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The Poissor's ratio, v, defines the ratio between the transverse
and axial strain in a loaded material."! For isotropic, linear
elastic materials, v can neither be less than —-1.0 nor greater
than 0.5 due to empirical, work-energy, and stability considera-
tions leading to the conditions that the shear modulus and bulk
modulus have positive values.?l Although materials with nega-
tive Poisson’s ratio can exist in principle, most materials are
characterized by v > 0 and contract in the directions orthogonal
to the applied load when they are uniaxially stretched. The dis-
covery of materials with negative Poisson’s ratio (auxetic mate-
rials) that counterintuitively expand in the transverse directions
under tensile axial load) is relatively recent.’* Auxetic response
has been demonstrated in a number of natural systems,
including metals with a cubic lattice,”! zeolites,®! natural lay-
ered ceramics,”] and ferroelectric polycrystalline ceramics.!®!
Furthermore, following the pioneering work of Lakes,” several
periodic 2D geometries and structural mechanisms to achieve a
negative Poisson's ratio have been demonstrated. In all of these
cases, careful design of the microstructure has led to effective
Poisson’s ratios ¥ < 0, despite the fact that the bulk materials
are characterized by v > 0. In particular, it has been shown that
auxetic behavior can be achieved in a variety of highly porous
materials,' including foams with re-entrant-'! and chiral
microstructure,l'®!”] microporous polymeric materials,['8 net-
works of rigid units,’) and skeletal structures.?”) Moreover,
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negative Poisson’s ratio has also been shown in non-porous
systems, such as laminates,?!??l sheets assemblies of carbon
nanotubes,?*] composites,? and polycrystalline thin films.?’!

An open area of research is within the important interme-
diate range between the extremes of non-porous and highly
porous microstructures. Finding auxetic materials in this inter-
mediate range greatly expands the number of structural appli-
cations, especially in those where specific porosities must be
targeted. For example, in a gas turbine, there exist many per-
forated surfaces in the combustion chamber, the turbine sec-
tion, the bypass duct, and the exhaust nozzle, which could all
benefit from auxetic behavior. However, the target value for the
through-thickness porosity is set by the required cooling per-
formance or the acoustic damping function of the surface and
typically ranges from 2% to 10%. The design of 2D systems
capable of retaining a negative Poisson’s ratio at such low values
of porosity still remains a challenge.?® Although it has been
recently shown through an analytical/numerical study that dia-
mond or star shaped perforations introduced in thin sheets can
lead to auxetic behavior,?’! convincing experimental evidence of
a low porosity auxetic material has not been reported. The goal
of this work is to demonstrate one such low porosity structure
in metal via numerical simulation and material testing.

Topology optimization is a mathematical approach that ena-
bles the best design of structures that meet desired require-
ments.?8] Using this technique, structures that exhibit negative
Poisson’s ratio have been designed,?*3% and the results indicate
that to achieve optimal auxetic response in low porosity struc-
tures, the microstructure must comprise an array of mutu-
ally orthogonal, very elongated holes.?!l Interestingly, auxetic
response has also been observed in elastomeric porous struc-
tures where a pattern of mutually orthogonal ellipses is induced
by buckling.?

Inspired by these observations, we focus on a very simple
system — a square array of mutually orthogonal elliptical voids
in a 2D metallic sheet characterized by low porosity. In par-
ticular, we investigate the effect of the hole aspect ratio on the
macroscopic Poisson's ratio both through experiments and sim-
ulations. Our results demonstrate that, in this minimal system,
the Poisson’s ratio can be effectively controlled by changing the
aspect ratio of the voids. For low aspect ratios, the structure is
characterized by positive values of Poisson's ratio. However, as
the aspect ratio increases, v is found to decrease monotoni-
cally eventually becoming negative. Remarkably, large negative
values of ¢ can be achieved through the adjustment of just one
parameter, indicating an effective strategy for designing auxetic
structures with desired porosity.

