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Abstract: Topology optimization offers a possibility to derive load-compliant structures. These
structures tend to be complex, and conventional manufacturing offers only limited possibilities
for their production. Additive manufacturing provides a remedy due to its high design freedom.
However, this type of manufacturing can cause areas of different material properties in the final part.
For example, in selective laser melting, three areas of different porosity can occur depending on the
process parameters, the geometry of the part and the print direction, resulting in a direct interrelation
between manufacturing and design. In order to address this interrelation in design finding, this
contribution presents an optimization method in which the three porous areas are identified and the
associated material properties are considered iteratively in a topology optimization. For this purpose,
the topology optimization is interrupted in each iteration. Afterwards, the three areas as well as
the material properties are determined and transferred back to the topology optimization, whereby
those properties are used for the calculation of the next iteration. By using the optimization method,
a design with increased volume-specific stiffness compared to a design of a standard topology
optimization can be created and will be used in the future as a basis for the extension by a global
strength constraint to maintain the maximum permissible stress and the minimum wall thickness.

Keywords: additive manufacturing; selective laser melting; finite element analysis; topology opti-
mization; product development; design finding

1. Introduction

In a rapidly changing world, the demands placed on products evolve in such a way
that they must be as efficient as possible and, at the same time, preserve resources. In
order to save resources, high material utilization within a product is necessary, whereby a
positive contribution to the climate balance in the case of parts in motion can be achieved.
One possible approach to reach high material utilization is function integration [1]. Thereby,
functions of several parts are integrated into one, which then fulfills these functions. As
a result, connecting elements can be avoided, and, ultimately, weight is saved. However,
function integration often results in multiaxial load cases which lead to complex structures
and can only be partially handled with standardized tools such as design guidelines.

For this reason, CAE-based tools such as topology optimization are increasingly
used. This enables the design of load-compliant structures, even under multiaxial load
cases, and an optimal material distribution in a given design space [2]. One established
topology optimization is the density-based approach. This approach is commonly used
for single-material optimization and is covered by commercial, validated solvers but also
remains an ongoing research topic. Density-based topology optimizations use the finite
element method (FEM) to identify load paths in an iterative process and adjust the material
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distribution in the defined design space until a given objective function is maximized or
minimized. For this purpose, a fictive density ρ[i] is assigned to each element i, whereby
the Young modulus E[i] of each element is defined as follows [3]:

E[i] = ρ[i]p ∗ E0 (1)

E0 describes the Young modulus of the initial material which is defined during the
initialization of the topology optimization. Furthermore, the often used SIMP approach
introduces a penalty factor p which leads to a continuous material distribution. In each
iteration, the fictive densities and thus the Young moduli are systematically adjusted by
the optimization algorithm until a defined convergence criterion is met [3]. A common
objective function, for instance, is to maximize stiffness under a given volume reduction.
In density-based topology optimization, a distinction can essentially be made between
two optimization approaches for satisfying the objective function. In the controller-based
approach, an optimality criterion is defined. Based on this criterion, the objective function
is achieved in a given number of iterations and is therefore computationally efficient.
In contrast, the sensitivity-based approach bases on the calculation and evaluation of
sensitivities, whereby additional restrictions such as a minimum wall thickness, a strength
constraint or demolding constraints can be taken into account [4]. An algorithm employed
by commercial tools to adjust sensitivities within the topology optimization represents
the method of moving asymptotes (MMA) [5]. In addition to density-based topology
optimizations for a single material, there are also those for multiple materials [6]. The basic
approach of such a multi-material topology optimization is to minimize the compliance
while taking into account two constraints: the reduction in the total volume, and the
maintenance of the respective volume limits of the materials to be combined. Thereby, the
materials used can be freely arranged in the design space by the optimization. Another
possible approach for single-material as well as multi-material topology optimization offers
the level set method and has been a steadily growing research topic in recent years [7].

