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Abstract: The advancement of computing
power, artificial intelligence and machine
learning make it possible to generate
optimized geometries based on the efforts
required in a project or with the objective of
reducing mass. In this article, the differences
in mechanical strength of a part generated
by traditional 3D design, topological
optimization and generative design using
the Fusion 360 program were shown. The
generated geometries were manufactured
by 3D printing, resulting in five samples
with different masses, generated with each
method. These samples were compared
with a traditional sample that served as a
reference. The effectiveness of these methods
was measured by the ratio of compressive
load supported by body mass (MC). The
generative design showed an improvement
in the CM relation when compared to the
topological optimization,
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INTRODUCTION

The Additive Manufacturing (AM -
Additive Manufacturing) became popular
in the development of products for the
ease to manufacture parts of simple or
complex geometries generated with CAD
- Computer Aided Design (or Computer
Aided Design). In the CAD system, software
is used to model a part in 3D, to generate
project documentation and drawings, and to
generate the programming of manufacturing
machines.(GROOVER; ZIMMERS, 1984).

By AM, physical prototypes are generated
with lower cost and greater speed compared
to traditional methods. In addition, when
any changes are necessary, the correction is
made in CAD and manufactured without the
need for new molds (VOLPATO, 2017).

Thus, we seek to reduce the cost of 3D
printed parts and their optimization, both
in terms of aesthetics and functionality. For
this, CAE - Computer Aided Engineering
(or Computer Aided Engineering) is used for
computerized calculations and simulations.
These softwares make it possible to simulate
loads applied to the 3D model to analyze
its efforts and its level of safety, without the
need for physical prototypes. Some specific
computational and artificial intelligence tools
have been developed, such as Generative
Design (DG) and Topological Optimization
(OT).

TOPOLOGICAL OPTIMIZATION (OT)

OT is based on stress analysis by the finite
element method, analyzing the structural
criticality of a part subject to a pre-established
stress and removing material at non-critical
points, optimizing the geometric space of the
part and preserving the structural properties
with mass reduction ( NTINTAKIS;
STAVROULAKTIS; 2020).

OT distributes the amount of material
within the design limitations, eliminating
material where efforts are not decisive for
part failure, to optimize the design in relation
to mass, volume and cost (WESTERVELD,
2021).

In a traditional three-dimensional model,
the attachment points, the external loads and
the geometries to be preserved are defined.
In the optimization, a discretized mesh is
generated, the points where there isless tension
are analyzed and the regions where to remove
material are determined (AUTODESK, 2020).

However, the optimization generated by OT
can be difficult to manufacture traditionally, so
AM enables the creation of complex geometry
prototypes, without affecting the cost due to
the difficulty of production (BRACKETT;
ASHCROFT; HAGUE, 2011).
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GENERATIVE DESIGN (DG)

The DG is also based on the finite element
method and aims to generate an optimized
part from the required efforts and dimensional
constraints (NTINTAKIS; STAVROULAKIS;
2020).

Design requirements such as expected
mass, strength requirements, geometric
constraints, and material are given.
(AUTODESK, 2020). The program can return
thousands of solutions, following the following
steps: establishing the critical areas of a part
or creating a generic model, configuring the
exploration characteristics, generating the
designs, filtering the best generated shapes,
selecting and defining the fit. thin (KRISH,
2011). It is up to the designer to filter the
best generated geometries, considering the
possibility or impossibility of manufacturing
such solutions.

The DG has great growth potential,
because combined with AM, it makes it
possible to develop lighter objects with the
same functionality (AMS BRASIL, 2020).

COMPARATION

DG and OT technologies can be confused,
but not the practical application of these two
alternatives:

o OT is used when there is already a
part and its optimization is necessary,
so from an initial three-dimensional
model, only one solution is generated;

|25 kg

requirements human design

o The DG is used when there is still no
pre-established geometry and we only
know the efforts to which a project will
be submitted and multiple geometries
are generated (KATORI, 2019).

As the DG aims to generate a fully
optimized part, the process of generating
solutions by DG goes through a OT before
being completely solved (WESTERVELD,
2021).

For a better understanding of the
differences between traditional design, OT
and DG, follow the illustration presented in
figure 1.

