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Abstract
This paper investigates the energy absorption capacities of selected cellular topologies under quasi-static loading conditions. 
Twenty topologies with nearly identical relative densities belonging to 4 groups were examined: honeycomb, re-entrant, 
bioinspired and chiral. The topologies were modeled using an experimentally validated numerical ABSplus model and 
subsequently subjected to in-plane uniaxial compression tests. The findings revealed the topologies with the most favorable 
energy absorption parameters and the main deformation mechanisms. The topologies were classified by mechanism, and a 
parametric study of basic material properties, namely modulus of elasticity, yield stress, and ductility, was performed for a 
representative topology from each mechanism. The results indicated that the honeycomb group topologies were characterized 
by the largest average absorbed energy, and yield stress was found to have the greatest impact on energy absorption efficiency 
regardless of the main deformation mechanism.

Keywords Cellular structures · Additive manufacturing · Auxetic · Energy absorption

1 Introduction

Like other metamaterials, cellular structures have tailorable 
properties. The mechanical properties of cellular structures 
include high stiffness and strength per unit mass; thus, 
these materials are commonly used in military, civil, and 
engineering applications. Since cellular structures undergo 
controlled deformation, they have great potential in energy 
absorption applications. For example, they can be adopted 
in sandwich panels for ballistic protection [1] as inserts in 
car body components [2], airless tires [3], or motorcycle hel-
mets [4]. Their potential for application was also exploited 
in aerospace industry [5].

Cellular structures generally consist of thin walls that are 
connected at their edges to generate three- or two-dimen-
sional (3D or 2D) topologies. 3D topologies are typically 
associated with lattice structures [6–8] or foam structures 
[9, 10], whereas 2D topologies are created by dragging 

(extruding) cells in the normal direction. Honeycomb (HB) 
is the most widely studied 2D cellular topology. One of the 
first works dedicated to this topology was by Gibson and 
Ashby in 1980 [11]. They developed analytical models of 
the honeycomb structure based on beam theory and provided 
analytical descriptions of the elastic moduli and plateau 
stress of hexagonal honeycomb structures. Researchers have 
since developed several dozen 2D topologies and analyzed 
their properties, particularly their energy absorption (EA) 
capacities [7–11]. These 2D topologies can generally be 
classified into four groups: honeycomb (HB_G), re-entrant 
(RE_G), bioinspired (BIO_G), and chiral (CH_G).

The HB_G includes several modifications of the original 
topology, such as adding vertical struts in the middle of cells 
[12, 13]. Li et al. [12] tested conventional HB, reinforced and 
kirigami HB topologies in three axial directions under vari-
ous loading rates. Both modifications, involving the addition 
of vertical struts in the middle of cells, indicate better crash-
worthiness properties than traditional honeycomb (KHC, 
RHC and traditional HB reached 10.02, 10.21 and 8.91 J/g, 
respectively). Tiwari et al. [13] conducted both experimen-
tal tests and numerical simulations to investigate the axial 
compression behavior of HB and reinforced HB. The influ-
ence of relative density on the crushing response of HB was 
explored by introducing a reinforcement sheet. The addition 
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of reinforcement increased relative density, resulting in a 
significant improvement in crushing strength (25.1 kN for 
modified honeycomb compared to 19.2 kN for traditional 
honeycomb). Zhao et al. [14] elucidated the out-of-plane 
compression behaviors and plastic deformation mechanisms 
of hierarchical structures through a combination of experi-
mental investigations and analytical predictions. Kagome 
topology (KHB) demonstrated a smaller relative density and 
greater densification strains, which contributed to further 
improvement in EA capabilities. A gradually modified wall 
thickness proposed by Wu et al. [15] has also been imple-
mented to improve EA of the topologies and they demon-
strated that the bi-graded honeycomb could obtain 45.6% 
higher EA than regular HB (bi-graded absorbed 13.62 kJ/kg 
compared to 9.39 kJ/kg for regular honeycomb).

The RE_G is based on the re-entrant hexagonal 
honeycomb (RE), which possesses the NPR properties. 
This phenomenon provides special properties, such as high 
flexural strength, resistance to indentation, and excellent 
EA capacities. Qi et  al. [1] tested a re-entrant-cored 
sandwich panel as a component of the protective system for 
concrete structures against close-in blast loads. The auxetic 
core absorbed 19% more energy than the conventional 
honeycomb core (8.72 kJ compared to 7.32 kJ). Dhari et al. 
[16] tested the RE structure under a inclined compression 
test and several modifications of the RE were proposed and 
investigated. Ingrole et al. [17] combined RE with HB for 
the improved SEA by up to 30% (1.013 J/m3 for auxetic-
strut compared to 0.586 J/m3 for re-entrant auxetic). Varying 
the thickness of the cell wall in the out-of-plane direction 
improved the EA efficiency under quasi-static and low-
velocity impact loads.

Recent attention has been directed towards structures 
within the bioinspired group (BIO_G) and their potential 
applications in EA [18–20]. Wu et al. [18] identified the 
crashworthiness characteristic of a bioinspired sandwich 
structure composed of carbon fiber reinforced plastic 
(CFRP) panels and aluminum alloy. The crashworthiness 
characteristics were found to be more sensitive to the length 
of the core than to the height of the core. Ha et al. [19] 
introduced a new tubular corrugated configuration inspired 
by the profile of a coconut tree, named Conical corrugation 
tube (CGT), which exhibited promising characteristics 
in terms of EA, initial peak force reduction, and stability 
during the crushing process. Yang et al. [20] introduced 
novel bioinspired double-sine corrugated (DSC) sandwich 
structure to enhance impact resistance. DSC demonstrated 
significant improvements in structural crashworthiness 
and a substantial reduction in the initial peak force for 
regular triangular (1436 N) and for sinusoidal corrugated 
core (249 N) sandwich panels. Tan et al. [21] proposed a 
functionally graded lattice structure (FGLS) inspired by 
a bone architecture. A martensitic TiNi biomaterial was 

processed by additive manufacturing (AM), exhibiting 
higher strength and ductility compared to a uniform lattice 
with equivalent structural porosity. Post-process heat 
treatments were employed to alter the microstructure, result 
in in a multi-scale hierarchically strengthened behavior. 
Li et al. [22] introduced four variants of novel topologies 
inspired by the lotus root: triangular, quadrangular, and 
pentagonal. The axial compression properties of these 
bioinspired sandwich structures (BPSs) were investigated, 
revealing uniform structural stiffness and excellent EA 
properties (TBPS exhibited the highest SEA equal 32 kJ/kg). 
The impact of geometric parameters and cell arrangements 
on the compression performance of BPS was explored. 
Zhang et  al. [23] indicated that hierarchical structures 
absorbed up to 2.5 times more energy than traditional HB 
structures (0.8 J/g for Pomelo peel inspired vs 0.3 J/g for 
traditional HB).

