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1. Introduction

Auxetic structures are a subclass of mechanical metamaterials
with the governing property of a negative Poisson’s ratio.
Therefore, such materials expand laterally to the tensile direc-
tion.[1] Other properties derived from this, are an increased ther-
mal shock resistance,[2] a higher fracture toughness,[3,4] and
indentation resistance.[5–7] Hence, auxetic materials are suitable
for ballistic and blast protection[8–11] or as crash absorbers due to
increased energy dissipation.[12,13] For those applications, the

dynamic loading case is of special inter-
est[14–16] as well as a lightweight approach
through truss structures[17] or hybrid mate-
rials. Bronder et al.[18] electrochemically
coated a printed polymeric auxetic structure
with a thin layer of nickel and were able to
improve properties such as plastic collapse
stress (PCS) or plateau stress and thus also
the energy absorption capacity.

Additional applications of auxetics are
press-fit fasteners,[19] stents, arterial prosthe-
sis,[20] or sport-protective equipment.[21]

Also, fiber-reinforced composites make
use of the auxetic effect, either through a
suitable stacking sequence of the fiber
layers,[22,23] thereby increasing the low-
velocity impact resistance and showing a
more localized initial damage,[24] or with
auxetic fibers inside the polymer matrix,[25]

which increases the fiber pull-out resistance.
Both variants counteract the two common
failure mechanisms of composite materials.

Even though mechanical metamaterials
are designed, artificial materials, the aux-

etic effect can also be found in nature, for example, in some cubic
crystal lattices[26] or some forms of skin.[27–29] The first manufac-
tured auxetic foam, however, was produced by Lakes et al.[6]

Through triaxial compression in combination with heating, they
were able to convert a conventional polyurethane foam to an aux-
etic one. Thereby, they marked a starting point for the investiga-
tion of auxetic materials to exploit their high tailoring potential.
Today, auxetics have been developed across all material classes
and sizes, even down to a molecular level.[30]

How the microstructure for auxetic behavior works is easiest
explained for a 2D case (Figure 1). Almgren[31] was the first to
describe the re-entrant honeycomb structure as a possibility to dis-
play a negative Poisson’s ratio. Also rotating rigid bodies[32] with
connecting hinges at their corners, such as rectangles, triangles,
and so on, are a possibility to achieve an auxetic effect. More recent
microstructures with auxetic properties are chiral lattices[33–36] or
double-arrowhead structures[37] (Figure 1b). To enhance the energy
absorption capacity of the auxetics, an additional half strut can be
added in the middle of the unit cell.[38] This increases the stability
after initial deformation as well as preserves the auxetic effect and
its benefits, thus creating a multifunctional auxetic structure appli-
cable to many crash absorber and protection devices.

With the improvement of additive manufacturing (AM) capa-
bilities, complex structures are much easier to produce and test.
Selective laser melting (SLM), developed in 1998,[39] is a possi-
bility to manufacture 3D structures out of metal. SLM is a powder
bed fusion process with a laser as power source, where selected
regions of metal powder are melted down and thereby fused
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The increasing demands of safety, cost reduction, or weight reduction on
components call for new, multifunctional materials. Mechanical metamaterials,
such as auxetic materials, provide enhanced properties due to a specially tailored
microstructure. The negative Poisson’s ratio of auxetics, for instance, increases
the impact and thermal shock resistance. Herein, a parametrized model of a
modified auxetic structure is simulated using the finite-element software
ABAQUS. Three out of five geometry parameters are varied between a minimum
and maximum value to establish their impact on the energy absorption capacity
and the Poisson’s ratio using design of experiment (DoE). All eight resulting
structures are additively manufactured by selective laser melting (SLM) and
experimentally investigated under uniaxial compression to validate the simula-
tions. The size of a unit cell has the biggest impact on both target values. Energy
absorption capacity and Poisson’s ratio are directly competing in optimization;
hence, a compromise is necessary. The quasistatic compression experiments
verify the simulation results up to the first collapse. Afterward, the specimens are
brittle, which is not accounted for in the simulations, and this may result from the
high process complexity of SLM manufacturing.
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together. The 3D model of the product is usually created with a
computer-aided design (CAD) software and exported to a surface
tessellation language (STL) file, through approximation of the
surface with triangles. 2D slices are then created from the 3D
model and sent to the AM device to produce the specimen.[40]

