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Abstract: Auxetic honeycomb structures, known for their exceptional mechanical prop-
erties, are widely used as sacrificial layers to protect critical targets from extreme explo-
sive loads. However, conventional double arrowhead auxetic honeycomb-core structures
(DA-AHSs) encounter significant interfacial connectivity challenges, and scaling auxetic
honeycombs with alternative cellular microstructures introduces further complexity. To
overcome these issues, riveted and assembled double-trapezoidal auxetic honeycomb-core
structures (DT-AHSs) were developed as a replacement for DA-AHSs. The deformation
modes and energy absorption mechanisms of DT-AHSs were analyzed through theoretical
methods and quasi-static testing. The results show that DT-AHSs energy absorption primar-
ily relies on the yield deformation of the longer inclined walls and rotational deformation
of the shorter inclined walls. Additionally, the shorter walls support auxetic behavior by
stabilizing the deformation of the longer walls. These findings provide a basis for further
exploration of the protective potential of DT-AHSs.

Keywords: honeycomb; negative Poisson’s ratio effect; energy absorption; quasi-static;
assembly-riveting method

1. Introduction

Recent terrorist attacks have shifted from traditional suicide bombings to more precise,
smaller, and intelligent models [1]. This evolution creates new challenges for securing
critical infrastructure, including weaponry, energy systems, and buildings. Research
highlights that honeycomb materials featuring a negative Poisson’s ratio exhibit significant
potential for addressing these threats [2-7]. These auxetic honeycomb structures maintain
the same basic composition as conventional honeycomb designs, incorporating an upper
face-sheet, a core layer, and a lower face-sheet [8]. However, the core-layer exhibits a
negative Poisson’s ratio effect—often referred to as the auxetic effect—characterized by
expansion when subjected to tension and shrinkage under compression [9-11]. This unique
property sets it apart from structures with positive Poisson’s ratios and enhances the
shear modulus, compressive capacity, and energy absorption efficiency of traditional
honeycomb configurations [12,13]. Furthermore, the auxetic effect promotes the formation
of non-uniform porous structures within the honeycomb core before densification, thereby
increasing the safety margin for structural protection [14].
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Over the past few decades, auxetic honeycomb structures have diversified into various
configurations such as chiral [15,16], star [17], concave hexagonal [18], and double arrow-
head [19,20] shapes. Research by Qiu et al. [21] demonstrated that structures primarily
undergoing bending deformation, such as hexagonal and rhombic types, exhibit a plateau
in their stress—strain curves during quasi-static compression. In contrast, lattices such as
square, triangular, and Kagome, which are dominated by thin-film deformation, display
a sharp decline after reaching their peak values, lacking the plateau characteristic. Inves-
tigations into tetra-chiral (TC) honeycombs reveal that these structures also demonstrate
non-uniform tensile and expansive deformations under quasi-static conditions [22]. Fur-
thermore, Wei et al. [23] proposed a modeling approach for star honeycombs that addresses
uncertainties in the elastic buckling or plastic collapse directions, thereby improving energy
absorption. Studies from Ma et al. [14] demonstrated that double arrowhead auxetic honey-
comb structures (DA-AHSs) enhance stress resistance, while Elipe and Lantada [24] found
that both concave hexagonal and double arrowhead honeycombs present elastic moduli
over ten times greater than other variants. Additionally, research by Hou et al. [25] and Gao
et al. [26] confirmed the superior mechanical properties of DA-AHSs when compared to
concave hexagonal structures, particularly regarding flexural and compressive resistance.
Importantly, DA-AHSs can be manufactured in a single step, unlike concave hexagonal
structures, which require secondary manual bending, attracting significant scholarly atten-
tion due to their exceptional mechanical properties under various loading conditions [27],
including compression impact and blast.

Fabrication methods for DA-AHSs typically include 3D printing, wire cutting, and
vacuum brazing. However, 3D printing is hampered by limitations related to part size and
high costs, rendering it impractical for mass production and mainly suitable for small-scale
specimens. Wire cutting, which involves carving structures from solid material, faces
challenges in producing sharp angles and is primarily used for small components. In
contrast, vacuum brazing offers advantages for mass production, enabling the seamless
welding of prefabricated large and small “arrowhead” panels through the application
of filler material, allowing for one-step interface bonding [8]. Despite this, commercial
brazing furnaces can only accommodate weld seams under 600 mm, necessitating custom,
energy-intensive, and expensive equipment for larger structures. Consequently, brazing
is predominantly employed for intricate small-scale components. To address the needs of
medium and large honeycomb structures, adhesive bonding and riveting are commonly
used, though these methods encounter challenges related to line-to-line contact. Inspired by
Yang and Ma’s [14] 3D double-U auxetic honeycomb structure, the design of DA-AHSs was
modified by replacing the “arrow” configuration with a “platform” structure, transforming
line-to-line contact into surface-to-surface contact. This modification led to the development
of double-trapezoidal auxetic honeycomb core structures (DT-AHSs), which are formed by
bending aluminum plates into high and low trapezoidal shapes and then assembled using
rivets. The rivet holes are pre-drilled using laser cutting technology, which facilitates rapid
on-site assembly and significantly improves the manufacturing efficiency of large-scale
auxetic honeycomb structures.