We start by exploring numerically through finite ele-
ment simulations the effect of the pore aspect ratio on the
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macroscopic Poisson’s ratio in a thin elastic plate characterized
by a Young’s modulus of 70 GPa and a Poisson’s ratio of 0.35.5%
The commercial Finite Element package ABAQUS/Standard
(Simulia, Providence, RI) is used for all the simulations. To
reduce the computational cost and ensure the response is not
affected by boundary effects, we consider two-dimensional,
infinite periodic structures using representative volume ele-
ments (RVEs — see inset in Figure 1) and periodic boundary
conditions. Each mesh is constructed using six-node, quad-
ratic, plane stress elements (ABAQUS element type CPS6). In
Figure la, we report the evolution of ¥ as a function of the
pore aspect ratio a/b for linear elastic sheets with porosity y =

Mk
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2%, 3%, 4%, and 5%. The results clearly show the aspect ratio
a/b of the holes strongly affects the lateral contraction/expan-
sion of the structure. At aspect ratios near 1 (i.e., circular voids),
the effective Poisson’s ratio is nearly the same as the bulk mate-
rial regardless of porosity. As the aspect ratio increases, o
decreases and a transition from positive to negative values of
¥ is observed. More precisely, for the case of structures with
porosity y = 2%, 3%, 4%, and 5%, the transition from positive
to negative values of ¥ is observed at aspect ratios of approx-
imately 29, 18, 14, and 11, respectively. Thus, it appears that
significant auxetic behavior can be produced in metals at very
low porosity, provided the void aspect ratio a/b is large enough.
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Figure 1. a) Results of the numerical investigation on the effect of the hole aspect ratio a/b for an infinite periodic square array in an elastic matrix.
Four different values of porosity are considered. The RVE considered in the analysis is shown as an inset. b) All data collapse on a single curve when
¥ is plotted as a function of L,/Lo.

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2013,

DOI: 10.1002/adma.201304464



ADVANCED
MATERIALS

lesielS
Mot oS
www.MaterialsViews.com

Finally, it is worth noting the connection among the hole aspect
ratio, sheet porosity, and the length L,;, of the ligaments sepa-
rating neighboring holes (see inset in Figure 1a)

e S 1= 10 §)22 0

where L, denotes the size of the RVE (see Figure 1a). In fact,
when © is plotted as a function of L,;, = L, as shown in
Figure 1b, all data remarkably collapse on a single curve, which
can be used to effectively design structure with the desired
values of Poisson’s ratio and porosity. Thus, the ligament length
appears to be the essential parameter controlling the auxetic
response of these structures.

Next, we proceed by attempting to reproduce this auxetic
behavior experimentally. In particular, we focus on two extreme
cases and investigate the response of structures with porosity
v = 5% and aspect ratios of a/b = 1 and a/b = 30. The experi-
ments were performed on a 300 mm by 50 mm by 0.4046 mm
aluminum (6061 alloy) cellular plates (see Figure 2), which were
manufactured using the CNC milling process described in the
Experimental Section. The gage section of the samples were
patterned with circular holes with radius of a = b = 3.154 mm
(see Figure 2, top) and elliptical holes with major and minor
axis @ = 33.27 mm and b = 1.16 mm (see Figure 2, bottom),
respectively. Note that, due to the size of the end mill (with a
diameter of 0.397 mm) required to manufacture the holes, the
tips of exact ellipsoidal shapes were not produced, resulting in
slightly lower aspect ratios, a/b = 28.7.

The samples are tested under uniaxial tension in an Instron
biaxial testing machine equipped with a 10 kN load cell (pic-
tures of the experimental set-up are shown in the Supporting
Information). Similarly to previous studies where optical
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methods have been used to characterize the deformation in
auxetic foams,**37] here the displacements within the samples
are captured in detail using Digital Image Correlation (DIC).
DIC is a technique by which displacements can be meas-
ured by correlating (via software) the pixels in several digital
images taken at different applied loads.I*¥! In order for multiple
frames to be correlated, every single part of the image must be
uniquely detectable. This requires the surface of the samples
to be covered in a non-repetitive, isotropic, and high-contrast
pattern. In addition, the pattern must be fine enough to capture
the desired displacement details consistent with the cameras
and lenses used to capture the images. In our experiments, the
surfaces of the samples are painted white with a fine distribu-
tion of black speckles using a Badger 150 airbrush and water-
based paint leading to a density of approximately 3—6 pixels per
speckle. The deformation of the sample is monitored using a
high-resolution digital camera (1.3 MPixel Retiga 1300i with a
Nikon optical lens system) and given our experimental setup
the displacement accuracy is estimated to be approximately 500
to 700 nm.38 The samples are loaded via displacement control
at a rate 0.05 mm s~! with the camera synchronized using the
software Vic-Snap (Correlated Solutions) to capture images at a
rate of 1 frame per second. Quantitative estimates of the defor-
mation of the gage section of the sample are made using the
image correlation software, Vic-2D (Correlated Solutions).