The chiral topology group (CH_G) consists of topologies 
with rigid circular nodes connected to each other by 
tangential ligaments. Depending on the number of ligaments 
connected to the node, chiral structures are classified as 
tetrachiral (four connections), hexachiral (six connections), 
or trichiral (three connections). For tetrachiral and trichiral 
structures, anti-tetrachiral and anti-trichiral structures can 
be obtained when ribs are connected to the same side of 
the node. Elastic constants for chiral topologies under 
in-plane loading have been derived by Alderson et al. [24]. 
Hierarchical modification of anti-tetrachiral structures for 
generating enhanced and tunable mechanical properties has 
been proposed by Wu et al. [25]. Hu et al. [26] established 
the influence of the characteristic dimensions of the 
elementary cell ratio on EA. The in-plane crushing response 
of the tetrachiral design has been studied experimentally and 
numerically under static and dynamic loads.

Novel topologies are usually compared with the 
hexagonal honeycomb and two or three other topologies. 
However, a direct comparison of topologies from several 
groups is necessary to assess the influence of geometric 
features on energy absorption (EA) and deformation 
characteristics. Therefore, the present paper compared 
selected topologies from the four groups discussed above. 
The comparison included five previously studied topologies 
in each group except for the re-entrant group, which included 
three established topologies and two topologies proposed by 
the authors. The simulations focused on uniaxial quasi-static 
compression tests and were followed by a validation of the 
numerical methodology and constitutive parameters of the 
ABSplus material. The primary objectives of this paper were 
to analyze the relationships between material parameters 
and geometry shape of a unit cell, select the most efficient 
topologies for future parametric studies and improve the 
EA performance of these topologies. Furthermore, basic 
material properties such as modulus of elasticity (E), yield 
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stress (Re), and effective plastic strain at failure (EPFS) 
were comprehensively evaluated, and the parameters with 
the greatest influence on EA were identified and related to 
the main deformation mechanism of the selected topology.

As mentioned in the previous section, the main objective 
of this paper was to analyze the EA properties and the 
deformation behavior of selected cellular topologies with 
different geometric features. Twenty topologies in four 
groups, namely HB_G, RE_G, BIO_G, and CH_G, were 
tested. The five topologies in each group are listed in Table 1 
and briefly described as follows.

1.1  HB_G topologies

The topologies in the HB_G included original HB, triangle 
honeycomb (THB), honeycomb with horizontal added struts 
(HBAS), and KHB. The well-known HB is a starting point 
for many studies of cellular geometries [27–29]. Baranow-
ski et al. [27] designed and manufactured using Ti–6Al–4V 
alloy powder. The honeycomb structures were subjected to 
a quasi-static compression test. An elastoviscoplastic mate-
rial model was employed to predict the material behavior. 
Agreement between the histories of deformation, failure, and 

forces indicates the effectiveness of the numerical model in 
capturing the behavior of the material. Konarzewski et al. 
[28] fabricated two regular cellular structures which were 
fabricated using fused deposition modeling (FDM) with 
ABSplus material. Structures were examined under vari-
ous deformation velocities and categorized as quasi-static 
and dynamic. It allowed us to understand the deformation 
behavior of the structures under various loading conditions. 
Kucewicz et al. [29] introduced a novel approach to mode-
ling the failure of a honeycomb structure manufactured using 
3D-printing technology, particularly FDM with ABSplus 
material. Two alternative methods using constitutive models 
were considered. Liu et al. [30] investigated the impact of 
cell micro-topology on in-plane dynamic honeycomb crush-
ing through explicit dynamic FE simulation. They studied 
HB topologies with equilateral triangular and quadratic cell 
and regular and staggered arrangements. Han et al. [31] pro-
posed the triangular gradient thinning (GTT) HB structure. 
The efficiency of modulus, strength, and EA was evaluated. 
Hamzehei et al. [32] investigated 2D octagonal auxetic meta-
material using numerical and experimental approaches. An 
octagonal structure showed NPR at high compressive strain 
and a parametric study was carried out to obtain the best 

Table 1  Characteristics of the cellular topologies analyzed in the study

Group Topology Primary properties Source

HB_G HB Excellent EA properties, long plateau Baranowski et al. [27]
OHB Better buckling resistance than traditional HB, good stability and periodicity, stable deformation 

mechanism, NPR
Hamzehei et al. [32]
Hedayati et al. [33]

HBAS Better EA compared to traditional HB both in-plane and out-of-plane, long plateau Tiwari et al
Thomas et al

KHB High equivalent stress under in-plane loading, excellent crashworthy behaviors, balanced in-plane 
and out-of-plane properties

Qiu et al. [36]
Zhang et al. [35]

THB Higher in-plane strength than bending-dominated structures Han et al. [31]
RE_G RE Excellent impact resistance, resistance, NPR Kalubadanage et al. [37]

SHRE Two plateau stages during compression, great EA, stable deformation Wei et al. [42]
BRE Sharp angles replaced by hexagonal HB, two plateau stages, great EA potential An et al. [43]
OG1 Stable deformation with a plateau stage, great EA potential Authorship
OG2 Stable deformation with plateau stage, global deformation during compression process Authorship

BIO_G BSW Controlled EA possibilities, better EA capacities than traditional HB He et al. [51]
BGS Structural hierarchy, 2.63 times higher plateau stress than the traditional HB Fang et al. [44]
BHS Using sinusoidal struts effectively enhances EA compared to traditional HB An et al. [43]
BOS Superior mechanism for withstanding loads, extraordinary out-of-plane EA performance, plateau 

stage
Fernandes et al. [46]