For use in lightweight construction, all specimens of this con-
tribution were produced with SLM out of aluminum, which is
one of the less-commonly used powder metals. The main
research is done on iron, titanium, and nickel as those have wide-
spread applications.[41] The usual layer resolution of the SLM pro-
cess ranges from 20 to 100 μm,[41] which is not as good as the
resolution for, for example, polyjet printing.[42] However, SLM
produces many fabrication defects, leading to a weakening of
the product.[43–45] For more detailed information on the SLM pro-
cess, the reader is referred to the literature.[41]

All specimens of this contribution were evaluated with finite-
element analysis (FEA) of a parametrized model. To establish a
better understanding of the behavior in relation to the geometry
parameters by means of design of experiment (DoE), a full-
factorial testing plan was used. This testing plan reduces the
amount of experiments by mapping all possible combinations
of the parameters in a factorial space.[46] So, for example, with
three parameters varied on two levels, a cube in the factorial
space is constructed. Each of the eight edges represents a possi-
ble combination and thereby one experiment. Themain effects of
the single factors are calculated as the difference between the
mean values of the two levels. The slope of the straight line
between the two points indicates the influence magnitude of a
specific factor. To establish the interaction between single fac-
tors, the prefactors of the levels are multiplied and then averaged.
The results are two straight lines with the slope difference as a
measure for the magnitude of the interaction.

2. Experimental Section

The specimens in the present contribution were all variants of
the same parametrized unit cell (Figure 2), taken from the

literature.[38] For the factorial testing plan only waist, strut thick-
ness, and size were investigated with a constant re-entrant angle
and half strut. All variants were simulated with ABAQUS and
experimentally investigated under compressive loading conditions.

2.1. Factorial Testing Plan

To reduce the amount of specimens, only three out of five geom-
etry parameters were considered for the 23-full-factorial testing
plan, resulting in eight different parameter combinations. In fac-
torial space, this resembled a cube with one specimen on each
edge (Figure 3).

As a linear approximation was assumed, all three geometry
parameters were varied between a minimum (min) and a maxi-
mum (max) value. The respective values are shown in Table 1.
Themax values were selected because of the building space of the
SLMmachine, and those were the biggest specimens producible,
whereas the min values were the smallest sensible measures.
Smaller values would have lead to a too fragile structure and
would also have been too difficult to manufacture.

Finite element (FE) simulations and compression experi-
ments were conducted for all eight resulting microstructures.
Finally, the 23-full-factorial testing plan was evaluated regarding
the two target values energy absorption capacity and Poisson’s
ratio. The Poisson’s ratios were only calculated within the pseu-
doelastic regime before the highly nonlinear effects came into
play, to neglect the strong variations at high strain levels.

2.2. FE Simulations

Every structure was modeled using the FE software ABAQUS****
and scripted with Python for pre- and postprocessing. The simu-
lated compression experiment (Figure 4) was conducted until 33%
strain to gain a good estimate of the plateau stress but reduce
computational time.

Figure 1. 2D deformation schematics of auxetic microstructures: a) re-
entrant honeycomb and b) double arrowhead.

