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The goal of this work is to investigate how the combination of 3D computer graphics and finite element
software can be used to rapidly design materials with tunable properties for noise and vibration mitigation
applications. Algorithms and software that create three-dimensional objects, known collectively as 3D com-
puter graphics, are widely used artistically for rendering, animation, and game creation. These approaches
allow for the design of complex topological structures such as cellular solids. This presentation describes
the use of 3D computer graphics to design cellular structures, which can be imported into finite element
software in order to determine effective vibrational properties. This approach is advantageous for several
reasons. It allows for quick variation of parameters of cellular solids such as porosity and void fraction. It
also is time efficient compared to alternative methods such as performing computed tomography scans on
physical samples and analyzing the imaged files. Furthermore, resulting designs can be easily fabricated
by direct 3D printing. This presentation will include analysis and discussion of designs generated by the
proposed approach.
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1. INTRODUCTION

Metamaterials are specially engineered materials which use a combination of structure and host material
to enable a wide range of material properties not ordinarily found in nature. Metallic foams are one such
subset of metamaterials, which provide advantages for structural applications due to their high strength-to-
weight ratio and ability for high energy absorption. Metallic foams can be manufactured through a variety
of processes, such as casting or additive manufacturing, and can either be closed cell or open cell, as shown
in Fig. 1.

Figure 1: An open cell aluminum foam manufactured by ERG Aerospace Corp.

This paper describes the use of 3D computer graphics to design metallic foams, which can be imported
into finite element software in order to determine effective static material properties. This approach is
advantageous because it allows for rapid design iteration of complex topological structures and variation of
foam properties such as relative density.

The elastic properties of metallic foams and other cellular solids has been studied extensively by Gibson
and Ashby.1 Based on bending and dimensional arguments for a simple open cell square lattice, it can be
shown that the material moduli are given by

Ef/Es = C1 ∗ (ρf/ρs)
2, (1)

and
Gf/Es = C2 ∗ (ρf/ρs)

2, (2)

where E and G are the elastic and shear modulus, respectively, ρ is the density, subscripts f and s refer to
foam and solid, respectively, and C1 and C2 are geometric proportionality constants. For a linear-elastic and
isotropic material,

G =
E

2(1 + ν)
, (3)

where ν is the Poisson ratio. Using Eqs. (1), (2), and (3), and solving for the foam Poisson ratio with the
assumption that the foam behaves as a linear-elastic isotropic material, one obtains

νf =
C1

2C2
− 1 = C3. (4)

Although derived for simple geometries, the material constants C1 = 1, C2 = 3/8, and C3 = 1/3 are found
to approximate experimental data for a wide range of open cell foams.1

These equations highlight the importance of foam relative density (ρf/ρs) in determining material prop-
erties. Conveniently, relative density is also often one property selection made available by metallic foam
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manufacturers, thus understanding its relationship to material properties is crucial for industrial designers
and engineers.

There are inherent difficulties with experimentally measuring material properties for foams. For exam-
ple, in compression the size of the specimen can highly influence mechanical measurements due to local
inhomogeneities and buckling effects.2 In tension or shear, the foams are more difficult to test due to mount-
ing considerations requiring fixture design. There are also difficulties with accurately measuring Poisson
ratio due to non-uniform edge deformation. Alternatively, using finite element methods is one way to deter-
mine material properties while avoiding these difficulties.

2. METHODOLOGY

A. COMPUTER GRAPHICS

Open Gaming Language (OpenGL) is a programming language used in computer graphics for display
rendering, artistic graphics, animation creation, and video game creation. Its main advantage is processing
speed and efficiency due to its ability to interface with the computer’s graphic processing unit. F3 is a
commercial software package that utilizes OpenGL and signed-distance functions (SDFs) to design 3D
structures. Also known as a shader language, the concept is as follows : a display can be rendered by
treating each pixel as a coordinate point and writing a function to output a desired display value for that
pixel. A structure can be designed from this approach by specifying a function with input variables of
coordinates and a scalar output of either negative magnitude (solid material) or positive magnitude (void
space). Mathematically, the SDF can be expressed as3

f(x, y, z) =

{
d(x, y, z, ∂Ω), for x, y, z ∈ Ω

−d(x, y, z, ∂Ω), for x, y, z /∈ Ω
, (5)

where x, y and z are coordinates in three dimensional space, f is the signed distance function, d is the design
function, which in this case determines what the 3D structure will look like in a region Ω with boundary
∂Ω. An interesting characteristic of the design function is that it runs parallel for every pixel, thus each pixel
output is independent.

Two open cell geometries were created using the described method. The first is an aluminum tetradeca-
hedron (6 squares, 8 hexagons) lattice with triangular struts. The design was created by defining 12 vectors
and using a strut sub-function to define triangular strut regions along each vector. Next, a blending function
was used to merge and smooth nodes where two struts met, Finally, symmetry and mirrored planes were
exploited to create a pattern of cells. The second geometry is a copper Schwarz P geometrical surface,4

given by
cos(ω ∗ x) + cos(ω ∗ y) + cos(ω ∗ z) = 0 (6)

This structure is one of a number of minimal geometrical surface, which minimize a surface area constraint
with respect to volume. Both foams are shown in Fig. 2.