Despite these advancements, research on the deformation behavior, energy absorp-
tion mechanisms, and mechanical properties of double-trapezoidal auxetic honeycomb
structures (DT-AHSs) under quasi-static conditions remains limited. Notably, altering the
geometry of the trapezoidal walls in DT-AHSs can transform their microstructure into
either a two-dimensional diamond honeycomb core structure (2D-DHS) or a conventional
hexagonal honeycomb core structure (CHHS). Both the 2D-DHS and CHHS represent
structural topology variations within the broader “double-trapezoidal” auxetic framework.
However, a rigorous comparison of the performance of DT-AHSs against these structural
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configurations has not yet been conducted, particularly concerning their mechanical prop-
erties and energy absorption capacities. Such comparisons are essential to elucidate the
mechanical advantages of DT-AHSs under quasi-static loads.

This study establishes a three-phase investigation to elucidate the mechanical superior-
ity of DT-AHSs. Phase I employs topological analysis to decode geometric transformation
relationships among the DT-AHS, 2D-DHS, and CHHS. Phase II conducts quasi-static
compression tests to comparatively analyze deformation modes across the three config-
urations, thereby validating the enhanced structural resistance of the DT-AHS. Phase III
systematically varies the DT-AHSs geometric parameters (e.g., wall angles, lengths) to
evaluate their influence on energy absorption efficiency and collapse mechanisms through
additional compression experiments. The integrated findings aim to determine optimal
design criteria and provide actionable guidelines for engineering applications of DT-AHSs
in impact-resistant systems.

2. Theoretical Analysis
2.1. Structural Configuration

An aluminum plate was fabricated into a continuous high/low trapezoidal folding
plate using a bending machine, as illustrated in Figure 1a. This continuous folding plate
was then assembled and riveted to create the DT-AHSs, depicted in Figure 1b. By flipping
the low trapezoidal folding plate of the DT-AHS, the structure transforms into a 2D-DHS,
as shown in Figure 1c. Altering the inclined wall dimensions of the high/low trapezoidal
folding plate results in the formation of a CHHS, illustrated in Figure 1d. The unit cell
forms for the three honeycomb structures are presented in Figure 1le.

High trapezoidal
folding plates N )///////’ "
Lz, ﬁ&éﬁifﬁé“’%/////,// L k‘fﬁ‘!&&%‘é\/

x 2\
(a) ‘High/Low’ trapezoidal folding plate (b) DT-AHSs
ILZ ""O:o:‘ﬁ‘o" % Y E:i:i:;:;:;o;o; /
$%6959,9! Lz, e%er3ele3seier
(c) 2D-DHSs (d) CHHSs
Y-axis Y-axis
! by

Assembly - Riveting

2D-DHS CHHS
(e) unit cell and assembly riveting

Figure 1. Schematic of honeycomb structure and details of high/low ‘trapezoidal’ riveting variations.

To facilitate the analysis, the lengths of the inclined walls of the high/low trapezoidal
structure are denoted as /1 and I, where [; > I,. The horizontal wall lengths are represented
by by and by, respectively. The angles between the inclined walls and the Y-axis are
indicated as 8 and 6, with the constraints 0° < §; <90° and 0° < 8, < 180°. Additionally, ¢
represents the substrate thickness of the cell wall.
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2.2. Stability Analysis
2.2.1. Theoretical Hypothesis

In this study, the horizontal walls between the cells are assumed to be riveted, forming
monolithic structures. The bending stiffness of these walls increases by a factor of eight
when the thickness is doubled. This observation suggests that the primary deformation
occurs in the inclined walls, which can be extended along the X-, Y-, and Z-axes as needed.
To simplify the analysis, the following assumptions are made:

(1) The horizontal wall of the target cell is treated as a rigid structure, with the analysis
focusing solely on the deformation of the inclined walls and its effect on the Poisson’s
ratio of the target cell, so the inclined walls and horizontal walls are connected in a
fixed way.

(2) The dimensions of the unit cell are assumed to be infinitely large in space, neglecting
any boundary effects.

(38) The projection length of the honeycomb walls along the X-axis is influenced by wall
thickness. However, this effect is small, and the projection lengths of the honeycomb
walls are considered equal. Therefore, it is assumed that [ = [1sinf; = Isinfy, with the
condition l; > .

(4) Symmetry considerations lead to the assumption that the horizontal motion of point
A is negligible, and only vertical motion is taken into account.

(5) The analysis is limited to the small deformation stage, excluding any effects from
additional bending moments or plastic deformation. When compressed, a simplified
mechanical model based on these assumptions is presented in Figure 2.
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Figure 2. Simplified diagram of the unit cell model.

2.2.2. Static Stability Analysis of the Inclined Wall AB

When subjected to a uniform load along the Y-axis, the unit cell can be approximated
as a concentrated downward force P acting at point A. This force P can be decomposed into
two components: the axial pressure Ny = P/cosf; and the horizontal force Nx = P/sinf;.
Given the substantial stiffness and symmetry of the horizontal wall AA’, the horizontal force
Nyx is equal to F 5. With small deformations, inclined wall AB experiences axial compression.
Consequently, the stability analysis of inclined wall AB reduces to a simplified model with
a fixed support at point A and B.

According to the strength of materials [28], when the slenderness ratio A exceeds the
critical value Ap, the critical pressure F¢, for the compression rod can be calculated using
Euler’s formula:

271\ 2 47r2El
Fo=(25) E1=2270
3 (ll) 7 M
477%E]
o= Fy/bt = 2)

12bt
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In Equation (1), E represents the elastic modulus and I is the moment of inertia, which
for a rectangular beam is given by I = b,#3/12. Euler’s formula is valid only when the
critical stress remains below the proportional stress op,, specifically o, < op,. The critical
length of inclined wall AB can then be derived as follows:

T2Et2
30y, X

Ccr
12

)

when [y > 11, the critical force of AB, denoted as F, can be calculated using o, multiplied
by the cross-sectional area. However, if /1 < 1", the minimum instability force cannot be
determined using this equation. Instead, it must exceed F., according to the materials’
mechanic principles.

