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Abstract: Additive Manufacturing (AM) is a well-known and rapidly advancing method, especially
in the manufacturing of high-strength and lightweight microstructures. Utilizing AM, it is possible to
fabricate any structure as complicated as it is. For an efficient and cost-effective printing, a critical
parameter is the infill, which can be characterized from an easy 2D shape to high complexity. At
the same time, Topology Optimization (TO) is an appropriate method to create high-strength and
mass optimized microstructure lattices. In the current study, TO starts from a solid cubic volume of
15 × 15 mm, and different boundary conditions of two new cellular microstructures designed with
0.4 and 0.1 relative density are applied, respectively. The adopted TO method was Solid Isotropic
Material with Penalization (SIMP), which predicts an optimal material distribution within a given
design domain. TO methods do not check other characteristics of the structure, such as anisotropy. To
evaluate and characterize the optimized microstructure, a general purpose homogenization method is
utilized to calculate the Zener ratio and the elastic modulus. Using Fused Filament Fabrication (FFF),
which is a material extrusion 3D printing method, lattice structure samples are fabricated and then
tested in compression and tensile strength tests. The comparative results from the homogenization
study showed that both microstructures have anisotropic behavior and an accepted response in the
stress test similar to the homogenized material. The experimental results show that the mechanical
behavior of the lattice structure changes significantly when the cell mapping angle differs.

Keywords: topology optimization; homogenization; additive manufacturing; infill microstructure

1. Introduction

Designers are able to create complex topologies and shapes, thanks to the design
freedom provided by Additive Manufacturing (AM) [1–4]. In our days, the design man-
ufacturing procedures have been expanded to conventional manufacturing processes,
although Design for Additive Manufacturing (DfAM) methods have to be further elab-
orated [5–8]. Many of these methods help us to use the properties that are enabled by
AM. Such methodologies are: Topology Optimization (TO), the AM manufacturability
analysis, and cellular structures. Cellular structures are observed in nature: in plant stems
or in bamboo microstructures [9–11]. These structures present an incline and can proceed
toward better material distribution for a performance optimization. In relation to artificially
designed cellular structures, the features presented are upper level, making them suitable
for processes such as energy absorption or heat transfer.

AM stands out for its ability to reduce the necessary manufacturing material when
producing a part and the weight of the part itself, thanks to its nature [12–14]. AM can
manufacture lightweight parts characterized by a sparse internal infill and an external skin.
In regards to the fabrication process, the type of the infill is a crucial parameter, with the
most reliable and fast printing infills those that are made by printing the same pattern for
every layer. These are the 2D infills, and they are characterized by a vertical cross-section,
which creates a geometry fertile to anisotropic structural properties [15].
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Another type of infills, that present an isotropic behavior, are the 3D infills. In par-
ticular, the infills that have a cubical symmetry are called “cubic infills”, and they repeat
in all three directions. Another type of strong and fast printing 3D infill is the mathemati-
cally based “gyroid infill”, which can simplify the designing process. The disadvantage
that comes along with 3D infills is that they are not easy to be printed and show a high
complexity [16,17].

The final type of infills are those that cannot be characterized either as 2D infills or as
3D infills. Due to process optimization, they have a non-periodical nature, which allows
them to be rich in forms. They may have internal structures containing voids, using graded
infills or internal structures with repeating optimized lattice structures. These can show
differing spatial properties or particular elastic properties. In an effort to stimulate the
general orthotopic properties, Poisson’s ratio and elastic moduli tuning, many researchers
have used Topology Optimization [18–20].

Topology Optimization is the mathematical method that can optimize the material dis-
tribution within a specific design area. Its purpose is the system performance maximization
for a given set of loads. There are several TO implementations like Solid Isotropic Material
with Penalization (SIMP), level set and BESO. TO is a technique via which we can remove
from the structure the ineffectual material and add at the same time the proper material
to the structure [21–23]. Furthermore, the MMC and the homogenization methods are
used in order to produce a quickly infilling gradient microstructure [24]. The most famous
method is the SIMP algorithm that calculates the element’s relative density distribution in
the design space [25]. Some of the topologies are limited in AM and the truss-like cellular
structures in the functionally graded modeling method. There are only a few isotropic
cellular structures when the established TO methods are calculated for isotropic materials.
Topology Optimization and Additive Manufacturing are coupled in an efficient manner
and can make the most of their potential, in order to allow for wide application prospects
in modern manufacturing [26].