B. FINITE ELEMENT ANALYSIS AND HOMOGENIZATION

Designs from F3 were exported as STL files and imported into MATLAB. Tetrahedral volume mesh
generation was accomplished using iso2mesh,5 a free MATLAB mesh generation toolbox. The meshes were
imported into Abaqus CAE for finite element analysis. Both models were approximately cubes of side length
25.4 mm. In Abaqus, the material properties of aluminum and copper were created and assigned to both
model elements, respectively. To determine effective material properties, six strain loading scenarios were
imposed on the model (three in tension and three in compression, Fig. 3 ) using the Abaqus Micromechanics
Plugin.
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(a) (b)

Figure 2: Metallic foam structures designed using F3 (a) aluminum tetradecahedron lattice and (b)
copper Schwarz P surface.

The general form of Hooke’s Law for a linear-elastic material written in Voigt notation is

σ11

σ22

σ33

σ12

σ13

σ23


=



C11 C12 C13 C14 C15 C16

C21 C22 C23 C24 C25 C26

C31 C32 C33 C34 C35 C36

C41 C42 C43 C44 C45 C46

C51 C52 C53 C54 C55 C56

C61 C62 C63 C64 C65 C66





ε11

ε22

ε33

2ε12

2ε13

2ε23


. (7)

Each strain loading scenario isolates one column of the stiffness matrix, thus the stiffness matrix is
determined column by column by solving the stress components and factoring in the complete bounding
volume of the model for all load cases.

An orthotropic material model can then be achieved by rewriting and inverting the stiffness matrix.

Cortho =



1
E1

−υ21
E2

−υ31
E3

0 0 0
−υ12
E1

1
E2

−υ32
E3

0 0 0
−υ13
E1

−υ23
E2

1
E3

0 0 0

0 0 0 1
G12

0 0

0 0 0 0 1
G13

0

0 0 0 0 0 1
G23


. (8)

Finally, isotropic material properties were computed by an iterative least-squares method to find an elastic
modulus and Poisson ratio which most closely match the orthotropic to the isotropic compliance matrix.

Ciso =



1
E

−υ
E

−υ
E 0 0 0

−υ
E

1
E

−υ
E 0 0 0

−υ
E

−υ
E

1
E 0 0 0

0 0 0 1
G 0 0

0 0 0 0 1
G 0

0 0 0 0 0 1
G


(9)

3. RESULTS

For each of the two structures, the relative density was altered by keeping the pore spacing (the distance
between void openings in the surface) constant and increasing the thickness of material. Multiple structures
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(a) coordinate system
(b) undeformed mesh (c) tension x

(d) tension y (e) tension z (f) shear xy

(g) shear xz (h) shear yz

Figure 3: Finite element loading scenarios.

of relative densities between 0 and 0.5 were designed in F3, meshed in MATLAB, analyzed in Abaqus, and
homogenized with the procedure described in this paper. Fig. 4 shows the isotropic relative Modulus of
elasticity and Poisson ratio vs. relative density for the aluminum lattice.

Figure 4: Material property curves for the Aluminum tetradecahedron lattice.
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Similarly, Fig. 5 shows the same property curves for the copper structure. Here, average orthotropic
properties are graphed. Each curve is fit with a quadratic function of relative density.

Figure 5: Material property curves for the copper Schwarz P structure.

4. DISCUSSION

For both structures, material properties are found to have a good fit to a quadratic function of relative
density in the form

Ef/Es = A1 ∗ (ρf/ρs)
2 +A2 ∗ (ρf/ρs) +A3, (10)

and
νf = A4 ∗ (ρf/ρs)

2 +A5 ∗ (ρf/ρs) +A6, (11)

where the Ai terms are the fitted constants. Table 1 shows the values of the constants for both structures.

Table 1: Material properties coefficients for the tetradecahedron and Schwarz P structures.

tetradecahedron Schwarz P

A1 0.954 0.893

A2 0.149 0.104

A3 -0.002 0.004

A4 1.358 0.173

A5 -0.753 -0.309

A6 0.368 0.420

This trend is similar to the Gibson and Ashby model, which only has a squared term in the fit for modulus
of elasticity. There are, however, some assumptions with their model. First the derivation is only based on
bending arguments. One advantage to using FEM to solve material properties is that it can better capture
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combination of bending and compression, especially at higher relative densities where compression may
begin to dominate. Second, the wide range of foams to which the model is experimentally fit have large
variations of microstructure and cell shapes, such that if each were analyzed independently, different trends
may be obtained for each specific foam structure. For Poisson ratio, the Gibson and Ashby trend is constant,
however there is large scatter in experimental data1 due to inherent difficulty in measuring Poisson ratio.
The FEM results suggest that Poisson ratio is also a function of relative density.

5. CONCLUSION

Concepts for digitally designing acoustic/structural metamaterials were described using a computer
graphics approach. Finite element software was used to analyze designed materials and orthotropic and
isotropic homogenization was done to characterize static material properties. Material properties were dis-
cussed relative to existing theory for cellular solids and were found to be a strong function of relative density.
Material design curves, like the ones generated by the discussed approach, are advantageous due to the abil-
ity for designers to visualize the design space and availability of material properties and select a desired
relative density foam to meet design criteria.
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