However, the result of a finite element (FE)-based topology optimization causes com-
plex structures which usually cannot be produced with conventional manufacturing or only
with additional effort and thus high costs [8]. These high costs can arise from the production
of special dies and become amortized only with increasing batch sizes, making individual
productions or small series economically inefficient [9]. Particularly for small batch sizes,
additive manufacturing (AM) provides an economical solution with which complex parts
can be created. Depending on the individual case, the production can not only be more cost
effective but also result in shorter cycle times and less material consumption [10]. Responsi-
ble for this is the high design freedom in AM compared to conventional manufacturing [11].
This high design freedom offers great potential for lightweight design and has moved AM
more into the focus of industry and research in recent years. Current research topics are
dedicated to both further developments of manufacturing and material characterization
and fundamental questions such as the application scope of AM or the optimal process
parameters [12]. Another research focus is the consideration of the print direction in the
design of AM parts, since anisotropic and/or locally varying material properties can arise
within the parts [13].

In powder-based additive manufacturing processes, powder layers are applied incre-
mentally and melted locally by a laser beam, in order to build up a part layer by layer [14].
Thereby, it is primarily the selected process parameters such as the scan strategy or the
laser power that determine the final material properties of the manufactured part [15].
Such a scan strategy that is employed in selective laser melting (SLM) is divided into two
steps: first the outer contour and then the inner volume are melted in each layer [14]. This
scan strategy ensures high shape fidelity of the resulting part and is therefore frequently
applied [11]. However, especially at economically relevant printing rates, this scan strategy
can lead to the appearance of three areas with different porosity distributions which, in
turn, influence the mechanical material properties in the printed part [13]. This effect was
investigated for aluminum powder in the project “SLM-Topo” funded by the DFG [16].
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Thereby, the “Creator” from Coherent served as a printer for this purpose. The selected
process parameters can be found in Table 1.

Table 1. Process parameters for the investigation of different porosity distributions.

Laser Power Scanning Speed Hatching Distance Layer Thickness

250 W 900 mm/s 150 µm 30 µm

Figure 1 shows a sectional view (x–y plane) of the three investigated porous areas
which were formed by the presented scan strategy and resulted from the used process
parameters. Particularly in the so-called interface area, which occurs between the contour
and hatching areas, pores appear more frequently. In comparison, there is a significantly
lower number of pores in the hatching area and almost no pores in the contour area. The
three areas occur exclusively in the layer planes (x–z plane) along the print direction (y-axis)
(see Figure 1 left). The material properties of the AM part are thus directly dependent on
its shape and the print direction.
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Revfi et al. [18] investigated an interrelation between manufacturing and design using
the example of fiber-reinforced polymers. Depending on the respective part shape, there are
different fiber orientations due to the manufacturing which, in turn, decisively determine
the arising material properties. By considering the fiber orientations in an optimization
process, it was possible to generate structures specifically adapted to the load case. The
consideration of process boundary conditions and their effect on material parameters
directly during modeling and optimization can thus provide a decisive advantage with
regard to optimal material utilization in early development phases such as design finding.

As previously described, AM is particularly suitable for the production of complex
parts (e.g., the result of a topology optimization) that result due to multiaxial load cases.
Considering the investigations of Revfi et al. [18], it can be assumed that the simulative con-
sideration of the shape-dependent material properties of SLM in a topology optimization is
beneficial for design finding. For this purpose, there is a need for a topology optimization
that integrates the three porous areas which occur along the print direction depending on
the part surface (see Figure 1 left). Since the three porous areas could be considered as three
materials, a multi-material topology optimization can be considered. Due to the specific
dependency of the areas on the part surface, a single-material approach is suitable as well.
Such an approach based on filters for the consideration of surface coatings in a density-
based topology optimization was investigated by Clausen et al. [19]. Suresh et al. [20] also
analyzed, based on filters, the consideration of a surface layer resulting from the AM of
metallic materials in a topology optimization. In each case, it was shown that the consider-
ation of a surface layer, which has different material properties compared to the rest of the
part, has a significant influence on the optimization result. However, the authors considered
the entire surface of the component as coated and did not implement any differentiation,
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for example, in the print direction, as is necessary for the investigated SLM under the given
process parameters.