Barbieri and Muzzupappa (2022) applied
both methodologies to compare the design of
a suspension arm in relation to the traditional
design. They compared the maximum
displacement of the arm when subjected to a
transverse force, and found that:

o reduced 46% in maximum displacement
with a 2% reduction in mass applying
OT;

 reduced 42% in maximum displacement
for a 38% reduction in mass applying
DG.

OT and DG are based on the finite
element principle - decomposing the three-
dimensional model into several elements
that are connected together by nodes. In
these nodes, stresses and strains of the model
are calculated, which will be propagated

topologically optimized generative design

Figure 1 - Difference between human design, OT and DG (translated).
Source: Westerveld (2021).
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throughout the entire part. This method
helps to reduce costs — requiring less field
testing, less time to analyze new products, and
improving existing products (KATORI, 2019).

To generate solutions by DG and OT, it
is necessary to know the external load that
will be applied, direction, direction and place
of application. Defining the material gives
the modulus of elasticity (SANGEUN et al.,
2018). The geometry constraints and fixtures
must be known, so the algorithm recognizes
where the part cannot be modified and
where the part fixtures will be. Geometric
constraints are also selected so as not to
generate unwanted material. (KENNEDY,
2021).

This work aims to analyze the mechanical
strength of the design by OT and DG when
compared to each other and to the traditional
design method. For this, the geometries were
generated using the Fusion 360 software
and then they were manufactured by 3D
printing. Five samples with different masses
were generated for each method, which were
compared to each other and to a traditional
sample that did not undergo variations. The
effectiveness of these methods was measured
by the relation Compressive load supported
by Body mass (MC).

RESEARCH METHOD

The experiments were carried out in three
stages:

o A piece was modeled by the traditional
method, then sliced. A sample with
seven specimens (CPs) of this part was
manufactured by AM.

o Compression tests were performed
to determine the maximum load
supported by this reference sample.

o Then the OT and DG designs were
generated, sliced, printed and tested.
For the results, the two most discrepant
measurements of each sample were

discarded. Print parameters were the
same for all parts.

MATERIAL

The CPs were printed with 1.75 mm gauge
poly (lacticacid) (PLA) from the manufacturer
Esun. This material has 144.789 MPa of tensile
strength and 3.86 GPa of Youngs modulus
(ESUN, 2021).

The material available in the Autodesk
Fusion 360 library is “Plastic”, with density
1.29x10-6 kg/mm3, 0.40 MPa of tensile
strength, 0.709 GPa of Young’s modulus and
Poisson’s ratio equal to 0.4 (Autodesk Fusion
360, 2021).

TRADITIONAL DESIGN

The traditional design, modeled in the
Fusion 360 program, represents a regular
and standardized geometry, which allowed
a compression-only effort that could be
compared to a shim for general use. The
fabrication drawing for this design is shown
in figure 2, as is the print orientation to apply
to all designs.

e

Figure 2 - Traditional design.

DESIGN BY TOPOLOGICAL
OPTIMIZATION

Traditional design was the base geometry
for OT application. The upper and lower
faces were fixed to ensure the fixation and
functionality of the part. In figure 3 the
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regions where the geometry was preserved
and fixed are in green, as well as the result of
the optimizations and the efforts on the part.

The mass variation of the samples is due to
the need to compare the supported load/mass
ratio proposed by the study.

As OT removes material where the part
is less stressed, post-processing is usually
required in the modeling program to smooth
sharp corners. In this study, only one OT
sample was smoothed to compare results with
the part without post-processing.

Figure 3 - Regions to be preserved in the OT

and the result of the optimization.

DESIGNGENERATIVE

The Fusion 360 program makes it possible
to choose between two distinct goals for
geometry resolution: maximize stiffness by
choosing a target mass or minimize the mass.
Figure 4 presents two different geometries
generated according to the objective chosen
in the program.

Figure 4 - (a) maximized stiffness (b)
minimized mass.

In this work, the first option was chosen.
The same parts of the geometry used in the
OT design were preserved (Figure 3) and

thecompression force to obtain different mass
reductions. The simulations were performed
using Autodesk’s online servers.

The program allows you to apply a factor
of safety, in addition to some manufacturing
options for the part.