BBS Excellent EA performance under axial load, structural hierarchy Hu et al. [49]
CH_G TCH Sensitive to strain rate rather than geometric dimensions, NPR, EA potential Qi et al. [55]

ACH NPR in both lateral directions, different deformation mechanisms under compression along 
different directions

Hu et al. [26]

HCH NPR, better EA under low velocities, dissipates plastic strain energy in two stages: ligament 
buckling and node buckling

Gao et al. [53]

REATCH NPR even under large deformation, four stages of deformation Hu et al. [54]
ATCH Highest EA among tested HB and RE, NPR Johnston et al. [56]
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auxetic properties. Hedayati et al. [33] explored the mechan-
ical properties of a novel octagonal geometry, manufactured 
using FDM with polylactic acid (PLA). Compression tests 
were conducted, and mechanical properties, including elastic 
modulus, yield stress, and Poisson’s ratio, were determined. 
The octagonal honeycomb exhibited yield stress and elas-
tic modulus values comparable to regular HB. The HBAS 
was selected because comprehensive studies have shown 
that this geometry improves crash performance properties 
[34, 35]. Thomas et al. [34] focused on the in-plane com-
pression analysis of reinforced aluminum honeycomb. Both 
numerical and experimental approaches were employed. The 
KHB was selected because an investigation of this geometry 
carried out by Zhang et al. [35] under compression in two 
planes showed that it improved plateau stress and EA com-
pared to HB [35]. The deformation behavior of KHB has 
been compared with periodic triangular, square, rhombus, 
and hexagonal planar lattices, which was presented in the 
study by Qiu et al. [36].

1.2  RE_G topologies

This study examined three previously reported re-entrant 
topologies: the classic RE, the star-triangular geometry 
(SHRE), and the bidirectional re-entrant honeycomb (BRH). 
The other two topologies, OG1 and OG2, are original to 
this paper. RE modifies HB by creating an obtuse angle 
between the vertical struts, resulting in auxetic deformation. 
RE was the first example of an auxetic topology and can 
be manufactured using traditional manufacturing methods, 
such as the corrugated sheets presented in Kalubadanage 
[37], allowing full-scale blast tests. The crashworthiness 
properties of RE have been studied extensively [38–40]. 
For instance, Günaydin et al. [40] developed a numerical 
model to simulate the compressive behavior of multi-
material RE under quasi-static loading, and experimental 
validation was performed. Multi-material approach 
significantly enhanced SEA (2.19 kJ/kg for Nylon + Carbon 
fiber for Re-entrant compared to 1.26 kJ/kg for pure Nylon), 
compressive strength (3.03 MPa for Nylon + Carbon fiber 
compared to 1.14 MPa for pure Nylon for Re-entrant), and 
modulus values (16.64 MPa for multi-material compared to 
12.71 MPa for pure Nylon). Choudry et al. [38] investigated 
the in-plane EA characteristics of RE and modified RE 
produced through fused filament fabrication, incorporating 
parametric analysis and geometry optimization. Geometrical 
parameters, such as the strut-length ration and joint angles, 
were examined for their influence and interaction effects 
on the stiffness, and EA features. Xiong et al. [39] focused 
on the quantitative optimization of a modified RE’s NPR 
addressing challenges related to overhanging struts by 
replacing them with inclined ones. Modification was aimed 
to eliminate the need for support structures required in the 

selective laser melting process. The calculated Poisson’s 
ratios revealed that the optimal simulated inclination 
angle for the struts is 9°, with a corresponding optimum 
RE angle of 79° and a strut thickness of 0.9 mm. Wang 
et al. [41] introduced a novel RE star-shaped, which has 
attracted attention for its promising mechanical properties, 
particularly in EA applications. The study identified two 
plateau stress regions under low-velocity impact, with 
the second plateau stress approximately twice that of the 
first. Wei et al. [42] conducted an in-plane compression 
study of SHRE topology in both directions, and a stable 
deformation with the pronounced NPR was revealed in the 
in-plane direction. The NPR effect in the 2-direction was 
found to be weaker, and numerical simulation models were 
established to comprehensively understand both small and 
large deformation behaviors of the structure. An et al. [43] 
replaced sharp angles with hexagonal shapes to create the 
BRH, which has excellent SEA (at 3 m/s the BRH absorbed 
0.613 kJ/kg compared to 0.522 and 0.374 for SSH and QSH, 
respectively) under high velocities during crushing. OG1 is 
similar to a star-shaped honeycomb, but differs in the use 
of a smaller rhombus to connect the star-shaped cells in the 
vertical direction. OG2 is a modification of the classic RE 
in which the sharp edges are replaced by filets and circular 
nodes to enable two-stage deformation.

1.3  BIO_G topologies

Through evolution, living organisms have developed 
numerous multicell structures with high strength, high EA, 
and low density to survive in specific habitats. Some of 
these structures can be observed with the naked eye, but 
the majority are visible only with proper magnification. 
In this article, topologies inspired by grass stems (BGS), 
spiderwebs (BSW), bamboo stems (BBS), the ocean sponge 
Euplectella aspergillum (BOS), and horseshoes (BHS) were 
selected. BGS is a second-order hierarchical honeycomb 
studied by Fang et al. [44]. Quasi-static tests were conducted 
experimentally to analyze the crushing behaviors, followed 
by corresponding FEA. It was found that its plateau stress is 
up to 2.6 times greater than that of HB and 4.6 times greater 
than that of aluminum foam with the same relative density. 
Chen et al. [45] analytically investigated BGS the in-plane 
parameters under compression. The results revealed that 
increasing the hierarchical level increases the SEA. BHS is a 
modification of the classic HB to improve its EA parameters, 
which was proposed by An et al. [43]. Numerical results 
have confirmed that adding a horseshoe mesostructure 
enhances the mechanical properties of the topology. The 
promising properties of BOS have been confirmed by quasi-
static in-plane and out-of-plane compression tests [46–48]. 
Fernandes et al. [46] through a combination of finite-element 
simulations and mechanical test on 3D-printed specimens 
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with various lattice geometries. Using an evolutionary 
optimization algorithm, the research demonstrated that the 
sponge-inspired lattice geometry approaches the optimal 
material distribution within the considered design space. 
Wang et al. [47] involving finite-element simulations and 
experimental tests, demonstrate superior compression 
behaviors and energy absorption capacity under out-of-plane 
direction. The proposed topology exhibited microfolding 
lobes with shorter wavelengths, leading to enhanced energy 
absorption and higher efficiency in energy absorption. 
Li et al. [48] indicated that the proposed topology has a 
higher SEA than conventional structures. Finally, BBS 
was previously tested under axial crushing force rather 
than in-plane compression [49, 50]. Hu et al. [49] studied 
BBS through dynamic drop-weight impact experiments and 
demonstrated high SEA (even 38.6 J/g); further parametric 