In order to respect the print direction of AM and its effects on the part, process
simulations can be employed. Thereby, the printed paths are simulated using the G-code,
and an FE model is built up element by element and linked with thermal models [21].
Thus, predictions for the resulting material properties can be made and are mainly used
for the determination of emerging residual stresses. However, these coupled process
simulations are computationally expensive [21]. Therefore, the iterative use within a
topology optimization is not considered to be purposeful due to the high computation time.

In this contribution, an approach for the iterative consideration of shape-dependent
material properties in a 3D topology optimization is presented. The three porous areas of
the investigated SLM (see Figure 1) are distinguished and taken into account depending on
the print direction. The optimization aims to achieve the highest possible stiffness under
a given volume constraint and will be used in the future as a basis for the extension by a
global strength constraint to maintain the maximum permissible stress within the three
areas. The results are used to discuss the fundamental structure of the approach and the
necessity of its extension. Furthermore, its potential for design finding in the product
development process is analyzed.

2. Methodology

The layer-by-layer build-up of material in SLM can lead to the formation of three
near-surface areas with different material properties depending on the part shape to be
manufactured. As a result, there is a direct interrelation between product design and
manufacturing in the product development process for SLM parts given the investigated
process parameters. In order to generate a design adapted to SLM which cannot be
considered intuitive due to the interrelation, computer-aided optimization methods are
suitable. Therefore, these optimization methods must be adapted in order to handle the
basic parameters (e.g., material properties or print direction). As shown previously, thus far,
no topology optimization approach exists which takes into account three porous material
areas along a given print direction. Therefore, an optimization method has been developed
which iteratively considers these three areas to generate a new product design [17,22]. This
contribution refers to the further development of the 3D optimization method. Due to the
good availability and high robustness of commercial tools, the optimization method was
developed based on Abaqus 2019 as well as Tosca 2019 and uses their solvers [23].

The basic procedure of the developed optimization method is characterized by the
interruption of the topology optimization in each iteration. Then, based on the interim
result obtained from the interruption, the three porous areas including the associated
material properties of the SLM are determined and adopted as input parameters for further
calculation in the next iteration. The procedure is repeated until a convergence criterion
is reached. This creates a possibility to integrate the restrictions of the investigated SLM
in a sensitivity-based topology optimization. The aim is to achieve an improved product
design in terms of stiffness through the targeted, iterative manipulation of the topology
optimization in comparison to a standardized topology optimization. Based on this, the
method will be extended in the future to consider the maximum permissible stress in the
three areas. This will be conducted by adding a global strength constraint, thus creating an
advantage compared to a standard topology optimization.

The workflow of the developed optimization method is shown in Figure 2. It will be
explained in the following and, at the same time, serves to structure this contribution.
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In the first step, Part Geometry, a part is defined that will be used in the optimization
method. For this purpose, the part is derived from any CAD software, such as Creo
Parametrics 4, and imported into a FE software such as Abaqus 2019. In the step Initial FE
model, the load case including boundary conditions as well as the initial FE mesh (mesh
type and size) for the topology optimization is specified and the optimization parameters
are defined in the FE software. Furthermore, in this step, the material properties from the
hatching area are applied to the entire part. Therefore, no differentiation into the three areas
is made at this point. With this initial FE model, a sensitivity-based topology optimization
is started in Tosca Structure 2019. Within this optimization, the sensitivities are calculated
in Abaqus [24] and are adjusted by the MMA algorithm according to [5]. In the further
progress of the method, the material properties are adapted to the material properties
in the contour and interface area by manipulating the fictive densities (see step Density
distribution).

