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Abstract. This paper deals with the effect of unit cell configuration on the energy absorption response of
different cellular auxetic structures subjected to quasi-static and dynamic loadings through the experimental
and numerical methods. Among the various structures, a re-entrant structure was selected due to its
fundamental properties underlying the main characteristics of an auxetic material. Computer simulation
techniques using ABAQUS software validated by experimental testing were used to conduct the evaluation of
such devices. Several re-entrant structures with different geometrical parameters were modeled and compared
with the conventional ones. Standard compression tests were carried out on the different structures produced by
the 3D printing machine to evaluate the influence of auxeticity phenomenon in the energy absorption capability.
It is discovered that the auxetic structures are superior to non-auxetic structures in terms of all studied impact
resistance and energy absorption indicators due to their ability to withstand quasi-static axial impact loads. The
primary outcome of this research is to extract design information for the use of auxetic materials as energy
absorbers where quasi-static loading is expected.
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1 Introduction

Nowadays, modern technology and industries require new
materials of special properties. One of the reasons for
interest in materials of unusual mechanical properties
comes from the fact that they can be used as matrices to
form composites with other materials of other required
properties, e.g. electric, magnetic, etc. A new field of
endeavor is to study materials exhibiting negative
Poisson’s ratio (NPR). These new types of materials have
been named auxetic in which, in contrast to conventional
materials (like rubber, glass, metals, etc.), transverse
expansion causes longitudinal pull out and vice versa [1].
Some of the important mechanical properties such as
indentation resistance, energy absorption, impact resis-
tance, fracture toughness, fatigue toughness and shear
modulus are mainly influenced by the NPR [2–6].
Therefore, the application of auxetic materials, as a new
class of materials, in numerous industries such as
hatami.h@lu.ac.ir; h64hatami@gmail.com
aeronautical, automotive and crash safety conservation
structures to dissipate and absorb the direct impact loads is
a part of contribution [7,8].

Due to the fact that most of the engineering materials
have positive Poisson’s ratio, it might be normally
imagined that Poisson’s ratio is always positive. However,
it has been proven theoretically that Poisson’s ratio for
normalmaterials can have either positive or negative value,
only if the strain energy is positive [9]. As the first
experimental approach [10], Lakes suggested open-cell
PVC foam for fabrication of auxetic materials. His
approach was modified by Bianchi et al. [11] by optimizing
the manufacturing process. Another fabrication method
was presented by Grima et al. [12] who re-transferred
auxetic specimens to conventional one by putting them in
acetone and then drying in air. The mentioned methods
have been modified, developed and followed by the other
researchers in filed [13,14]. Heating time, heating tempera-
ture, cell size, cell shape, and volumetric compression ratio
have been referred as the most effective parameters, in
almost all reports contributed to the manufacturing
process of auxetic foams [11,15–20]. Hence, the other
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Fig. 1. Geometrical specification of unit cells.
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researches in the term of auxeticity are more or less focused
on the mentioned parameters to improve the fabrication
process of auxetic materials [21–25].

Impact resistance and energy absorption of auxetic
structures is also an attractive issue that researchers have
been paying much attention to [26–28]. Reid and Peng [29]
developed the one-dimensional shock theory evaluating the
aspects of a crushing front through the wood subjected to
the uniaxial impact. Ruan et al. [30] employed finite
element analysis (FEA) to study the efficacy of impact
speed and wall thickness of cell on the localized deforma-
tion state and plateau stress. The effect of cell-wall angles
on the dynamic collision reaction of a re-entrant honey-
comb structure was investigated by Zhang et al. [31]. It
was realized that enhancing in the impact speed, cell angle
and relative density leads to increasing the crashworthiness
capability of the auxetic structure. A similar research on
hexagonal cellular structure has been conducted by Hu and
his colleagues [32], where it was shown that a honeycomb
with a cell angle of 45° has the best energy absorption
performance subjected to the impact force. Three different
deformation patterns under impact loading of cellular
structures were discussed by Zou et al. [33]. Based on the
collapsing mechanism of hexagonal honeycomb structures,
an analytical formulation for the energy absorption ability
was derived by Hu et al. [34]. They later developed an
analytical model validated by the simulations to anticipate
the crashworthiness of hexagonal honeycombs under low
impact loading [35].
To exhibit the auxetic property, auxetic materials
should possess substantial porosity in their microstructures
[1]. So, geometric complexity and porosity in these
structures under numerical study make their analysis
cumbersome. In terms of finite element work, previous
studies in this area show that numerical simulation of
energy absorption of auxetic materials especially in three-
dimensional re-entrant structures is still limited and
sparse, thus needing further development [36]. In the
present study, finite element approach and experimental
method are employed to calculate energy absorption and
impact resistance of auxetic and conventional unit cells.
After discovering the best energy absorber unit cells, they
used to provide a cellular auxetic structure. These
structures aremodeled through the finite element approach
to the energy absorption and impact resistance.