2. Materials and Methods

In this paper, a modern approach is presented, where a general homogenization
method is being used to examine the behavior of two lattice structures that are created
from the SIMP method. The proposed lattices are going to be used as the infill structure
within the Additive Manufacturing techniques. In order to characterize the new lattices,
the elastic moduli and the Zener ratio have been calculated. Using material extrusion, 3D
printing method lattice structure samples are fabricated and then tested on compressive
and tensile strength. Due to the fact that the methodology is straightforward, it could be
adapted in other similar behavioral predictions for different infill types.

The selected TO method (SIMP) and other general algorithms predict with an
accurate manner the optimal material distribution within a given design domain. How-
ever, the isotropy of the optimized microstructure is not considered from the classical
Topology Optimization algorithms. In the current study, the homogenization of the
Topology Optimized structures is selected, such as an appropriate additional postpro-
cessing step after TO. The evaluation of the homogenized microstructures follows with
the execution of the Finite Element Analysis (FEA) on a coarser mesh with the calculated
homogenized properties.

The purpose of this manuscript is the creation of new lattice structures as infill ge-
ometry for Additive Manufacturing. The proposed methodology is illustrated in Figure 1.
Initially, two TO studies are carried out with different penalty factors and design constraints.
In the next stage, a homogenization study is executed. While performing the procedure,
the behavior of the homogenized structure in a given volume is studied. After-wards, the
anisotropy of the structures is checked with the calculation of the Zener ratio. Acrylonitrile
Butadiene Styrene (ABS) samples created by the use of the FFF printing technique and
tested in the compression and tensile strength tests.
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Figure 1. Adopted methodology flowchart.

2.1. Theoretical Background

Topology Optimization has its roots in the study of Michel trusses and the usage of a
ground structure approach, where a dense truss simulates the continuum, and in the course
of some structural optimization process regarding the cross-sections of the bars, unloaded
elements are eliminated and the optimal topology arises. TO can solve the problem of
finding the proper distribution for a limited amount of materials within a specified domain.
In current study, the SIMP algorithm is utilized. In total, two TO studies were carried out,
and an equal number of structures emerged.

The history of SIMP takes us back to the 1980s when Bendsoe first conceived the idea of
parameterizing the design domain and not proceeding to the solution of an on–off problem,
the TO. It was until the 1990s that this method was highlighted. The SIMP method is able to
maintain a fixed FE mesh and associate each of the Finite Elements with a density function
ρ(x) whose values range from 0 (void) to 1 (solid). As presented by Rozvany et al., an
artificial material that can also be conceived as a mesostructure material with holes can be
created by the intermediate values. The last design solution has as its feature black regions
(indicating solid regions), white regions (indicating voids) and grey regions (indicating
intermediate densities). In order to subdue the grey areas and to eliminate, because of their
impracticality in fabricating with traditional manufacturing methods, the intermediate
densities from the last design solution, a lot of techniques emerged [27–30]. According to
the SIMP method, the formula for the stiffness matrix of the optimized structure is:

KSIMP (ρ) =
N

∑
e=1

[
ρmin + (1− ρmin)ρ

p
e

]
Ke (1)

where:

Ke is the elements stiffness matrix;
ρmin is the minimum penalty factor;
N is the number of total elements in the design domain.

During the TO study, a main goal is to maximize the stiffness of a structure or minimize
its compliance with a given amount of the total mass, which is usually defined as a
percentage of the available design area. The total compliance is equal to the cumulative
deformation energy of the elements. Minimizing the total compliance, C, is equivalent to
maximizing the overall stiffness. The optimization algorithm, through an iterative process,
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seeks to solve the element densities that minimize the overall compliance of the structure.
The mathematical formula to calculate the C is:

minC({ρ}) =
N

∑
e=1

(ρe )
p [Ue ]

T [Ke] [Ue] (2)

where:

(Ue) is the displacement vector of element e;
(Ke) is the stiffness of element e;
the vector {ρ} consists of the relative density of the ρe elements.