In each iteration, the topology optimization is now interrupted right before the solver
is started. During this interruption, the steps Determination of the material areas, Material
assignment, Transfer of data and Density distribution are performed and represent the core
of the developed optimization method. By these four steps, the three porous areas are
determined, and the associated material properties are defined and passed to the topology
optimization as input to calculate the next iteration. To interrupt the topology optimization,
the Python interface provided by Tosca including the “hook” function is used [23]. This
function enables the execution of scripts during the interruption of the optimization. In
the context of the developed optimization method, scripts are executed in Python and, for
computational efficiency, in Julia (see Figure 2) [25,26].

In the following, the four steps during the interruption will be explained. For the
step Determination of the material areas, first, the surface of the part to be subdivided is
needed. Therefore, during the interruption of the topology optimization, the interim result
available in the interrupted iteration is exported as a smoothed surface mesh in the Standard
Triangulation Language (STL) format using Tosca Structure (see Figure 3 top).
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For smoothing, the standard Tosca procedure is applied in which all elements with an
iso value below 0.3 are removed [23]. At this point, 0.3 is employed, since it is the default
value in Tosca and thus was taken as given. A variation of this value as well as its effect
on the result has to be investigated in the future. In the very first iteration of the topology
optimization, the derived surface mesh corresponds to the part defined in the Part Geometry
step. Based on the exported surface mesh, the boundary (offset 1) between the contour and
interface area (see Figure 3 center) as well as the boundary (offset 2) between the interface
and hatching area (see Figure 3 bottom) is determined. These two offsets each describe
the boundary between the areas with different porosities and thus enable distinguishing
them from each other. To calculate the offsets, a spatial grid is created within a bounding
box that describes the maximum dimensions of the exported surface mesh (see Figure 3
top). The nodes of the grid are then used to generate a signed distance field (SDF). For this
purpose, the minimum distance as well as the position (inside or outside the surface mesh)
of each node to the surface mesh is required [17]. The minimum distance results from the
distance of the considered node to the closest triangle of the surface mesh [27]. Using the
principle of winding numbers, it is possible to determine the position (inside or outside the
surface mesh) of the considered node with respect to the surface mesh [28]. Once the SDF
is available, the marching tetrahedra algorithm can be used to generate the two offsets (see
Figure 3 center and bottom) consisting of triangles with the desired distance to the surface
mesh [29].
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With the surface meshes available for the interim result (see Figure 4 top), a division
into the three porous areas can be performed. For this purpose, the respective regions
between the surface meshes are meshed with tetrahedral elements (TE) by TetGen without
changing the position of the triangles of the surface meshes, thus ensuring the conformity
of the mesh [30]. As a result, each porous area is geometrically represented in the TE mesh
(see Figure 4 bottom).
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In the Material assignment step, the material properties now can be automatically
retrieved from a database (Engineering constants) and assigned to the respective elements in
the three porous areas. The material properties of the three porous areas are stored in this
database as engineering constants which were derived from material characterizations [31].
Due to the offset generation by means of an SDF, the three porous areas are currently
present in all spatial directions (see Figure 4 bottom). Therefore, the assigned material areas
are now processed in such a way that a progression as shown in Figure 1 (left) occurs and
thus takes into account the SLM. It is important to note that the three porous areas are
created exclusively in the layer planes (x–z plane) along the y-axis. Therefore, all TE in the
contour and interface areas, which lie exactly in the respective layer planes (x–z plane),
must be detected and assigned to the hatching area. To make this possible, all surface
elements in the contour and interface area whose normal vectors point in the print direction
(y-axis) are determined. Subsequently, the corresponding TE are derived and clustered.
Finally, the material properties of the hatching area from the database are assigned to these
clustered TE (see Figure 5 top).

