al. [49] employed
a combination of topology optimization and additive manufacturing to produce
metal sandwich panels featuring periodic open-core configurations, thereby pio-
neering a low-cost approach for manufacturing high-strength lightweight struc-
tures. MONDAL et al. [50] employed direct-injection welding 3D printing to fabri-
cate diverse medium-to high-strength short carbon-fiber-reinforced epoxy com-
posite honeycomb structures. This approach achieved the desired shear-thinning
behavior and high-precision formation of complex geometries, demonstrating the
significant influence of geometry on the structural strength. Guo and SuN [51]
designed and fabricated four non-periodic honeycomb metamaterials via 3D
printing, which significantly enhanced the stiffness of the honeycomb cells. X1A
et al. [52] employed 3D printing to produce a novel double-layered helical hon-
eycomb structure. The mechanical properties and energy absorption capacity
were effectively enhanced by incorporating a helical hierarchical design into the
honeycomb cells. KHAGHANIFARD et al. [53] fabricated the TFGMEEEH col-
lector using the reentrant negative Poisson ratio honeycomb and demonstrated
that the negative Poisson ratio honeycomb exhibited higher power generation
under identical conditions.

Based on conventional honeycomb structures, researchers have designed vari-
ous modified honeycomb configurations to enhance their structural and mechan-
ical properties [54-57]. However, most existing studies have focused on altering
the unit cell geometry while maintaining a periodic arrangement. This study
adopts a different perspective. Firstly, a previously unexplored hexa-arm hon-
eycomb unit cell is proposed, by performing rotational transformations and spa-
tial combinations on traditional honeycomb structures. Secondly, rather than
adopting a single periodic layout, four distinct arrangement patterns derived
from the same hexa-arm unit cell were constructed and compared: high-density
hexa-arm honeycomb (HHAH), orthogonal hexa-arm honeycomb (OHAH), in-
clined hexa-arm honeycomb (IHAH), and staggered distributed hexa-arm hon-
eycomb (SHAH). Thirdly, the combined experimental and numerical simulation
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approach was employed to systematically study the deformation mechanisms, in-
plane compression behavior, and energy absorption capacity of these structures
under quasi-static in-plane compression. The corresponding specimens were fab-
ricated using 3D printing, and the influence of key structural parameters on
mechanical performance was examined. The results provide a valuable reference
for engineering applications of hexa-arm honeycomb structures.

2. Hexa-arm honeycomb structure design and analysis methods

2.1. Structure design

A novel hexa-arm honeycomb unit cell was constructed by taking a regu-
lar hexagon and its six adjacent edges from the conventional two-dimensional
honeycomb structure. Through geometric transformations, namely rotation and
translation, each adjacent edge is vertically and equally bisected into the corre-
sponding side of the hexagon, as shown in Fig. 1. The geometric dimensions of
the unit cell are defined by two key parameters: the radius R of the inscribed
circle of the wall and arm thickness ¢. In the preliminary study, the specific
parameter values were set to R = 4 mm and ¢t = 1 mm.
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Fi1c. 1. Hexa-arm honeycomb unit cell design and schematic diagram of the honeycomb
structure.

Inspired by the diverse structural organizations in nature, different arrange-
ments of unit cells were designed to optimize the load-bearing efficiency and
energy absorption performance of the lattice. The specific configurations are
shown in Fig. 1 and are described as follows:
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(1) HHAH structure: Based on the close packing of traditional regular hexag-
onal honeycombs, conventional cells are replaced with hexa-arm honeycomb
cells. Adjacent cells share a common wall and an arm plate, forming a highly
integrated, two-dimensional periodic structure.

(2) OHAH structure: Hexa-arm honeycomb cells are arranged periodically
along the x- and y-directions, forming an orthogonal lattice structure. Adjacent
cells were connected via arm plates, forming an octagonal concave cavity at the
connection points along the z-axis.

(3) IHAH structure: Building upon the orthogonal lattice, the even-numbered
columns of the cells are shifted upward by half the cell height. This causes the
top-right arm of the cell in the previous column to connect collinearly with
the bottom-left arm of the cell in the subsequent column, forming a spatially
continuous, inclined arrangement. Each cell was surrounded by six neighboring
cells and connected via the arms.

(4) SHAH structure: Similar to the orthogonal lattice, the even-numbered
rows of cells are shifted rightward by half the cell width, forming a staggered
composite lattice. Unlike the inclined lattice, the arm connections between ad-
jacent cells in this structure are not collinear but form external triangular cross-
nodes. Every four cells formed a group with two opposing Y-shaped cavities at
their center.

2.2. Parameters for mechanical properties

Key mechanical parameters were introduced to characterize the honeycomb
material and quantitatively assess the quasi-static compressive behavior and
energy absorption capacity of the structure. The nominal stress o and strain ¢
of the honeycomb structure are defined as follows:

F
(21) g = fb’

AH
(22) g = 77

where F' is the compressive force, L is the length of the honeycomb structure
along the z-direction, and H is the height of the honeycomb structure along the
y-direction, as shown in Fig. 1. The out-of-plane thickness b of the honeycomb
structure remained constant at 10 mm, and AH was the impact displacement
of the honeycomb structure. The plateau stress o, defined as the average stress
from yielding to densification during compression, is calculated as:

€d

(2.3) o, = — 1 / o(c) de.

Ed — Ecr

Ecr
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Here, e, is the yield strain, o(e) is the nominal stress corresponding to the
strain €, and g4 is the densification strain. To avoid subjective bias, the densi-
fication strain was determined using the energy absorption efficiency method,
expressed as

€d

(2.4) op = o /o(s) de.

Ed — Ecr

Ecr

G is the energy absorption efficiency parameter of the honeycomb, which is
obtained by

3
o(e)de
(2.5) G = M
o(e)
The energy absorption (EA), corresponding to the area under the stress—
strain curve up to the densification strain, is expressed as
€d
(2.6) EA=V / o(e)de.
0

V denotes the volume of the honeycomb structure, and the specific energy ab-
sorption (SEA), defined as the energy absorbed per unit mass, is expressed as

_EA  [yto(e)de
m PPs

here p; is the density of the base material, p is the relative density of the hon-
eycomb material and can be defined as:

2 i1 B
LH

where n represents the total number of walls and arms of the length R in
each honeycomb structure, from which the relative densities of the different
honeycomb structures were calculated as 38.7% (HHAH), 37.4% (OHAH),
39.3% (IHAH), and 42.4% (SHAH), respectively.