The behavior of a lattice structure can be described using the generalized Hooke’s
law: σij = cijklεkl . The anisotropic form of Hooke’s law can be expressed by the stiffness
matric [c]: 

C11 C12 C13 C14 C15 C16
C12 C22 C23 C24 C25 C26
C13 C23 C33 C34 C35 C36
C14 C24 C34 C44 C45 C46
C15 C25 C35 C45 C55 C56
C16 C26 C36 C46 C56 C66


The Zener ratio is a dimensionless number that is used to quantify the anisotropy for

cubic structures [31]. Conceptually, it quantifies how far a material is from being isotropic
(where the value of 1 means an isotropic material). The calculation of the Zener ratio is
derived from the mathematical formula:

A =
2C44

C11 − C12
(3)

2.2. Homogenization

A microscale study is necessary to understand the behavior of the new proposed struc-
tures on the global scale. Plenty of studies have been developed to specify the behavior of
cellular and heterogeneous structures [32–34]. Often, cellular materials are characterized by a
high design complexity, which limits the manufacturability process. Additive manufacturing
overcomes these issues, and lattice structures can be fabricated precisely and with lower
production costs [35]. The keystone of the homogenization is the properties of a heterogenous
material to be represented in a small fraction of that. Represented Volume Element (RVE) is
defined as the limited fraction of the whole heterogenous material. Then, the characteristics
of the heterogonous material are applied as the boundary conditions in the whole design
volume [32]. For a square unit cell, the RVE method is applied as in Figure 2.

Figure 2. Represented Volume Element for a square unit cell.



Appl. Sci. 2022, 12, 7386 5 of 19

For the evaluation of the homogenized structures, new FE analyses are executed. The
mechanical behavior of the homogenized structures has been checked on a cantilever model.

3. Design of Topologically Optimized Lattice Structures

The design process began from a cube with dimensions 15× 15× 15 mm; the topology
optimization block of nTopology was used to carry out the TO studies. The boundary
conditions involve a constraint restraint applied to the bottom face of the cube, with an
exclusion of all degrees of freedom. The initial cube has been assigned with an isotropic
elastic material (Table 1). During the meshing process, a solid mesh model consisting
of 25,781 tetrahedral elements with an average edge length of 1 mm is created. The
satisfaction of the objective function is achieved with the minimization of the material
within the specified design domain. The fulfillment of the volume fraction restraint plays
a decisive role in the configuration of the optimized model. The value, which is required
for the volume fraction restraint, may range from 0 to 1, while the optimized volume will
have a volume fraction equal to or less than the required value. The creation of different
structures results from the various ways of imposing the loads, which, in both studies, are
300 N. In the first study, the load case is applied in plane to all model vertices. On the
contrary, in the second study, the loads are applied in plane but only on the vertices of the
top cube surface.

Table 1. Linear isotropic material properties.

Young’s Modulus
(MPa)

Density
(kg/mm3) Poisson’s Ratio

187,000 0.0079 0.33

Two topologically optimized structures have been created, ‘structure #1’ and ‘structure
#2’. The first structure is performed after twenty-three iterations; the final and intermediate
shapes of TO study appear in Figure 3. Respectively, Figure 4 shows the progressive shape
of the second structure in different iterations, the algorithm terminated after thirty-three
iterations. In both studies, the volume fraction decreased sharply in the first 10 steps until
asymptotically approaching the minimum (Figures 5a and 6a).

Figure 3. Intermediate shapes. Different iteration stages (b–e) from the initial design area (a) of
Topology Optimized ‘structure #1’: (a) design area, (b) step 5, (c) step 10, (d) step 18 and (e) step 23.

After the evaluation, the target value of the volume fraction constraint for ‘structure #1’
is 0.4 and, for ‘structure #2’, is 0.1 (Figures 5b and 6b). Topology Optimization is correlated
with the material distribution in a specific domain in order to design constraints to be
satisfied. In essence, a more rigid and stiff structure combined with material minimization
is sought. Therefore, the problem goal is to minimize its compliance in order to increase
the stiffness of the optimal structures.

The optimized structures are refined and reconstructed in a specific design volume.
After this process, two new custom unit cell lattices are created (Figure 7a). From these
lattice cells, new lattice structures are designed (Figure 7b).
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Figure 4. Iterations steps (a–e) of the Topology Optimization study for ‘structure 2’: (a) design area,
(b) step 10, (c) step 20, (d) step 25 and (e) step 33.

Figure 5. (a) Volume fraction per each step (b), and the value of the volume fraction constraints on
each iteration step of ‘structure #1’.

Figure 6. (a) Volume fraction per each step (b), and volume fraction constraints on each iteration step
of ‘structure #2’.

