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Abstract. Metamaterials research and, moreover, their obtaining by additive manufacturing is trendy
because of their potential industrial applications, since lattice structures can save weight when integrated
in larger parts. For this reason, it is important to draw these new material properties in order to compare
them with traditional structures obtained by classic manufacturing methods. In this work we present a
numerical procedure to determine the mechanical properties of a metamaterial based on periodic cells. To
date, for these materials there are no standard procedures to test and validate their structural properties,
and specifically to determine their mechanical bending behaviour. We apply a virtual testing procedure
using finite elements to determine the homogeneous elastic modulus, Young’s modulus and shear mod-
ulus, using a set of modified bending virtual test, based on the three point bending and the four point
bending test [1]. Theses physical testing procedures are common in sandwich composite materials [2],
and can be apply to metamaterial testing taking into account some geometrical and material aspects to
determine the proper parameters for testing. The results obtained are macroscopically independent on
the number of elemental cells used in the metamaterial, and permit us to consider the intrinsic defects
that may appear in the 3D additive manufacturing materials.
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1 INTRODUCTION

Metamaterials are not something new to nature, bones or honeycombs, wood or coral are an example of
cellular materials. These metamaterials are formed thanks to the repetition of a representative structure
called a unit cell. They can also be generated from a replication pattern wrapped in a geometric shape. In
one way or another, there is a difference between the behavior that a single cell can have, to that obtained
by repeating a large number of them. This strategy opens the door to new areas of knowledge within
the world of materials, which thanks to new additive manufacturing techniques and the advancement
of technology, are now explorable. The union of finite element modeling techniques together with an
experimental testing methodology that can now be carried out with the development of manufacturing
processes can result in materials with new characteristics that the industry can take advantage of.
Among its possible applications, the biomedical world seems to be able to benefit greatly from this type
of materials, creating prostheses with unique deformation capabilities, in acoustics, manipulating the
speed of the wave through the material, also in heat transfer, cell geometry can improve the performance
of these systems by increasing the ratio of transfer area to total volume.

Because of these facts, we seek the possible structural application of these materials. Generally there
is a relationship between the resistance and density of the materials, where the densest are very resistant
and vice versa. Metamaterials can find high resistance relationships with lower densities, which would
lead to a decrease in weight, which for structural applications is a factor of great importance and even
differential in some sectors such as aeronautics.

With these materials the paradigm changes, the properties of the material are no longer controlled by
the atomic properties and depend on the geometry of the cell used, in this way the cell used will be
the cause of the properties of the metamaterial, and within it certain parameters such as relative density,
number of bars or thickness of them. This is why if a material is generally sought that meets the require-
ments for a certain structural application, with these materials the geometry of the representative unit cell
is also sought, which when replicated meets the needs sought.

In a way analogous to the development of composite materials, through a long process of testing, veri-
fication and standardization, it is possible that these materials perform the same tasks as other structural
elements, introducing their advantages in them. For this moment to arrive, a path of research and devel-
opment of models, techniques and results still has to be carried out.

2 APPROACH TO CELL STRUCTURES

The Finite Element Method (FEM) is the main tool used to carry out structural calculation tasks in any
sector that is dedicated to it. Its development has facilitated that complex continuous problems could be
addressed in a simple way. For this study, the FEM is used thanks to the professional Nastran software
where virtual tests on metamaterials can be performed. The first objectives of this study consists on the
familiarization with the behavior of this type of structures. Due to similarity to the metamaterials, the
solutions provided in relation to Honeycombs will be studied.These materials are the most similar to the
cell-like structures that will be seen later since they consist of a cellular structure of extruded hexagons
in the perpendicular direction.
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Figure 1: Honeycomb cell structure

For this study we seek to recreate the solutions provided in [1] using Nastran tools. What is tried to
understand in this first approach is what number of cells is necessary, so that applying a distant load and
not directly applied on the study cell, the displacement is as similar as possible to that described in the
solutions in the book. With this, we seek to learn how the number of cells in the structure affects and
reach the moment of independence, in which although there are more contiguous cells, the solution is
still the same as that provided by the study document. In this way, in addition to the number of existing
cells, they will affect how the boundary conditions and the load are imposed. The document does not
establish anything about the boundary conditions, since being a supposedly remote load, it is assumed
that the boundary conditions are also remote and will not affect the study cell. For this reason, as will be
seen later, the form of load application and where the boundary conditions are applied will vary in search
of the best configuration.

