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ABSTRACT. Auxetic structures, which is a term used to describe materials with a negative Poisson’s
ratio, show beneficial properties like a low density, a high energy absorption capacity and an increased
indentation resistance. This enables applications in many fields, such as aerospace and sports industries.
Given their potential, many studies have already been conducted. Previously, the geometry of a selected
auxetic re-entrant structure was optimized to maximize its mass-specific energy absorption capacity
for ideal usage in lightweight applications. Moreover, a homogeneous material was used, whereas
the combination of multiple materials could drastically increase the performance of such structures.
Hence, in this study the use of two different materials combined into a modified re-entrant structure is
investigated via Finite Element simulation. The Poisson’s ratio could thus be improved, which leads to

a more pronounced and longer lasting auxetic effect.
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1. INTRODUCTION

Auxetic materials are defined by a negative Poisson’s
ratio v, which describes the change in volume from the
negative ratio between the transversal strain ¢; and
the longitudinal strain ¢; under uniaxial loading [IJ.
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The deformation behavior is shown schematically
in Figure [I] for an auxetic and a non-auxetic material
under uniaxial tension as well as uniaxial compression.
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FIGURE 1. Deformation behavior of auxetic and non-
auxetic structures under uniaxial loading.

Additionally, auxetic materials have several advan-
tages over conventional materials, making them cen-
tral to many current research projects [2, B]. These
include an increased thermal shock resistance [4], a
higher fracture toughness [5], an increased penetra-
tion resistance [6] 7], a high volume-specific energy
dissipation [8] and a low density, enabling applications
in many fields, such as ballistic and explosion protec-
tion, as energy absorbers, or in lightweight construc-

12

a)

|F

FIGURE 2. 2D auxetic re-entrant structure in a) non-
deformed and b) deformed stage.

tion [0 10]. Other applications include piezoelectric
composites, medical applications such as stents and
bandages, and sports applications through reduced
impact forces and friction [10] [1T].

Several classes of auxetic structures can be distin-
guished. Starting with two-dimensional (2D) struc-
tures and the most widespread class, the re-entrant
structure [2, [12]. The deformation mechanism of the
re-entrant structure is relatively simple to understand
and is shown schematically in Figure These, as
well as other 2D structures, are easily expandable into
the third dimension and exhibit unidirectional auxetic
behavior [2, [13]. By applying a load, the struts of
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FIGURE 3. Unit cell of a modified auxetic re-entrant structure.

the structures rotate, stretch and bend, resulting in
a lateral volume increase and thus auxetic behavior
2 14} 15].

Some of these characteristics could be improved
even further by the utilization of a non-homogeneous
material for the auxetic structure, since the targeted
use of varying stiffnesses for different structural com-
ponents is expected to have an impact onto the defor-
mation and thus the Poisson’s ratio.

2. MATERIALS AND METHODS

2.1. GEOMETRY

The studied structure is a three dimensional re-entrant
structure, which has been modified in order to max-
imze its mass-specific energy absorption capacity for
ideal usage in lightweight construction by Bronder
et al. [9]. Through the modification, an additional
half strut was introduced to the re-entrant geometry.
Figure [3] shows the different structural parameters
that have been optimized.

The optimized values of these geometric parameters
are shown in Table[Il

Structural Optimized
parameter value

Rpore 7.29 mm
Wawaist 0.56 mm
hstrut 1.66 mm
Wstrut 0.78 mm
a 65.61 A

TABLE 1. Optimized geometry parameters for the
modified auxetic re-entrant structure [9].

For the analysis, a total of 27 (3 x 3 x 3) unit cells
were used. This enables one unit cell in the center of
the structure to be mostly unaffected by boundary
effects, whilst still keeping the necessary time for each
simulation manageable.

2.2. MATERIALS

In order to further improve upon this structure, an ef-
fort has been made to move away from a homogeneous
material and instead introduce materials with a dis-
tinct variation in terms of their stiffness. For that pur-
pose, the horizontal struts where set to be austenitic
and the vertical struts were assigned a martensitic
material model thus still avoiding major discrepancies
in density and composition by sticking to different
variants of steel. The martensitic struts are intro-
duced in order to avoid bending of the outer struts
which would limit the overall auxetic effect and thus
resulting in a lower Poisson’s ratio. Hence this bend-
ing is avoided by utilizing a material with a relatively
high stiffness. However, since the austenitic parts
have a lower stiffness than the martensitic parts, it is
expected, that the horizontal struts can still flex and
hinge in order to get auxetic deformation in the first
place, hence leading to a more pronounced auxetic
effect when compared to a similar structure with a
homogeneous material.