After evaluating the Topology Optimization results, the stage of creating the cell
by utilizing the optimized structures took place. The homogenized cells were created
in a design volume with dimensions 15 × 15 × 15 mm. In order to execute the homog-
enization study, two solid mesh models were created, with an edge length of 0.7 mm
and 75,489, as well as 62,595 tetrahedral elements, respectively. As a result of using the
homogenization unit cell block of nTopology software, new homogenized structures are
emerging and can now be utilized as materials that will be evaluated by performing a
structural static analysis.
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Figure 7. (a) Refined unit cell structures. (b) Mapping of the 5 × 5 × 5 lattice structures.

4. Lattice Structures Fabrication

For both lattice structures, specimens without supports have been fabricated. The
specimens of the proposed lattice structures were manufactured by the FFF printing process
using a Zortrax m200 dual fusion 3D printer.

The proposed lattice structures have been evaluated experimentally through com-
pression and tensile strength tests. For compression tests, lattice structures consisting
of a single unit cell specimen of 15 × 15 × 15 mm and another of 3 × 3 mapping in a
rectangular shape of height: 45 mm, width: 45 mm and thickness: 15 mm have been
designed and manufactured. The computer-aided design (CAD) models of both lattice
structures illustrated in Figure 8 were employed to investigate the compressive behavior
of the lattice structures. Figure 9 shows photographs from the fabricated lattice struc-
tures. The outline shapes of these specimens are the same as in Figure 8. The relative
density of both structures is 0.4 and 0.1, respectively. In order to ensure the truth of the
compression test results, five specimens for each lattice structure were fabricated and
tested (Figure 9).

To indicate further the mechanical properties of the proposed lattices, tensile tests were
performed. Figure 10 shows the CAD models with the outline dimensions. In order to check
the mechanical behavior of the proposed lattices, three specimens for each structure with
different cell orientation angles (0◦, 45◦ and 90◦) were designed and fabricated. Photographs
from the fabricated specimens with different lattice structure mapping angles are presented
in Figure 11.
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Figure 8. Outline dimensions of unit cells and lattice models for the compression test of (a) structure
#1 with a volume fraction constraint = 0.4 and (b) structure #2 with a volume fraction constraint = 0.1.

Figure 9. Fabricated ABS specimens without supports for both structures for the tensile strength test
with a relative density of 0.4 for structure #1 and 0.1 for structure #2.

Figure 10. Outline dimensions of the tensile strength specimens (a,b), each lattice structure fabricated
with 0◦, 45◦ and 90◦ angles of single unit cell mapping.
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Figure 11. Preparation and printing of the tensile strength samples with 0◦, 45◦ and 90◦ angles.

5. Results
5.1. Theoretical Evaluation of Proposed Lattices

The SIMP method predicts an optimal material distribution within a given design
space. The other structure characteristics such as anisotropy are not easily integrated
into general Topological Optimization algorithms. Respectively, the avoidance of fatigue
or buckling effects in microstructures produced with Topology Optimization cannot be
guaranteed. Therefore, the homogenization of the topology optimized structures is an
appropriated step. An exception is auxetic microstructures, where Topology Optimization
is used to design compliant microstructures so that the desired flexibility leads macroscopi-
cally to auxetic behavior [36].

A key parameter to understand lattice behavior is the relative density (ρ). As relative
density is defined as the density ratio of the lattice material to the solid material (ρ = ρ∗ /ρs),
if a lattice has high porosity, then the value of the relative density is low; otherwise, a high
value of that indicates a low porosity [32]. The relative density increases for the higher
volume fraction. In Figure 12, the relative density of the proposed lattices against the
volume fraction is presented. The homogenized domain of structure #2 showed similar
trends as structure #1; however, the slope is lower. The lower the slope is, the larger the
amount of material that can be added for a given relative density (Figure 8). In Figure 13,
Maximum Young’s modulus for different relative density values is presented. Structure #2
seems to have better performance in comparison to structure #1 with the use of a lower
amount of material.

In the current study, a general homogenization method is utilized to evaluate and
characterize the results of the above proposed structures. Specifically, the anisotropy of the
proposed structures through the measure of the maximum Young’s modulus (Emax) and
local minimum Young’s modulus (Emin) is checked (Figure 13). According to Tancogne
Dejean, a measure of the anisotropy of the lattice structure is derived from Emax/Emin [37].