Below is the geometry of the hexagonal cell with the study measurements.

f=—2Lcos 0~
{4 .

Figure 2: Hexagonal cell geometry

Where 6 = 30 © and 1 = 10 mm. The thickness will vary between 1 and 0.5 mm. The load cases that are
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studied are shown below.

Figure 3: Hex Cell Load Cases

These load cases consist of introducing a uniform stress in the two perpendicular directions of the plane.

The equations that govern the displacement behavior of these cases are shown below:

M= P-1-sin(0)
2
M — W-1-cos(0)
2
for the moments
5 P13 -sin(0)
- 12-E-1
5 W -1 cos(0)
- 12-E-1

()

2

3)

“)

for displacements. In these relationships E; is the elastic modulus of the substrate material, which will
be Aluminum with E = 70 GPa , v = 0.33 and the moment of inertia for constant thickness I = b-¢3/12.
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The operational form of calculation will be as follows. In Patran, the study model will be created with a
load that manages to emulate a uniform tension that reaches the study cell. The Nastran output will read
the displacement of the study node. To compare it with the result of the equations, the moment of the
element that contains the node will be read, with equations (1) and (2) the force that reaches the node will
be obtained and using the relations (3) and (4) the displacement that the equations stones is achieved. In
order to compare it, the error is defined as follows:

UNastran — Uequation
error = quatt (5

Uequation

With this definition, a percentage of error will be established to measure the differences between one
solution and another. Now we can compute some geometries like the following ones :

Figure 4: Load Cases

The results for these cases are shown below, the displacements being those of the upper node of the
central cell.

Table 1: Load cases

Load wunastran (mm) uequation (mm) Error (%)

Left 3.9362-10¢ 4.64-10°% 15
Mid  1.9391-103 2.2:1073 11
Right 1.5259-1073 1.6792-1073 10

The following geometry will considerably increase the number of cells and it will be seen how results
similar to those of the previous geometry are obtained.
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Figure 5: Load cases

For these cases are shown below, the displacements being those of the upper node of the central cell.

Table 2: Load cases

Load wunastran (mm) uequation (mm) Error (%)
Left 6.87377-103 5.948-103 15
Right 9.4092-1073 8.5124-1073 10

As has been seen, the equations predict the models to a certain degree of accuracy, since they are simple
equations that take into account the action of many factors that are difficult to describe. Even so, it has
been possible to study the influence of the number of cells, their arrangement, the boundary conditions
and the way to apply the load. All of this knowledge will be helpful in continuing and implementing
virtual testing on test specimens.

3 CREATION OF TEST SPECIMENS

There are many similarities between metamaterials and composite materials. When choosing the tests to
be modeled, it was thought that the metamaterial composed of its cells would not be used without any
type of reinforcement or joining element with the structure that it wants to support. This is why our test
tubes contain an upper and lower sheet that does the interface work, connecting the structure with the
object that it wants to support. Joining this idea to the previous one mentioned, of the similarities that
they contain with respect to the core of the composite material with the geometry of cells, it was decided
to use a norm for composite materials as a guide. This norm contains the study tests and equations with
which to estimate the properties of our metamaterials.

First, it should be stated that ASTM C 393 will be used as a guide. This means that not all the re-
quirements that it establishes will be met. This is because in the first place, the standard is not for
metamaterials and for these there are still no requirements or study methodologies for their certification.
Furthermore, this is restrictive in aspects such as geometry. From a functional point of view, in these
virtual tests it is not so important that the specimen is more or less large, but if you want to recreate
the virtual tests with real specimens, it is important that these are not excessively large. This avoids
unnecessary manufacturing costs. For this reason, a compromise solution will be reached taking into
account both factors, compliance with the standard and the feasibility when reproducing the tests physi-
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cally. Factors related to the testing machine will not be addressed in this area, since the measurements are
taken directly from the results provided using the MEF, without errors related to the way of measuring
or measuring devices.

Various tests can be carried out to see how the materials behave and depending on which ones are made,
observe some properties or others. For this, the standard intelligently chooses and modulates the condi-
tions of two similar tests but that serve to see how the material behaves in different states of load. These
tests are the three and four point bending test.