In addition to material testing, numerical investigations
were performed on the experimental sample geometries using
the nonlinear finite element code ABAQUS. Each mesh was
constructed using ten-node, quadratic tetrahedral elements
(ABAQUS element type C3D10) applied to the CAD model used
to fabricate the samples. In order to accurately predict the mate-
rial response near the voids, automatic adaptive mesh refine-
ment is used, resulting in approximately 162,000 elements for

Figure 2. Samples comprising of a square array of (top) circular and (bottom) elliptical (with £ = 30) holes in the undeformed configuration. The

b

dashed rectangle represents region over which we perform the ensemble averaging. (Scale bar: 25 mm)
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FEM Experiment
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Figure 3. Contour maps for the horizontal (u,) and vertical (u,) compo-
nent of the displacement field. Numerical (left) and experimental (right)
results are quantitatively compared, showing excellent agreement. In (a)
and (b), the applied strain is 0.34%, while in (c) and (d), the applied strain
is 0.07%. Note that gray areas on experimental results show regions
where DIC data could not be obtained.

the sample with circular voids and 119,000 elements for the
sample with elliptical voids. The material is modeled as linearly
elastic and perfectly plastic with a Young’s modulus of 70 GPa
and a Poisson’s ratio of 0.35.133 The yield stress is taken to be
275 MPa based on the experiments and is in agreement with
available material data.*! The applied experimental loading is
approximated by fixing the translation at one edge and speci-
fying a static displacement at the opposite edge. The remaining
boundaries are traction free.

In Figure 3, we present both experimental (left) and numer-
ical (right) results for the case of circular (top) and elliptical
(bottom) pores. The specimen with circular pores is shown at
an applied strain of 0.34%, while the specimen with elliptical
holes is shown at an applied strain of 0.07%. Note that the
applied strain is chosen to ensure the horizontal displacements
are large enough to be accurately detected by DIC. As described

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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later, the different deformation mechanisms taking place in the
two structures considered in this study result in two different
values of applied strain (additional results highlighting the
effect of the applied strain on o are shown in the Supporting
Information). To minimize the effect of boundaries, we focus
on the central portion of the specimen (50 mm X 50 mm, see
dashed red box in Figure 2) and report contour maps for the
horizontal (u,) and vertical (u,) component of the displacement
field. First, an excellent agreement is observed between simu-
lation and experimental results. Moreover, the displacement
maps reported in Figure 3 clearly show that the hole aspect
ratio a/b strongly affect the mechanism by which the structure
deforms. For the case of circular holes, the pores are found only
to locally perturb the displacement field, so that the displace-
ment field typical of the bulk material can be easily recognized
(i.e. linear distribution of u, and uy in horizontal and vertical
direction, respectively). In contrast, the array of elliptical holes
is found to significantly affect the displacement field, com-
pletely distorting the linear distribution of u, and u, typical of
the bulk material. Finally, it is worth noticing that the nature of
the displacement contours is not affected by the level of applied
strain, as shown in the Supporting Information.

Focusing on u,, we can clearly see that the material is con-
tracting laterally for the case of circular pores. In contrast,
significant lateral expansion is observed for the samples with
elliptical holes demonstrating auxetic behavior. To quantify the
lateral deformation we compute the effective Poisson’s ratio
for these structures. In both the numerical and experimental
results, we sample the displacement at 8 points along each of
the four boundaries of the central regions shown as a dashed
box in Figure 2. Each set of 8 points are averaged (arithmetic
mean) to compute the average displacements at the bounda-
ries: {(ut, (u®, (u)?, (u)®, where superscript L, R, T, and B
denote the left, right, top, and bottom boundaries, respectively.
These average displacements are used to compute local strain
averages

() = )y () = )

€ =
(€ I I

(2)

Ly = 50 mm denoting the distance between the top/bottom
and left/right boundaries in the undeformed configuration.
The local strain averages are then used to calculate an effective
Poisson’s ratio ¥ as

5o (€ ,
(en) G)

For the deformations shown in Figure 3, the effective Pois-
son’s ratios are reported in Table 1, where the values obtained
from experiments and simulations are compared (additional
numerical results for finite size samples characterized by

Table 1. Table summarizing the effective Poisson’s ratio ¥ of the two
periodic structures measured from experiments and simulations.