simulations explored the influence of different parameters 
on the characteristics of EA [50]. He et al. [51] examined 
the out-of-plane crashworthiness of spider-web hierarchy 
honeycomb. The energy absorption capability increases 
significantly with properly adjusted hierarchical parameters. 
The results revealed that for the first-order spider-web 
honeycomb, specific energy absorption increased by 62% 
compared to the hexagonal honeycomb.

1.4  CH_G topologies

The following chiral topologies were tested in this paper: 
tetrachiral (TCH), anti-chiral (ACH), hexachiral (HCH), 
re-entrant anti-tetrachiral (REATCH) and anti-tetrachiral 
(ATCH). Hu et al. [26] established theoretical analytical 
models to predict both the NPR and the crushing stress 

Table 2  Geometric properties of all topologies

HB_G

HB OHB HBAS KHB THB

RE_G

RE SHRE BR OG1 OG2
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of ACH. The study provided insight into the design 
considerations for these topologies, considering parameters 
such as ligament length ratio and wall thickness. Lorato et al. 
[52] focused on the out-of-plane linear elastic mechanical 
properties of trichiral, TCH, and HCH. Combining 
analytical, numerical, and experimental approaches, this 
study provided a comprehensive understanding of the out-of-
plane linear elastic mechanical properties of chiral HBs. The 
results of the uniaxial compression testing of HCH under 
dynamic conditions presented by Gao et al. [53] indicated 
that the chiral structure had greater plastic energy dissipation 
capacity than the other topologies tested when subjected to 
relatively low impact velocities and a crushing strain of 70%. 
The numerical and analytical studies of REATCH presented 
by Hu et al. [54] revealed stable deformation curves with a 
distinct plateau region. Four stages of the deformation curve 
were observed, and experimental tests validated the accuracy 

of both testing methods. On the other hand, Qi et al. [55] 
performed quasi-static experimental tests and prediction of 
the crushing strength using theoretical models and numerical 
simulations and showed that the optimized arrangement of 
a unit cell in TCH improved shock resistance. Johnston 
et al. [56] investigated the effect of using multiple material 
within three cellular geometries: anti-tetrachiral, re-entrant, 
and hexagonal honeycomb. Three different combinations of 
materials were used: pure PLA, PLA-nylon combination, 
and PLA-TPU. In all cases, the highest energy absorption 
values were reached by anti-tetrachiral.

Table 2  (continued)

BIO_G

BSW BGS BHS BOS BBS

CH_G

TCH ACH HCH REATCH ATCH
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2  Methodology for numerical modeling 
and simulations

2.1  Geometric properties of the models

To allow an effective comparison of the results, all topolo-
gies had similar geometric properties: a relative density of 
0.3. This required varying wall thicknesses for each topol-
ogy: unit cell dimension of 10.0 mm × 10.0 mm and four 
cells in the vertical and horizontal directions. Due to the 
specific arrangement of cells in HB, HBAS, and KHB, more 
cells were used in these topologies. Each geometry is pre-
sented with its characteristic dimensions in Table 2.

2.2  Model description and assumptions 
for finite‑element (FE) studies

A numerical approach was used to investigate the four groups 
of topologies under quasi-static uniaxial compression. 
Each model was developed based on the methodology 
and considerations presented in previous papers [27]. All 
numerical computations were performed using an explicit 
multi-parametric processing (MPP) LS-Dyna solver [57] 
to easily consider material failure and numerical erosion 
during FEA. A 1.0-mm section of model thickness with the 
appropriate symmetry conditions applied to the outer faces 
has previously been shown to provide a credible model for 
simulating compression tests [27]. This approach not only 
reduces computational time but also fully reproduces the 
deformation process of the cellular structure in an effective 
manner. A mesh sensitivity study was not conducted because 
the mesh parameters were previously analyzed [27]. For each 
model, three hexahedral elements were assumed through 
the wall thickness, resulting in an average element size of 
approximately 0.3 mm. The cell specimen was inserted 

between two rigid walls to simulate the compression test; 
one of the surfaces was fixed, while the second was able to 
move according to the prescribed velocity described using 
an equation for which inertia was significantly minimized 
[27]:

where T is the termination time of the simulation and Smax 
is the final displacement of the rigid surface.

The representative numerical model with appropriate ini-
tial boundary conditions is presented in Fig. 1.

The interaction between the parts was reproduced by 
adopting a penalty-based contact procedure with the friction 
coefficients determined in previous studies [27]. Ultimately, 
a friction coefficient of μ = 0.2 for the interior contact in the 
topology and for the rigid wall-topology contact interaction 
was used for all simulated cases.

An elastoviscoplastic constitutive model was used 
to reproduce the compressive behavior of the ABSplus 
material. This model is extremely effective for simulating 
the deformation process of cellular structures in 
uniaxial compression tests. This model is based on the 
Huber–Mises–Hencky (HMH) yield criterion in which 
deviatoric stresses Sij satisfy the yield function �y as follows 
[57]:

where �p
eff

 is an effective plastic strain defined as

where � is a strain rate effect parameter (omitted in the 
present studies), and fh is the hardening function, which can 
be specified in tabular form. However, fh is usually defined 
as a linear function [57]:

where Ep is the plastic hardening modulus.
The evolution of damage is represented by ω, which 

varies from 0 to 1 (no damage and complete rupture) and can 
be defined according to the increase in �p

eff
 as follows [57]:
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Fig. 1  Scheme of the numerical model with initial and boundary con-
ditions
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According to (6), once the effective plastic failure strain 
(EPFS) �p

failure
 is exceeded, softening begins until the rup-

ture strain �p
rupture

 is reached (the FE are removed from the 
model when the erosion criterion is satisfied).