OBTAINING SAMPLES

For the mechanical strength tests, three
categories of samples were used, totaling 11
samples and for each sample, seven CPs were
printed:

« atraditionally generated sample,

« five samples generated by DG with mass

variation and

o five samples generated by OT with mass

variation, one of them with a smoothed
surface.

The OTs Extra and DGs Extra samples
were generated after the results obtained
from the preliminary tests and provided some
important comparisons. The OT Extra sample
presents symmetry in relation to the part axis
and mass of the OT1 Sample, a characteristic
not shown in the first OT samples. The DG
Extra sample allowed to compare two different
samples with the same design load of 1000 N
(DG3).

For FDM printing, the Ender 3 printer
(CREALITY 3D, 2020) was used, which
allowed the simultaneous printing of the
seven CPs of each sample. The choice of
printing parameters was based on the results
obtained by Jodo Fernandes (2016) and by
Kaufui Wong and Aldo Hernandez (2012):
layer height of 0.2 mm, printing speed of
25 mm/s, extrusion temperature of 220 °C,
table temperature of 60 °C, nozzle diameter
of 0.4 mm, 100% filling with grid 0°/90° and
number of contours equal to 8. Table 1 shows
the mass reductions (RM) of the different
types of designs.




Image

Samples Samples
Traditional
OT1 DG1
0T2 DG2
OT3 DG3
Sm[;;led DG4
OT Extra DG Extra

Table 1 - Images of the printed samples.
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COMPRESSIVE STRENGTH TEST

This test compared the
strength ratio per mass of printed material
of the geometries generated by the different
methods. The tests were carried out at the
NPT (Technological Research Center) of
the UTFPR, with a controlled temperature
of 23 + 2°C, using an EMIC universal
testing machine with a 10kN load cell and
10N precision. The CPs were weighed on
the balance (Mars Analytic AL500) with
precision of 0.001g.

The feed speed of the compression actuator
was 10 mm/min according to ISO 604:2002
(ISO 604:2002). Although the standard does
not refer to plastics produced via FDM, it
is the standard most used by other authors,
since there is still no standard for this specific
type of manufacturing (BANJANIN et al.,
2018).

To perform the tests, each PC was
positioned on the base of the EMIC
equipment. The load was applied evenly and
distributed on the closed upper face. The Force
(N) x Displacement (mm) and Maximum
Supported Load (N) curves were obtained
using the Tesc program.

maximum

RESULTS AND COMPARISONS

Table 1 shows the results obtained for the
PCs of the first battery of tests.

In the Force (N) x Displacement (mm)
graph of this sample, the curves presented

a similar profile. The CP, with its structure
intact, undergoes an elastic deformation and
the resistance force of the material grows until
it reaches the first peak, when the structure
is permanently deformed, which may or may
not cause a fracture in the 3D printing seam
lines (place where the printer’s extrusion
nozzle switches layers, giving rise to a stress
concentration point) and collapses, causing
the measured force to decrease to its valley.
The compression continues and the upper
base of the CP starts to crush the material
from the underside of the structure, creating
a new and stronger compacted structure with
greater mechanical resistance, causing the
force to rise to a second peak, but this time
with total loss of the initial profile. Therefore,

RESULTS OF DESIGNS GENERATED
BY OT

It was established that OT-generated
designs would be subjected to the traditional
sample failure load of 11,869N. The program
allowed for mass reduction manually,
ignoring whether or not the CP would
fail with the established compressive load
requirements. Five optimizations were
performed (named OTI1, OT2, OT3, OT3
Smoothed and OT Extra) and the results are
shown in Table 2.

The Force (N) x Displacement (mm)
curves of the OT samples show a behavior
similar to the traditional one. The CPs OT1,

Design Specimen Weight  Maximum Load/Weight
(@ Load (N/g)
supported (N)
Traditional Average 7.086 11.869
) Standard Deviation 0013 323 1 676
~ Coefficient of Variation (%) 0.183 272

Table 1- Compressive strength of the reference sample.
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OT2 and OT Extra broke at the seam, after
the piece had already reached the maximum
point, while OT3 and OT3 Smoothed, with
greater mass reduction, did not break.