In the Transfer of data step, the material properties are now transferred to the initial
FE mesh of the topology optimization which is used for the FE analysis in each iteration.
Therefore, the TE mesh generated in the step Determination of the material areas with the
material properties assigned in the step Material assignment is transferred to the initial FE
mesh of the topology optimization. The mapper software MapLib from Fraunhofer SCAI is
employed for this purpose [32]. Herein, a weighted element mapping algorithm is used
(see Figure 5 bottom).
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Having determined the material properties in each element i of the initial FE mesh of
the topology optimization, the fictive densities ρ[i] can be adjusted in the Density distribution
step. This adjustment is necessary as the optimization algorithm employs the fictive
densities which Abaqus needs to calculate the sensitivities for the next iteration. Therefore,
the Young modulus of the hatching area EHatching is used as a reference value, since it has
been assigned to all elements in the Initial FE model step. If an element in the initial FE mesh
of the topology optimization has a Young modulus E[i] lower than that of the hatching
area due to the transferred material properties, the element is penalized by a reduction in
the fictive density. If, on the other hand, the Young modulus is higher, the fictive density
is increased. This results in the following equation for the fictive density ρA[i] adjusted
per element:

ρA[i] = ρ[i] ∗ E[i]
EHatching

(2)

Using the SIMP approach, the scaled Young modulus EA[i] for each adjusted element
is given as follows:

EA[i] = ρA[i]
3 ∗ EHatching =

(
ρ[i] ∗ E[i]

EHatching

)3

∗ EHatching (3)

This scaled Young modulus is now used to perform the FE analysis, based on which
the sensitivities are derived by Abaqus. Subsequently, the MMA algorithm implemented in
Tosca carries out the adjustment of the fictive densities for the next iteration.

These four steps consisting of Determination of the material areas, Material assignment,
Transfer of data and Density distribution are applied in the topology optimization in each
iteration until a convergence criterion is reached. The standard procedure used by Tosca
is employed to determine convergence [33]. Thereby, the change in the objective function
and the element densities is evaluated after each iteration. If the change in the objective
function is less than 0.001 and that in the element densities is less than 0.005 compared to
the last iteration, convergence can be assumed.

The result of the developed optimization method is an optimized product design
(Optimized part) which considers the three porous areas of the SLM.
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3. Model Design

To investigate the application of the developed optimization method and its effects
on the resulting design, a three-point bending beam is used as an example load case. The
example is intentionally kept simple because the contribution is focused on the method
and its evaluation in the context of design finding. Therefore, a simple example helps
to evaluate the plausibility of the results. The bending beam is clamped in a fixed-loose
bearing at the bottom side edges and centrally loaded with a displacement d of 0.24 mm
(2% of the maximum height) (see Figure 6). The sensitivity-based optimization approach,
described in the previous chapter, is applied. Through the usage of such a sensitivity-based
approach, the possibility is offered to consider additional boundary conditions in the future,
such as a minimum wall thickness or a global strength constraint [17]. This is intended
by the authors as a further development as well as an improvement of the optimization
method and will be discussed in the following.
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Figure 6. Three-point bending beam with dimensions, clamping and loading.

The material properties (Young’s modulus and Poisson’s ratio) for the three porous
areas which arise due to the chosen process parameters were characterized in material
testing (see Table 2). For this purpose, in addition to CT analyses for detecting the porosity
distribution, ultrasonic phase spectroscopy (UPS) and resonant ultrasound spectroscopy
(RUS) were employed for the determination of the mechanical material properties [31]. The
chosen material for characterization is AlSi10Mg. In addition to the material properties,
Table 2 also shows the thicknesses of the areas as they appear in the SLM in each layer
plane. No explicit thickness is defined for the hatching area, since this results from the total
volume without the contour and interface areas and thus always describes the remaining
inner area (see Figure 1 left).

Table 2. Dimensions and material properties of the three porous areas.