Tables  3, 4 and 5  present the basic mechanical 
properties, stress vs. strain points at the plastic region and 
damage points of ABSplus used in the material plasticity 
with damaged (MPD) model, respectively. The parameters 
were taken from previous studies [28, 29].  

2.3  Simulation strategy

The numerical model was adopted to carry out several 
simulations according to the following stages. First, a 

validation analysis of the model for a quasi-static uniaxial 
compression test of HB was performed. Next, numerical 
simulations of the 20 topologies described in Tables 1 and 
2 were carried out, and the topologies were compared based 
on the force vs. displacement curves, SEA, and deformation 
mechanisms. The most efficient representatives of each 
group in terms of EA were identified. Finally, the influence 
of basic material properties was studied for three topologies 
with different main deformation mechanisms (determined 
in the previous stage): plastic joint, global deformation, and 
bending ligaments. The influence of E, Re, and EPFS was 
analyzed for the three deformation mechanisms.

3  Results and discussion

3.1  Model validation

Uniaxial quasi-static compression tests were performed 
using an ElectroForce 3300 universal strength machine at 
a room temperature of 23 °C. Five specimens were used, 
and each topology was compressed up to 50% shortening 
of the specimen. Details of the experimental procedures 
and numerical methodologies can be found in previous 
articles [27]; only the results are discussed below. A 
Dimension 1200es SST (Stratasys Corp.) 3D printer 
was used to manufacture the described structures using 
the fused deposition modeling technique with ABSplus 
material. Failure behavior and force versus displacement 
curves were compared to assess the credibility of the 
model. The validation process was based on an HB cell 
geometry with dimensions of 40.0 × 40.0 × 20.0  mm 
(width × height × depth). In previous works [27–29], a 
slightly different relative density was used compared to the 
present numerical simulations (35% vs. 30%); however, it 
was assumed that the results would demonstrate a sufficient 

Table 3  Mechanical properties of ABSplus used in the MPD model 
[28, 29]

Constant ABSplus Unit

Density, ρ 1040.0 kg/m3

Elastic modulus, E 2200.0 MPa
Poisson’s ratio, v 0.35 –
Yield Stress, Re 30.0 MPa
EPFS 8.71 %

Table 4  Points of the damage curves of ABSplus used in the MPD 
model [28, 29]

ABSplus

Point no Eff. plastic strain [%] Damage [–]

1 0.00 0.0
2 8.71 0.8
3 100 0.8
4 200 1.0

Table 5  Points of the ES-EPS curve of ABSplus used in the MPD 
model [28, 29]

ABSplus

Point no Eff. plastic strain [%] Effective 
stress 
[MPa]

1 0.00 30.00
2 0.08 30.45
3 0.17 30.71
4 0.25 30.89
5 0.54 31.08
6 1.20 31.27
7 3.10 31.44
8 8.71 31.72

Fig. 2  Comparison of force versus displacement curves from experi-
mental tests and FEA (the shaded area represents the limiting curves 
from the experimental tests)
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level in confidence of the proposed model. Identical 
conditions and numerical model parameters were used in 
all numerical simulations in this paper.

In Fig. 2, the force characteristics obtained from finite-
element analysis (FEA) are compared with the experimen-
tal results measured for five specimens. Laboratory results 
are represented by a shaded zone corresponding to the area 
between the limiting curves. The numerical curve gener-
ally followed the experimental force characteristics, with 
similar numbers of drops and rises. The initial slopes were 
nearly identical, and the first peak value differed from the 
experimental measurement by less than 2.0%. After the ini-
tial peak, the curve shapes obtained by FEA differed due 
to the implementation of the damage curve to maintain 
the material continuity longer. However, these differences 

were slight, and very good reproduction of the force ver-
sus displacement curve was obtained, with an average force 
of 1.82 kN, 11.7% lower than the experimental value of 
2.06 kN. The corresponding EA value (37.7 J) was also in 
close agreement with the experimental results (36.9 J).

The topology deformation confirmed the very good 
reproduction of the force characteristic, as shown in Fig. 3, 
which compares selected stages of the compression process 
with corresponding screenshots from the camera. Excellent 
reproduction of the behavior of the specimen was observed: 
the failure began in the shear plane and passed through the 
fourth cell at the height of the HB and the specimen corner 
in the vicinity of the rigid wall. The subsequent collapse of 
the cell layers was observed both numerically (FEA) and 
experimentally.

Fig. 3  Comparison of the hon-
eycomb deformation process in 
the experimental tests and FEA 
at selected stages of compres-
sion

Fig. 4  Force versus displace-
ment curves of the a HB_G, b 
RE_G, c BIO_G and d CH_G
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3.2  Force versus displacement curves

The validated model was used to perform numerical simu-
lations of all 20 topologies; the resulting force vs. dis-
placement curves are presented in Fig. 4. Even though 
the same material parameters were used, the slopes of the 
pre-peak curves differed, indicating that the stiffness var-
ied depending on the topology. The shapes of the force 
characteristics of the topologies differed depending on the 
failure mechanism and the deformation process. However, 
for the three groups (Fig. 4a: HB_G, Fig. 4c: BIO_G and 
Fig. 4d: CH_G), a similar trend was observed with the 
peak force at the beginning and fluctuations in the other 
parts of the curves. On the contrary, the topologies in the 
fourth group (RE_G—Fig. 4b) had a large force increase 
after ~ 12.0 mm of displacement, which is mainly caused 
by the earlier densification of the structures in this group 
compared to the other three (see Figs. 6, 7, 8, 9).

Figure 4a presents HB_G. The peak force was highest 
for KHB (150 N) and lowest for HB (85 N). KHB and 
HBAS had the highest stiffness values. The overall 
behavior was similar for all topologies and included 
increases and drops in force, an instant loss of stiffness 
after reaching the maximum force, and subsequent 
distinctive fluctuations caused by further deformation. 
However, for OHB and HB, the force decreased gradually 
rather than rapidly, and plateau-like characteristics of post-
peak deformation were observed for HB and HBAS.