When performing Fishers F test for
comparing means at a significance level
equal to 0.05, it was found that there was a
statistically significant difference between
OT1 and OT Extra (OT1 with approximate
symmetry), with OT1 obtaining a higher
result than than OT Extra. However,
smoothing did not lead to a statistically
significant difference.

RESULTS OF DESIGNS GENERATED
BY DG

The Fusion 360 generated unwanted
geometry (Figure 5) or did not return any
solutions when subjected to the average load
supported by the traditional design in the
first battery tests.

Figure 5 - Fusion 360 Geometry for DG with
11,869 N load.

By the DG method, the traditional design
had to be submitted to different efforts for each
mass variation for the program to generate
plausible geometries with the mass of the
desired design. Table 3 shows the variations
found in DG1, DG2, DG3, DG4 and DG
Extra designs.

The DGl sample had its design
compressive load of 400 N and in the test
it supported 3,910 N, DG2 was designed

Maximum Average
. . Weight Load Load/Weight Weight
L= SRR [g}gh Supported  (N/g) S
™) (%)
oT1 e—i Average 6.474 82159
M Standard Deviation 0.012 1573 1.269 8.6
SR Coeffident of Variation (%o) 0.19 192
aT2 (} Average 5.966 5,8620
ﬂ Standard Deviation 0.006 736 983 158
e Coefficient of Variation (%o) 0.10 126
QT3 2 iy Average 3425 23708
M Standard Deviation 0.011 1303 430 234
e Coefficient of Variation (%c) 020 546
OT 3 Smooth Average 5409 23756
e . Standarf:i Deviaﬁm_l _ 0.006 22{.{} 476 237
"ﬁ Coefficdent of Variation (%) 011 8358
oT .\ Average 6.596 7.880.08
Extra Standard Deviation 0.019 806 1,196 6.9
d Coefficient of Variation (%o) 029 313

Table 2 - Compressive strength of samples obtained by OT.
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for 500 N and supported 4,453 N, DG3 was
designed for 1,000 N and supported 6,789 N,
the DG4 sample was designed for 250 N e
supported 2,896 N and the DG Extra sample
was designed for 1,000N and supported 6,672
N. If it is taken into account that the strength
of the printed material is 140 MPa, while the
material chosen from the program library,
called “Plastic” has strength of 40 MPa, if the
tested part was this material, compression
values of 1117 N, 1272 N, 1940 N, 828 N and
1906 N would be expected, which are much
higher than the respective projected values,
in some cases more than double.

As DG generates designs with irregular
interior, all graphs have a first peak, but from
that point there is no uniform pattern as
the CP resistance can increase or decrease.
There is a significant difference between the
averages of the maximum forces of the DG3
and DG Extra samples, with a significance
level of 0.05, according to Fisher’s F statistical
test, with the DG3 value being higher, despite
having a lower MC.

COMPARISON OF RESULTS

The MC values (maximum load [N]/mass
of printed material [g]) of the 11 samples were
compared. In figure 6, on the abscissa axis the
samples are in increasing order of mass.

Load / Weight (N/g)
g

Figure 6 - Load/Mass Ratio.

In the OT samples, there was a linear
correlation between the increase in MC
and the increase in mass in samples OT]I,
OT2 and OT3. The statistical test did not
reveal a significant difference between the
maximum strength of the Smoothed OT3
and OT3 samples. Thus, smoothing the sharp
edges (post-processing) did not bring any
structural benefit. However, the OT Extra
sample presented a lower mean MC than the
OT1.

In DGs samples, two typical profiles
were observed. In profile 1 the samples have
the most centralized internal structural
material (DG4, DG1 and DG2) (Figure 7)
and in profile 2 the samples have the most
peripheral structural material (DG Extra and
DG3) (Figure 8).

Design Specimen Weight M aximum Load/Weight
(2 Load (N/g)
Supported (N)
Average 7086 11,869
Standard Deviation 0.013 323 1,676
Coefficient of Variation (%) 0.183 272

Table 3 - Compressive strength of the samples obtained by the DG.
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Figure 7 - Profile DG samples 1

Figure 8 - Profile DG samples 2

DGs samples only showed a pattern of
maximum force increase with mass increase
in profile 1 samples. In figure 6, it is possible to
see the linear relationship between force and
mass in samples generated by OT and profile
1, but profile 2 is the most recommended
when there is a need to support greater loads
(having a larger CM).