Contour Area Interface Area Hatching Area

Young’s modulus [GPa] 75 65.5 72.5

Poisson’s ratio [–] 0.35 0.35 0.35

Thickness [mm] 0.4 0.1 -

In order to model each layer within the optimization method despite the small thick-
ness, the global element edge length must not exceed the thickness of the interface area.
Therefore, in this contribution, a global element edge length of 0.1 mm is defined. Hexahe-
dral elements are applied as the element type, since, in comparison to tetrahedral elements,
they do not have an artificial stiffening effect. Due to the lower computation time, a linear
shape function is chosen. These chosen parameters result in a mesh consisting of 6.9 million
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hexahedral elements. By exploiting the symmetry of the load case, the number of elements
can be halved and the calculation time accelerated. The overall goal is the maximization
of the stiffness. Therefore, as the objective function of the optimization, maximizing the
strain energy under a given volume reduction to a relative final volume of 60% is defined.
Thus, the goal is a structure that retains as much internal energy as possible to withstand
the defined deformation.

In order to evaluate the resulting design from the presented optimization method both
qualitatively and quantitatively, it is compared to the design from a standard topology
optimization performed with only one set of material properties. For this evaluation, a
static FE analysis based on the same FE model (e.g., the initial topology optimization mesh
defined in Initial FE model) is performed. Therefore, for each of the two designs (resulting
from the developed optimization method and the standard topology optimization), the
three porous areas and thus their material properties are transferred to the FE model. For
this purpose, the three porous areas are identified for both designs, and the respective
E-moduli are mapped onto the FE model. The procedure here corresponds to the first three
steps of the interruption (see Figure 2). This allows a comparison of the strain energy as
well as maximum stresses of the two final designs resulting from the optimizations under
the same conditions [17].

4. Results and Discussion

In the following, the results are presented and discussed, which were obtained using
the developed optimization method (see Figure 7) and a standard topology optimization
(see Figure 8).
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view (right).

If the results are considered qualitatively, it can be stated that both optimizations
form a type of truss structure consisting of struts along the main load paths. This can be
explained by the defined three-point bending load case. However, a closer look reveals
clear differences. The standard topology optimization (see Figure 8 left) results in wide
indentations in the lower corners and a large hole in the middle of the beam. In contrast,
the developed optimization method (see Figure 7 left) results in both the indentations
and the hole being much smaller. Instead, a type of hollow structure is created which is
illustrated by the sectional view (see Figure 7 right). Furthermore, the results indicate that
the developed optimization method tends to an increased number of thin struts compared
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to the standard topology optimization, as can be seen, for example, in the corner of the
clamping based on the three struts. This leads to the assumption that the developed
optimization method maximizes the contour area of the resulting design. The assumption
can be confirmed by the quantitative evaluation of the contour area, since the design of the
developed optimization method has an approximately 7% bigger contour area compared to
the design of the standard topology optimization (see Table 3). To obtain this quantitative
evaluation, all hexahedral elements which have the material properties of the contour
area are determined. The number of elements recorded this way allows the volume of the
contour area to be estimated, since all hexahedral elements have the same size due to the
simple geometry of the bending beam. The effect of the contour area maximization could
be triggered due to two factors. Firstly, beginning with the first iteration, the three porous
areas are considered in the FE model, and thus the outer surface (contour area) is improved
along the print direction in the initial FE model. This leads to the assumption that the
optimization algorithm thus does not eliminate the improved elements, resulting in the
hollow structure. However, by observing the interior of the beam, it can be shown that the
surface area is also increased there. Thus, the influence due to the consideration of the three
porous areas from the first iteration onwards is estimated as small. Rather, the increase in
surface area can be explained by the second factor, the material properties from Table 2.
The Young modulus in the contour area is the highest and thus also has the highest material
stiffness. This increased stiffness is preferred by the optimization algorithm and leads to a
bigger contour area. This result allows the assumption that the described procedure within
the developed optimization method can be classified as plausible and purposeful.