Experiments

a/b=1 0.33 0.34 0.34

FEM (finite size) ~ FEM (infinite size)

a/b=30 -0.73 -0.76 -0.65

Adv. Mater. 2013,
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Figure 4. Effect of the pore aspect ratio a/b on the deformation of the structure. a) Deformed configuration superimposed over the unloaded configu-
ration, with the displacement field in the deformed image scaled by a factor of 100. b) von Mises stress distribution with plastified areas colored gray.
The applied strain is 0.34% and 0.07% for the structure with circular and elliptical holes, respectively.

different values of a/b are reported in the Supporting Infor-
mation). For the numerical cases, results for infinite periodic
domains (including the same elastic-plastic behavior used for
the finite sample simulations) are also reported to ensure the
response is not greatly affected by the boundary conditions.
First, we note an excellent agreement between experiment
and simulations. Second, the results very clearly indicate that
high aspect ratio ellipses lead to a material characterized by a
large negative value of ¥ . Interestingly, the numerical results
for finite and infinite size domains are very close to each other,
indicating that, although the size of the samples is quite small,
the effect of the boundaries is not very pronounced. (Additional
numerical results for samples of different size are shown in the
Supporting Information.) Therefore, our results confirm that
the hole aspect ratio can be effectively used to design structures
with low porosity and large negative values of v .

In Figure 4, we report numerical results to further highlight
the effect of the pore aspect ratio a/b on the deformation of the
material. In Figure 4a, we show the deformed configuration of
central region of the samples superimposed over the unloaded
configuration, with the displacement field in the deformed image

Adv. Mater. 2013,
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scaled by a factor of 100. For the circular void sample, the defor-
mation mechanism is stretching much the same as the mecha-
nism in a similar void-less structure. By contrast, as previously
shown in the analytical study by Grima and Gatt,/?”] the deforma-
tion mechanism in the elliptical void sample is mostly due to rota-
tion, leading to a negative Poisson’s ratio. Finally, the completely
different mechanism by which the two structures carry the load
results in very different stress distributions within the material,
as shown in Figure 4b, where we report the contour map for the
von Mises stress. In the structures with circular pores, there are
crosses that are highly stretched. These regions are yielded and
deform plastically, as highlighted by the grey color in the contour
map. In the case of elliptical holes, most of the structure experi-
ences low values of stress and the deformation is found to induce
rotation of the domain between holes. Stress is concentrated
around the tips of the ellipses, but these can be easily reduced by
carefully designing the tips to minimize the curvature.

In summary, our findings demonstrate a fundamentally new
way of generating low porosity 2D materials with negative Pois-
sons ratio. We show that the effective Poisson’s ratio can be
effectively tuned by adjusting the aspect ratio of an alternating
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pattern of elliptical voids. We have used numerical modeling
to gain insight into the design of these structures as well as the
underlying rotational mechanism causing the auxetic behavior at
high void aspect ratios. These models have been verified using
material testing with DIC, which has conclusively shown aux-
etic behavior in thin aluminum plates. We note that the struc-
tures investigated here exhibit two-dimensional cubic symmetry,
meaning that the effective response is anisotropic. While further
investigation of material symmetry is outside the scope of the
current work, it is an important design issue. Thus, this work
provides not only a guide for the simple design of auxetic mate-
rials but serves as a basis for future investigations into such areas
as material symmetry and void shape optimization to minimize
stress concentrations while maintaining a desired Poisson’s ratio.

Experimental Section

Materials: Test samples were cut from 0.4046 mm thick 6061
Aluminum alloy plates. The bulk material has a Young's modulus of
70 GPa, Poisson’s ratio of 0.35, and a yield stress of 275 MPa. In the
numerical simulations, its behavior is modeled as linearly elastic and
perfectly plastic.

Fabrication: Test samples were fabricated using a Haas OM2A CNC
Machine together with a 2-flute ultra-duty coated (TiCn) carbide end mill
(diameter = 0.39687 mm). Samples were fed into the mill at a speed
of 2 inches per minute with a 0.003 inch depth of cut. Samples were
designed in Solidworks CAD software (Dassault Systems) and imported
to the CNC machine via SolidCAM.

