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ABSTRACT

In this work, a numerical characterization of BCC lattice cells is performed through
the use of an homogenization approach. The main goal is to establish a relationship
among those properties and the relative density of the cubic unit cell. The BCC cell
struts diameter are the inputs parameters of the homogenization analysis campaing
in order to vary the relative density of the unit cell. A linear periodic condition has
been applied to the model in order to simulate a clear probing situation. Traction load
tests are used in order to evaluate the Young modulus and the Poisson coefficient,
differently a pure shear load case is employed for the evaluation of the shear modulus.
Hence the final results will be presented in a graphic visualization.
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1 Introduction

Nowadays the additive manufacturing technique Guo and Leu (2013), Bikas et al. (2016), Kumar and Kruth (2010), Vayre et al. (2012),
Rajaguru et al. (2020), Gardan (2016) have been rather studied and applied to different engineering fields such as: civil, bio-mechanical,
automotive and aerospace Bici et al. (2018), Liu et al. (2017), Kamal and Rizza (2019), Najmon et al. (2019), Kumar and Nair (2017), Rawal
et al. (2013), Shapiro et al. (2016), Uriondo et al. (2015) even if many aspects that comprises it are still not properly understood. In this large
portion of fields, low-density and relatively complex geometries are needed in order to fulfill the requirements. One of the main advantages of
this manufacturing technique is to deal with lattice structures made by unit cells Maskery et al. (2018), Hazeli et al. (2019), Jin et al. (2019),
Aboudi and Gilat (2005), Wallach and Gibson (2001), Shen et al. (2010), Liu et al. (2006), Zok et al. (2004). For instance Lei et al. (2019)
made a study concerning about the practical influence of the geometrical properties of two similar cells, the BCC and the BCCZ one, showing
how these geometrical parameters afflict the mechanical behavior of the whole structure. The strategy of placing side-by-side these cells allow
to reach the macroscopic shape that’s needed, still working with the inner components of the main structure Lei et al. (2019), Deshpande and
Fleck (2001), Wang et al. (2003), Kooistra et al. (2004), Queheillalt and Wadley (2005a), Queheillalt and Wadley (2005b). Speaking of which
is one of the main problems connected to the usage of AM, we’ll focus on the influence of the cell’s behavior when the relative density is forced
to vary Duan et al. (2020) Xiao et al. (2018) Jin et al. (2018) Dumas et al. (2017). In fact the behavior of unit cells is different in respect to
the particular configuration. Basically we can distinguish between bending dominated and stretching dominated cells, as introduced by Ashby
(2006), which properties are directly proportional to the already cited relative density that is defined as:

ρ

ρs
(1)
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where in this case ρ is the density of the considered BCC cell, and ρs is the density of the full equivalent shape. However the present work is
made in order to characterize a symmetric cubic unit cell, hence an isotropic condition is provided by this configuration.

2 Lattice unit cell

As we said before, the cell we chose for the characterization is a BCC, that falls into the bending dominated behavior ones. This division in
respect of mechanical behavior is the same introduced by (Ashby 2006), using the Maxwell’s stability criterion Deshpande et al. (2001) defined
by the so called Maxwell’s number:

M = b− 2j + 3 = 0 (2)

which in our case, the three-dimensional one, becomes:

M = b− 3j + 6 = 0 (3)

where b is the strut’s number of the considered cell and j is the number of frictionless joints which the cell is made by. Using Equation 3,
various cases can be distinguish, that is:

• M<0 where the structure has one or more degrees of freedom hence not providing any stiffness in these directions, that characterize
the bending dominated behavior structures

• M=0 where all members of the structure carry tension or compression, that leads to the stretching dominated behavior structures
• M>0, that leads to the so called self-stress structures.

According to this criterion, we can state that the BCC cell we treated has M < 0, so it’s classified as a bending dominated structure. Hence, a
simple analytic law links the relative density with the relative Young’s modulus of a bending dominated structure, namely:

Ec

Es
∝

(
ρc

ρs

)2

(4)

which in our case Ec and Es are the cell’s Young’s modulus and bulk modulus respectively, in the same way ρc and ρs are the cell and bulk
densities respectively. Equation 4 permits to affirm that when the cell density tends to the bulk one, as a consequence, the cell and bulk Young’s
moduli tend to be equal, as follow:

ρc = ρs ⇔ Ec = Es (5)

2.1 Geometry

A visualization of the BCC unit cell chosen for the characterization is shown in Figure 1, in particular it shows a 1mm strut condition, that
is, a cell which has a 1mm diameter struts. Moreover the side of the cube which the cell is made into is 10mm. Whilst the length of the cell is
set frozen, the strut’s diameter is forced to vary in order to cover a range of densities, so to follow Equation 4 hence allowing us to extract the
varying law for the Young’s modulus. The same setup is used to establish the Poisson’s coefficient and the shear modulus of the unit cell.