Figure 2. Modified auxetic unit cell with the five defined geometry
parameters.
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As there were highly nonlinear deformations, the explicit
solver was used. This, in combination with the complex structure
of the specimen, led to the usage of tetrahedral elements with a
modified formulation (C3D10M). To model the compression

experiment, the specimens were placed between two rigid plates.
One plate was fixed while the other one moved downwards like in
a real uniaxial compression experiment. An ABAQUS general
contact was used to model the contact behavior. Herein, the pure
master�slave procedure enforces contact constraints using a
penalty procedure by detecting node-into-face and edge-into-edge
penetrations. The interaction penalty was implemented as
Coulomb friction with a 0.1 friction coefficient for tangential
behavior. As a material model, a simple elastic�plastic material
model with a plastic table was used. The material data was based
on uniaxial tensile tests of SLM aluminum, manufactured in
three different orientations. A mesh study was conducted in a
previous work.[18]

2.3. Selective Laser Melting

The specimens of the tensile tests as well as the structures of the
testing plan were produced on SLM 125machine (SLM Solutions
Group AG, Lübeck, Germany). The process parameters used for
the structures are shown in Table 2. Two different types of filling
strategies were used because “total fill” yielded better
manufacturing qualities for thin struts, whereas “hatch” pro-
duced a better surface for thick struts. In particular, the speci-
mens were produce from AlSi10Mg metal powder (SLM
Solutions Group AG, Lübeck, Germany) as raw material, which
was evenly distributed on a flat substrate plate. The powder was
then exposed to a laser at defined positions, thereby melting the
laser-exposed powder particles and causing them to bond with
each other in the liquid phase. Afterward, the molten material
solidified again. The substrate plate was then lowered by the
defined layer thickness (Table 2). These three steps, powder
application�laser exposure�lowering of the plate, were con-
ducted repeatedly until the component was completely manufac-
tured. The whole process was conducted in argon atmosphere.

The specimens on the substrate plate were subjected to heat
treatment afterward. For this purpose, the specimens were kept
in the oven at 300 �C for 2 h and then cooled naturally.
Thereafter, the specimens were separated from the substrate
plate and support structures were removed manually due to
the complex structure. Then, the specimens were cleaned in
an ultrasonic bath to get rid of all the remaining powder particles

Table 1. Minimum and maximum values for the geometry parameters
varied within the full-factorial testing plan.

Waist [mm] Strut thickness [mm] Size [mm]

Min (�1) 0.5 0.5 7

Max (1) 1.5 1.5 20

Figure 4. Simulation setup for the compression experiments with bound-
ary conditions.

Table 2. Process parameters for the SLM manufacturing process; “hatch”
means stripes as fill pattern; and “total fill”means a circular fill pattern for
the slices.

Process parameter [unit] Value

Laser wavelength [nm] 1064

Laser power [W] 250

Scan speed [mm s�1] 2000

Layer thickness [μm] 30

Laser hatch distance [mm] 0.114

Scanning strategy:

Strut thickness 1.5 mm “hatch”

Strut thickness 0.5 mm “total fill”

Figure 3. All eight resulting unit cells for the variations of the three geom-
etry parameters in factorial space.
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and made ready for the compression experiments (Figure 5). The
measures of the specimens are shown in Table 3.

2.4. Uniaxial Experiments

All compression (structures) and tensile (dog-bone, dimensions
(L [mm]�W [mm]� T [mm]) 40� 5� 2.5) experiments were
conducted using the universal testing machine ElectroPuls
E10000 (Ltd. Instron, Pfungstand, Germany) with a strain rate
of 0.003 s�1. For an evaluation with digital image correlation
(DIC), all experiments were observed with two 9 megapixels
charged coupled device (CCD) cameras (Manta G-917B,
Allied Visions Technologies GmbH, Puchheim, Germany).
Also, all specimens were primed white and an irregular, black
speckled pattern was applied for the DIC. The frame rate of the
two cameras was coupled to the testing machine to trigger an
image at every 0.5% strain. The commercial software
ISTRA4D**** (Dantec Dynamics, Skovlunde, Denmark) was
used to conduct DIC.