Testing: Samples were tested at the MIT Impact and Crashworthiness
Lab. Prior to testing, samples were coated in white water-based paint
using a Badger150 airbrush. Contrast was added by spraying a fine
pattern of black water-based paint to the recorded surface using the
same airbrush. For the tests, samples were loaded into an Instron biaxial
testing machine equipped with a 10 kN load cell using 5 cm wedge
grips. The grips were secured using a steel block with aluminum spacers
screwed together at a fixed torque resulting in constant contact pressure.
Samples were illuminated uniformly in situ by means of tripod mounted
diffused isotropic lighting. A Retiga 1300i camera (Nikon optical lens
system) was mounted to a tripod and focused on a 80 mm by 60 mm
rectangle in the central gage section of the samples providing digital
imagery throughout the tests. The original image was then cropped to
the 50 mm by 50 mm dimensions used in this study. The camera has
a 1.3 MPixel resolution resulting in a pixel size of 6.7 um by 6.7 pum.
Samples were tested in tension at a rate of 0.05 mm s~ with cameras
triggered externally (via VicSnap) to capture 1 frame per second in
synchronization with the applied Instron loading.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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S1. Full Samples

In this section, we show pictures of our experimental set-up as well as displacement contours of
the full test specimens generated from finite element analysis

S1.1. Experiments

Pictures of our sample testing apparatus are shown in Figure S1. Samples were tested at the
MIT Impact and Crashworthiness Lab headed by Professor Tomasz Wierzbicki. In the figure, both
the samples with circular and elliptical holes are shown mounted in the Instron bi-axial testing
machine.

Figure S1: Experimental system with test samples in situ. The sample with circular holes
is shown (a) in a view from the front. The camera and light are visible behind the sample. The
sample with elliptical holes is shown (b) from the rear. The same camera and lighting are seen in
the foreground.
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S1.2. Full Stmulation Contours

In the manuscript, displacement contour plots are shown for the central 50mm x 50mm region
of both samples (see Fig. 3 in the manuscript). In Figures S2 and S3 of this document, we show the
same displacement contour data generated from finite element simulations but within the context

of the entire samples.
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Figure S2: Displacement contours for circular hole specimen. Contour maps for the hori-
zontal (ug, left) and vertical (u,, right) components of the displacement field are shown. Applied
strain is 0.34% as in the manuscript. Scale bar corresponds to a length of 25mm
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Figure S3: Displacement contours for elliptical hole specimen with a/b = 30. Contour

maps for the horizontal (ug, left) and vertical (u,, right) components of the displacement field are
shown. Applied strain is 0.07% as in the manuscript.
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S2. Effect of Sample Size

In this section, we use finite elements to investigate the effect of using a larger sample on the
calculation of effective Poisson’s ratio. We take our original 300mm x 50mm sample (see Fig. 2
in the manuscript) and duplicate it twice in order to create a 300mm x 150mm body. We then
repeat the same elastic-plastic analysis as we followed in the manuscript. Longitudinal strains of
0.34% and 0.07% are applied to the circular- and elliptical-holed samples, respectively. Full field
displacement contours are shown Figures S4 and S6. To compute the Poisson’s ratio, we again focus
on a central 50mm x 50mm region (see dashed rectangular box in Figs. S4 and S6) and apply the
method described in the manuscript. Close-up displacement contours of these regions are shown
in Figures S5 and S7. The effective Poisson’s ratio for the circular-hole and elliptical- hole (with
a/b = 30)sample is computed to be 0.34 and -0.524, respectively, indicating that high aspect ratio
ellipses lead to a material characterized by a large negative value of 7. Furthermore, it is important
to note that these results are quite close to that reported in the manuscript for both the infinite
periodic and finite size structures and confirm that, although the size of the samples is quite small,
the effect of the boundaries is not dominating.
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Figure S4: Displacement contours for large circular hole specimen. Contour maps for
the horizontal (u,, left) and vertical (u,, right) components of the displacement field are shown.
Applied strain is 0.34% as in the manuscript.
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Figure S5: Displacement contours for central region of large circular hole specimen.
Contour maps for the horizontal (u, left) and vertical (u,, right) components of the displacement
field are shown for the 50mm by 50mm central region highlighted in Figure 4. Range of contours
set to match those of Fig. 3a and 3b of manuscript.
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Figure S6: Displacement contours for large elliptical hole with a/b = 30 specimen. Con-
tour maps for the horizontal (u, left) and vertical (u,, right) components of the displacement field
are shown. Applied strain is 0.07% as in the manuscript.

u‘l
5e-2 1.8e-1

252 1.45e-1
00 1.1e-1
-2.5e-2 7.5e-2

-5e-2 (mm) 4.0e-2 (mm)