2.2.3. Static Stability Analysis of the Inclined Wall BC

The static stability of the inclined wall BC is significantly influenced by angle 6,.
The force transmitted by the normal axis (Na) can be decomposed into axial and normal
components, as illustrated in Figure 3. This analysis identifies three distinct types of
static actions: Figure 3a shows the tension-bending combination, Figure 3b depicts the
compression-bending combination, and Figure 3c displays the bending moment only. Each
type will be analyzed in the following sections.

(a) 62— 61<90° (b) 62— 61=90° (c) O2— 61>90°
Figure 3. Schematic diagram of unit cell and simplified analysis.

(a) Tension-bending combination (Figure 3a).

For the range 0, — 61 < 90°, the axial stress opc and bending stress opy acting on the
inclined wall BC can be expressed as follows:

Nacos(6, —67)

opc = 22 U 4

BC bt (4)

TN = MBC _ 6NASH‘[(92 — 91)x2 — 6MB’ 0< X < lz (5)
Wpe b, t2

where Mpc denotes the bending moment generated by Fg; Wpc denotes the section modu-
lus in bending.

The maximum stress (0 max) in the BC due to both tensile and bending moments,
located at point C, is given by the following;:

NACOS(92 — 91) 6NASil’1(92 — 91)12 — 6MB

Omax = bt bztz (6)
Setting o'max = 0p,, the corresponding normal force N can be determined:
B 6Mp cos(6y —01) . 6sin(6, —01)ln
Na = (apo + b2 )/ ( bt + b2 7)
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Using the critical force F, the ratio of N4 to Fer can be expressed as follows:

For _ 4A2E] . (cos(@z —61) | 6sin(6, —6) Z2> ®)
- 2
Na p (UPO + %) byt byt
F, 2Et] t ,
N—Cr = 27T26M~<l-cos(62—01)+6sm(62—61)) )
A3 (UPO + ft?) z

The value of 8, — 6; represents the angle of the cell at point B. As 8, — 6; decreases,
the inclined walls /; and I, gradually converge. Within the range 10° < 8, — 61 <90°, the
following conditions hold: I; > 1 and t > 0. The maximum value of Mg is equal to the
bending moment Mp = Gpobztz/ 4 at point B when the plastic yield is induced, and the
minimum value of Mg is equal to zero.

Under these conditions, the inequality

t .
l—-cos(92 —01) +6sin(fy — 61) > 1 (10)
2
Fo | mCEty 7 E o0 (11)
NA 7'51%0-]?0 - 5 UPO 112’ P TpO0T
F 2Etl 2 E
o HZ 2 _ 17%/ Mp =0 (12)
NA 3110-190 3 O-PO ll
Finally, Iﬂ% > %2%% when there is a bending moment at point B.

1

(b) Bending moment only (Figure 3b).

In the case of a bending moment only, the maximum moment in the inclined wall BC
is given by the following:
Mmax = NAZZ — Mp (13)

The corresponding omax is as follows:

Mimax 6NA12 — 6Mp

= — 14
OUma Wac b, £2 (14)
The yielding condition requires o'max > 0p, which leads to the following:
b, 2 6Mgp
Np = — — 1
A= 6l ("PO T e ) (15

The maximum value of Mg is equal to the bending moment Mp = Gpobzt2 /4 at point B
when the plastic yield is induced, and the minimum value of Mp is equal to zero. So, the
ratio of N and F¢; can be expressed as follows:

Foe _ 4mEl b,t? ( 6MB) , E th )
— > /—|0p. +—5 ) =087 ——=, M, = oy b,t°/4 16
Na 276l \'P T b2 o, 1,2 P T TR0 (16)
Fy _ 2m°Etl E tl
To SR 02 =22 M, = 0 (17)
Na llapo Tpy h
Finally, 1%2 > 27{2'%'% when there is a bending moment at point B.
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(¢) Compression and bending combination (Figure 3c).

For the case where 6, — 61 > 90°, the axial stress ogc and bending stress opy can be
expressed as follows:

Nucos(6; +180° — 6
opc = — “bt 2 (18)
z

6N asin (67 + 180" — 0,)x2 — 6Mp
b,t2
The o max at point C, resulting from both the axial compression and bending moments,
is as follows:

UBM = ,0<x < (19)

Nacos(6; + 180" — 6,) N 6N asin (61 + 180" — 6,)1, — 6Mp

Umax = 20
max bzt bZt2 ( )
Setting o'max = 0p,, the calculation formulation for N is as follows:
Tpy + %
Na = ; - - 1)
cos(01+180°—0,) | 6(N 5 sin(6;+180°—6,) +Mo)
b, t + b 12 ZZ

The ratio of N and F¢ can be expressed as follows:

For 2Etl . .
=~ n—26M~(Zi-C0s(91 +180° — 92) +6sin(91 +180 —92)) (22)
A 33 (op, + M) k2

As the value of 07 + 180° — 6, decreases, the lengths /; and I, become progressively
collinear. Within the range 10° < 6 + 180° — 6, < 90°, the following conditions hold: I, > 1
and t > 0. The maximum value of Mg is equal to the bending moment Mp =O'p0bzt2/ 4 at
point B when the plastic yield is induced, and the minimum value of Mg is equal to zero.