5.2. Zener Ratio Calculation

The proposed lattices are characterized from cubic symmetry; the Zener (A) ratio is
calculated for each structure. In Figure 14 are presented the results of the Zener ratio for
different relative density values. When Z = 1 represents an isotropic material, a deviation
less than or greater than unity signifies the degree of anisotropy. Both lattices seem to
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have anisotropic behavior. Figures 14 and 15 show Zener ratios in different relative density
values. In structure #1, the Zener ratio is lower than unity (up to 0.51 for a relative density
of 0.48), and vice versa in structure #2, where the Zener ratio is greater than unity (from 0.99
to 1.56). As shown in Figure 14, microstructure #1 has worse isotropy than microstructure
#2, and the Young’s modulus surface is produced in three dimensions, instead of structure
#2, which has a box-like surface.

Figure 12. Relative density against the volume fraction of homogenized lattices.

Figure 13. Maximum Young’s modulus vs. the relative density for both lattice structures.

Both lattice structures show a significant level of anisotropy in the uniaxial modulus.
Structure #2 exhibits lower uniaxial modulus anisotropy. Therefore, for higher relative
density values, the anisotropy did not significantly change the uniaxial modulus, especially;
for ρ = 0.25, the Zener ratio is equal to 1 (Figure 16).
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Figure 14. Zener ratio values for different relative densities of structure #1.

Figure 15. Zener ratio values of different relative densities structure #2.

5.3. Evaluation of Homogenied Microstructure with FE Analysis

In order to evaluate the homogenized microstructures as an Additive Manufacturing
infill, two Finite Element Analysis are executed by the use of a cantilever model with
dimension 50 × 10 × 10 mm. A FE mesh of 64.424 tetrahedral elements of the cantilever
model is created. According to the boundary conditions, the back face is fixed, and at
the end of the model, a vertical force was applied. Afterwards, a FE analysis for each
microstructure was executed.

As in the cantilever with microstructure #1, the infill increased so the deflection at
the end of the beam was higher. As the relative density increased, the Von mises stress
decreased (about 10%). In contrary, the deflection and Von mises stress in microstructure
#2 decreased as the relative density increased (Figure 17). From the results, it occurred that
microstructure #2 was stiffer and with better isotropy than microstructure #1 and also more
efficient, because the stress was lower in the same or lesser amount of material.
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Figure 16. The elastic moduli of both homogenized lattices in different relative densities (ρ).

Figure 17. Cont.
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Figure 17. Displacement, strain and Von mises stress of homogenized structures #1 and #2 for
different values of relative density.

5.4. Exrerimental Results

Five specimens of each lattice structures were tested in a compression test with the
use of a universal testing machine. The speed of the moving platform was 6 m/min.
From the compression test results of each set of five samples, the mean values of the
maximum applied force were, for lattice structure #1, 3.613 N and 361 N for lattice
structure #2 (Figure 18). The behavior for each lattice is different as the result of their
different relative density amounts. The structure #2 relative density is four times larger
(ρ = 0.4) than structure #1 (ρ = 0.1). As a result of this, structure #2 is much stiffer than
structure #1.

Figures 19–22 shows the results of the tensile strength tests. The lattice structure #1
tensile strength force was at least 4500 N for all three specimens. The maximum tensile
force for lattice #2 was 301 N, 75 N and 251 N for cell mapping 0◦, 45◦ and 90◦, respectively.



Appl. Sci. 2022, 12, 7386 14 of 19

Figure 18. Specimens’ behavior during the compression test: (a) lattice structure #1 and (b) lattice
structure #2.

Figure 19. Samples behavior on the tensile strength test, and stress/strain curve of lattice structure #1
for 0◦, 45◦ and 90◦ angles.
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Figure 20. Strain at sB, Modulus of Elasticity, sB value and toughness of lattice structure #1 for
different cell mapping angles.

Figure 21. Samples behavior on the tensile strength test, and stress/strain curve of lattice structure
#2 for 0◦, 45◦ and 90◦ angles.
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Figure 22. Strain at sB, Modulus of Elasticity, sB value and toughness of lattice structure #2 for
different cell mapping angles.