Figure 4b presents the force vs. displacement curves 
of RE_G. Plateau regions were observed for BRE, OG1, 
OG2 and RE. The stiffness differed significantly and was 
highest and lowest for RE and OG2, respectively. Only RE 
exhibited an initial peak force; after reaching its maximum 
value (57.0 N), the curve dropped to a medium level. A 
plateau was observed in the RE curve up to a displacement 
of 16.0 mm, which was caused by cell densification. Stable 
deformation of the OG1 and OG2 topologies was observed 
up to 15–17 mm of compression. SHRE had the most 
oscillatory curve, with no apparent plateau.

The force versus displacement curves of BIO_G are 
presented in Fig.  4c. BBS and BOS were the stiffest 
topologies. Compared to the other topologies, BBS 
reached a much higher peak force of 132.0 N. The force 
curves decreased rapidly after the initial peak, and this 
decrease was followed by visible drops and increases. BGS 
exhibited two main peaks with similar values. BSW and 
BHS had the lowest peak force values, but both exhibited 
stable deformation behavior without notable fluctuations; 
a plateau was visible for almost the entire duration of 
compression. Strength increased only toward the end as a 
result of densification of the structure.

Figure  4d shows the force histories of the CH_G. 
Differences between topologies were more pronounced in 

this group than in the other three groups. The topologies 
differed not only in stiffness but also in the course of 
the curves and the number of peaks throughout the 
compression process. TCH and HCH had similar elastic 
regions, and their maximum force values at the initial 
peak were close to 90 N. Although these topologies had 
the highest force peak values in the group, the force 
characteristics included numerous rises and drops, 
which were worst for TCH. ATCH, ACH, and REATCH 
exhibited more stable deformation during compression, 
and the latter two did not exhibit initial peak forces.

3.3  Energy absorption capacities

For all topologies, the SEA parameters were calculated. To 
evaluate the energy absorption capacity of all structures, and 
its expression is

where m is the mass of structures, and F(u) and u are the 
force and displacement of upper plate during compression 
up to 50% of structures’ height, respectively.

Figure 5 compares the SEA (EA normalized to mass) 
values of the 20 topologies. The topologies were classified 
into three categories by SEA. The first category consisted 
of ATCH to REATCH and had SEA < 1.5 J/g. ATCH had 
the lowest SEA, 1.09 J/g, which is more than 50% smaller 
than the highest SEA. This category included four of the 
CH_G topologies, indicating that this topology group had 
poorer EA capacities. The second category comprised BSW 
to OG2 and had SEA values of 1.58–1.78 J/g. Notably, three 
of the seven topologies in this category were BIO_G. The 
third category had the best SEA and included BOS to SHRE. 
BBS from BIO_G and SHRE from RE_G had the highest 
SEA; both topologies absorbed nearly 2.5 J/g. The other five 
topologies in the third category (HCH, OHB, KHB, HBAS 

SEA =
∫ u

0
F(u)du

m

Fig. 5  Comparison of the SEA of the 20 topologies
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and BOS) had SEA values ranging from 2.19 J/g for BOS 
to 2.32 J/g for HCH. Three of the topologies in the third 
category were from HB_G.

To further compare the topology groups and determine 
which deformation mechanism provides better EA perfor-
mance, the average SEA was calculated. The deformation 
mechanisms in each group are presented in Sect. 4.4. The 
results are presented in Table 6, which also provides the 
SEA and average SEA values. HB_G had the largest aver-
age SEA, 2.15 J/g, followed by BIO_G (1.89 J/g), RE_G 
(1.72 J/g) and CH_G (1.49 J/g). The calculated SEA values 
for the three main deformation mechanisms are presented 
in Table 7.

3.4  Deformation comparison

In this section, the deformations of the topologies due to 
compression loading are discussed, and the most efficient 
topology in each group in terms of EA is identified: OHB, 
SHRE, BBS and HCH from HB_G, RE_G, BIO_G and 
CH_G, respectively. The deformation processes are shown 
for four successive stages, starting with the undeformed 
geometry, through 10% and 30% structure deformation, and 
ending at 50% compression (shortening).

Figure 6 presents the deformation process of the topolo-
gies in HB_G. HB and OHB behaved similarly, and fail-
ure began within a geometric diagonal in one shear plane, 
which was followed by the collapse of neighboring cells 
until the last stage of the deformation. The failure patterns 

Table 6  SEA of the four groups of topologies and the main deformation mechanisms

Table 7  Average SEA for each deformation mechanism and associ-
ated topologies

Main deformation mechanism Topology Average 
SEA 
[J/g]

Plastic joint/shear HB 2.0
OHB
HBAS
KHB
THB
BSW
BGS
BBS
BOS

Global deformation RE 1.72
SHRE
BRE
OG1
OG2

Bending ligaments TCH 1.51
ACH
HCH
REATCH
ATCH
BHS
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of HBAS and THB were significantly different from those 
of HB and OHB. For HBAS and THB, failure began in the 
middle or upper layer of cells, respectively, perpendicular to 
the compression direction. As the compression progressed, 
successive layer-by-layer collapse occurred. KHB exhibited 
a V-shaped failure at the middle of its height until reaching 
total deformation at 50% compression.

The deformation processes of the five topologies in RE_G 
differed from those in HB_G and are presented in Fig. 7. 
Auxetic deformation was evident for all five topologies. The 

vertical struts transferred the load in the initial stages before 
buckling (SHRE, BRE) or bending (RE, OG1, OG2). Until 
the vertical struts collapsed, the horizontal struts were not 
involved in the transfer of the load force. After 30% com-
pression, several cells within the topology closed, and their 
walls began to interact with neighboring cells until the last 
stage of the deformation process.

Figure 8 presents the successive stages of deformation 
of the five topologies in BIO_G. BOS, BSW, and BBS 
exhibited similar deformation, with failure beginning on 

Fig. 6  Deformation stages of the topologies in HB_G
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the diagonal. Further compression resulted in an X-shaped 
failure pattern that reached 70% (BSW and BBS) or 50% 
(BOS) of the initial specimen height. By comparison, the 
four stages of deformation of BHS revealed different failure 
characteristics. For BHS, structure failure was caused by loss 
of stability and subsequent bending of the ligaments in the 
diagonal plane. Material fracture (reproduced as FE erosion) 
was observed in the later stages of specimen compression 
until it reached 50% of its height. For BGS, the initial stages 
of deformation reveal the presence of shearing bands. As the 
compression continues, the continuity between the upper 

and lower parts of the specimen is lost, leading to a rapid 
crushing effect.

