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he Poisson’s ratio, v, defines the ratio between the transverse

and axial strain in a loaded material [1]. For isotropic, linear
elastic materials, v cannot be less than -1.0 nor greater than 0.5 due
to empirical, work-energy, and stability considerations leading to the
conditions that the shear modulus and bulk modulus have positive
values [2]. Although materials with negative 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 uni-
axially stretched. The discovery of materials with negative Poisson’s
ratio (auxetic materials, that counter intuitively expand in the trans-
verse directions under tensile axial load) is relatively recent [3, 4].
Auxetic response has been demonstrated in a number of natural sys-
tems, including metals with a cubic lattice [5], zeolites [6], natural
layered ceramics [7] and ferroelectric polycrystalline ceramics [8].
Furthermore, following the pioneering work of Lakes [9], several pe-
riodic 2-D geometries and structural mechanisms to achieve a neg-
ative Poisson’s ratio have been demonstrated. In all of these cases,
careful design of the microstructure has lead to effective Poisson’s
ratios 7 < 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 [10], including
foams with re-entrant [11-15] and chiral [16, 17] microstructure, mi-
croporous polymeric materials [18], networks of rigid units [19] and
skeletal structures [20]. Moreover, negative Poisson’s ratio has also
been shown in non-porous systems, such as laminates [21,22], sheets
assemblies of carbon nanotubes [23], composites [24] and polycrys-
talline thin films [25].

An open area of research is within the important intermediate
range between the extremes of non-porous and highly porous mi-
crostructures. Finding auxetic materials in this intermediate range
greatly expands the number of structural applications, especially in
those where specific porosities must be targeted. For example, in
a gas turbine, there exist many perforated surfaces in the combus-
tion chamber, the turbine section, 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 performance or the acoustic damping function of the surface
and typically ranges from 2% to 10%. The design of 2-D systems
capable of retaining a negative Poisson’s ratio at such low values
of porosity still remains a challenge [26]. Although it has been re-
cently shown through an analytical/numerical study that diamond or
star shaped perforations introduced in thin sheets can lead to auxetic
behavior [27], 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 enables
the best design of structures that meet desired requirements [28]. Us-
ing this technique, structures that exhibit negative Poisson’s ratio
have been designed [29, 30] and the results indicate that to achieve
optimal auxetic response in low porosity structures, the microstruc-
ture must comprise an array of mutually orthogonal, very elongated
holes [31]. Interestingly, auxetic response has also been observed in
elastomeric porous structures where a pattern of mutually orthogonal
ellipses is induced by buckling [32].
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Inspired by these observations, we focus on a very simple sys-
tem - a square array of mutually orthogonal elliptical voids in a 2D
metallic sheet characterized by low porosity. In particular, we in-
vestigate the effect of the hole aspect ratio on the macroscopic Pois-
son’s ratio both through experiments and simulations. 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, 7 is found to
decrease monotonically eventually becoming negative. Remarkably,
large negative values of 7 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 element simula-
tions the effect of the pore aspect ratio on the macroscopic Poisson’s
ratio in a thin elastic plate characterized by a Young’s modulus of
70G Pa and a Poisson’s ratio of 0.35 [33]. The commercial Finite El-
ement 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
elements (RVEs - see inset in Fig. 1) and periodic boundary con-
ditions. Each mesh is constructed using six-node, quadratic, plane
stress elements (ABAQUS element type CPS6). In Fig. 1-a we re-
port the evolution of 7 as a function of the pore aspect ratio a/b for
linear elastic sheets with porosity ¥ = 2%, 3%, 4%, and 5%. The
results clearly show the aspect ratio a/b of the holes strongly affects
the lateral contraction/expansion of the structure. At aspect ratios
near 1 (i.e., circular voids), the effective Poisson’s ratio is nearly the
same as the bulk material regardless of porosity. As the aspect ratio
increases, 7 decreases and a transition from positive to negative val-
ues of v is observed. More precisely, for the case of structures with
porosity ¥ = 2%, 3%, 4%, and 5% the transition from positive to
negative values of 7 is observed at aspect ratios of approximately 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. Finally, it is worth noting
the connection among the hole aspect ratio, sheet porosity, and the
length L., of the ligaments separating neighboring holes (see inset
in Fig. 1-a)
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where Lg denotes the size of the RVE (see Fig. 1-a). In fact, when 7
is plotted as a function of Lin /Lo as shown in Fig. 1-b all data re-
markably collapse on a single curve, which can be used to effectively
design structure with the desired values of Poisson’s ratio and poros-
ity. 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 be-
havior experimentally. In particular, we focus on two extreme cases
and investigate the response of structures with porosity 1 = 5% and
aspect ratios of a/b = 1 and a/b = 30. The experiments were per-
formed on a 300 mm by 50 mm by 0.4046 mm aluminum (6061
alloy) cellular plates (see Fig.2), which were manufactured using the
CNC milling process described in Materials and Methods. The gage
section of the samples were patterned with circular holes with ra-
dius of a = b = 3.154 mm (see Fig.2-top) and elliptical holes with
major and minor axis @ = 33.27mm and b = 1.16 mm (see Fig.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 bi-
axial testing machine equipped with a 10 KN load cell (pictures of
the experimental set-up are shown in the Supporting Information).
Similarly to previous studies where optical methods have been used
to characterize the deformation in auxetic foams [34—37], here the
displacements within the samples are captured in detail using Digi-
tal Image Correlation (DIC). DIC is a technique by which displace-
ments can be measured by correlating (via software) the pixels in
several digital images taken at different applied loads [38]. 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 distribution 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 sam-
ple is monitored using a high-resolution digital camera (1.3 MPixel
Retiga 1300i with a Nikon optical lens system) and given our exper-
imental setup the displacement accuracy is estimated to be approxi-
mately 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 deformation 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 per-
formed on the experimental sample geometries using the nonlin-
ear finite element code ABAQUS. Each mesh was constructed us-
ing 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 material response near the voids, au-
tomatic adaptive mesh refinement is used, resulting in approximately
162,000 elements for the sample with circular voids and 119,000 el-
ements for the sample with elliptical voids. The material is mod-
eled as linearly elastic and perfectly plastic with a Young’s modulus
of 70G Pa and a Poisson’s ratio of 0.35 [33]. The yield stress is
taken to be 275M Pa based on the experiments and is in agreement
with available material data [39]. The applied experimental loading
is approximated by fixing the translation at one edge and specifying
a static displacement at the opposite edge. The remaining boundaries
are traction free.