3. Results

3.1. SLM Aluminum Tensile Tests

The preceding tensile tests on SLM aluminum from the same
SLMmachine as all other specimens were conducted to calibrate
the material model for the FE simulations. From the stress�-
strain diagrams (Figure 6), a mean Young’s modulus of
62.27 GPa was measured. The plastic region was approximated
with 20 points as a plastic table, extracted from the stress�strain
diagram with ABAQUS. 0�, 45�, and 90� denote the angles
between the substrate plate of the SLM machine and the length
axis of the dog-bone specimens. The specimens which were flat
on the substrate plate (0�) are more brittle and have a lower elas-
tic limit than the other twomanufacturing directions. Within one
production batch, the deviation is extremely small. All specimens
are flat tensile specimens according to DIN EN ISO 6892-1.[47]

The behavior during tension is similar for all three variants of
the specimens. Figure 7 shows the tensile deformation exem-
plary for a 0�-dog-bone specimen measured with DIC. There
is a uniform strain over the entire specimen regardless of the
angle between specimen length axis and substrate plate of the
SLM device.

3.2. Simulation

The FE simulations yield the stress�strain behavior for the eight
different parameter sets of the factorial testing plan (Figure 8).
Within the geometry space, a wide stress�strain relation range
is covered. For an optimization of the energy absorption capacity,
the area beneath the curves is calculated. Also for lightweight
purposes the energy absorption capacity results are normalized
on the total mass of the model. All results are shown in Table 4.
As the aim is to achieve a good compromise between energy
absorption capacity and Poisson’s ratio, a small structure with

Figure 5. SLM-manufactured specimens for all geometry parameter sets.
1 and �1 denote the max. and min. value of the three geometry param-
eters waist, strut thickness, and size, respectively, as shown in Figure 3
(left: small structures and right: corresponding large structure).

Table 3. Mean size and mass of the manufactured specimens per type.

Waist
[mm]

Strut thickness
[mm]

Size
[mm]

Length
[mm]

Width
[mm]

Height
[mm]

Mass
[g]

Small 0.5 0.5 7 22.3 22.4 33.4 3.85

1.5 0.5 7 24.0 24.1 34.5 17.36

1.5 1.5 7 24.2 24.5 34.3 26.93

0.5 1.5 7 24.2 24.6 34.5 14.66

Large 0.5 0.5 20 61.6 61.7 94.1 11.27

1.5 0.5 20 63.0 63.1 93.3 48.55

1.5 1.5 20 63.4 63.5 93.3 97.82

0.5 1.5 20 63.2 63.7 95.2 42.89

Figure 6. Stress�strain diagrams of SLM flat dog-bone tensile specimens.
0�, 45�, and 90� are the angles between specimen length axis and sub-
strate plate of the SLM device.
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waist struts yields the best result (Table 4 green). In addition, a
wide range of possible Poisson’s ratios is achievable within the
geometry space. While the large structures yield very low specific
energy absorption capacities, they all display a high auxetic effect.
In contrast, the small structures provide a significantly higher
energy absorption capacity.

From the evaluation of the simulations, the effects of each
geometry parameter on the two target values of the factorial test-
ing plan can be approximated linearly. The goal is to maximize
the energy absorption capacity while achieving a negative
Poisson’s ratio as low as possible. The effect plots (Figure 9a)
illustrate the opposing impact of the geometry parameters on
the two target values. The slope of the straight lines between

the min (�1) and max (1) values indicates the strength of a single
geometry parameter on the target value. Consequently, the unit
cell size has the biggest impact on both the energy absorption
capacity and the Poisson’s ratio. Waist and strut thickness have
a much lower effect, with the waist having the second biggest
impact. Furthermore, an increase in unit cell size has the oppo-
site effect on the two target values compared with an increase in
waist or strut thickness. The interaction plots between the geom-
etry parameters only showed that waist and unit cell size have the
biggest interaction for both target values. However, this is already
clear, as those two geometry parameters are the two most influ-
ential on both target values. To achieve the best compromise, an
optimization of the product of energy absorption capacity and
Poisson’s ratio is a first simple approach (Figure 9b). Here,
the waist has the biggest impact on the optimization target, fol-
lowed by unit cell size, and then strut thickness as the least influ-
ential value.