Table 3. Quantitative evaluation of the two resulting designs.

Developed Optimization
Method

Standard Topology
Optimization

Final volume [%] 65.83 65.69

Strain energy [mJ] 350.247 348.598

Required iterations [–] 39 37

Contour/Interface/Hatching area [%] 37.77/7.68/54.55 30.86/7.58/61.56

In addition to the qualitative evaluation, it is important to perform a quantitative
analysis as well. Therefore, a static FE analysis, in which the three porous areas including
the material properties are transferred to the resulting designs, was performed and the
strain energy calculated. Furthermore, the actual final volume as well as the required
iterations was extracted. The resulting values are presented in Table 3.

The developed optimization method leads to an increasing stiffness by extending
the contour area. Therefore, the volume-specific strain energy

[
mJ

mm3

]
is evaluated which

results in an approximately 1% higher value for the design of the developed optimization
method. From this analysis as well as the qualitative evaluation, it can be concluded that
the developed optimization method produces a visually modified design which also leads
to a slightly increased stiffness for the same volume due to the targeted redistribution of
material. Therefore, the quantitative evaluation supports the assumption already made on
the basis of the qualitative results that the described procedure is plausible and purposeful
even with the increased stiffness of only 1% under the given parameters and load case.

In order to examine the optimization history in addition to the final results, the
progression of compliance up to convergence was analyzed (see Figure 9).
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developed optimization method.

It is noticeable that both the standard topology optimization and the developed
optimization method have a very similar optimization history, and no divergence or
severe discontinuities in the compliance are generated by adjusting the fictive densities.
Furthermore, it can be seen that approximately the same number of iterations are required
to generate the two very different designs. The observation of the optimization history thus
allows the assumption that no significant disturbance in the convergence is introduced by
the adjustment of the fictive densities, whereby the developed optimization method also
generates an optimized design in a targeted manner.

Therefore, the assumption is made that the presented optimization method can be
used as a basis for extensions. In the following, based on the results of a stress analysis
and by examining the final design, the necessary and plausible extensions of the presented
optimization method are discussed.

In addition to the findings regarding the volume-specific stiffness, the static FE anal-
ysis can be used to analyze the prevailing stresses. Here, 230 MPa was defined as the
critical stress, since this can be assumed to be the yield stress and thus the limit of plastic
deformation for the applied material. All elements exceeding this stress value are colored
gray in Figures 10 and 11 right. It can be seen that especially the load application and the
clamping regions exceed the value of 230 MPa. Furthermore, the elements at the bottom
of the two beams, where a high stress due to bending is present, exceed 230 MPa. This
follows primarily from the load itself and is mainly due to the selected displacement d.
This displacement was chosen arbitrarily, since its value for an optimization purely for
stiffness has no influence on the result. Rather, it is intended to show, on the basis of the
stress evaluation, that an abrupt stress progression occurs across the porous areas (see black
marking in Figures 10 and 11 right) which is caused by their different Young moduli. The
contour area exhibits the highest stress and the interface area the lowest. This correlates
with the Young modulus, since the higher Young modulus causes a higher stress at the
same load. If the limit of 230 MPa is now applied, it is possible that this limit will not be
exceeded in a standard topology optimization in which the three porous areas are not taken
into account. However, if the porous areas from the SLM are subsequently transferred
to the design and evaluated in a static FE analysis, the critical stress of 230 MPa may be
exceeded due to the higher Young modulus in the contour area. Therefore, it is obvious
that this critical stress should already be taken into account directly in the optimization
method. This can be conducted, for example, by defining a global strength constraint. The
optimization method presented provides a possible basis for implementing such a global
strength constraint and can thus help to ensure that the maximum allowable stresses are