From these parameters, the following inequality holds:

é~ cos (91 +180° — 92) + 6sin<91 +180° — 92) >1 (23)

Further analysis leads to the following relationship:

F., m2Etl, 7m* E tl )
e = — .= M, = oy b,t*/4 24
Na = 75Bay 75 05, 2P POF / @)
F 2Etl 2 E
o 7-(2 2 _ 17%, M, =0 (25)
NA 311(7p0 3 UPO ll
Finally, 1%7‘ > %2%;1—% when there is a bending moment at point B.

A comparison of the three analyses reveals that the term E/(cp, ) is a constant associated
with the material properties. For aluminum alloy materials, the difference between E and
op, is more than 600 times. Conversely, the term ¢,/ 1,2 represents geometric dimensions
and is generally less than one. Thus, it is evident that F¢; > N . The results indicate that
bending deformation in the inclined wall BC predisposes it to yield deformation in the
inclined wall AB. This yielding occurs, causing rotation around point C and a downward
movement in the direction of the N4. Analysis of the fixed support at point A and the
hinge at point C yields a consistent conclusion.

When compressed, the inclined walls bend initially at the endpoint before yielding.
Geometrically, when 90° < 6, < 180°, the structure displays a positive Poisson’s ratio;
conversely, when 0° < 6, <90°, an auxetic behavior is observed. To validate these theoretical
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considerations and extend their applicability to honeycomb design, a series of quasi-static
compression tests will be conducted utilizing assembly-riveting techniques.

3. Quasi-Static Mechanical Property Comparison
3.1. Specimen Parameters

The honeycomb structure specimens are designed with dimensions of 250 mm X
250 mm x H, where the height (H) is influenced by core-layer parameters. This height
is defined by the parameters m x n, with m representing the number of cell columns
in the X-direction and 7 representing the number of cell layers in the Y-direction, and
Parea Tepresents the areal density. The detailed structural parameters for three types of
honeycomb structures are presented in Table 1 and Figure 4. The constant height constraint
is implemented to meet the space requirements for target protection applications, such as
vehicle chassis and energy-absorbing boxes.

Table 1. Detailed structural parameters for three types of honeycomb structures.

H t by b, I I 01 0, Parea
NO. Type  mxn  (m) mm) (mm) (@mm) (mm) mm) ) )  (kg/m?)
1 DT-AHS 8 x5 69 0.5 8 8.6 16.6 74 25° 60° 26.6
2 2D-DHS 8 x5 69 0.5 8 8.6 12.1 7.1 35° 107° 25.4
3 CHHS 8 x5 69 0.5 8 8 9.0 9.0 50° 130° 24.7

2D-DHS CHHS

Figure 4. Specimen diagram after riveting.

The thickness of the upper and lower face sheets is 1 mm, while the thickness of the
core-layer substrate is 0.5 mm. All components are constructed from 1100 aluminum alloy,
which is riveted using round-head M4 x 6 core-pulling steel rivets. The material properties
for the 1100 aluminum alloy include a density of 2.7 g/cm?, an elastic modulus of 69 GPa,
a yield stress of 107 MPa, an ultimate stress of 206 MPa, and an elongation of 18.2%.

3.2. Evaluation Indicators

Six crashworthiness indicators are employed to evaluate the energy absorption capa-
bilities of honeycomb structures: equivalent elastic modulus (E*), initial yield stress (cp),
plateau length ratio (PLR), plateau stress (0py), plateau stress fluctuations (PSF), and specific
energy absorption (SEA) [29-32].

3.2.1. Equivalent Elastic Modulus
E* is defined as the slope of the elastic phase curve, which reflects the honeycomb’s

resistance to compressive deformation.

3.2.2. Initial Yield Stress

op marks the transition of the honeycomb structure from the elastic phase to the
plateau phase. This specific point corresponds to the yield strain, which is denoted as &;.

3.2.3. Plateau Length Ratio

This ratio compares the length of the plateau to the height of the specimen. To
determine this value, the dense strain (g4) of the honeycomb must first be established.
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Energy absorption efficiency methods are commonly applied to measure the dense strain
while minimizing human error and inertial effects. The efficiency is defined as follows:

dn (¢) _
e =0 (26)

€=¢€4q

Here, 1 represents the energy absorption efficiency to nominal stress corresponding to
a specific strain:
€
_ Jo o(e)de
o(e)

where o (¢) denotes the stress and ¢ denotes the strain in the Y-direction of the honeycomb

(27)

structure. Typically, the energy absorption efficiency curves display multiple peaks. At
the point at which the energy efficiency curve begins, a marked decline is identified as
the locked strain point, denoted as €.4. The value of PLR can then be calculated using the
following formula:
lpl (8Cd - Scr)‘H
PLR = = 7 (28)
where ¢, denotes the strain at the yielding of the structure, and Ip; denotes the

plateau length.

3.2.4. Plateau Stress

After compressive yielding, the change in stress is minimal, while strain increases
considerably. o) is defined as the average stress in this region and must remain below the
stress threshold of the protected structure as it reflects the primary energy absorption stage:

_ fos o(e)de

o (29)

pl
3.2.5. Plateau Stress Fluctuations

PSF quantifies the extent of stress fluctuations during the crushing process, calculated

f €cd

Ecr

[Eed o(e)de

Eer

as follows:

o(e) — opl ‘de

PSF = (30)

3.2.6. Specific Energy Absorption

SEA measures the energy absorbed per unit mass, demonstrating the effectiveness of
the honeycomb in energy absorption. It is calculated as follows:

Jo o(e)de-s-H
SEA = =———7—— 31
o (1)
where M refers to the mass of the structure, and s represents the projection area of the

honeycomb structure on the XZ plane.