Figure 8. Simulated stress�strain diagrams of all eight variants. 1 and�1 denote to the max and min value of the three geometry parameters waist, strut
thickness, and size, respectively. Unit cells on the right for the eight variants.

Figure 7. DIC measurement of a 0�-dog-bone specimen at certain global
strain values.

Table 4. Calculated mass specific energy absorption capacity E and
Poisson’s ratio ν from the simulations. 1 and �1 denote the max and
min values of the three geometry parameters waist, strut thickness,
and size, respectively. Green is the best compromise for both target
values.

Parameter level E [mJ mm�3 g�1] ν [–]

Small �1�1�1 0.2199 �0.33

1�1�1 0.8933 0.03

1 1�1 1.8009 0.01

�1 1�1 0.5941 �0.45

Large �1�1 1 0.0030 �0.64

1�1 1 0.0024 �0.67

1 1 1 0.0026 �0.44

�1 1 1 0.0188 �0.41
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3.3. Quasistatic Compression Experiments

The quasistatic compression experiments display good accor-
dance with the FE simulations until the first PCS (Figure 10).
After that, all structures failed brittle, which was not accounted
for in the simulations. Therefore, microtensile tests on single
struts are necessary in the future for better material model cali-
bration. Further noticeable is the increase in the PCS for the
smaller structures compared with the larger structures.
However, for the structures with straight struts, it is only an
increase by a factor of �14; the structures with waist and belly
increase their PCS by a factor of �50.

In addition, the large structures did not reach the contact point
because they sheared off during plastic deformation instead of col-
lapsing in a straight fashion (Figure 11, ϵ ¼ 7.8%). Also a bending-
dominated deformation mechanism becomes visible for the
experiments, especially for the large structures. That is the reason
why the simulations for the smaller structures are better match for
the experiments. The smaller structures also display a shearing off
(Figure 12), but as the struts are smaller, the bending is not as
dominant. Shearing off is another reason as to why the calculation
of Poisson’s ratio is only valid before an initial failure of the speci-
men. The simulations of the larger structures further display an
oscillating behavior after the PCS (Figure 10e–h). The respective
maxima are points of contact during deformation, followed by a
gliding of the half struts and a sudden collapse of one layer
(Figure 11, simulation). The smaller structures do not show this
behavior because there is not as much space for gliding of the half
struts as it is for the large structures.

Even though the material model of the simulation was based
on preceding tensile tests of SLM-manufactured aluminum, the
material parameters of the later-manufactured auxetic structures
may differ because of high process complexity. Those are also the
reasons as to why the measured Poisson’s ratios (Table 5) slightly
differ from the predicted values. The simulations overestimate
the negative Poisson’s ratios for the larger structures. For the

smaller structures, the Poisson’s ratios are underestimated by
the simulations with the exception of the structure with waited
struts (�1 1 �1). However, the overall tendencies of the
Poisson’s ratio stay the same as in the simulations. The compar-
ison of the energy absorption capacity up to 5% strain (Table 5)
also confirms the best compromise being a small structure with a
waist (�1 1�1). It also shows the better match of the simulations
for the small structures compared with large structures. As the
compromise was verified by the experiments and the overall ten-
dencies were kept, the simulations are applicable for an optimi-
zation. They give a good estimate as to how the geometry
parameters influence the overall behavior of the structures.
With an optimization of the AM process, the experiments and
the simulations would be a better match, but due to the high pro-
cess complexity, this is beyond the scope of this contribution.

4. Conclusion

The FE simulations show the high tailoring potential of the auxetic
structures. With only three geometry parameters, a wide range of
stress�strain behavior as well as Poisson’s ratios is achievable.
From the factorial testing plan, it also becomes clear that the unit
cell size is the geometry parameter with the biggest impact. In
addition, an optimization of both energy absorption capacity
and Poisson’s ratio is not straightforward because the geometry
parameters have an opposing effect on the two target values. To
find a good compromise, a minimization of the product of energy
absorption capacity and Poisson’s ratio is a first, simple approach.