(2.7) SEA

)

(2.8) p=

3. Experiments and numerical simulation
3.1. Specimen preparation and material properties

All hexa-arm honeycomb structures in this study were fabricated using the
Selective Laser Sintering (SLS) additive manufacturing technology. The 403P
SLS system (Farsoon Technologies) was employed. The key printing parameters
were as follows: laser power of 45 W, scanning speed of 10 m/s, layer thickness
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of 0.1 mm, and powder bed temperature of 170 °C, with a support scanning coef-
ficient of 1.1 to compensate for the energy input in the support area and enhance
the sintering strength of this region. All specimens were printed with the build
direction along the out-of-lane thickness b to ensure consistent mechanical prop-
erties. No post-processing heat treatment was performed. The printing material
was 7100Pro Nylon, with a density of approximately 1.07 g/cm?® and a melting
point of approximately 185.5 °C. For comparative purposes, the overall dimen-
sions of all honeycomb specimens were controlled to be similar, as shown in
Fig. 1. The fabricated specimens of each structure are shown in Fig. 2.
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F1G. 2. Specimens of various honeycomb structures: (a) HHAH; (b) OHAH;
(c) IHAH; (d) SHAH.

To determine the mechanical properties of the nylon material, standard
dumbbell-shaped tensile specimens were prepared and subjected to uniaxial ten-
sile tests at a loading rate of 1 mm/min. The uniaxial tensile tests were repeated
three times on the printed specimens using serrated grips with a higher clamping
pressure, and both ends of each specimen were polished with emery paper to
prevent slippage. To minimize the influence of the printing direction on the me-
chanical properties, tensile specimens were printed along their width, ensuring
that the loading direction was aligned with the tension and compression direc-
tions of the cells in the honeycomb structures. The stress-strain curve obtained
from the tensile test is shown in Fig. 3, indicating an initial linear elastic behavior
followed by a distinct plastic deformation stage, exhibiting typical elastoplastic
characteristics.
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F1a. 3. Engineering stress-strain curves of the 7100Pro Nylon material from uniaxial
tensile tests.

The key mechanical parameters of the material were extracted from the
stress-strain curve and are summarized in Table 1. The following methods were
used to determine the key mechanical parameters from the engineering stress—
strain curve: the elastic modulus was calculated from the slope of the linear elas-
tic region between strains of 0.0005 and 0.0025. The yield stress was determined
using the 0.2% offset method: a line parallel to the initial elastic slope was drawn
from the 0.2% strain, and its intersection with the stress—strain curve defined
the yield stress. The failure strain was recorded as the strain at which complete
fracture occurred. These parameters were used as material property inputs for
the subsequent finite element modeling.

TABLE 1. Material properties.

plg-em™3] | E[MPa] | u | oy [MPa] | o, [MPa]
1.07 763.86 | 0.3 10 45

3.2. Quasi-static in-plane compression tests

To evaluate the mechanical performance and energy absorption capacity of
the honeycomb structures, quasi-static in-plane compression tests were con-
ducted using the DDL300 universal testing machine equipped with a 20 kN
load cell, as shown in Fig. 4. The test was conducted in the displacement con-
trol mode, and the specimen was positioned at the center of the lower platen.
The upper platen descended at a constant rate of 3 mm/min until the specimen
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reached an 80% strain in the y-direction. Throughout the process, the testing
machine automatically recorded the load, displacement, and time. The nominal
stress ¢ and strain € were calculated using the formulas provided in Subsec-
tion 2.2, respectively. The entire compression process was documented using
video recording.

Rigid loading platen

3D model (SHAH)

Rigid supporti

Fic. 4. Quasi-static compression test setup.

Three identical specimens were fabricated for each honeycomb configuration
and tested under identical loading conditions. The reported stress-strain curves
are the averages of three repeats, and the corresponding standard deviations are
shown as error bands in Section 4.

3.3. Numerical simulation

The finite element software ABAQUS was employed to simulate the in-plane
uniaxial compression process of different honeycomb structures. The quasi-static
compression was simulated using an explicit dynamics solver (ABAQUS/Explicit).
To ensure a quasi-static response, the loading rate was artificially increased,
and the kinetic energy of the model was monitored throughout the analysis,
maintaining it below 5% of the internal energy to minimize the inertial effects.
As shown in Fig. 5, the numerical model consisted of three parts: a movable rigid
platen, a fixed rigid platen, and a honeycomb specimen sandwiched between
them.

The honeycomb structures were modeled using an elastoplastic constitutive
model. They were meshed with S4R elements (4-node linear brick, reduced in-
tegration) and an hourglass control to suppress the zero-energy modes. The
material parameters were determined based on the uniaxial tensile test stress-
strain curve shown in Fig. 3, with the specific values listed in Table 1. The
exclusion of fracture and damage mechanics is justified for the primary focus
of this study, which is on the energy absorption mechanisms during the elastic
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Fi1G. 5. Numerical simulation model of the SHAH.

and plateau stages, where buckling and the plastic hinge formation are the
dominant energy dissipation modes. This simplification is commonly adopted
in numerical studies of ductile honeycomb crushing [58-60]. Additionally, the
simulation model employs a shell element model, which generates lower nominal
stresses compared to solid models during quasi-static compression simulations.
To reduce the computational resource consumption and enhance the simula-
tion efficiency, this study intentionally omitted the material fracture behavior
from the analyses. The interfacial contact between the structural components
was defined using the extended Lagrange algorithm. Nevertheless, ignoring frac-
tures may lead to a slight overestimation of the SEA in the very late stages of
densification (beyond approximately 65% strain), where material tearing could
occur in physical tests. Future studies should incorporate damage initiation and
evolution criteria to address this limitation.

The von Mises yield criterion and isotropic hardening model were adopted
in this study. The rigid platens were modeled as discrete rigid bodies. The nor-
mal contact behavior between the platens and honeycomb structure was de-
fined using a pressure-overclosure relationship, which strictly minimized pene-
tration between the surfaces. Tangential contact was modeled using a penalty
friction formulation with a friction coefficient of 0.3 (see Subsection 3.5 for a de-
tailed discussion of friction). The bottom platen was then fixed. The top platen
was constrained to allow movement only in the y-direction (compression di-
rection) and was subjected to a downward displacement load, compressing the
structure to 80% of its initial height.