L=10mm

D=1mm

Figure 1. Implemented BCC cell with specified geometrical lengths

The relative density has been varied through the configurations depicted in Figure 2a and Figure 2b. Respectively those setups are referred to a
corresponding relative density of 0.0033% and 0.9862%. Overall, 16 strut’s configurations have been implemented to cover up a well-spaced
range of densities.
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(a) (b)

Figure 2. BCC cell with 0.25mm strut diameter a, and 7mm strut diameter b

3 Numerical simulations

The software used in this characterization was ANSYS, in its mechanical environment. CAD models of the cells have been implemented into
ANSYS’ Design Modeler environment, hence a direct implementation was made. In order to automatize the process, parametric simulations
were conduced, that is, the strut’s diameter has been varied introducing a corresponding Design Point for each value. Eventually, for each
Design Point we defined also a parametric mesh column, in order to fit the best element’s mesh size for each Design Point, so to establish the
best compromise either for simulation velocity and data precision.

3.1 FEM model

As a first approach analysis, no structured mesh were built, instead an automatic meshing method was chosen. As result, tetrahedral elements
were used such the best-fitting for this problem. An estimation of the element’s number is not reported since different struts configurations leads
to a considerable varying of element’s number.

3.2 Linear periodic condition

We’ve remarked several times that the usage of this type of lattice cells is currently the basic idea beyond AM processes. Hence, numerical
simulations must fulfill a set of conditions that best-fits the given problem. If a single cell analysis had been conducted, the model wouldn’t
have got an acceptable precision. In fact, since we’re trying to model a structural-behavior, we can’t avoid to consider the whole interaction
among cells. As a consequence, a linear periodic region have been set in the X and Y directions by using constraint equations. The goal is
to couple the displacements between the two cell’s side, so to simulate an interaction between adjacent cells in reality. The defined constraint
equations are one for each direction, hence providing:

Xpos = Xneg +XPN (6)

Ypos = Yneg + YPN (7)

where Xpos, Xneg , Ypos and Yneg are the displacements of the X- and Y- oriented faces of the cell respectively to the relative position along
either the positive X and Y axes and negative X and Y axes respectively, moreover, PN is a random node defined by the ANSYS linear periodic
symmetry rule. The implemented linear periodic condition have been depicted in Figure 3.
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Figure 3. Applied linear periodic condition

3.3 Uni-axial traction setup

The setup we’re going to enunciate has been chosen in order to allow to probe two magnitudes at once, namely either the one used for
computing the Young’s modulus and the Poisson’s coefficient. We should clarify that since an isotropic condition have been introduced, we
consider:

Ex = Ey = Ez = E, νxy = νxz = νyz = ν, Gxy = Gxz = Gyz = G. (8)

As we see in Figure 4 a simple support condition has been imposed to the base, in particular the displacement along the Z axis of the four faces,
which the cell’s base is made by, has been set null. Whilst a traction condition has been set on the upper four faces by using a 1mm imposed
displacement along the Z axis.

Figure 4. Uniaxial load condition

This load configuration, coupled with the applied linear periodic condition, allows to probe:

• The force reaction Fr of the cell’s base along the Z direction, that allowed us to obtain the Young’s modulus
• The deformations of the cell’s side, that allowed us to extract the Poisson’s coefficient.

In order to obtain the Young’s modulus, we must use the tension definition that is:

σz =
Fr

Ac
(9)
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where Ac is the full shape base area, hence by the mean of the generalized Hooke law we obtain the Young’s modulus that is:

σz = Eεz ⇒ E =
σz

εz
(10)

where εz is known since the cell’s length and the value of the imposed displacement are known. For the Poisson’s coefficient we must apply
the well known definition of strain for example along the X axis (since we’re in an isotropic condition), thus using the Poisson’s coefficient
definition:

ν = −
εtransverse

εaxial
= −

εx

εz
(11)

it is possible to obtain two of the three searched mechanical properties.