3.3. Test Setup

Quasi-static compression tests were performed using a WAW-1000kN universal ma-
terial testing machine (Tianshui Hong Shan Testing Machine, Tianshui, China), which
consists of three main components: the universal testing machine control platform, the oil
pump motor, and the control unit (see Figure 5). The specimen is accurately positioned at
the geometric center of the test platform. Throughout the testing process, variations in force
and displacement are monitored by sensors within the instrument and recorded in real
time by a data acquisition system. Additionally, a fixed camera captured detailed footage
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of the entire compression test process. To minimize the influence of inertial effects on the
evaluation of the structural mechanical properties, the loading speed is set to 0.5 mm/min
during the elastic phase. Once the yield phase is reached, the compression rate is increased
to 2 mm/min to enhance time efficiency [33,34].

Hydraulic supply

Figure 5. Compression test setup.

3.4. Results and Analysis
3.4.1. Deformation Mode

Figures 6 and 7 illustrate the deformation mechanisms of three honeycomb structures
(DT-AHS, 2D-DHS, CHHS) and their local lateral cells under progressive equivalent strains.
The red vertical dashed line represents the initial outer boundary, while the curved dashed
line denotes the centerline of the outermost cell after compression (Subsequent markings
are the same).

Firstly (e = 0.28), the DT-AHS undergoes shrinkage deformation characterized by
the inward retraction of sidewalls (Figures 6b and 7b). Cell angles 6; and 6, decrease
while walls /1 and [, remain elastic, indicating initial bending and rotation of the inclined
walls, as illustrated in Section 2.2.3(a). This yielding initiates at peripheral regions and
propagates inward. In contrast, both the 2D-DHS and CHHS exhibit outward expansion
with limited plasticity. Notably, the 2D-DHS shows restrained expansion, accompanied by
61 enlargement and 60, reduction without wall yielding. 8; becomes bigger and 6, becomes
smaller without /1 and I; yielded, meaning that the inclined walls of the cells first bend and
rotate, as illustrated in Section 2.2.3(b,c).

Secondly (e = 0.57), the DT-AHS demonstrates pronounced auxetic behavior and
secondary porous reconfiguration (Figures 6¢ and 7c¢), significantly enhancing the structural
resistance. The 2D-DHS displays similar auxetic but with attenuated shrinkage, while the
CHHS experiences global expansion coupled with cell collapse. At this stage, /; and I, in
all structures yield due to constrained angular reduction (61, 7).

DT-AHS

2D-DHS

CHHS

@) (b) () (d)

Figure 6. The deformation modes of three honeycomb structures: (a) undeformed state, (b) € = 0.28,
(c) £ = 0.56, (d) fully compressed dense state.
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: 1/
DT-AHS ﬁ gﬁ ‘ﬁ
2D-DHS -

CHHS

(b) (c) (d)

Figure 7. The deformation diagram of the lateral cells of the structures highlighted in the red box in
Figure 6: (a) undeformed state, (b) € = 0.28, (c) € = 0.56, (d) fully compressed dense state.

Final Compaction (Densified State): The DT-AHS and 2D-DHS develop concave cell
edges with interlocking wall deformations, contributing to superior mechanical perfor-
mance (Figures 6d and 7d). Conversely, the CHHS maintains orderly expansion with
convex edges and aligned walls, lacking internal space for further deformation.

Comparative analysis reveals that central cells exhibit smaller 6, /6, variations but
earlier yielding of /1/I; walls. Central horizontal walls restrict inclined wall rotation,
accelerating yielding, particularly pronounced in the DT-AHS (Figures 6 and 7). For the
2D-DHS and CHHS, compressive stresses induce lateral expansion insufficient to trigger
wall yielding. In the DT-AHS, however, sustained tensile stresses during platform stages
selectively constrain short walls () while promoting long wall (/1) yielding, synergistically
enhancing energy absorption and the load-bearing capacity.

3.4.2. General Stress—Strain Curves

The stress—strain characteristics of three honeycomb structures were evaluated through
the energy absorption efficiency method, resulting in stress—strain curves that exhibit four
distinct deformation zones (Figure 8): the linear elastic zone (Zone I), the plateau zone
(Zone II), the plateau stress enhancement zone (Zone III), and the densification zone (Zone
IV). In the figures, the purple dashed line indicates the initial yield point, the green dashed
line delineates the boundary between the platform segment and the dense reinforcement
zone, and the red line demarcates the boundary between the dense reinforcement zone and
the dense reinforcement zone (Subsequent markings are the same).
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Figure 8. Nominal stress—strain curves and #—strain curves: (a) DT-AHS, (b) 2D-DHS, (c) CHHS.

In Zone I, stress increases linearly with strain, reflecting the structure’s linear elasticity
under compression. The CHHS and 2D-DHS curves exhibit similar low slopes, while the
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DT-AHS demonstrates a steeper slope, indicating a higher E*. The n-strain curves among
the three structures show minimal variation in this zone.