2 Geometrical specifications of conventional
and auxetic unit cells

In this paper, several auxetic re-entrant cells with different
shapes are investigated in the case of energy absorption
application. An experimental method and finite element
approach are employed for different geometrical specifica-
tions of the mentioned unit cells to obtain the energy
absorption capability. Also, some conventional unit cells
are modeled to compare their energy absorption capability
with the auxetic unit cells. Figure 1 and Table 1 show the
shapes and geometrical parameter values of the modeled
unit cells, respectively.

3 Experimental procedures

Fabrication process and experimental procedure are
explained in this section. The energy absorption of different
unit cells under quasi-static loading is experimentally
determined.

3.1 Materials and fabrication process

Acrylonitrile Butadiene Styrene (ABS) which is a common
thermoplastic material was selected to make the unit cells
due to availability and ease of production process. The
most momentous specifications of ABS are toughness and
impact resistance.

Different unit cells were first fabricated by using 3D
printing machine. Figure 2 shows different shapes of the
fabricated structures.
3.2 Experiments

Quasi-static compression test on the unit cells was done by
using a SATEC universal testing machine as shown in
Figure 3. Each experiment encompassed 5 samples and the
average of the results was applied for the energy absorption
evaluation.The rate of loadingwas adjusted to 1.5mm/min.

Compressive load–compressive extension curves of the
unit cells achieved from experiments were used to calculate
the elasticity modulus and energy absorption capacity of



Table 1. Geometrical parameter values of the unit cells.

Code Figure number Type of unit cell Geometrical specifications (length (mm))

A1 Figure 1a Auxetic L1 ¼ L3 ¼ 17:95;L2 ¼ L4 ¼ 21;L5 ¼ 4:5;L6 ¼ 8:2
A1 ¼ A3 ¼ A5 ¼ A6 ¼ 31;A2 ¼ A4 ¼ 47
I1 ¼ I3 ¼ I5 ¼ I6 ¼ 48:09; I2 ¼ I4 ¼ 512:66;
u ¼ 75:40

C1 Figure 1b Conventional L1 ¼ L3 ¼ 17:95;L2 ¼ L4 ¼ 21;L5 ¼ 4:5;L6 ¼ 8:2
A1 ¼ A3 ¼ A5 ¼ A6 ¼ 31;A2 ¼ A4 ¼ 47
I1 ¼ I3 ¼ I5 ¼ I6 ¼ 48:09; I2 ¼ I4 ¼ 386:63
u ¼ �75:40

A2 Figure 1c Auxetic L1 ¼ 15;L2 ¼ 42;L3 ¼ 15:28;L4 ¼ 6
A1 ¼ 14:6;A2 ¼ A3 ¼ A4 ¼ 7:34
I1 ¼ 27; I2 ¼ I3 ¼ I4 ¼ 4:37
u ¼ 67:50

C2 Figure 1d Conventional L1 ¼ 15;L2 ¼ 42;L3 ¼ 15:28;L4 ¼ 6
A1 ¼ 14:6;A2 ¼ A3 ¼ A4 ¼ 7:34
I1 ¼ 27; I2 ¼ I3 ¼ I4 ¼ 4:37
u ¼ �67:50

A3 Figure 1e Auxetic L1 ¼ 41:2;L2 ¼ 14;L3 ¼ 16:5;L4 ¼ 13:8
A1 ¼ A2 ¼ A3 ¼ 48;A4 ¼ 96
I1 ¼ I2 ¼ I3 ¼ 383:25; I4 ¼ 728:21
u1 ¼ 72:80; u2 ¼ 47:10

A5 Figure 1a Auxetic L1 ¼ 16:7;L2 ¼ 24:14;L3 ¼ 25:32;L4 ¼ 24:45;L5 ¼ 7;L6 ¼ 7:27
A1 ¼ A2 ¼ A3 ¼ A4 ¼ 69;A5 ¼ A6 ¼ 57
I1 ¼ I2 ¼ I3 ¼ I4 ¼ 216; I5 ¼ I6 ¼ 113
u ¼ 74:20