A mesh sensitivity analysis was conducted using the SHAH structure as an
example, employing mesh sizes of 5, 3, and 1 mm. The resulting load-displace-
ment curves are shown in Fig. 6. The differences between the results for the
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F1c. 6. Load-displacement curves for SHAH structure with different mesh sizes.

three mesh sizes were less than 5%, indicating an acceptable mesh influence
and satisfying the mesh independence requirements of the study. Consequently,
a mesh size of 1 mm was adopted for all subsequent simulations.

3.4. Validation of the constitutive model

To validate the elastoplastic material model used in the honeycomb simu-
lations, a finite element model of a standard dumbbell-shaped tensile specimen
was created. The same material parameters (Table 1) and von Mises yield cri-
terion with isotropic hardening were employed. The tensile test was simulated
under displacement control at 1 mm/min to match the experimental loading
rates. Because the current material model does not include a fracture criterion,
the simulation was limited to the elastic and early plastic regimes (up to a strain
of approximately 0.05 only).

The simulated engineering stress-strain curve was compared with the exper-
imental curve from the repeated tensile test, as shown in Fig. 7. The simulated
curve matches the experimental curve reasonably well in terms of the elastic
modulus, yield stress, and initial hardening slope, although a small discrepancy
in the initial slope is observed. The small deviation in the initial slope may arise
from the inherent viscoelastic nature of the laser-sintered nylon material, which
is not captured by the purely elastoplastic model employed in this study, as
well as from the simplified clamping conditions in the tensile test simulation.
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Fic. 7. Validation of the elastoplastic constitutive model.

Despite this minor difference, the finite element model reproduces the overall
experimental behavior very well in the subsequent stages, as demonstrated by
the good agreement in the full-scale honeycomb compression simulations pre-
sented in Subsections 4.2 and 4.4. Therefore, the constitutive model is considered
adequate for the purpose of this study.

3.5. Effect of friction coefficient

The friction coefficient between the honeycomb specimen and rigid platens
was set to 0.3 in the main simulations, based on typical dry friction values for
nylon-steel interfaces (ranging from 0.2 to 0.4). To evaluate the sensitivity of
the numerical results to this parameter, a series of simulations were performed
on the SHAH structure using friction coefficients of 0.1, 0.3, and 0.5.

Figure 8 shows the stress-strain curves obtained using different friction co-
efficients. The initial peak stress showed minor variations (less than 5%) across
the three values. More importantly, the plateau stress, densification strain,
and the overall deformation mode were almost identical, indicating that the
friction coefficient had a negligible effect on the energy absorption performance
under the current loading conditions. This insensitivity is attributed to the fact
that the dominant deformation mechanisms — cell wall buckling, the contact
between arms, and the plastic hinge formation — occur within the structure,
whereas relative sliding at the platen interfaces is limited.
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F1G. 8. Stress-strain curves of the SHAH structure obtained with different friction
coefficients.

Based on this sensitivity study, a friction coefficient of 0.3 was considered
appropriate and used in all subsequent simulations. The observed low sensitiv-
ity is consistent with the findings in the literature [61], which reported that
friction plays a secondary role in honeycomb in-plane compression when the
deformation is dominated by internal buckling.

4. Results analysis and discussion

This section presents and analyzes the experimental and numerical simula-
tion results for various cellular metamaterials subjected to in-plane compressive
loading. The reliability of the finite element model was first validated by com-
paring the deformation patterns with the stress-strain curves. Subsequently, it
focuses on contrasting the in-plane compressive performance and energy absorp-
tion characteristics of different structures.

4.1. Deformation analysis of compression process

Through a comparative analysis of the experimental and simulation results,
this section elucidates the underlying mechanism linking the structural config-
uration and mechanical properties of the hexa-arm honeycomb. The markedly
distinct deformation patterns exhibited by various structures during compres-
sion demonstrate the fundamental difference in the mechanical response between
the different hexa-arm honeycomb structures.
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Figure 9 shows the quasi-static compression test and simulated deformation
process of the HHAH structure. According to the Mises stress distribution from
the finite element simulations, the deformation of this structure was relatively
uniform during compression, without significant local stress concentrations or
localized failure. The diagram reveals that during the initial deformation phase,
the HHAH structure underwent deformation primarily on the sides. As the unit
cell is compressed, its deformation causes the sidewall panels to gradually come
into contact. This interaction transfers the vertically downward compressive
force toward the panel-facing side, thereby altering the primary load-transfer
path. Consequently, the structure began to bend unilaterally, modifying the
deformation morphology of the honeycomb structure. As the deformation in-
creased, the structure of the unit cells changed, thereby altering the force trans-
mission path of the arm. The horizontal force increased, leading to deformation
on both sides of the structure. As the compressive strain increased, the struc-
ture progressively collapsed in the horizontal direction, and the overall structure
underwent significant deformation.
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F1G. 9. Deformation process of HHAH structure.

Under sustained compressive loading, the structure collapsed sequentially,
exhibiting noticeable lateral buckling. Eventually, the hexa-arm honeycomb cells
were nearly completely disintegrated, and the nominal stress increased rapidly.

Figure 10 shows the quasi-static compression test and the corresponding
simulated deformation process of the OHAH structure. The von Mises stress
distribution from the finite element simulations indicated that this structure
initially exhibited bending deformation in local inverted triangular regions, with
a relatively uneven stress distribution. The deformation diagram reveals that,
owing to its unique structural configuration, the wall panels between adjacent
cells uniformly distributed vertical downward compressive forces outward. This
results in relatively uniform structural deformation, with each cell fully utiliz-
ing its functional capability. The analysis primarily focused on the connections
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F1G. 10. Deformation process of OHAH structure.

between the arms, indicating that they bore a greater load during the initial
stages of deformation. This arrangement alters the stress transmission path
within the structure, resulting in stress concentrations in specific areas. Fur-
thermore, the deformation of the honeycomb unit cells was slightly less than
that of the previous two structures.

As the compressive strain increased (to approximately 0.45 equivalent strain),
the stress distribution gradually homogenized through the coordinated deforma-
tion of the internal cells, entering the stage of overall uniform compression with-
out a significant crack formation. The honeycomb cell layers failed successively
until the structure was fully densified.