Zone II begins with the yielding of the honeycomb structure. Stress plateaus and
fluctuates as strain significantly increases. The DT-AHS curve initially shows a stress re-
duction, followed by a gradual rise. The 2D-DHS exhibits characteristics of both the CHHS
and DT-AHS, starting with slow stress increases similar to the CHHS and transitioning
into a sharp rise, leading to a secondary plateau. In this zone, the DT-AHS achieves the
highest energy absorption efficiency, the CHHS performs moderately, and the 2D-DHS
ranks the lowest.

Zone Il lacks a clear boundary with Zone II. The first peak in the #—strain curves serve
as the demarcation point. The CHHS and 2D-DHS show no distinct stress enhancement,
while the DT-AHS displays a near-linear stress increase before transitioning into Zone IV,
characterized by a steep increase in stress. The energy absorption efficiency of the DT-AHS
reaches another peak in this zone.

In Zone IV, complete material densification occurs, leading to a rapid stress increase
from the stress—strain curves. The CHHS experiences a sharp decline in the #-strain curve,
while the DT-AHS maintains a plateau before gradually decreasing. The energy absorption
of the 2D-DHS declines at a rate between that of the CHHS and DT-AHS.

Due to the unclear yielding thresholds for the CHHS and 2D-DHS, a yield strain of
g = 0.1, derived from the DT-AHS, is used for comparison. Performance metrics such as
E*, op, PLR, PSF, Opls and SEA are listed in Table 2.

Table 2. Energy absorption performance indexes.

E* 0'p lpl U'Pl SEA

NO. Type &cd (MPa) (MPa) (mm) PLR PSF (MPa) )
1 DT-AHS 0.45 6.53 0.32 16 0.24 0.05 0.31 0.56

2 CHHS 0.44 1.21 0.13 23 0.34 0.15 0.16 0.19
3 2D-DHS 0.29 0.58 0.08 13 0.19 0.11 0.10 0.06

Figure 9 visualizes these data; the DT-AHS demonstrates superior performance across
critical metrics—E*, 0}, and SEA—while maintaining minimal PSF. These attributes col-
lectively enhance its energy dissipation capacity and mechanical stability. Although the
DT-AHS exhibits a reduced Ipj, its expanded platform reinforcement geometry enables
the highest total energy absorption efficiency. In contrast, the CHHS delivers intermedi-
ate performance with extended Ip; and moderate SEA values but lacks a defined stress
enhancement zone. Notably, the 2D-DHS displays suboptimal stability under loading
conditions, characterized by low platform stress distribution, truncated dimensions, and a
rapid post-yield stress surge.
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Figure 9. Comparison of energy absorption performance indices.

From a density perspective, the average parea Of the three structures is 25.5 kg/m?.
While the DT-AHS marginally exceeds this benchmark by 3.9%, its SEA value surpasses
the average by 107.4%, underscoring its exceptional energy absorption-to-mass ratio. This
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pronounced efficiency advantage positions the DT-AHS as a technologically superior
solution compared to both the CHHS and 2D-DHS.

In protective applications, a large number of scholars have obtained many valuable
conclusions through static and dynamic experiments and numerical simulations, that is,
ideal structures should offer strong load-bearing and energy absorption capacities while
minimizing lateral expansion to protect adjacent modules from damage [1-7]. Based
on overall performance, the DT-AHS is the most suitable structure for these protective
scenarios among the three honeycomb configurations.

4. Parametric Analysis

Due to the superior mechanical properties of the DT-AHS compared to the CHHS and
2D-DHS, the latter two structures will not be considered in this study. The focus will be
on investigating how various structural parameters of the DT-AHS affect its mechanical
performance. The parameters examined include n, I1, 61, I, and 6,. For the baseline
configuration, the following parameter values were chosen: [; = 16.6mm, I = 7.4mm,
01 = 25°, and 6, = 60°. In this paper, the quasi-static compression test setup used is
consistent with previous experiments performing a basic analysis. After mastering these
parameters, dynamic performance tests and numerical simulation studies are needed to
further optimize the parameters.

4.1. Parameter n

The number of core-layers (denoted by #) in the DT-AHS varies from 1 to 5. Figure 10
illustrates the deformation modes under different equivalent strain levels, with Figure 10a
depicting the initial undeformed state. At an equivalent strain of € = 0.28, the inclined walls
(I1 and I,) begin to yield. For a single core-layer (n = 1), the lower trapezoidal walls () are
fixed to the lower face sheets, restricting their deformation. Only /; yields, and no inward
shrinkage occurs. Increasing the number of core-layers introduces inward shrinkage in
I, resulting in an auxetic effect, as demonstrated in Figure 10b. At an equivalent strain
of € = 0.57, I undergoes further compression, while I, offers resistance, stabilizing the
deformation of /; (Figure 10c). In the fully compressed state, the cells interlock, enhancing
the structure’s stiffness and resistance, as shown in Figure 10d. This interlocking behavior,
referred to as a mixed dense state, becomes more pronounced with higher n, significantly
improving the mechanical performance of the DT-AHSs.

Figure 10. The deformation modes of DT-AHSs with different layers: (a) undeformed state, (b) € = 0.28,
(c) € = 0.56, (d) fully compressed dense state.

Figure 11 presents the stress—strain and #-strain curves for DT-AHSs with different
n-values. As n increases, both the yield stress and the influence of rivet-induced local
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protrusions on deformation decrease. For n = 1 (Figure 11a), the I, walls contribute to
a significant stress increase after yielding. This results in large stress fluctuations in the
plateau region and the absence of a stress reinforcement zone.
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Figure 11. Stress—strain and y—strain curves of DT-AHSs with varying n-values (a) n =1, (b) n =2,
(c)n=3,(d)n=4,(e)n=>=.