In Fig. 3 we present both experimental (left) and numerical
(right) results for the case of circular (top) and elliptical (bottom)
pores. The specimen with circular pores is shown at an applied strain
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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 en-
sure the horizontal displacements are large enough to be accurately
detected by DIC. As described later, the different deformation mecha-
nisms taking place in the two structures considered in this study result
in two different values of applied strain (additional results highlight-
ing the effect of the applied strain on ¥ 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 Fig. 2) and report contour maps for the horizontal (u,) and
vertical (uy) component of the displacement field. First, an excellent
agreement is observed between simulation and experimental results.
Moreover, the displacement maps reported in Fig. 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 dis-
placement field typical of the bulk material can be easily recognized
(i.e. linear distribution of u, and u, in horizontal and vertical direc-
tion, respectively). In contrast, the array of elliptical holes is found to
significantly affect the displacement field, completely distorting the
linear distribution of u, and wu, 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 contract-
ing 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 Fig. 2. Each set of 8 points are aver-
aged (arithmetic mean) to compute the average displacements at the
boundaries: (u.)", (uz)®, (uy,)T, (uy,)?, where superscript L, R,
T, and B denote the left, right, top, and bottom boundaries, respec-
tively. These average displacements are used to compute local strain
averages

eyy) = W [2]
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Lo = 50mm 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 ra-
tio 7 as
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For the deformations shown in Fig. 3, the effective Poisson’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 different values of a/b are reported
in the Supporting Information). For the numerical cases, results for
infinite periodic domains (including the same elastic-plastic behav-
ior used for the finite sample simulations) are also reported to en-
sure the response is not greatly affected by the boundary conditions.
First, we note an excellent agreement between experiment and simu-
lations. Second, the results very clearly indicate that high aspect ratio
ellipses lead to a material characterized by a large negative value of
7. Interestingly, the numerical results for finite and infinite size do-
mains 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 on 7.
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Table 1: Table summarizing the effective Poisson’s ratio v of the two
periodic structures measured from experiments and simulations.

| Experiments | FEM (finite size) | FEM (infinite size)
a/b=1 ‘ 0.33 ‘ 0.34 0.34

a/b=30 -0.73 -0.76 -0.65

In Fig. 4 we report numerical results to further highlight the ef-
fect of the pore aspect ratio a/b on the deformation of the material.
In Fig. 4-a we show the deformed configuration of central region
of the samples superimposed over the unloaded configuration, with
the displacement field in the deformed image scaled by a factor of
100. For the circular void sample, the deformation mechanism is
stretching much the same as a similar void-less structure would be.
By contrast, as perviously shown in the analytical study by Grima
and Gatt [27], the deformation mechanism in the elliptical void sam-
ple is mostly due to rotation, leading to a negative Poisson’s ratio.
Finally, the completely different mechanism by which the two struc-
tures carry the load results in very different stress distributions within
the material, as shown in Fig. 4-b, 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 experiences
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 2-D materials with negative Poisson’s ra-
tio. We show that the effective Poisson’s ratio can be effectively
tuned by adjusting the aspect ratio of an alternating pattern of ellipti-
cal voids. We have used numerical modeling to gain insight into the
design of these structures as well as the underlying rotational mech-
anism causing the auxetic behavior at high void aspect ratios. These
models have been verified using material testing with DIC, which
has conclusively shown auxetic behavior in thin aluminum plates.
‘We note that the structures investigated here exhibit two-dimensional
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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 materi-
als 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.

Materials and Methods

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

Fabrication.  Test samples were fabricated using a Haas OM-2A CNC Ma-
chine together with a 2-flute ultra-duty coated (TiCn) carbide end mill (diameter
=0.39687 mm). Samples were fed intothe 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 Bad-
ger150 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 bi-axial testing machine equipped with a 10
kN load cell using 5cm 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 80mm by 60mm rectangle
in the central gage section of the samples providing digital imagery throughout
the tests. The original image was then cropped to the 50mm by 50mm di-
mensions used in this study. The camera has a 1.3 MPixel resolution resulting
in a pixel size of 6.7 um by 6.7 4m. Samples were tested in tension at a rate of
0.05 mm/s with cameras triggered externally (via Vic-Snap) to capture 1 frame
per second in synchronization with the applied Instron loading.
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Fig. 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 7 is plotted as a function of Ly /Lo.

Fig. 2: Samples comprising of a square array of (top) circular and (bottom) elliptical (with a/b 2 30) holes in the undeformed configuration.
The dashed rectangle represents region over which we perform the ensemble averaging. (Scale bar: 25 mm)
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Fig. 3: Contour maps for the horizontal (u.) and vertical (u,) component 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.
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Fig. 4: Effect of the pore aspect ratio a/b on the deformation of the structure. (a) Deformed configuration superimposed over the unloaded
configuration, 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.
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