Figure S7: Displacement contours for central region of large elliptical hole specimen.
Contour maps for the horizontal (u, left) and vertical (u,, right) components of the displacement
field are shown for the 50mm by 50mm central region highlighted in Figure 6. Range of contours
set to match those of Fig. 3c and 3d of manuscript.
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S3. Effect of Hole Aspect Ratio

In this section, we explore the effect of hole aspect ratio on the effective Poisson’s ratio of the
test sample geometry for a fixed porosity of 5%. We take our finite element models of the two
test specimens (i.e., that with circular holes and that with elliptical holes) and subject them to a
purely linearly elastic tensile deformation corresponding to an applied strain 0.1%. In addition, we
create two new models having holes at the intermediate aspect ratio values of 10 and 20. These are
subjected to the same deformation. For all four simulations, we compute the effective Poisson’s ratio
of the central 50mm x 50mm region using the same method detailed in the manuscript. These
values are given in Table S1, showing good agreement with those of the corresponding infinite
periodic structures reported in Fig. 1 in the manuscript. Displacement contours are shown in
Figures S8 to S11.

| FEM (finite size)

a/b=1 0.35
a/b = 10 -0.1655
a/b = 20 -0.5504
a/b=30 -0.76

Table S1: Table summarizing the effective Poisson’s ratio 7 of the four periodic structures measured
from finite element simulations.
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Figure S8: Displacement contours for specimen with a/b = 1. Contour maps for the hori-
zontal (ug, left) and vertical (u,, right) components of the displacement field are shown. Applied
strain is 0.1%.
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Figure S9: Displacement contours for specimen with a/b = 10. Contour maps for the
horizontal (u,, left) and vertical (u,, right) components of the displacement field are shown. Applied
strain is 0.1%.

S9



L ged ! 3e-1
2.3e-2 2.25e-1
0.0 1.5e-1
-2.3e-2 7.5e-2
-4.6e-2 (mm) 0.0 (mm)

Figure S10: Displacement contours for specimen with a/b = 20. Contour maps for the

horizontal (ug, left) and vertical (u,, right) components of the displacement field are shown. Applied
strain is 0.1%.
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Figure S11: Displacement contours for specimen with a/b = 30. Contour maps for the

horizontal (u,, left) and vertical (u,, right) components of the displacement field are shown. Applied
strain is 0.1%.
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S4. Effect of Strain

Here, we explore the effect of applied strain on the effective Poisson’s ratio 7 and effective
Young’s modulus E for infinite periodic elastic-plastic structures performing the finite element
analysis described in the manuscript. The results are plotted in Figure S12.

First, we note that under increasing strain the magnitudes of the effective Poisson’s ratio for
both structures moderately increases in absolute value. For the circular-hole structure, the Poisson’s
ratio become more positive approaching 0.5. For the elliptical-hole structure, the Poisson’s ratio
becomes more negative. Therefore, these results indicate that our auxetic structures are capable
of retaining large negative values on Poisson’s ratio also when increasing values of deformation are
applied.

Focusing on the effective Young’s modulus (Figure S12-b), we note that the elliptical-hole struc-
ture has an initial effective modulus (400M Pa) roughly seven times less than the initial effective
modulus of the circular-hole structure (3040M Pa). For comparison, the bulk Young’s modulus
is 7T0GPa. For both structures, the effective modulus decreases approximately by 80 % when a
uniaxial strain of 0.02 is applied.

Finally, we show full field displacement contours for both the circular- and elliptical-holed speci-
men undergoing the same applied strain of .033% in Figures S13 and S14, respectively. Comparison
with the plots included in the manuscript for two different values of strain clearly indicates that
the nature of the displacement contours is not affected by the level of applied deformation.
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Figure S12: Effect of strain on the effective properties. (a) The effective Poisson’s ratio 7 is
shown as a function of applied strain for infinite periodic elastic-plastic circular and elliptical (with
a/b = 30) microstructures. (b) The effective Young’s E is shown as a function of applied strain for
infinite periodic elastic-plastic circular and elliptical (with a/b = 30) microstructures.
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Figure S13: Displacement contours for circular hole specimen. Contour maps for the

horizontal (u,, left) and vertical (u,, right) components of the displacement field are shown. Applied
strain is 0.033% as in the manuscript.
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Figure S14: Displacement contours for elliptical hole specimen with a/b = 30. Contour

maps for the horizontal (u,, left) and vertical (u,, right) components of the displacement field are
shown. Applied strain is 0.033% as in the manuscript.
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