For n = 2 (Figure 11b), a distinct stress plateau appears, and stress fluctuations are
minimal, although a reinforcement zone remains absent. When # increases further, the
deformation behavior divides into four distinct zones, as shown in Figure 11c—e.

e  Zone I: The -values remain low for all configurations, with no significant differences
observed.

e  Zone II: Rapid 7 growth is exhibited by the single-layer structure, achieving a high
level. Among multi-layer configurations, the five-layer structure (n = 5) demonstrates
the best energy absorption performance.

e  Zonelll: For n =5, the nj—strain curves display an extended plateau, reflecting sustained
energy absorption.

e  ZonelV: A gradual decline in the #7—strain curves is observed as n increases, indicating
reduced efficiency for configurations with more layers.

Figure 12 highlights the energy absorption performance indices of DT-AHSs with
different n-values. The E* remains nearly constant, with deviations below 10%, and reaching
its maximum value at n = 2. However, the 0, decreases more notably compared to the o7,
and the PLR shows a slight reduction. Conversely, the force-smoothing characteristics and
SEA capacity gradually improve with an increasing number of layers, and SEA achieves its
peak atn =5.

As the number of layers rises, the parea increases linearly. Combined with the analysis
in Figure 9, it can be found that the deformation of the cellular cells linked to the top and
bottom plates is severely limited. The more honeycomb cores in the middle facilitates
l; yielding and I, shrinkage, resulting in a lower yield point and an extended plateau
zone. The plastic deformation of cells riveted to the upper and lower face sheets remains
limited. In contrast, cells closer to the middle core-layers undergo more complete plastic
deformation, enabling higher impact energy absorption. This progression demonstrates

that an increase in the number of layers enhances the energy absorption performance of
the DT-AHS.
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4.2. Parameter I

Based on the baseline parameters for the DT-AHS, I; remains constant while the /;
values are adjusted to 14.0 mm, 16.6 mm, 20.5 mm, and 27.0 mm. The corresponding
61 values for these configurations are 30°, 25°, 20°, and 15°, respectively. The DT-AHS
configurations are designated as DL1-01, DL1-02, DL1-03, and DL1-04.

Figure 13 illustrates the instantaneous deformation of these configurations under dif-
ferent equivalent strains. Smaller I; values result in reduced internal pore sizes (Figure 13a),
leading to easier densification of the core-layer. However, limited plastic deformation
prevents full utilization of the material’s deformation capacity. In contrast, excessively
large [; values cause antisymmetric yielding and shear slip within the structure as indicated
by the red dashed arrow in Figure 13b. This reduces the auxetic effect and leads to the
outward protrusion of side cells, as observed in DL1-03 and DL1-04 (Figure 13c). Under
full compression (Figure 13d), the sides of DL1-04 protrude outward, while the sides of
DL1-01, DL1-02, and DL1-03 exhibit inward shrinkage. Smaller /; values result in more
pronounced inward shrinkage deformation.

DL1-01

DL1-02

DL1-03

DL1-04

(d)

Figure 13. The deformation modes of DT-AHSs with different I;: (a) undeformed state; (b) € = 0.28;
(c) £ = 0.56; (d) fully compressed dense state.

Figure 14 compares the stress—strain and y-strain curves across varying [ values.
The E* shows minimal variation. However, both ¢y, and 07, decrease progressively with
increasing I;. The proportion of the plateau segment increases as /1 grows. At smaller /;
values, the plateau region is absent (Figure 14a). As I increases, 0p variations become

less significant (Figure 14b,c). Atl; =27.0 mm, no stress reinforcement zone is observed
(Figure 14d).
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Figure 14. Nominal stress—strain curves and #-strain curves of DT-AHSs with different /;: (a) DL1-01,
(b) DL1-02, (c) DL1-03, (d) DL1-04.

The y-strain curves across different deformation zones reveal distinct trends.

e  Zone I: The growth rate of the #-value is similar.

e  Zone II: The 5-value grows more rapidly as /1 increases, with longer I; producing
higher peak energy efficiency values.

e  Zone III: The y-value features an extended plateau segment for configurations with
larger /1, indicating superior sustained energy absorption.

e  Zone IV: The -value decreases gradually as [; increases, reflecting reduced energy
absorption in the later stages of deformation.

These results demonstrate that varying /; significantly influences the deformation
modes, stress—strain behavior, and energy absorption performance of DT-AHSs. Smaller I
values favor inward shrinkage, while larger I; values enhance plateau segment develop-
ment but may lead to reduced overall efficiency.

Figure 15 illustrates the energy absorption performance indices of DT-AHSs with
varying 1 values. As [ increases, E¥, 0p, and 0p1 decrease significantly. Compared to
DL1-04, DL1-01 demonstrates a 75% higher E*-value, a 100% higher op-value, and a Opl-
value more than 200% greater. DL1-02 has a larger E* and an optimal SEA. However, the
proportion of the PLR increases linearly with /5.
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Figure 15. Effect of changing /; on the energy absorption properties.
The total energy absorption does not follow a linear trend but fluctuates with I;. At

I1 =16.6 mm, the SEA efficiency and force stability reach their peak values. Excessively large
I; values, however, fail to enhance plastic deformation effectively. Instead, they increase
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the overall mass and reduce structural stability. Higher /; values also lead to premature
yielding under smaller external forces. The bending moment in the platform section
rises, strengthening the resistance of I, to deformation. However, this results in uneven
internal stress distribution within the core-layer. Consequently, deformation becomes
less predictable, with torsion and slip commonly observed. These findings suggest that
optimizing [; is crucial to balancing energy absorption performance and structural stability.