A6 Figure 1c Auxetic L1 ¼ 3:94;L2 ¼ 14;L3 ¼ 8:2;L4 ¼ 4:5
A1 ¼ 14;A2 ¼ A3 ¼ A4 ¼ 24
I1 ¼ 13:25; I2 ¼ I3 ¼ I4 ¼ 47:53
u ¼ 42:10

A7 Figure 1e Auxetic L1 ¼ 38;L2 ¼ 16:21;L3 ¼ 13:8;L4 ¼ 12:67
A1 ¼ A3 ¼ A4 ¼ 23:5; A2 ¼ 47
I1 ¼ I3 ¼ I4 ¼ 54:71; I2 ¼ 463:5;
u1 ¼ 73:80; u2 ¼ 57:30

A8 Figure 1a Auxetic L1 ¼ 17:27;L2 ¼ 15:83;L3 ¼ 33:4;L4 ¼ 36:25;L5 ¼ 7;L6 ¼ 7:5
A1 ¼ A2 ¼ A3 ¼ A4 ¼ A5 ¼ 69;A6 ¼ 128
I1 ¼ I2 ¼ I3 ¼ I4 ¼ I5 ¼ 231; I6 ¼ 1623
u ¼ 630:
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unit cells. An example of these curves is plotted in Figure 4
for unit cell A2.

Elastic modulus and energy absorption of each type of
unit cells were calculated using the following equations [37]:

E ¼ s

e
¼ PL

Ad
; ð1Þ
Ut ¼ 1

2
Pd ¼ P 2L

2AE
; ð2Þ

where, P, L, A and d are compression load, height of
the unit cell, the area perpendicular to the loading
direction and compression value of the structure,
respectively.



Fig. 3. a: High speed camera model phan. V710; b: 3D auxetic model; c: quasi-static compression test.

Fig. 2. Some of the structures fabricated by 3D printing machine.

Fig. 4. Load-displacement curve of unit cell A2.

Fig. 5. A FE model of unit cells.
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4 Finite element simulations

General conditions of numerical simulation are as follows.
Computer simulations were carried out on the unit cells
employing the nonlinear finite element (FE) software
ABAQUS/Explicit. Models of the unit cells were meshed
using hexahedral elements with 8 nodes (C3D8R). After
convergence, element sizes of 0.5mm for the unit cells were
determined to obtain acceptable responses. The jaws of
universal testing machine were modeled using a rigid body.
Surface-to-surface contact was employed to define the
contact condition between the jaws and the materials. The
lower jaw was constant and the upper one moved
downward with the speed of 1.5mm/min as same as
experiments. Similar boundary conditions to experiments
were exerted to all FE simulations utilizing a couple of
reference points i.e. the lower jaw was fixed in all degrees of
freedom and the upper one was allowed to move along
loading direction.

The FE study includes two parts: simulation of a unit
cell and then extending the unit cell to an auxetic structure
for investigation the energy absorption and impact
resistance capabilities.

4.1 Unit cell simulation

Since the behavior of ABS is completely brittle, just the
elastic part of its mechanical property was used to conduct
the FE simulation. The isotropic elastic model was used to
simulate the unit cells. Figure 5 shows a FE model of a unit
cell sample.



Fig. 6. Finite element models of different samples of cellular auxetic structures.
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4.2 Simulation of cellular auxetic structures

Best auxetic unit cells based on their energy absorption
capability were selected to extend for providing a cellular
auxetic structure. The geometry of these structures is cubic
consisting of 64 unit cells. Geometry parameters values of
unit cells are shown in Table 1. Finite element models of
different samples of cellular auxetic structures are shown in
Figure 6.
FE simulations were carried out for different cellular
auxetic structures to obtain energy absorption capability.
Mechanical properties of AISI 1052 steel were used for
modeling the cellular auxetic structures. This material is
ductile and thus plastic behavior observation of structures
under loading is suitably possible. It is worthwhile to
mention that using this material for modeling is only for
comparative study of energy absorption capability of
different geometries. The isotropic plasticity model was



Fig. 7. Energy absorption capability (mJ/cm3) of different unit
cells.
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used to model the structures. The plastic hardening
behavior of the structures was determined using equations
(3) and (4) and data obtained from Carsi’s research [38].

sT ¼ sEð1þ eEÞ; ð3Þ

eT ¼ lnð1þ eEÞ � sT

E
; ð4Þ

where sE and sT are engineering and true stresses,
respectively. Similarly, eE and eT are engineering and true
plastic strains.