P/2 P2

2 2 /4 L/ L4 /4

Figure 6: Three and four point bending test

As mentioned above, different tests show different behavior of the material. The first test, the three-point
bending test, studies the behavior of the specimen in the state of simple bending. This state refers to the
state of a beam under constant bending moment and shear stress. In this way, the deformations are caused
by a combined action of bending moments and shear forces. The second test, the four-point bending test,
divides the specimen into two regions that are subjected to different states of load, making this test very
interesting. The first one, subjected to simple bending, like the previous test, is in the areas delimited by
the supports and the loads. The other region delimited by the charges is subjected to pure inflection. This
condition occurs when the bending moment is constant. For this, both the shear force and the torsional
moment must be zero. In this way, the deformations in this area will be caused only by the bending
moment.

For computing the properties , the equations of the displacements from the norm ASTM C 393 will be
used :

P L P-L
5= 48D 4U ©
for the three-point bending test,
11-P- L2 P-L
5= 768 -D +s-U )

for the four point bending test, where P is the load , L the lenght of the test specimen , U the shear
stiffness and D stiffness at bending moment.

In this way the norm predicts a displacement. The way to proceed when calculating the properties of the
metamaterial will be as follows. A substrate material will be chosen from which the skins and the beams
of the cells will be formed. With Nastran, the model adjusted to the norm will be carried out with the
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aforementioned and a displacement will be measured that included in equations of the norm will result in
an estimate of the properties of the metamaterial, in this case, the elastic modulus. Within this estimate
it is worth mentioning that the contribution of the upper to lower hides is included. In other tests such
as those of traction or compression that could be carried out without these skins, the properties of the
metamaterial will vary due to the lack of rigidity provided by the skins.

3.1 Choice of unit cells

The cells that are replicated will be the main variable that modulates the behavior of the metamaterial.
Although the thickness of the bars that form them is also important, the internal geometry will be the
cause of the greater or lesser rigidity of the metamaterial.The cells to be chosen had to be replicable
in a relatively simple way, avoiding generation mechanisms such as Voronoi, since they were to be
carried out with the Patran interface, which limits to moving and replicating geometric structures that
follow a pattern. Therefore, the chosen cells can be contained within a cube that replicates in space,
interconnecting cells. The easiest way to observe this is by looking at the cells.

Figure 7: Left - FCC, Center - Octect Truss , Right - Truncated Octhaedron

As can be seen, the cells are different both in shape and in number of beams. In order to carry out a
comparison between them, a comparison criterion must be chosen. It was thought that the most logical
thing would be for all the test tubes to have the same number of cells, for this it was established that as
all cells can be contained in a cube, this cube would be the same size. If, on the other hand, it had been
chosen that all the bars of the cells had the same length, in some test tubes there would be a very different
number of cells. In this way the number of cells is the same, with different bar lengths.

In addition to the thickness parameter, the volume fraction that measures the amount of space that is
filled with material from the cell itself will be taken into account.

3.2 Creation in Nastran

With these cells they were replicated in all directions of space, creating specimens of 300x28x28 mm
in the core of the specimen and with a thickness of the skins of 5 mm. The thickness of the skins was
a determining factor since a sufficient thickness is needed to be able to pass the loads into the core.
Regarding the finite element model, the bars of the cells are 1D elements with the Nastran beam property
with a square section and the skins are 2D elements with the shell property.

The union between the core and the leathers will be through a glue contact through which they will be
glued, avoiding overlaps or displacements that make the core interface penetrate over the skin and vice
versa.
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Regarding the boundary conditions, displacements in the areas that simulate the supports in the testing
machine will be avoided without becoming embedment conditions since the longitudinal displacements
are left free on one of the two sides. Finally a uniform load will be imposed that will depend on the type
of test as shown in figure 6. The test specimens for the different cells in Nastran are as follows :

Figure 8: Test specimens in Nastran

100.0000

Figure 9: Test specimens in Nastran with loads and boundary conditions

4 RESULTS

To validate the results presented below, the composite beam was used, a beam with a double T section
that tries to recreate the behavior of the metamaterial specimen using its elastic modulus. This study pro-
vided a field of displacements practically analogous to that of the metamaterial specimen. In addition,
the non-linear solver was used looking for the effect of large displacements or deformations and different
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non-linear effects, seeing that it was unnecessary since we were in the linear regime.
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Figure 10: Composite beam verification