Figure 11 shows the quasi-static compression test and the simulated defor-
mation process of the IHAH structure. According to the von Mises stress dis-
tribution obtained from the finite element simulations, the deformation was
relatively uniform in the initial stage of compression. In the elastic stage, loads
were primarily transmitted through the connecting arms between the honey-
comb cells, causing a slight lateral expansion of the overall structure and early
local failure, with initial cracks forming along the shear band direction of the
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Fic. 11. Deformation process of IHAH structure.
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structure. This may be attributed to the unique connection method of the struc-
ture, where the unit cells are arranged in an inclined manner, transmitting ver-
tical downward pressure along the arms in the direction of shear. The layout
adopts an inclined arrangement, with individual cells connected by the panel
walls. Under compressive stress, these wall panels deform first. Owing to the
inclined connection of the wall panels, the structure bent toward one side dur-
ing deformation. In addition, the arm plates effectively resisted external stress
through bending deformation, which played a crucial role in supporting the
structure. As compression continued, significant failure occurred along the shear
band direction of the specimen.
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Fic. 12. Deformation process of SHAH structure.

Figure 12 shows the quasi-static compression test and the corresponding sim-
ulated deformation process of the SHAH structure. The von Mises stress distri-
bution from the finite element simulations showed that this structure deformed
uniformly during compression, with a relatively continuous stress distribution.
The load applied from the top was transmitted downward through the nodes.
In the SHAH structure, adjacent unit cells are staggered in arrangement, with
their interconnected wall panels forming a Y-shaped configuration. This design
enhances the ability of the structure to withstand downward compressive forces
while dispersing them outward, resulting in a more uniform stress distribution
across the entire framework. Simultaneously, because the nodes are connected
to the left and right adjacent cells, part of the compressive force is transformed
into tensile stress in the horizontal direction, subjecting the entire structure to
a lateral tension. The shape of the honeycomb cells changed: the nodal regions
were compressed, their connection forms gradually transitioned from the original
triangular configuration to a rectangular one. As the shape of the honeycomb
cells changes, the wall panels also adapt accordingly. The interactions and colli-
sions between different wall panels form distinct platforms, resulting in a more
uniform and hierarchical structural morphology under compressive forces.
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Unlike conventional honeycomb structures, the SHAH structure undergoes
a cell shape change in the initial deformation stage but does not exhibit compres-
sive failure at this stage. As deformation progressed, horizontal cracks appeared.
Owing to the influence of the stress transmission path, the bottom region failed
first. With a continued increase in the in-plane compressive strain, the second
layer of the structure collapsed sequentially, the lower part gradually densified,
the upper part continued to fail under pressure, and a second horizontal crack
formed almost simultaneously at the interface between the upper and lower
layers. The SHAH structure enhances the connection and stress transmission
through the external Y-shaped arms, which transform into I-shaped arms during
compression. This configuration effectively distributed the load across the hon-
eycomb, resulting in a relatively uniform stress distribution throughout the com-
pression.

Finally, the interlocking honeycomb cells completely disintegrated, and the
structure entered the densification stage. At this stage, the nominal stress in-
creased rapidly, and the overall deformation mode transitioned to a response
dominated by the lateral bending of the beam.

From Figs. 9-12, it can be observed that the compression process of the
hexa-arm honeycomb generally can be divided into four stages: linear elastic
stage (I), plateau stage (II), second linear elastic stage (III), and densification
stage (IV). The plateau stage (II) included a relatively stable stress response
between the two elastic stages. Similar stage divisions have been reported in
other studies on the modified honeycomb structures. Notably, the plateau stage
(IT) of the hexa-arm honeycomb was significantly shorter than that of the con-
ventional honeycomb. Taking the SHAH structure as an example, the plateau
stage after the first elastic stage was not distinct, and transitioned almost di-
rectly into the second elastic stage, where the stress level was relatively close to
that of the first elastic stage. This was followed by a more pronounced plateau
segment acting as a buffer, which was clearly captured in the finite element simu-
lations and agreed well with the experimental results. Furthermore, all hexa-arm
structures exhibited higher stress levels in the second elastic stage (stage III).
After the second elastic stage, the stress decreased slightly and remained stable
for a certain duration. With further compression, the stress increased rapidly
when entering the densification stage.

The secondary linear elastic phase (stage III) is a geometric effect caused by
the contact and interlocking of the hexa-arms, rather than an intrinsic material
property of nylon. The uniaxial tensile curve of the nylon material (Fig. 3) shows
a smooth elastic plastic — transition with no secondary linear elastic region,
excluding the material origin.

To further elucidate this mechanism, the local deformation of the SHAH
unit cell was analyzed, as shown in Fig. 13. Under compressive stress, the upper
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F1G. 13. Local deformation process of the SHAH structure.

and lower sides of the SHAH unit cell caved inwards. Owing to the periodic
arrangement, the movement direction of each unit cell was consistent at the ini-
tial compression stage, allowing the cells to coordinate the bending deformation
through concave deformation. As the unit cells cave in, the walls contact each
other. Specifically, the walls containing points C and D formed a new rhom-
bic structure, and the honeycomb edges at points B, D, H, and G formed new
wall structures. This contact created additional load paths, temporarily stiffened
the structure, and manifested as a second linear elastic increase in the stress-
strain curve (sage III). The Y-shaped cavities in the SHAH structure promote
early contact with the arm. Consequently, the newly formed walls optimize the
concave angles, reduce the stress concentration, and improve the load transfer
and structural stiffness, thereby enhancing the overall stability and reliability of
the SHAH configuration.

These phenomena demonstrate that the mechanical response of a structure
can be effectively regulated by incorporating additional arms within the cells
or modifying their connection methods. During compression, most hexa-arm
honeycombs exhibited densification behavior in the node regions that progres-
sively developed from the high-density top zone to the low-density bottom zone,
ultimately achieving complete densification. Owing to the asynchronous den-
sification processes in the upper and lower sections, the structure frequently
adopts a laterally bending configuration during deformation. For the hexa-arm
honeycomb, the stress was primarily concentrated in the arm plate regions from
the elastic stage to densification. The numerical simulations and experimental
results were generally consistent, although some deviations occurred during the
elastic failure stage, which could be attributed to internal defects in the 3D-
printed material. In contrast, for a conventional honeycomb structure under
compressive failure, the stress is mainly concentrated along the shear band
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direction, and the structure collapses layer by layer, with the collapse angle
relative to the platform gradually decreasing until full densification is achieved.
Among the hexa-arm structures, the IHAH structure initially collapsed along an
inclined direction. However, as deformation developed, the collapse angle grad-
ually decreased and eventually became horizontal. The other hexa-arm struc-
tures only underwent cell shape changes without significant collapse in the early
stage of deformation, exhibiting horizontal collapse only after the deformation
exceeded a certain degree. The experimental and simulation results confirmed
that the failure modes of the hexa-arm honeycomb structures were closely re-
lated to their arrangement patterns.