6. Discussion

The combination of Additive Manufacturing and Topology Optimization is rapidly
advancing in recent years. The outcome optimized structures are often complicated and
most times cannot be fabricated with the use of traditional manufacturing methods. More
and more researchers develop new methods and algorithms to improve this section. Most
of them try to evolve new algorithms and techniques that are usually based on the most
well-known methods of SIM, BESO and level set. Anisotropy is not easily integrated into
the general topological optimization algorithms, so to evaluate the homogenization of the
topology optimized structures is an appropriated step.

In the current manuscript, the SIMP method was adopted to predict the optimal mate-
rial distribution within the selected cubic volume. Using different boundary conditions,
two new microstructures were created as infill in Additive Manufacturing. The TO study
has been executed in this paper by taking into account two selected in plane loadings.
Other loading cases, if needed for every point of a loaded structure or the use of different
zones for the selection of the best microstructures, could lead to the creation of functionally
graded lattice structures with varying distributions. This is possible within a multiscale
analysis framework [30], provided that the technological restrictions of AM support it.
From the TO outcome results, we calculate that the volume mass of the initial cubic domain
is reduced significantly for both microstructures.

In most research manuscripts, the researchers present new methods and algorithms
based on well-known TO methods to predict the material distribution more accurately
and cost-effectively. However, in most cases, the proposed methods do not evaluate other
characteristics of the optimized structures, such as isotropy. In the current study, in order
to check the isotropy of the optimized lightweight structures, a general homogenization
method was used. The proposed microstructures evaluated taking into account the isotropy
with calculating the Zener ratio and modulus of elasticity. In addition, the homogenized
microstructures strength has been evaluated as infill material in a cantilever model. For
the homogenization study, a Representative Volume Element (RVE) was taken for each
microstructure. From the results, we can observe that both microstructures have Zener
ratios lower or upper to unity. The second microstructure characterized with better and
smoother isotropy, and for ρ = 0.25, the Zener ratio is equal to unity, since this Zener ratio
did not change significantly.
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From the experimental results, it could be seen that, compared to the proposed lattices
in the compression test, the significant differences in the stress–strain curve of both struc-
tures were the appearance of an elastic–plastic plateau after the initial elastic region and
apparent strain behavior. Structure #1 has a significant increased elastic strain behavior
and better elastic stability until the fracture point. The stress–strain plateau of structure
#2 shows that the lattice inner bonds absorb the energy in a nonuniform way as lattice #1
(Figure 18).

In structure #1, the fracture starts from the top layer of the lattice closer to the moving
platform and then fails the middle layer of lattices. The bottom layer of the structures
seems to not be affected during the test. On the other hand, the structure #2 failure point
starts from the bottom row of the lattice, and after starting the failure of the middle row, the
top row of the lattice was affected in the last. This behavior explained the different shapes
of the structures, which led to vertical stresses in structure #1 and to shearing stresses in
structure #2.

Tensile strength tests help to evaluate and characterize the proposed lattice structures
further. The structure #1 lattice is very stiff, and the yield strength is higher than the
printing material durability. Therefore, it can be used as the infill in structures where
a high durability is demanded; at the same time, the relative density of the proposed
structure is 60% lighter than the solid infill. Lattice structure #2, being lighter (relative
density 0.1), is an appropriate infill for a lower stress demand structure with very efficient
stress–strain behavior. The experimental results show that the mechanical behavior of the
lattice structure changes significantly when the cell mapping angle differs.

7. Conclusions

AM enables the fabrication of complex topology optimized lattice structures with high
quality and accuracy with the use of mid-range cost 3D printer. The study of new lattices as
infill is a significant challenge for the better integration of AM in the industrial production
of lightweight and high-strength structures. Unit cells from a solid cubic domain can be
designed by using Topology Optimization methods. The mechanical behavior of light
and strong lattice structures allows the use of this kind of structure with high efficiency in
industrial processing.

The initial choice of optimal microstructures, based on TO, was used as the starting
point in the present investigation. Subsequently, the selection of suitable microstructures
near to isotropy has been proposed. Further criteria can be used at this step, including
the design for AM (with possible supports). Finally, the microstructure is used within a
bigger structure by utilizing homogenization procedures and exploiting the options of
modern software and hardware. Experimental investigation confirmed the steps of the
outlined procedure.

The need of developing a fully parametric decision-making model to control the
optimum microstructure under specific design criteria is a keystone for future research.
The optimal design can be performed at the level of every point of the structure, leading to
functionally graded microstructures.
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