Quasi-static and dynamic loading were conducted for
all structures. The quasi-static simulations were performed
under the conditions described in the first paragraph of
Section 4. In dynamic analysis, impactor was modeled by a
rigid plate with a reference point. The mass and moment of
inertia of the impactor were defined in the reference point
to compare the specific energy absorption (SEA) of
different structures. In order to compare the energy
absorption of different structures in quasi-static analysis,
the compression of each structure should be proportional to
the height of the structure. Also, for dynamic loading, the
mass of impactor should be proportional to the mass of the
structure. In here, themass of the impactor is the samewith
that of cellular auxetic structures. The velocity of the
impactor is the same for all dynamic analyses with the
value of 5m/s. Surface-to-surface contact was used for
contact between the rigid plates and top or bottom of the
structures. Self-contact was also used for the structure
itself. Explicit dynamic solver was used for simulation.

5 Results and discussion

5.1 Energy absorption performance of auxetic and
conventional unit cells

Energy absorption capability of the conventional and
auxetic unit cells achieved from experiments and FE
simulations have been plotted and compared in Figure 7.
Based on Table 1, this comparison has been carried out
between unit cells A1, A2 and C1, C2 which are auxetic and
conventional unit cells, respectively.

By referring to Figure 7, it is noteworthy that the FE
results are always slightly lower than the experimental
results. This common discrepancy between these two
results may happen due to the elastic modeling of the FE
simulations in which, the effect of hardening behavior has
been neglected. Nevertheless, the FE and experimental
results indicate a good agreement. Concerning the energy
absorption capability, it is obvious that the unit cells A1
and A2 are advantageous over the other configurations in
C1 and C2. The main reason for increasing energy
absorption capacity may attribute to the changing the
shape of unit cells from conventional to auxetic. This
structure variation leads to obtain the NPR. Previous most
cited studies [2,39,40] showed that in parallel to increasing
in NPR, the indentation resistance and toughness are
enhanced remarkably. Thus, it is evident that the auxetic
unit cells have better ability to absorb energy when
subjected to the uniaxial loading.

5.2 Energy absorption performance of cellular auxetic
structures

From Section 5.1, concerning the energy absorption
capacity, it is obvious that the auxetic unit cells are more
advantageous compared to their conventional configura-
tions. Therefore, some auxetic unit cells presented in
Table 1 were selected to extend for providing a cellular
auxetic structure. Different geometrical specification and
FE samples of these cellular auxetic structures have been
shown in Table 2. Also, a simple code was assigned to each
structure which can be observed in the last column of this
table.

Figure 8 shows the deformation modes of different
cellular auxetic structures numerically. In addition,
load–displacement curves of the samples achieved from
the FE simulations have been plotted and compared in
Figure 9. There are several indicators to estimate the
energy absorption capability of a structure during the
collapse. In present study, peak force (Pmax), energy
absorption (EA) and specific energy absorption (SEA)
are the indicators which are employed for measuring the
energy absorption capability [2]. The Pmax determines
the load required to commence collapse and to initiate
the energy absorption process. Energy absorption (EA) is
a criterion to demonstrate the stable limit of a structure
and assist to compare among different structures.
During uniaxial compression, the EA is calculated via
equation (5):

EAðdÞ ¼ ∫d0FðdÞdd; ð5Þ
where d and d are the crushing distance and displacement
respectively and F denotes the crushing force. The
absorbed energy per unit mass of a structure (m) which
is called SEA is determined as equation (6):

SEA ¼ EA

m
: ð6Þ

The values of all energy absorption indictors utilized in
this research are tabulated in Table 3. Also, for better
comparison, the FE results of EA and SEA for both quasi-
static and dynamic loadings are displayed in Figure 10.



Table 2. Different geometrical specification and FE samples of cellular auxetic structures.

Unit cell code 

(Table 1) 

Geometrical specification of 

cellular auxetic structure 

FE sample of cellular 

auxetic structure 

Code of 

cellular auxetic 

structure

 
A1

CAS1

A6

CAS6

A7

CAS7

A8

CAS8
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Impact resistance of the structures of the structures is
defined as the average value of the force transmitted to the
foundation during the impact. This parameter is shown in
Figure 11.

From Figure 9 and Table 3, the initial Pmax of all
strauctures for dynamic loading are much more than those
of quasi-static loading. This can be justified by tracing the
impactor location in dynamic loading state. In fact, the
load is dropped because the impactor is separated from the
structures.