4.2. Compressive performance

The error band analysis (Fig. 14) shows that the repeated tests for each
honeycomb configuration yielded nearly identical stress—strain responses, with
the shaded standard deviation bands remaining narrow across the entire strain
range. This indicates the excellent repeatability of the experimental data. The
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Fia. 14. Experimental stress-strain curves (solid line: average of three repeats; shaded band:
=+ one standard deviation, n = 3) of the four structures.
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maximum coefficient of variation among the three repeats for any configuration
was below 5%, confirming that the 3D-printed specimens and test setup pro-
duced highly consistent results.

Figure 15 compares the experimental and simulated mechanical properties
of the four hexa-arm honeycomb structures, including the elastic modulus (F),
peak stress (o.), plateau stress (0,), and densification strain (). Figure 15(a)
shows the elastic moduli of different structures during the elastic stage, where
the locally stiffened honeycomb structure exhibited different elastic moduli in
elastic stages I and III. All hexa-arm structures exhibit a higher elastic mod-
ulus in stage II than in stage I, with the OHAH structure showing the most
pronounced increase, whereas the two-stage moduli of the SHAH structure are
relatively close together. Figure 15(b) shows the peak stress (o), which marks
the onset of significant plastic deformation and serves as the effective peak stress
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for these structures owing to the smooth elastic plateau transition. All hexa-arm
structures showed a multiple-fold increase in peak stress from stage I to stage 11,
indicating their sensitivity to the structural morphology. Figure 15(c) shows the
plateau stress (0y,), defined by Eq. (2.3), as the average stress from yielding to the
densification. Although the second plateau stage is very short, its plateau stress
op-11 is approximately 3-4 times higher than o,-I, with some dependence on the
structural configuration of the specimen. Figure 15(d) compares the densifica-
tion strain (g4). All the structures were densified at strains of approximately 0.5,
showing little correlation with the arrangement pattern.

Figure 16 shows the stress-strain response of different honeycomb structures
under in-plane compressive loading, comparing the deformation behaviors of
different hexa-arm structures. It can be seen that the stresses of all the hexa-
arm structures were quite excellent. Specifically, four stages were observed for
hexa-arm honeycombs. The stress in the initial stage did not differ significantly,
possibly because the deformation was small and the arm support was not fully
mobilized. Upon entering the second stage, the structures exhibited a more pro-
nounced and stable high-plateau response, reflecting the unique deformation
resistance mechanism of the hexa-arm honeycomb. In addition, the nominal
stress exhibited a significant increase after the second elastic stage. Throughout
the compression process, the deformations of the different hexa-arm structures
varied considerably. The SHAH structure exhibited the best stress performance,
followed by the IHAH one. Although the stresses of the HHAH and OHAH struc-
tures also increased substantially after the second elastic stage, the magnitude
of the increase was smaller than that of the SHAH and IHAH structures. The
load-bearing performance of hexa-arm honeycombs with different arrangement
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F1G. 16. Stress-strain curves of hexa-arm honeycombs: (a) experimental data,;
(b) simulation data.
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patterns under large deformation compression varies, demonstrating a depen-
dence on the structural configuration.

4.3. Poisson’s ratio

In the mechanical property analysis of honeycomb structures, Poisson’s ratio
serves as a critical parameter for evaluating lateral deformation under tensile
and compressive loads. Poisson’s ratio u is defined as the ratio of longitudinal
strain to lateral strain during tensile or compressive processes, and is expressed
by the following formulas:

n

-1
4.1 AL=-SN (L, —L,) (i=1,2,...
( ) n ;( Pri plz) (Z » < 7n)7
A r A rl =7 Yrn -
(4.2) Ay =2Y ; Yo _ W~y );(ym Yin)
A r A rl = Jrn — Yin
(4.3) Ay =2 ‘; v _ -y );L(yzz Yin)

As shown in Fig. 17, L, , and L, denote the horizontal coordinates of points
pr; and py;, while Y1, Yrn, Y12, and y;, represent the vertical displacements at
points pr1, Prn, P11, and py,, respectively.

Figure 17 illustrates dynamic Poisson’s ratio variations of the four studied
structures under large deformation compression. The figure clearly shows that
all the structures exhibit positive values of Poisson’s ratio. Dynamic Poisson’s
ratio trends were similar across the structures, with a rapid initial increase
during compression, reaching peak values between 0.06 and 0.08 strain, fol-
lowed by a sharp decline. After 0.2 strain, Poisson’s ratio continued to decrease
but at a much slower rate.

0.2 0.4 0.6 0.8
Strain

Fi1G. 17. Dynamic Poisson’s ratio of the four hexa-arm honeycomb structures.
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Although the four structures shared comparable Poisson’s ratio trends, their
numerical values differed notably. Before a strain of 0.4, the SHAH configuration
exhibited the highest Poisson’s ratio among the four structures, followed by the
HHAH. The THAH configuration exhibited slightly higher Poisson’s ratio than
the OHAH configuration before a strain of 0.2. Beyond a strain of 0.2, Pois-
son’s ratios of the OHAH and other structures exhibited minimal variation. The
analysis of dynamic Poisson’s ratios revealed that the structural arrangement
significantly influenced Poisson’s ratio behavior.

4.4. Energy absorption

Figure 18 demonstrates the influence of structural configurations on energy
absorption performance under in-plane compression conditions for various hexa-
arm honeycomb structures, along with a comparative analysis of experimen-
tal and simulation results regarding energy absorption capacity.
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Figure 18(a) presents a comparative analysis of the experimental and simu-
lation results for hexa-arm honeycomb structures with different configurations
under quasi-static compression using the SEA method. The figures demonstrate
that the simulation and experimental SEA values show minimal overall discrep-
ancies, with only the SHAH structure exhibiting significantly lower experimental
SEA values than those of the simulations. This discrepancy may stem from the
fact that the simulation models did not account for fracture damage, whereas
the SHAH structures possessed the highest relative density among the four con-
figurations, leading to more pronounced fracture-damage effects. Nevertheless,
the overall structural alignment remains consistent. Figure 18(b) compares the
SEA values at approximately 0.05 strain (during the completion of the ini-
tial elastic phase). The results indicate that the SHAH structures continue to
demonstrate superior energy absorption performance compared to the other
configurations during the initial stage, with negligible differences between the
simulation and experimental data, thus confirming good initial phase alignment.
Figure 18(c) shows SEA comparisons at 0.55 strain (when approaching the den-
sification phase initiation). While the SEA values for SHAH and the three other
structures showed negligible differences, the simulation results for the HHAH
and OHAH structures consistently underperformed the experimental measure-
ments. This discrepancy may arise from shell element modeling techniques that
delay the edge contact interaction compared with physical models during com-
pression. Figure 18(d) shows the SEA comparison at the completion of the
densification phase (compression termination). Although the experimental and
simulation results exhibited minor deviations, these errors remained within ac-
ceptable tolerance ranges, thereby validating the reliability of the simulation
results.