2.3. SIMULATIONS

All simulations were done using the Finite Ele-
ment software ABAQUS® (Dassault Systémes, Velizy-
Villacoublay, France). Both materials were assigned
an isotropic, elastic-plastic material model. The ma-
terial data of each bulk material is shown in Table

Parameter Value

EAustenite 220 MPa
EMartensite 210 MPa

P Austenite 7.9 g Cmig
PMartensite 7.8 g Cm_3
VAustenite 0.300
VMartensite 0.283

TABLE 2. Material data of the bulk materials for
austenite and martensite, including the Young’s mod-
uli E, the densities p and the Poisson’s ratios v.
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Furthermore, for both austenite and martensite, a
ductile damage model was introduced with an equiva-
lent plastic strain at the onset of damage of 0.3 and
0.01 respectively. The loading was applied by sub-
jecting a rigid body plate to displacement-controlled
compression, which was coupled to the structure via a
general contact. A hard contact was defined between
the two plates and the auxetic structure in the nor-
mal direction, which means that the surfaces of the
structure and the two plates cannot be penetrated.
In the tangential direction, a friction coefficient of 0.1
was defined [16]. In order to evaluate the Poisson’s
ratio, the longitudinal and the transversal strain were
measured. The longitudinal strain was taken from
the load point and the transversal strain was taken
from the average strain of the nodes within the cor-
ners of the outer unit cells of the middle layer of the
structure. The Poisson’s ratio was also evaluated in
both principal planes perpendicular to the load axis,
however, given the symmetric nature of the structure
and the uniaxial loading conditions, both lead to the
same results. Hence, from this point onward the Pois-
son’s ratio will only be shown for one principal plane.
The loading conditions as well as the nodes used for
evaluation are shown in Figure [dl In order to achieve
a sufficient accuracy during the simulations, the mesh
was found to require at least two elements across the
width of one strut. Hence, the mesh size was set to
be half of the width of a strut. Furthermore, modified
quadratic tetrahedral elements (C3D10M) were used
for the mesh in order to achieve an improved contact
properties and good performance over the complete
range of deformation [16].

lu upper plate

auxetic re-entrant
structure

lower plate

FIGURE 4. Loading conditions for the compressive load
applied to the modified auxetic re-entrant structure
with the highlighted nodes (red) being used to evaluate
the Poisson’s ratio.

For the purpose of studying the effect of introduc-
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ing multiple materials for the same structure, quasi-
static simulations were performed for a homogeneous
austenitic structure, a homogeneous martensitic struc-
ture as well as the combined multimaterial structure.
The unit cells of each structure is shown in Figure

All Austenite All Martensite

I Austenite
[ Martensite

Multimaterial

FIGURE 5. Unit cells of the multimaterial, homoge-
neous austenitic and homogeneous martensitic struc-
ture.

3. RESULTS

In order to evaluate the auxetic behavior of the dif-
ferent structures, the Poisson’s ratio will serve as the
decisive parameter. Hence, the strain along the com-
pressive load axis will be evaluated as the longitudinal
strain €rongitudinal and the strain perpendicular to
the load axis as the transversal strain e7,qnsversal i
order to calculate the Poisson’s ratios according to
Equation |1} Thus, an increase in the negative amount
of the Poisson’s ratio correlates to a more pronounced
auxetic effect and as such an increased performance.
The Poisson’s ratios for each of the different structures
are shown up until 12 % strain in Figure [6]
Immediately, a difference between the three struc-
tures can be noticed, solely based on their material
combination. Whilst the homogeneous martensitic
structure shows barely any auxetic deformation, the
other two structures show promising results. The
reason for the martensitic structure showing barely
any auxetic deformation is based on the very high
stiffness of the material. Since it is necessary for aux-
etic structures to flex and bend certain parts, the
high stiffness counteracts this deformation. Addition-
ally, failure occurs at a very low strain, also resulting
in an attenuation of the auxetic effect. Hence, the
homogeneous austenitic structure shows a stronger
auxetic effect because of its increased ductility and
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FIGURE 6. Poisson’s ratio of the modified auxetic re-entrant structure for the homogeneous austenitic (All Austenite),
homogeneous martensitic (All Martensite) and combined multimaterial (Multimaterial) structure.

the ability to bend certain parts of the structure due
However, the most promising
results in terms of the Poisson’s ratio are shown by
the combined multimaterial structure. The combina-
tion of both materials leads to less buckling of the
outer struts due to the martensitic parts, whilst still
allowing for enough ductile deformation and bending
caused by the horizontal austenitic struts.

to a lower stiffness.

The Poisson’s ratios of each structure at different
strain points, according to Figure [ are shown in
Table 3l An increase of roughly 50 % in terms of the
negative amount of the average Poisson’s ratio can
be noticed from the homogeneous austenitic struc-
ture to the multimaterial structure. This significant
improvement could already be achieved without op-
timizing the materials used for the model. Utilizing
carefully selected materials with varying stiffness can

certainly help to improve the performance of complex
auxetic structures and make them more suitable for
application.

Material setup Poisson’s ratio [-]

O -0.112

All Austenite

® -0.109
All Martensite @O -0.007
@ -0.011
Multimaterial O -0.183
@ -0.157

TABLE 3. Poisson’s ratios of the modified auxetic
structure for different material setups.
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4. CONCLUSION

First steps have been made towards the improvement
of a selected auxetic structure by introducing multiple
materials to an auxetic structure. Hence, austenitic
and martensitic parts were introduced to a modified
auxetic re-entrant structure, whereby martensite has
a significantly higher stiffness than austenite thus
avoiding buckling of the outer struts. However, the
austenitic parts still allow for flexure to get auxetic
deformation in the first place. Thus, the deforma-
tion behavior of these structures has been analyzed
and the impact of different geometry parameters on
the Poisson’s ratio has been studied. It was shown,
that the use of selected combinations of materials
within the same structure can lead to serious improve-
ments in the overall deformation behavior, and as such
the Poisson’s ratio, but also the application-oriented
performance. In the future, it will be necessary to
fabricate samples in order to compare the results from
the simulations to actual experiments.
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