The deformation stages of CH_G topologies are presented 
in Fig. 9. REATCH and ACH behaved similarly: bending of 
the ligaments of the structure under the applied load resulted 
in the rotation of the nodes (joints) and a V-shaped defor-
mation mechanism. Furthermore, the load was almost uni-
formly distributed over the structure. At 50% compression, 
the entire structure collapsed. The other three topologies 
in CH_G had different failure characteristics. In TCH, the 
struts lost stability and began to bend (at 10% shortening of 

Fig. 7  Deformation stages of the topologies in RE_G
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the sample) and rotate. This phenomenon occurred within 
the bottom and upper layers of the sample. Successive layer-
by-layer collapse continued as compression progressed. On 
the contrary, ATCH exhibited deformation of almost all 
struts, leading to collapse of the entire structure. Strong 
bending of the material occurred until full compaction at 
50% compression. The HCH began to deform in the middle 
of its height, and a strongly localized bending of the struts 
within the strut joints was observed. At 30% of ∆l, the direc-
tion of the inclination changed, with more layers deformed, 
and almost all unit cells collapsed, with no distinctive shape.

3.5  Analysis of the influence of material properties

In this section, the results of the parametric study of material 
properties are discussed. Based on the analysis of defor-
mation processes, the topologies were classified according 
to the main deformation mechanisms: global, plastic joint/
shearing and bending ligaments (see Table 6). In the first 
category of topologies, most of the struts are involved in 
the compression process and buckling and/or bending 
occurs. In the second category of topologies, strong plasti-
cization occurs within the cell joints, mainly due to shear-
ing. The third category of topologies mainly undergoes 

Fig. 8  Deformation stages of the topologies in BIO_G
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bending within the joint, which acts as a rotational hinge 
until full collapse of the topology. SHRE, BGS, and BHS 
were selected as perfect representatives of the global, plastic 
joint/shearing and bending ligaments mechanisms, respec-
tively (Fig. 10). SEA values were compared with respect to 
three material parameters, namely E, Re, and EFPS, to assess 
the influence of stiffness, maximum strength, and ductility, 
respectively, on EA capacities.

Different values of these parameters for ABSplus 
filaments were selected between the minimum and maximum 
values found in the literature. One parameter was varied, 
while the other two were set to the original values shown in 

Table 3. Table 8 summarizes the simulated cases to provide 
a better understanding of the methodology.

The results for the influence of E (Young's modulus) are 
presented in Fig. 11, which shows the SEA vs. E curves for 
the three investigated topologies. In general, SEA increases 
with increasing E. The influence of E on SEA was smallest 
for BHS, in which the bending of the ligaments plays a cru-
cial role in the deformation process (the struts begin to bend 
very early due to their specially designed shape; Fig. 8). For 
SHRE (Fig. 7), in which the vertical struts supported by 
horizontal ligaments transfer the load, a pronounced effect of 
E on SEA was expected but was not observed. BGS, which 

Fig. 9  Deformation stages of the topologies in CH_G
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exhibited the most brittle failure (Fig. 8), exhibited a non-
linear curve, indicating that the stiffness of ABSplus had the 
greatest effect on the EA efficiency of this topology.

The SEA histories of the topologies under differ-
ent yield stresses are presented in Fig. 12. The influence 
of Re was more pronounced than that of E. In general, 

Fig. 10  Graphical representa-
tion of the main deformation 
mechanisms: a global (SHRE), 
b plastic joint/shearing (BGS), 
and c bending ligaments (BHS)

Table 8  FEA conditions with the three parameters analyzed

Analyzed parameter Parameter values in each FEA

E [MPa] Re [MPa] EFPS [%]

Young’s modulus, E 1250.0 30.0 8.71
1500.0
1750.0
2000.0
2200.0

Yield stress, Re 2200.0 26.0 8.71
30.0
38.0
58.0
71.0

Effective plastic strain at 
failure, EFPS

2200.0 30.0 2.71
8.71
12.71
16.71
20.71

Fig. 11  Influence of Young’s modulus E on the SEA of the three 
topologies with different main deformation mechanisms
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linear characteristics were obtained for all three topologies, 
although a nonlinear influence between Re = 26.0 MPa and 
Re = 30.0 MPa was observed for SHRE. In particular, the 
difference in SEA values between the smallest and highest 
Re values was more than twice as high for SHRE than for 
the other two topologies.

The influence of EFPS on the EA capacities of the three 
topologies is shown in Fig. 13. As expected, this parameter 
had the most pronounced effect on BGS, which exhibits brit-
tle failure during compression (Fig. 8). For BGS, SEA was 
1.01 J/g at EFPS = 2.71% and 2.26 J/g at EFPS = 20.71%. 
A similar trend was obtained for the SHRE topology, with 
a larger difference between the first two EFPS values than 
between the three EFPS values that were greater than 8.71%. 
BHS exhibited the lowest sensitivity to material ductility 
because the two circular arcs that formed its cell walls force 
controlled bending of the struts without significant plastici-
zation before compaction of the topology at 50% compres-
sion (specimen shortening).