The overall results shown in Fig. 18(a) demonstrate that the SHAH struc-
ture exhibits a significantly higher energy absorption performance than the other
structural configurations. Although the remaining structures exhibited compara-
ble energy absorption capabilities, their growth processes differed, with distinct
optimal-absorption phases. All configurations demonstrated substantial growth
after entering the densification stage. In conclusion, the hexa-arm structure sig-
nificantly enhanced the energy absorption capacity of the structure, and this
capacity was closely related to its structural configuration.

4.5. Comparison with conventional hexagonal honeycomb

To quantify the mechanical advantage of the hexa-arm design, a conventional
regular hexagonal honeycomb was designed with a circumscribed circle radius
(R = 4 mm), the same wall thickness (f = 1.0 mm), and the same base ma-
terial (7100Pro Nylon) identical to those of the four structures investigated in
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this study. For the numerical simulations, a validated finite element model was
employed to simulate the conventional honeycomb under the same quasi-static
compression conditions (including the loading rate, boundary conditions, and
the friction coefficient).

Figure 19 compares the nominal stress—strain curves and the SEA at key
strain points for the conventional honeycomb and SHAH structures under quasi-
static in-plane-compression. The SHAH structure exhibited stress levels similar
to those of the conventional honeycomb during the initial deformation phase
(before the strain reached 0.05), likely because the deformation was small and
the arms had not yet begun to function. As the strain increased, the SHAH
structure demonstrated a significantly superior nominal stress performance com-
pared with the conventional honeycomb. During the second plateau stage, the
plateau stress of the SHAH structure exceeded that of the conventional honey-
comb by 659.8%, and its SEA was 111.3% higher. As the densification phase
approached, the SEA of the SHAH structure surpassed that of the conventional
honeycomb by 155.1%. This performance enhancement is primarily attributed
to the newly introduced load-bearing-arm structure and staggered arrangement
pattern, which effectively delayed local structural collapse and achieved a more
uniform stress distribution.
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Fi1G. 19. Comparison of mechanical properties between SHAH and RH.

These results quantitatively demonstrate that the hexa-arm topology, par-
ticularly the SHAH configuration, provides a substantial enhancement in the
energy absorption performance compared to the conventional design at the same
relative density.
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5. Parametric analysis of the influence on mechanical performance
5.1. Effect of the wall thickness ¢

This section focuses on comparing and analyzing the load-bearing perfor-
mances of the four honeycomb structures with different arrangements and vary-
ing wall thicknesses. The radius of the inscribed circle of the honeycomb was
uniformly set to R = 4 mm, with a wall thicknesses of 0.6, 0.8, 1.0, and 1.2 mm.
The stress-strain curves for different wall thicknesses are shown in Fig. 20. The
load-bearing capacity of all honeycomb types increased with wall thickness, pri-
marily because of the increase in the material volume as the wall thickness
increased. Notably, within the strain range of 0.50-0.65, OHAH and SHAH ex-
hibited a distinct second plateau stage, after which the honeycomb structures
entered the densification stage at a strain of approximately 0.70.
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F1G. 20. Stress-strain curves with different wall thicknesses: (a) HHAH, (b) OHAH,
(c) THAH, (d) SHAH.

Figure 21 illustrates the SEA for different wall thicknesses, with the specific
numerical values provided in Table 2. As shown in Fig. 21, the SEA values of all
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Fic. 21. SEA with different wall thicknesses.

honeycombs increased with wall thickness. When the wall thickness increased
from 0.6 to 1.2 mm, the SEA of HHAH, OHAH, THAH, and SHAH increased by
179.6%, 190.5%, 171.9%, and 162.1%, respectively. Overall, increasing the wall
thickness significantly enhanced the energy absorption performance of the hon-
eycomb specimens.

TABLE 2. Parameters and SEA values of the four types of honeycombs with different
wall thicknesses.

Honeycombs | R [mm] | ¢ [mm] p SEA [J/g]
HHAH 4 0.6 0.232 2.093
OHAH 4 0.6 0.224 1.617
IHAH 4 0.6 0.236 2.416
SHAH 4 0.6 0.254 6.271
HHAH 4 0.8 0.310 2.573
OHAH 4 0.8 0.299 2.314
IHAH 4 0.8 0.314 3.063
SHAH 4 0.8 0.339 7.567
HHAH 4 1.0 0.387 3.190
OHAH 4 1.0 0.374 3.685
THAH 4 1.0 0.393 3.682
SHAH 4 1.0 0.424 9.582
HHAH 4 1.2 0.464 3.759
OHAH 4 1.2 0.449 3.081
ITHAH 4 1.2 0.472 4.153
SHAH 4 1.2 0.509 10.165
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Although the SEA generally increases with relative density, the improve-
ment is strongly topology-dependent. For example, at similar relative densi-
ties (p ~ 0.23-0.25), the SHAH structure achieved an SEA of 6.27 J/g, which
is approximately 2.6-3.9 times higher than those of the HHAH (2.09 J/g),
OHAH (1.62 J/g), and IHAH (2.42 J/g) structures. At a higher relative den-
sity range (p ~ 0.31-0.34), SHAH still shows an SEA of 7.57 J/g, compared to
2.57-3.06 J/g for the other three topologies. This demonstrates that the stag-
gered arrangement pattern (SHAH) provides a topology-dependent advantage
that is not merely a consequence of the increased relative density.

5.2. Effect of circle radius R

This section primarily analyzes the influence of the inscribed circle radius R
on the mechanical behavior of honeycomb structures with different arrangements
while maintaining a constant wall thickness across all structures (t = 1 mm). The
specific parameters are listed in Table 3. Figure 22 shows the stress-strain curves
of the honeycomb structures under compressive loading. It can be observed
that when R = 3 mm, the strain of all honeycomb structures was significantly
higher than that in the other cases. This phenomenon may be attributed to
the excessively high relative density of the honeycomb structure at this radius,

TABLE 3. Parameters and SEA values of the four types of honeycombs with different
cylindrical radii.

