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The focus of this paper is to compare the results of topological
optimization (TO) of the rocker arm for following 3D printing out
of AISI 316L stainless steel by the Selective Laser Melting (SLM)
method. We used the Altair Inspire software to optimize the
shape of the rocker arm. Two variants of optimization were
created, first, a variant of optimization without the Shape
Control function was carried out, which resulted in a complex
mechanical component with an organic shape. This bionic design
means more support for the SLM method of Additive
Manufacturing (AM) and worse surface quality after their
removal. Therefore, a second variant of optimization was
produced with the application of the Shape Control function,
which positively affects manufacturability and postprocessing.
The use of shape control reduced the amount of supports to a
minimum, helping to improve the surface finish.
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1 INTRODUCTION

The aim of the work is to perform topological optimization of the
shape of the specified component — rocker arm — in the Altair
Inspire software. First, the production conditions for the rocker
arm were determined (what technology will be produced, how
many pieces, budget for production, and rocker arm
parameters), because all these parameters will affect the choice
of material and affect the optimization itself [Antar 2022].

Topological optimization (TO), as a tool for calculating the
distribution of the material in the volume of a component, helps
to reduce weight while maintaining mechanical properties
[Kudrna 2022]. The TO methods are increasingly used in the field
of 3D printing. First, the production conditions for the rocker
arm were determined (the part will be manufactured using the
Selective Laser Sintering (SLM) technology, the number of
components to be fabricated, the budget for production, and the
dimensions of the component), because all these conditions will
affect the choice of material and the optimization itself
[Kozior 2022].

The Altair Inspire software uses Solid Isotropic Material with the
Penalization (SIMP) method. The SIMP method is directly based
on the homogenization method, which is an indirect
optimization method and is mostly used as a form of shape
optimization. The main purpose of this method is to find the
optimal distribution and shape of the material [Hlinka 2020].

2 TOPOLOGICAL OPTIMIZATION OF THE COMPONENT

There have been established goals for topological optimization
that the optimized component must accomplish. For a modified,
optimized part, we require the same (or less) maximum
displacement as the original part. The minimum factor of safety
of the optimized part must not be less than that of the original
part. Also at least 20% weight savings are required compared to
the original part [Kudrna 2022].

The main purpose of this method is to find the optimal
distribution and shape of the material [Hlinka 2020].

The production conditions were determined, the functional
surfaces of the rocker arm would be preserved, and the
prototype would be manufactured using SLM metal 3D printing
technology with AISI 316L stainless steel. The rocker arm is
loaded with a force F = 750 N as shown in Fig. 1. We performed
a strength analysis of the original part. The results and
discussions section further defines the fulfillment of these
additional conditions. We performed the first optimization and
subsequent check using strength analysis [Jenkins 2015].

2.1 The choice of material

Materials were compared according to the values in Tab 1. and
select the most suitable material. For example, the height of the
layer affects the print speed (energy consumption and thus the
price of the product) and the quality of the surface
[Mesicek 2021].

Table 1. Mechanical properties of materials used for 3D printing with
SLM technology.

8000 2600 4420 8190 8100
30/60 30/60 40

400 1100 1400 1800

340 1060 1340 1794

265 980 725 1030
240 890 650 950
190 68 114 200 210

Firstly, the aluminum alloy printing material AlSilOMg was
selected due to affordability. However, we must have verified
whether the rocker arm made of this material will meet the
specified conditions [Adamczak 2017].

Then the material AISI 316L stainless steel was chosen due to a
higher Young modulus value of 190 GPa, and at the same time it
is comparable in price to the original AISil0Mg alloy
[Kudrna 2022].

The optimal material for our component was chosen.
Subsequently, the selection of the material was checked using a
strength analysis in the Altair Inspire software [Kozior 2022].
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2.2 Strength analysis of the original part

We have added a force effect that acts on the small hole of the
rocker arm —the Bearing Force function under the Loads tab was
used and the force value was set as specified to F = 750 N shown
by the red arrow in Fig. 1. This force F acts downwards and is
distributed over the lower part of the smaller cylindrical hole
[Mesicek 2021].

Figure 1: Location of the load force applied to the rocker arm.

We performed a strength analysis using the Finite Element
Method (FEM) of the original part. We entered in the analysis
parameters that we want to Minimize Mass [Zhang 2017].

During the analysis, we monitor the following parameters:

Factor of safety — The aim is that the minimum value of the factor
of safety is 3. According to the analysis of the original part, the
actual factor of safety is equal to 3.1. The condition is therefore
met [Wang 2022].

Displacement — the maximum displacement that must be
maintained even with an optimized part is 2:102 mm. Therefore,
the maximum displacement of the optimized part must be less
than or equal to 2:102 mm.

von Misses Stress — The maximum von Misses is 66MPa at the
area indicated in Fig. 2.

Figure 2: von Misses stress.

2.3 Definition of Design Space

Optimization software requires simplification of the optimized
component for a smooth simulation process. We made changes
to the model of the rocker arm component so that we could
perform topological optimization. These changes include
increasing the width of the rib between the two cylindrical parts,
removing chamfers, and replacing them with sharp edges
[Cervinek 2021].

Fig. 3 shows the changes made to the rocker arm model that
were mentioned before.

Figure 3: Definition of Design Space.

2.4 Topological optimization parameters

After the analysis, we proceeded to optimization, where we
entered the input parameters:

- minimum factor of safety: 3.1
- minimize the mass of the part

The goal of the optimization is to minimize weight,
consequently, the Minimize Mass option in the Altair Inspire
software was chosen. The first attempt at optimization was
unsatisfactory in terms of the strength of the part, therefore it
was done again with the aim of maximizing stiffness. The result
can be seen in Fig. 4.