3.4 Shear setup

This setup was made in order to find the shear modulus. A representation of the load condition is depicted in Figure 5. In order to compute
the shear modulus, the symmetry condition has been changed. It has been reduced to an 1D linear periodic condition, precisely along the X
axis direction. On the upper faces of the cells, a 1mm displacement toward the Y axis has been imposed, while the displacement along the
Z axis was set null. On the lower faces only the X axis displacement component has been set non-null. Lastly, an additional condition has
been imposed, in particular the displacement along the Z axis of all Y-oriented faces was set null, in order to reproduce a pure-shear load
configuration. According to this, the force reaction Fs along the Y axis has been probed, thus the definition of shear stress was applied, leading
to:

τ =
Fs

Ac
(12)

similar to Equation 9, the angular displacement was computed using:

γ =
D

L
(13)

where D corresponds to the 1mm imposed displacement and L is the cells length. Hence the shear modulus was computed using the shear-
equivalent Hooke law:

τ = Gγ ⇒ G =
τ

γ
(14)

Figure 5. Shear load condition

3.5 Convergence on the cell’s number

A study about the cell’s number has been conducted in order to find an acceptable configuration based on the cell’s number along the load
axis, that is the Z axis for the Young’s modulus and the Poisson’s coefficient setups and the Y axis for the shear modulus setup. For the Young
and Poisson setups, it has been found that a single cell setup was enough to guarantee a relative error roughly around 2%, as presented in Table
1. As this is a first order analysis, an error of roughly 2% is reputed acceptable. For the shear setup, a different condition has been applied,
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that is a major number of cells has been used in order to obtain an acceptable error around 3%. The analysis has been pulled over to using
seven cells so to obtain the maximal admissible error, as presented in Table 2. The error was computed by taking as reference the value which
corresponds to the major cell’s number, referred to the ith configuration, that is:

Err(Ei) =
Ei − Eref
Eref

· 100 (15)

where Err(Ei) is the error computed for the ith cells configuration and Eref is the Young’s modulus for the reference cells configuration.

Table 1. Relative errors for the convergence analysis about the cell’s number in the Young and Poisson setups

Cell’s number E Error(E) % ν Error(ν) %

3 1.1638E+09 0.44070
2 1.1645E+09 0.057 0.44069 0.003
1 1.1385E+09 2.178 0.44125 0.124

Table 2. Relative errors for the convergence analysis about the cell’s number in the shear setup

Cell’s number G Error(G) %

7 2.5229E+09
6 2.4573E+09 2.597
5 2.3664E+09 6.202
4 2.2305E+09 11.590
3 2.0121E+09 20.244
2 1.6343E+09 35.220
1 1.1385E+09 54.873

As presented in tables above, a difference of 2.178% had been already found between the single cell configuration and the three cells configu-
ration in the Young setup, which for our approximation was considered acceptable. A minor error was computed for the Poisson setup, which
was considerably below 1%, thus satisfying the approximation. Lastly, for the shear setup, an acceptable error was found only using the seven
cells configuration, that provided a difference of 2.597% between the six cell’s configuration. Thus that configuration have been chosen for the
characterization analyses presented below.

4 Results

As said before, all configurations showed upon were repeated for increasing levels of relative density
ρ

ρs
. All numerical results have been

plotted in a graphical visualization, precisely the Young’s modulus, the Poisson’s coefficient and the shear modulus are presented respectively
in Figure 6, Figure 7 and Figure 8. For the Young’s modulus graph, the ideal bending dominated behavior and the stretching dominated behavior
described by Ashby (2006) have been plotted too. From Figure 6, the relative Young’s modulus tends to one as the relative density tends to one,
as described in Equation 5. Concerning the Poisson’s coefficient graph, a similar logic was followed so to compare the cell’s Poisson coefficient
with the bulk one. Lastly the same logic was applied for the shear modulus, hence providing slightly as a similar trend as the Young’s modulus.
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Figure 6. Relative Young’s modulus against relative density
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Figure 7. Relative Poisson’s coefficient against relative density
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Figure 8. Relative shear modulus against relative density

5 Conclusions

In this paper a characterization of a BCC lattice unit cell, made especially for AM processes, has been conducted. Firstly the attention has
been focused on the field which these type of geometries are used. Then, the simple rule which links the relative Young’s modulus and the
relative density has been enunciated. Thereafter the cell’s geometry has been described and the parameters which typify it have been declared.
A brief explanation about the relative density variation during the analyses has been provided, showing also two limit cases of the less-dense
cell and the more-dense cell. Moreover, the numerical simulations settings have been described, by specifying firstly the employed mesh, then
the applied linear periodic condition and finally the uni-axial traction setup and the shear setup. Furthermore, a convergence analysis has been
presented in order to find the best cell configuration that fits the load conditions. By the mean of the two previously described setups, the
probing of the magnitudes leads to find, using the generalized classic and shear-valid Hooke law, the values of E and G. The definition of
the Poisson’s coefficient was applied to compute ν instead. These three properties were further divided by the correspondent bulk value, so to
obtain the relative ratios. All these three ratios have been plotted against the relative density of the cells, in respect to the various cases, in order
to obtain the associated trends. Lastly it has to be noticed that this was a first-approach analysis, in fact further studies will be made in order to
pass from an isotropic condition to an orthotropic one, using a non-cubic cell shape.
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