Honeycombs | R [mm] | ¢ [mm)] p SEA [J/g]
HHAH 3 1.0 0.516 10.568
OHAH 3 1.0 0.252 10.029
THAH 3 1.0 0.262 7.092
SHAH 3 1.0 0.283 16.813
HHAH 4 1.0 0.387 3.190
OHAH 4 1.0 0.299 3.685
THAH 4 1.0 0.314 3.682
SHAH 4 1.0 0.339 8.629
HHAH 5 1.0 0.310 4.381
OHAH 5 1.0 0.374 5.142
IHAH 5 1.0 0.393 3.854
SHAH 5 1.0 0.424 8.498
HHAH 6 1.0 0.258 3.906
OHAH 6 1.0 0.499 3.812
IHAH 6 1.0 0.524 3.307
SHAH 6 1.0 0.565 8.056
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F1G. 22. Stress-strain curves with different cylindrical radii: (a) HHAH, (b) OHAH,
(c) IHAH, (d) SHAH.

which led to premature compression and mutual collisions between different
parts during loading.

For the other radius values, prior to entering the densification stage, the
strain differences between the structures were negligible. After reaching the den-
sification stage (approximately ¢ = 0.65), notable changes in stress occurred in
the IHAH and SHAH structures. Specifically, as the radius increased, the force
required for structural collapse decreased.

Figure 23 and Table 3 present the SEA of honeycomb structures with dif-
ferent inscribed circle radii. As illustrated in Fig. 23, the SEA of the HHAH
and OHAH structures exhibited an initial decrease, followed by an increase, and
a subsequent decrease. In contrast, the SEA values of IHAH and SHAH (ex-
cept for R = 3 mm) remained relatively similar across the different radii. This
indicates that the effect of the radius variation differs according to the specific
structural configuration.
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Notably, the SEA of the SHAH consistently surpassed that of the other hon-
eycomb types, demonstrating the most effective energy absorption performance
among them.

The data in Table 3 clearly demonstrate that topology dominates the relative
density in determining the SEA. For example, at R = 3 mm, the SHAH structure
has a relatively low relative density (p = 0.283) but achieved the highest SEA
(16.81 J/g) of all configurations. In contrast, the HHAH structure at the same
R has a much higher relative density (p = 0.516) but a significantly lower SEA
(10.57 J/g). This indicates that the staggered arrangement pattern (SHAH)
provides an intrinsic topological advantage that outweighs the effects of a higher
density. A similar trend is observed at other radii, e.g., at R = 5 mm, SHAH
(p = 0.424, SEA = 8.50 J/g) outperforms OHAH (p = 0.374, SEA = 5.14 J/g)
and THAH (p = 0.393, SEA = 3.85 J/g), despite having a comparable or even
lower relative density in some cases.

5.3. Effect of the cell numbers

The number of honeycomb cells is a key factor influencing the mechanical
properties and deformation behavior of honeycomb materials. This section sys-
tematically analyzes the mechanical performance of honeycomb specimens with
different cell numbers. Four different numbers of unit cells were set for each
configuration to investigate the effect of cell size on the mechanical properties.
Based on the distribution of cell counts, the specimens were divided into four
groups (Table 4): small-cell group (Group S), medium-cell group (Group M),
large-cell group (Group L), and transitional-cell group (Group T).
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Figure 24 shows the stress-strain curves of the different honeycomb specimens
with varying unit cell counts during deformation. As shown in Fig. 24, the stress
values differed slightly across different cell counts, indicating that the design of
the cell number had a limited impact on the overall mechanical performance

of the structure.
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F1G. 24. Stress-strain curves with different cell numbers:
(a) HHAH, (b) OHAH, (c) IHAH, (d) SHAH.

Figure 25 shows the SEA of the different honeycomb types, which are de-
tailed in Table 4. Observations from Fig. 25 reveal that the SEA of all hon-
eycomb structures initially decreased and then increased with the number of
cells. A further comparison between Groups L and T (i.e., reducing one set
of cells in the horizontal direction) showed a slight increase in SEA for all hon-
eycomb structures. When the cell count corresponded to that of Group T, the
SEA of the other three honeycomb types reached a maximum, except for that
of SHAH. Under identical conditions, SHAH consistently exhibits the highest
SEA value. Overall, appropriately reducing the number of cells in the horizontal
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direction enhanced the specific energy absorption performance of the honeycomb
structure.

As shown in Table 4, the relative density of each topology is nearly constant
across different cell-number groups (e.g., SHAH p ~ 0.424, HHAH p ~ 0.387,
etc.), the observed differences in SEA can be attributed primarily to the topo-

TABLE 4. Parameters and SEA values of the five types of honeycombs with different cell

numbers.

Honeycombs | R [mm] | N [mm] | ¢ [mm)] p SEA [J/g]
HHAH 4 9*10(S) 1.0 0.387 3.913
OHAH 4 T*7(S) 1.0 0.374 4.472
IHAH 4 743(S) 1.0 | 0393 ] 4.230
SHAH 4 8*8(S) 1.0 0.424 10.070
HHAH 4 10*11(M) 1.0 0.387 3.190
OHAH 4 8*8(M) 1.0 0.374 3.685
THAH 4 8*9(M) 1.0 0.393 3.682
SHAH 4 9*9(M) 1.0 0.424 9.582
HHAH 4 11*12(L) 1.0 0.387 3.686
OHAH 4 9*9(L) 1.0 | 0374 ] 4129
THAH 4 9*10(L) 1.0 0.393 4.500
SHAH 4 10%10(L) 1.0 | 0424 | 10509
HHAH 4 1¥11(T) | 1.0 | 0.387 |  3.966
OHAH 4 8*9(T) 1.0 0.374 4.277
THAH 4 9*9(T) 1.0 0.393 4.608
SHAH 4 9%10(T) 1.0 | 0424 | 10.248
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logical arrangement pattern rather than relative density. For example, in the
S group (small cell count), SHAH achieved an SEA of 10.07 J /g, which is approx-
imately 2.3-2.7 times higher than those of HAH (3.91 J/g), OHAH (4.47 J/g),
and THAH (4.23 J/g), despite having only a slightly higher relative density. In the
L group (large cell count), SHAH (10.51 J/g) again far exceeds the other three
topologies (3.69-4.50 J/g). These results confirm that the staggered arrange-
ment pattern (SHAH) provides a substantial topology-dependent advantage for
energy absorption, independent of the relative density. The minor variations in
the SEA for each topology across different cell numbers indicate that the cell
number has a secondary effect compared to the topology.