Algorithms 2022, 15, 99 13 of 16

not exceeded in the three porous areas. Such an implementation is temporarily under
investigation.
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On the basis of a section in the layer plane, the determination of the three porous areas
including material assignment is analyzed and discussed in the following. For this purpose,
a section through the center (half of the total height) of the beam is used (see Figure 12).
The sectional view shows that the generation of the offsets including the definition of the
material areas in the Determination of the material areas step is generally performed correctly
and that there are no overlaps between the areas. This leads to the assumption that the
presented approach for the determination of the three porous areas is target-oriented.
Especially in the thicker struts of the beam, the material distribution as it results in the SLM
is visible and corresponds to the known distribution from Figure 1 (left). However, it is
noticeable that due to the lack of restrictions in the thinner regions, not all three porous
areas are represented as they appear in the SLM under the given process parameters. For
example, in the hollow structure (see black marking in Figure 12), only the contour area
is present and thus does not fully reflect reality. It is therefore necessary to extend the
optimization method in such a way that no structures (e.g., struts) are created which are
thinner than a minimum thickness. This minimum thickness results from the individual
thicknesses of the material areas, since in a closed structure, the contour and interface
areas as well as some hatching area must always be present twice per layer plane. Based
on Table 2, this results in a minimum thickness of >1 mm. The restriction of a minimum
wall thickness can be used for this purpose in the developed optimization method. This
was basically studied in [17] and will be incorporated into the optimization method in
the future.
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5. Conclusions and Outlook

The integration of several functions in one part is a possible approach for saving
material and thus weight. However, this often results in complex structures that cannot
usually be derived intuitively. This can be remedied by computer-aided tools such as
topology optimization which provide a design proposal for the part based on a given
load case. In order to manufacture these parts very close to the result of the topology
optimization, AM presents a potential solution. This is due to the high design freedom
as well as the omitted manufacturing costs for complex tools such as dies. However,
AM entails special characteristics regarding the material properties resulting from the
manufacturing. In SLM, for example, three porous areas can be created in the layer
planes along the print direction depending on the shape of the part and the given process
parameters. These porous areas also influence the material properties in the resulting part.
As a result, there is a direct interrelation between the manufacturing and the design of
the part.

This contribution presents an optimization method which considers the three porous
areas and the associated material properties during a sensitivity-based topology optimiza-
tion in Tosca Structure. For this purpose, the topology optimization is interrupted in
each iteration after the fictive density distribution has been determined and the smoothed
interim result is exported. Subsequently, the three porous areas including the material
properties are determined, adopted in the interim result and passed back to the optimiza-
tion. Thereby, the sensitivities are calculated by Abaqus, and the implemented MMA
algorithm implemented in Tosca carries out the adjustment of the fictive densities for
the next iteration. As soon as the convergence criterion is reached, a design is available
which is generated on the basis of the material properties resulting from the SLM under
the given process parameters. From the investigations of the optimization method based
on a three-point bending beam, it can be concluded that by iteratively interrupting and
adjusting the material properties, a design is generated which, compared to a standard
topology optimization, has an increased contour area and tends to favor thin structures. As
a result, a slightly higher volume-specific stiffness can be achieved under the given bound-
ary conditions for the three-point bending beam compared to the design of the standard
topology optimization. Thus, the optimization method can contribute to the design finding
in early phases of product development and offers a basis for further extensions.

Such extensions are necessary since the results show that the topology optimization
results can lead to structures that do not include all three porous areas everywhere and
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thus do not completely represent reality correctly. By using a minimum wall thickness in
the optimization method, the possibility should be created to better represent the three
porous area and thus the reality more closely in the future. In addition, the division into the
areas results in an abrupt stress progression which could lead to an overestimation of the
damage limits, especially in a standard topology optimization. In order to prevent such a
potential overestimation, a global strength constraint shall be considered in the developed
optimization method in the future. In further investigations, which are not focused in this
contribution, the comparison between simulation and experiment will be established. For
this purpose, the resulting designs from the developed optimization method as well as a
standard topology optimization will be manufactured, characterized and investigated on a
test bench.
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