The results for all cases are summarized in Tables 9, 10 
and 11. The SEA obtained at the lowest value of each param-
eter serves as the reference, and the percentage increase 
compared to this value is reported for each case. Table 9 
compares the results for varying E. Among the topologies, 
the increase in SEA with E was greatest for BGS; the per-
centage improvement in EA capacity compared to the low-
est value was ~ 32%. The smallest percentage increase, 14%, 
was observed for BHS. In Table 10, the results for the effect 
of Re are collated. Increasing the yield stress significantly 
increased the EA efficiency of all three topologies. As yield 
stress increased by almost three times, SEA increased by 
more than two times for each topology. BGS showed the 

Fig. 12  Influence of the yield stress Re on the SEA of three topolo-
gies with different main deformation mechanisms

Fig. 13  Influence of the effective plastic failure strain EFPS on the 
SEA of the three topologies with different main deformation mecha-
nisms

Table 9  Comparison of the 
SEA values of the three 
topologies at different E values

Variable parameter BGS BHS SHRE

E [MPa] SEA [J/g] SEA [J/g] SEA [J/g]

1250.0 – 1.25 – 1.41 – 2.05 –

1500.0 20% 1.31 5% 1.44 2% 2.15 5%
1750.0 40% 1.53 22% 1.51 7% 2.13 4%
2000.0 60% 1.63 30% 1.57 11% 2.29 12%
2200.0 76% 1.65 32% 1.61 14% 2.46 20%

Table 10  Comparison of 
the SEA values of the three 
topologies at different Re values

Variable parameter BGS BHS SHRE

Re [MPa] SEA [J/g] SEA [J/g] SEA [J/g]

25.8 – 1241.0 – 1.40 – 1.93 –
30.0 16% 1.42 14% 1.61 15% 2.46 28%
39.8 54% 1.77 43% 1.92 37% 2.72 41%
58.0 125% 2.36 90% 2.61 86% 3.81 98%
71.0 175% 3.18 156% 3.02 115% 4.11 114%
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largest increase in SEA and absorbed 156% more energy 
at Re = 71.0 MPa than at Re = 25.8 MPa. BHS and SHRE 
exhibited similar changes in SEA with increasing Re, with 
a maximum increase in SEA of approximately 115% com-
pared to the reference cases. Finally, Table 11 compares 
the results for different values of EFPS. Among the topolo-
gies, this parameter had the greatest impact on BGS, with a 

difference in SEA. On the contrary, the difference was only 
58% for SHRE.

To demonstrate which parameter had the greatest influ-
ence on the EA of each topology representing a different 
main deformation mechanism, Figs. 14, 15 and 16 present 
SEA as a function of the percentage increase in the value 
of each parameter for SHRE, BHS, and BGS, respectively. 
Since E and Re were examined within the ranges of 0%–76% 
and 0%–176%, respectively, the results are extrapolated to 
the maximum percentage increase in EFPS, as shown by the 
dashed lines in the figures. A larger slope indicates a more 
pronounced impact of the parameter.

Regardless of the deformation mechanism, increasing 
the yield stress increased the EA capacities of the cellular 
topologies. The highest slope was obtained for SHRE (global 
mechanism). The impact of yield stress on SEA was slightly 
smaller for BGS (plastic joint mechanism) and was lower for 
BHS (bending ligaments mechanism).

The impact of increasing the modulus of elasticity on 
SEA was greatest for BGS, slightly smaller for SHRE, and 
lowest for BHS. Therefore, surprisingly, when brittle failure 
of the material occurs, increasing the stiffness of the material 
is recommended. Furthermore, when global deformation 
with ligament buckling occurs, a higher E can produce better 
results. In the case of the plastic joint mechanism, changing 

Table 11  Comparison of 
the SEA values of the three 
topologies at different EFPS 
values

Variable parameter BGS BHS SHRE

EFPS [%] SEA [J/g] SEA [J/g] SEA [J/g]

2.71 – 1.01 – 1.20 – 1.85 –
8.71 221% 1.65 64% 1.61 32% 2.46 29%
12.71 369% 1.78 75% 1.74 45% 2.44 32%
16.71 517% 1.99 96% 1.89 58% 2.59 40%
20.71 664% 2.26 123% 1.98 65% 2.92 58%

Fig. 14  Influence of three material parameters on the SEA of SHRE

Fig. 15  Influence of the three material parameters on the SEA of 
BHS

Fig. 16  Influence of the three material properties on the SEA of BGS
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the stiffness of the material had no significant effect on the 
effectiveness of the EA.

Among the parameters, the EFPS value of the ABSplus 
material had the smallest impact on SEA for all topologies 
tested, with significantly smaller slopes than for the other 
two parameters. EFPS had the greatest effect on BGS due 
to brittle failure, followed by SHRE and BHS.

4  Summary and conclusions

In this study, the in-plane EA capacity of 2D cellular 
topologies under quasi-static compression loading was 
investigated using numerical simulations. Twenty topologies 
grouped into four categories, i.e., honeycomb, re-entrant, 
bioinspired and chiral, were tested. The influence of the 
basic material properties and geometric shape of ABSplus 
on the EA parameters was studied. The proposed topologies 
had the same outer dimensions and relative densities. The 
following conclusions can be drawn:

• The methodology presented in this paper can be used to 
conduct preliminary tests to identify the best prospective 
designs for further research. Compared to experimental 
tests, FEM can test numerous topology variants in a 
much shorter period of time. The simulation approach 
is also environmentally friendly, as no material is 
wasted to produce specimens. For research on cellular 
structures, appropriate constitutive models that consider 
phenomena inside the structure are needed. Therefore, 
further development and research of models is essential 
for accurate predictions from numerical studies. The 
authors are awarded that the presented methodology does 
not consider imperfection caused by manufacturing real 
specimens, e.g., imperfections and porosity, but it was 
not a main purpose of this study.

• Among the three main deformation mechanisms, the 
average EA was highest for the plastic joint mechanism. 
In most cases, the topologies exhibited high stiffness 
and maximum force values and the deformation process 
was less stable for the bending ligaments and global 
deformation mechanisms. In future studies, a topology 
with characteristic features from the tested structures 
will be designed to explore potential increases in the EA 
capacity.

• The parametric study of the material properties indicated 
that the yield strength had the greatest influence on SEA, 
regardless of the deformation mechanism. However, 
further studies of multiple topologies with similar 
deformation mechanisms are needed to support this 
finding.

The results of this study will be used in future research to 
modify the properties of cellular structures fabricated from 
steel material using AM technology. Furthermore, since 
only one value of relative density (0.3) was considered in 
the study, it is also planned to analyze the changes in the 
deformation modes for different wall thicknesses and relative 
densities. Analyses of the material considering porosity and 
voids supported by two-stage modeling at the micro- and 
macroscales will also be considered. In addition, dynamic 
blast and ballistic tests will be combined with optimization 
procedures to find the most efficient geometric features for 
very extreme loading conditions.
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