Figure 4: The first suitable variant of optimization.

The PolyNURBS function was then used on the first optimized
design to create a smooth geometry. The result of this process
is shown in Fig. 5.

Figure 5: The first variant of optimization with the application of
conversion to PolyNURBS surfaces.
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2.5 Conditions of manufacturability

The resulting model is in the form of an optimized bionic
structure with an attractive design. For our chosen production
technology (SLM), this organic, nature-inspired shape would
need a lot of supports to enable the 3D process [Yago 2022]. This
would result in impaired surface quality and more demanding
and lengthier postprocessing [Allaire 2004].

Therefore, a second variant of optimization was produced with
the application of the shape control function, which positively
affects manufacturability and postprocessing. The use of shape
control reduced the amount of supports to a minimum, helping
to improve the surface finish [Previati 2019].

In the production of SLM technologies, the rocker arm would be
placed in the printing chamber so that the axes of the holes are
perpendicular to the print bed, as shown in Fig. 6. This condition
is taken into account by the Shape Control — Extrude function.
The part must still be connected to the print bed by supports,
but there will be significantly fewer of them than in the case of
the first variant of optimization [Yago 2022].

Figure 6: Application of manufacturability conditions to the rocker arm
component.

This variant was also tested by strength analysis as shown in
Fig. 7. The maximum displacement is 1.145 - 10> mm, it does not
exceed the permissible limit (which is 0.02 mm), and the
optimized rocker arm with the set extrusion conditions is
suitable.

Figure 7: The new shape of the part with the application of the Shape
Control function.

The PolyNURBS function was then used on the first optimized
design to create a smooth geometry. The comparison of
PolyNURBS model’s visual results can be seen in Fig. 8.

Figure 8: The second variant of optimization.

The comparison table (Tab. 2) and graph (Fig. 9) show that the
condition of reducing the mass by at least 20% of the weight is
met compared to the original model. With the first variant of
optimization, the weight saving is 39.63%. For the second
variant, itis 34.10%. In Fig. 9. We can see the comparison of mass
and the factor of safety for the original part and the first and
second variant of optimization [Wang 2022].

Table 2. Comparison of the achieved results of the original part and two
optimization variants.

- 0.8933 0.5393 0.5891
- 3.1 8.3 15.4
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Figure 9: Comparison of the achieved results of the original part and
two optimization variants.
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2.6 Comparison of the two variants of topological
optimization

The rocker arm models were sliced (the original part, the first
and the second variant of optimization). Supports have been
generated on the models to produce SLM technologies on the
Renishaw Ren AM 500M 3D printer from 316L stainless steel.
The orientation in the print chamber of both variants is similar —
the hole axes are perpendicular to the print bed. This ensures
the smallest possible height of the print structure in the Z-axis,
making the build as short as possible and consuming as little
energy as possible.

A comparison of the three variants of the rocker arm was made
in terms of the amount of supports during the above-mentioned
print orientation. The following parameters were monitored: the
area of the model to be supported — Support Area, Support
Volume, and the printing time for the whole part — Printing Time.

The results of the comparison are mentioned in Tab. 3. It is
obvious that the original model has the largest surface area that
needs to be secured by supports, the largest volume of supports,
and the longest printing time, which is undesirable.

Table 3. Comparison of the achieved results of the original part and two
optimization variants.

12 435 11 087 9630
218 000 194 000 168 000
12 690 11622 10 466

The first variant of optimization shown in Fig. 10 has both a
smaller Support Area and Support Volume compared to the
original part, as presented in Table 3. However, due to the
complex shape of this part, the subsequent removal of supports
is difficult and leads to a degradation in surface quality at the
contact surfaces between the supports and the model
[Sotola 2021].

Figure 10: The first variant of optimization with Supports.

The first variant of optimization shown in Fig. 10 has both a
smaller Support Area and Support Volume compared to the
original part, as presented in Table 3. However, due to the
complex shape of this part, the subsequent removal of supports
is difficult and leads to a degradation in surface quality at the
contact surfaces between the supports and the model
[Antar 2022].

The second variant of optimization, in which the Shape Control
function was applied, can be seen in Fig. 11. The Shape Control
ensures the easiest manufacturability of the part. The second
optimization variant has a significantly reduced Support Volume
compared to the original rocker arm. The printing time in this
case is greatly reduced as shown in Tab. 3.

Figure 11: The second variant of optimization with Supports.

3 CONCLUSIONS

If we evaluate the results of optimizations from the strength
point of view, both component variants are satisfactory, as each
optimization variant has been checked using the FEM analysis of
Altair Inspire [Shevchenko 2022].

Further in the process, we applied the condition of
manufacturability (shape control) from which the second and
final optimization variant emerged, which was transferred to the
NURBS model. The TO results were summarized utilizing the
PolyNURBS function in Altair Inspire software, which can be
exported into other CAD formats [Previati 2022].

However, it is preferable to choose the second variant over the
first variant because of the reduction of supporting material. We
can clearly see from Fig. 9. that the second variant of
optimization has the highest factor of safety with a value of 15.4.
The mass of the second variant of optimization is reduced by
more than 20 % to 0.5891 kg. The maximal displacement of the
second variant has been reduced to 1,145 - 10> mm (as seen in
Tab. 2.) which is significantly smaller than the displacement of
the original part. Due to these results and better
manufacturability, it is more suitable to choose the second
variant of optimization. It is appropriate and highly important to
consider the component's manufacturability and subsequent
postprocessing when using topological optimization tools
[Zhang 2017].
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