Table 3 and Figure 9a indicate that for CAS1, the first
Pmax was around 200 kN. After very small drop, the strain
hardening was happened until around 20mm of crush
lenght. At this specific point, the load increases dramati-
cally due to increasing the cross section of the structure,
resulting in second Pmax at 25mm. Then after, the
degradation of material is occurred. Figure 9b shows that
the first Pmax was around 250 kN, responding to 0.1mm
and approximately this number was remained at the
certain level until 2.5mm. From Figure 9c and Table 3, for
CAS6, the Pmax is 300 kN. At around 34mm displacement,
the load increases dramatically due to increasing the cross
section of the structure. The second peak load was
happened late compared to the previous structure. The
reason is the more space between the cells. Likewise, in
Figure 9d, load drop can be observed. This means that
compared with the CAS1, this structure is weaker
for dynamic loading. Based on Figure 9e and Table 3,
for CAS7, the first Pmax was happened quite late, at around
4mm. The reason is the geometry of the structure and the
space between the unit cells. The effect of this type of
geometry also can be observed in Figure 9d in which, the



Fig. 8. Deformation modes of different structures under quasi-static and dynamic loadings.
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Pmax load is dropped suddenly. By referring to the
Figures 9a and 9b and comparing with Figures 9g and
9h, it can be realized that, since the geometry
of CAS8 is somehow similar to CAS1, their load-
displacement curves are similar. Figure 9g indicates that
for CAS8, the first Pmax was around 300 kN. For dynamic
loading, this value is 600 kN as shown in Figure 9h.
From Figure 10a, concerning the energy absorption
capacity, it is obvious that the CAS8 and CAS1 are
advantageous over the other configurations cellular auxetic
structures presented in this study for both quasi-static and
dynamic loadings. It can be attributed to the geometry of
unit cells that these structures made by repeating them in
the space. Also, the empty spaces between the unit cells in



Fig. 9. Numerical load-displacement curves for different structures.
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these structures are lower than the those in the CAS6 and
CAS7. As a result, the structure becomes more dense
causing to enhance the EA capacity.

In Figure 10b, it is noted that the SEA of CAS1 is
greater than the other configurations. It can also be
highlighted that the SEA of CAS7 is closed to CAS1 and
CAS8, while the EA of CAS1 was lower than that of CAS6
and CAS8, i.e., considering the mass of structure, the more
absorbed energy was obtained for a given deformation.
Also, it can be seen from Figure 11 that impact resistance
of CAS7 and CAS6 are the greatest and lowest values
among the configurations, respectively.



Table 3. FE results from quasi-static and dynamic compressed structures.

Samples Mass (kg) Quasi-static loading Dynamic loading

P1max (kN) EA (kJ) SEA (kJ/kg) P1max (kN) EA (kJ) SEA (kJ/kg)

CAS1 3.83 217 2.943 0.774 247 0.596 0.134
CAS6 8.60 314 0.342 0.039 624 0.214 0.024
CAS7 0.52 69.5 0.367 0.571 95 0.286 0.427
CAS8 10.41 298 6.931 0.721 596 1.283 0.124

Fig. 10. Comparison between the EA and SEA of structures, a: quasi-static; b: dynamic loading.

Fig. 11. Comparison between impact resistance of different
auxetic structures for dynamic loading.
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6 Conclusions

In this paper, the energy absorption of different cellular
auxetic structures namely CAS1, CAS6, CAS7 and CAS8
under quasi-static and dynamic loadings condition was
numerically studied. Prior to this part, the effect of using
conventional and auxetic unit cells for providing the
mentioned energy absorber structures was experimentally
and numerically investigated. It shows a good agreement
between the experiment results and simulation outcomes. A
comparisonbetween the results showed that the auxetic unit
cells have greater EA in comparison with the conventional
ones. So, these types of unit cells were selected to provide the
energy absorber structures. In the case of cellular auxetic
structures, comparison between the results revealed that the
CAS8 has greater EA in the other structures. On the other
hand, when SEA is considered, the CAS7 shows good
application intheareaof energyabsorptionbecause it ismore
lightweightcomparedtotheother structures.This studyhas
focused on the effect of using auxetic unit cells to make the
energy absorber structures. Parametric study of geometrical
specifications of auxetic unit cells for evaluation of energy
absorption capability further can be implemented in the
future work. The present outcomes of this paper may be of
high interest to those engineers who intend to utilize the
auxetic foam in their impact resistance design.
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