The quasistatic compression experiments proved good accor-
dance of simulation and manufactured specimens up to the first
PCS. As SLM is a highly complex manufacturing process with
many parameters and varying heat removal during fabrication,
the aluminum properties vary from specimen type to specimen
type. Therefore, the simulations overestimate the stresses and con-
sequently the energy absorption capacity. The simulations did addi-
tionally not account for brittle failure, which was the case for most

Figure 9. a) Effect plots of the geometry parameters on the energy absorption capacity E and Poisson’s ratio ν. The optimization of E opposes the
optimization of Poisson’s ratio. b) Effect plots of the product E⋅ν.
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Figure 10. Stress�strain diagrams of the simulations compared with the experiments. All experimental curves are the mean value of three experiments.
The geometry parameters are according to Table 1. a�d) The small structures are on the left and the e�h) large structures on the right.
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specimens. This in combination with a shearing off of the manu-
factured structures leads to deviation of the predicted Poisson’s
ratios to the experimentally calculated ones. Nevertheless, the over-
all predicted tendencies could be seen. Especially among the small
structures were two with positive Poisson’s ratio and therefore the
auxetic effect was lost. Hence, even with a re-entrant honeycomb
microstructure, an auxetic effect is not guaranteed.

The point of contact, predicted in the simulations, is not as
clearly displayed in the experiments. Responsible is the shearing
off, visible in the DIC. The half struts cannot go down in a straight
fashion and therefore glide and bend instead of bearing the load.
The bending-dominant failure is another reason for the overestima-
tion of the simulations. As there are inhomogeneities within the

specimens, the single struts are much more prone to buckle and
therefore fail under less load than without buckling. For the larger
specimens, this buckling is more dominant than for the smaller
ones. Therefore, the deviations are higher for the bigger structures.

However, this contribution showed the high tailoring potential
of re-entrant, modified honeycomb structures with just three sim-
ple geometry parameters. Moreover, the impact of the unit cell size
was demonstrated to be the most influential factor on both energy
absorption capacity and Poisson’s ratio. The experimental analysis
of all structures verified the simulations until the PCS and pointed
out the bending-dominated failure mechanism of the SLM-
manufactured specimens. Poisson’s ratios up to �0.51 were
reached in the experiments, showing a high auxetic effect. The strut

Figure 11. Comparison of the deformation behavior between simulation and experiment for specific global strains ϵ on the example of the large structure
with all geometry parameters on maximum level (1 1 1).
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Figure 12. Comparison of the deformation behavior between simulation and experiment for specific global strains ϵ on the example of the small structure
with a belly (1� 1� 1).

Table 5. Experimental (exp) and simulated (sim) Poisson’s ratio ν and energy absorption capacity E up to 5% strain for the eight parameter sets, with their
respective errors e. �1 and 1 represent the min and max value of the three geometry parameters waist, strut thickness, and size, respectively. Marked in
green is the best compromise solution for the experiment, which is the same as for the simulations.

Parameter level νexp [�] νsim [�] eν [�] Eexp [mJ mm�3] Esim [mJ mm�3] eE [�]

Small �1�1�1 �0.40 �0.33 0.175 0.137 0.201 0.31

1�1�1 0.13 0.03 0.76 1.564 1.456 0.07

1 1�1 0.16 0.01 0.94 3.443 3.246 0.06

�1 1�1 �0.22 �0.45 1.05 0.313 0.529 0.41

Large �1�1 1 �0.51 �0.64 0.25 0.002 0.007 0.71

1�1 1 �0.40 �0.67 0.68 0.009 0.022 0.59

1 1 1 �0.36 �0.44 0.22 0.141 0.249 0.43

�1 1 1 �0.34 �0.41 0.21 0.013 0.029 0.55
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thickness is the geometry parameter with the smallest influence for
optimization purposes. Thus, for a feature reduction, the strut thick-
ness does not need to be varied as much as the other two param-
eters. Consequently, the amount of generated training for structural
optimization by machine learning applications can be reduced.
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