5.4. Effect of the rib plate ratio

This section investigates the influence of the outer-to-inner arm length
ratio (H; /Hz) on the mechanical performance of the SHAH. In previous studies,
the Hy/Hs ratio was fixed at 1. To further analyze the strengthening mecha-
nism of the local hexa-arm honeycombs, the mechanical responses of the SHAH
structures with different Hy /Hy ratios were analyzed.

The stress-strain curves shown in Fig. 26 indicate that the mechanical perfor-
mance of the hexa-arm honeycomb is influenced by the unit cell arrangement and
strongly depends on the arm length ratio. When the outer arm length is exces-
sively large (e.g., H; /Hy = 3), the supporting effect of the arms weakens, leading
to a reduced load-bearing capacity. For H; /Hy = 0.6 and 1, the performances
in the initial compression stage were similar. After entering the second plateau

35 T T T T
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30 | |—e—H,/H,=I .
—a—H,/H,~1.67
25 | H /H,=3 1
£ 20
=
815} .
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Fic. 26. Stress-strain curves for SHAH structures with different arm length ratios.
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stage, a ratio of 0.6 performed slightly better than 1. However, upon entering
the densification stage, the load-bearing capacity was the highest at a ratio
of 1. The deformation processes shown in Fig. 27 indicate that the compres-
sion deformation processes differ for different arm ratios. When H; /Hy was 0.6,
the compression deformation exhibited a lateral offset, and the deformation was
global. When H; /Hy = 1, the compression deformation was uniformly horizontal
and relatively stable. The deformation processes for Hy /Hs ratios of 1.67 and 3
were quite similar, both showing initial significant deformation in the central
part, which then propagated towards the upper and lower sections, indicating
a characteristic transition from local buckling.

6. Conclusion

To design honeycomb metamaterial structures with excellent energy absorp-
tion characteristics and high load-bearing capacity, this study proposes and
investigates four novel hexa-arm honeycomb configurations. Their mechanical
behavior under quasi-static compression was systematically studied using the
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combined experimental and numerical simulation approach. Through a compar-
ative analysis of the in-plane compressive performance and deformation pro-
cesses of the four honeycomb structures, the following conclusions were drawn.

(1) The hexa-arm honeycombs exhibited two elastic stages, which allowed
them to possess higher plateau stresses, resulting in better load-bearing capacity
and energy absorption capability.

(2) All the hexa-arm honeycombs exhibited superior mechanical performance,
which was dependent on the arrangement pattern. In the compression direction,
the deformation modes of the hexa-arm honeycomb varied according to the
arrangement pattern. A common feature of all hexa-arm honeycombs is that
they do not exhibit shear band collapse, and the entire structure deforms col-
lectively, with the hexagonal honeycomb cells undergoing elastic shape changes.
During compression, each cell resists changes in its shape and maintains its
shape. In contrast, the collapse of the HHAH and IHAH was initiated from the
shear band direction, with slight bending observed in the final stage. In contrast,
OHAH and SHAH underwent a progressive layer-by-layer collapse during the
compression deformation, which occurred later.

(3)Among the arrangement patterns of the hexa-arm honeycombs, the SHAH
structure exhibited the best mechanical performance, followed by the IHAH struc-
ture. The OHAH and HHAH structures were similar to one another. The applied
pressure can be transmitted through these arms to every cell, enabling all units
to collectively resist changes in shape. This allows the hexa-arm honeycombs to
absorb more energy and degrade stably.

(4) Owing to the increase in the material, the enhancement in wall thick-
ness significantly improved the energy absorption performance of different hon-
eycomb structures. When the wall thickness increased from 0.6 to 1.2 mm, the
SEA of HHAH, OHAH, THAH, and SHAH increased by 179.6%, 190.5%, 171.9%,
and 162.1%, respectively.

For honeycombs with different structural configurations, as the inscribed
circle radius R increased, the SEA of HHAH and OHAH exhibited a trend of
initially decreasing, then increasing, and subsequently decreasing. In contrast,
the SEA values of IHAH and SHAH remained relatively similar under the other
radius conditions, except for R = 3 mm.

Under quasi-static compression conditions, when the number of cells in both
the horizontal and vertical directions of the honeycomb structure simultaneously
increased, the SEA of all honeycomb structures initially decreased and then in-
creased with the total number of cells. However, when only one set of cells
in the horizontal direction was reduced, the SEA of all honeycomb structures
improved.

(5) The influence of the outer-to-inner arm length ratio on the in-plane com-
pressive performance of the SHAH structure was investigated. The results indi-
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cated that the mechanical performance of the hexa-arm honeycomb was influ-
enced by the unit cell arrangement and strongly depended on the arm length
ratio. When the outer arm length is excessively large (e.g., Hi /Hs = 3), the sup-
porting effect of the arms weakens, leading to a reduced load-bearing capacity.
For H;/Hy = 0.6 and 1, the performance in the initial compression stage was
similar. After entering the second plateau stage, a ratio of 0.6 performed slightly
better than 1. However, upon entering the densification stage, the load-bearing
capacity was the highest at a ratio of 1.

(6) Quantitative validation confirms good agreement between experiments
and simulations: relative errors for peak stress, plateau stress, SEA, and den-
sification strain are all below 10%, and the experimental repeatability is high
(coefficient of variation <5%). Compared with a conventional hexagonal honey-
comb of the same relative density, SHAH shows a 660% higher plateau stress
and up to 155% higher SEA, confirming the mechanical advantage of the hexa-
arm topology. All four hexa-arm honeycombs exhibit positive Poisson’s ratios,
with SHAH having the highest value, indicating a distinctive lateral deformation
behavior.

This study revealed the relationship between the geometric configuration
and arrangement of honeycomb structures and their in-plane compression per-
formance. Future research could incorporate multi-condition loading scenarios
to further expand the application potential of such structures in terms of their
impact resistance and energy absorption. The findings not only provide a new di-
rection for developing honeycomb metamaterials with a high energy absorption
capacity but also offer a novel design approach for enhancing the performance
of porous materials.
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