4.3. Parameter I,

Based on the baseline parameters for the DT-AHS, /; remains constant while the I,
values are adjusted to 6.30 mm, 6.80 mm, 7.40 mm, 8.40 mm, and 10.00 mm. The corresponding
6 values for these configurations are 90°, 70°, 60°, 50°, and 40°, respectively. The DT-AHSs
configurations are designated as DL2-01, DL2-02, DL2-03, DL2-04, and DL2-05.

Figure 16 shows the instantaneous deformations of DT-AHSs under varying equivalent
strains for different I, values. As I, increases, the internal space within the core-layer
decreases, as illustrated in Figure 16a. During compression, all five configurations exhibit
concave side deformations (Figure 16b). The degree of concavity becomes more pronounced
with further compression (Figure 16¢). Additionally, all structures demonstrate a strong
auxetic effect (Figure 16d).

DL2-01

DL2-02

DL2-03

DL2-04

DL2-05

Figure 16. The deformation modes of DT-AHS with different /;: (a) undeformed state, (b) € = 0.28,
(c) £ =0.56, (d) fully compressed dense state.

Figure 17 presents the stress—strain and 77—strain curves for the DT-AHSs with different
I, values. When I is small, the structure exhibits a low E*, large elastic strain, and lacks a
stress reinforcement zone (Figure 17a). As I increases, both E* and ¢y, rise, while the plateau
zone becomes narrower, as seen in Figure 17b,c. The proportion of stress enhancement
zones also increases significantly.

However, when I, becomes excessively large, the internal core space reduces further.
This leads to a rapid increase in stress with strain and causes the structure to densify quickly,
as demonstrated in Figure 17d,e. These findings emphasize the critical role of optimiz-
ing I, values to balance deformation control, stress distribution, and energy absorption
performance in DT-AHS.
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Figure 17. Nominal stress—strain curves and #-strain curves of DT-AHSs with different I5: (a) DL2-01,
(b) DL2-02, (c) DL2-03, (d) DL2-04, (e) DL2-05.

Figure 18 shows that as I, increases, both parea and E* rise. The SEA characteristics
and four other performance indices display a fluctuating trend, with peak values occurring
at intermediate /5. Atl, =7.4 mm, the SEA efficiency reaches its maximum, along with
improved force stability. Excessively large I, values, however, fail to promote sufficient
plastic deformation and lead to increased overall mass. Conversely, smaller I, values result
in smaller E* and the absence of a stress reinforcement zone.
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Figure 18. Effect of changing I, on the energy absorption properties.

This behavior can be explained as follows: in the elastic deformation zone, I primarily
undergoes bending and rotation, which generates lower resistance compared to the plastic
yield deformation of I;. As I increases, the overall height of the DT-AHS decreases,
restricting the deformation of honeycomb cells. Consequently, the core-layer densifies
rapidly, limiting the structure’s ability to achieve high energy absorption efficiency.

SEA serves as a critical performance metric for evaluating honeycomb structures. As
evidenced by the parametric analysis presented in Figure 18, a comparative study of the
geometric parameter effects reveals distinct nonlinear correlations between I; (61) and I,
(f2) in modulating the energy absorption efficiency of the DT-AHSs. The influence curve
for I; (81) shows a much steeper trend compared to I, (62), as seen in Figure 19a,b. This
stark contrast highlights the dominant role played by /1 (1) in regulating energy absorption
performance, whereas changes in I, (6,) exert a relatively minor impact.
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Figure 19. Effect on SEA of DT-AHSs under comparison: (a) /1 (I2) value affects SEA, (b) 01 (f2) value
affects SEA.

5. Conclusions

A series of comparative quasi-static compression tests on riveted and assembled
DT-AHSs, 2D-DHSs, and CHHSs demonstrate the superior performance of the DT-AHSs.
Additionally, a parametric analysis of the DT-AHSs reveals the following key findings:

1. When compressed, the 1 and 6, of the unit cells change first when /; and I, are rotated
and bent; when there is no internal pores of the honeycomb structure, /; and I, begin
to yield and deform.

2. In the initial small deformation stage, the bending moment drives cell wall defor-
mation, with compressive displacement primarily resulting from rotational effects.
When 0, > 90°, the cell exhibits positive Poisson’s ratio characteristics; when 6, < 90°,
auxetic behavior is observed.

3. The DT-AHSs demonstrates higher E*, 0,1, and SEA compared to the 2D-DHSs and
CHHSs. A distinct plateau stress enhancement zone is observed, accompanied by
typical auxetic effects. Although the parea of the DT-AHSs is 3.9% greater than the
average, its SEA is 107.4% higher.

4. Anincrease in cellular layers enhances load uniformity, extends the plateau segment,
and amplifies the stress enhancement zone. While E¥, ¢}, and Tpl decrease, SEA
significantly improves.

5. The long inclined walls (I;) of the DT-AHSs cells has a more pronounced effect on
the energy dissipation properties than the short inclined walls (I;). The plastic yield
deformation of /; absorbs a substantial amount of impact energy. Meanwhile, the
rotational deformation of /; contributes to both enhanced energy dissipation and the
structure’s auxetic behavior.
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