4.1 Perfect and Imperfect Test Specimen

The importance of the relative density parameter becomes clear at this time. As will be seen in the figure
below when doing a linearized comparison. For the same thickness of beams, the relative densities can
be very different, as for the Truncated Octahedron whose greatest beam thickness barely reaches 45 %
relative density. Furthermore, when introducing this parameter, a change is seen in the perception of the
cells. If before the FCC cell was always lower in terms of Elastic Modulus with respect to the Octect
Truss, now the paradigm changes and it seems that the FCC cell is more efficient in terms of stiffness
/ weight. As you can see, the red line in the upper figure corresponding to the FCC is always slightly
higher. This indicates that if we are going to design all the cells with the same beam thickness, what
would be convenient in terms of obtaining better properties would be to use the Octect Truss cell, with
the increased weight that this entails. On the other hand, if you want to save on weight or material, the
FCC cell is more efficient. This highlights the multitude of variables involved in the problem, and the
importance of studying them all.
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Figure 11: Linear comparison

10



Ivén Marin, Gonzalo Vera and Miguel Angel Sanz

FCC Structure
T T T T T T T T T T
05
0.45[
047
- 0351
w
=
ui
03
Curve 3P
T Curve 4P
theh o ®  ExactPoints 3P
#  ExactPoints 4P
02 = = =|inear Regression 3P
= Linear Regression 4P
0.15
01 015 02 025 03 035 04 045 05 055 06
Relative Density p/ps
Truncated Octhaedron
03 T T T T T T T T
0.251
02
015
L]
w
=
i
01r
Curve 3P
Curve 4P
0.051 ®  ExactPoints 3P
#  ExactPoints 4P
»/ﬂr{ = = = Linear Regression 3P
0 = = Linear Regression 4P
005 i L i i . . . .
0.1 0.15 02 025 03 0.35 0.4 045 0.5
Relative Density p/ps
Octect Truss
T T T T T T T T T T T

Curve 3P
Curve 4P
®  ExactPoints 3P
4 ExactPoints 4P
= = =Linear Regression 3P
= = = Linear Regression 4P

0.

1 015 02 025 03 035 04 045 0.5 055 06
Relative Density p/ps

FCC Structure

T T T T T T T T T
05
04
I.Ll.ln 03[
=
w
ozr Curve 3P i
Curve 4P
®  ExactPoinls 3P
0.1 #  ExactPoinls 4P il
= = =Linear Regression 3P
= = = Linear Regression 4P
oF 1
0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
Beams Thickness (mmm)
Truncated Octhaedron
02 T T T T T T T T T
’
018 1
016
0141
012
A
oo}
w
008
Curve 3P
0.06 Curve 4P 5
®  Exact Points 3P
0.04 4  ExactPoints 4P 1
= = =Linear Regression 3P
0.02¢~ - Linear Regression 4P |
Li#
0 . L L . . . . . L
04 045 05 055 06 065 07 075 08 085 09
Beams Thickness (mm)
Octect Truss
0.55 T T T T T
05 1
0451 4
04r 1
035 1
[}
4 oosf 1
w
Curve 3P
0251 Curve 4P ]
®  ExactPoints 3F
0z 4  ExactPoints 4F 1
= = =|inear Regression 3P
0.16 Linear Regression 4P | 1
01 5
0.05 . . . . L
0.2 0.3 0.4 0.5 06 0.7 08

Beams Thickness (mm)

Figure 12: Test specimen
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As can be seen, different cells give different elastic modules showing how some cells are more rigid than
others. Furthermore, when a manufacturing error is introduced, the elastic modulus decreases drastically,
so it must be taken into account when analyzing metamaterials. In addition to the relative density, since
for different applications it may be more useful to use a metamaterial with a lower elastic modulus for
the same thickness of the cells, but which is more optimal from the point of view of weight.

5 CONCLUSIONS

Metamaterials are still growing and there is still a long way to go, both from a design and a manufacturing
point of view. As was seen before any small defect can cause these structures to change their behavior
a lot, so special care must be taken when manufacturing and designing them. Although the moment of
manufacture is a critical moment, requiring a separate study, the entire preliminary phase of design and
virtual testing to which this document is dedicated is also very important. Correctly recreating this type
of structure using professional software such as Nastran and validating that the job is well done is not an
easy task. As already mentioned, there are no rules or equations that validate the models, in addition to
the fact that the solutions provided by the Finite Elements must be verified by the person who uses them,
and cannot be considered as an absolute truth.
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