For profile 1, the greater the sample mass,
the greater the CM. For profile 2 there was no
such behavior.

Comparing the results of the samples with
greater mass reduction between the DG and
OT methods (DG4 and Smoothed OT?3) it is
observed that the DG4 sample has 4.9% more
mass, but supports an 11.4% greater load,
presenting a clear improvement in the CM
relationship.

Observing the samples with less mass
reduction (OT1 and DG2) it is observed
that OT1 supported 84.5% more load despite
having 94.3% of the mass of DG2, justifying
the OT for small mass reductions, while the
DG is valuable for proposals with greater
mass reductions compared to conventional
geometries.

Comparing the best performing design,
DG3, and the DG Extra design (both with a
design load of 1000 N), it was found that both
have mass concentration in the periphery, but

DG Extra is more homogeneous, resulting in
a greater optimization of use. of the material
and higher CM.

COMPARISON OF RESULTS
OBTAINED WITH SIMULATIONS IN
AUTODESK FUSION 360

Tables 2 and 3 present the simulations
performed in Autodesk Fusion 360 with
all designs. Massive plastic bodies were
considered, as the program does not simulate
parts manufactured by AM. For the OT
designs, the input load in the simulation
was the failure value itself in the traditional
sample. In the DG samples, it was simulated
for the design load and for the failure load.

The blue color indicates regions where
the material is not required, the green color
where the material is safe, the yellow color
where the part may fail, and the red color
where the part is likely to fail.

The regions where the first permanent
deformations of the CPs occur are the most
critical areas in the design simulation. In the
simulations with the fault load, the regions
where the fault would probably occur and
where the greatest deformations would
occur (regions in red) were observed. Such
predictions could be confirmed by the photos
of the CPs under test.

In the design simulation, it was possible to
observe regions where the part could fail only
in samples DG1 and DGS3.

COMPARISON OF A SAMPLE
FAILURE WITH DIFFERENT PRINT
SEAM LOCATIONS

In the OT Extra sample, it was possible
to analyze the consequences of the position
where the printing initialization seam was
performed. In two CPs of the group, the seam
coincided with the direction of an empty
space of the piece (right side of the image),
and in the other three CPs the seam was in
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Beginning of

Sample Design Simulation Failure Simulation Deformation

(Moment of Video)
Traditional X
OT1 X
oT2 X
OT3 X
OT3 Smoothed X
OT Exfra X

Table 2 - Comparison of the test failure simulations of the traditional and OT samples.




Sample

Design Simulation

Falure Simulation

Beginning of
Deformation
{(Moment of Video)

Traditional

DG1

DG2

DG3

DG4

DG Extra

Table 3 - Comparison of the test failure simulations of the traditional and DG samples.




a massive region (left side of the image) as
shown in figure 9.

Figure 9 - Boot Seams.

The position of the seams did not
compromise the maximum load supported,
but the minimum point of the graphics was
affected. The seam location broke during
the experiment only in the CPs with seam
in the direction of the part opening, causing
a more sudden load drop to the minimum
point. However, this opening happened after
the failure of the material, acting only in the
decrease of the minimum point of the force
(N) x Displacement (mm) graph, without
relation to the maximum resistance. The
before and after images of the seam opening
moment can be seen in figure 10.

Figure 10 - Moment of initialization seam

fracture.

PRODUCTION TIME

Using Cura Ultimaker software, the time
for printing the seven CPs of the traditional
sample and the samples with less mass
(Smoothed OT3 and DG4) was calculated.
DG showed a reduction in the printing time
of CPs, 11.9%, while OT reduced 4.8%. It
was concluded that the DG offers a greater
applicability of production by AM.

CONCLUSIONS

The CM ratio was not increased with the
application of DG and OT methods, since the
highest CM ratio was found in the traditional
design, because when mass is reduced,
maximum strength and CM ratio decrease.

It was observed that the real part supported
much more than the projected one, even with
a safety factor equal to 1, indicating that, if the
objective of the sample design was to support
such loads (400 N, 500 N, 1,000 N and 250 N)
parts could be considerably lighter.

When there is a pre-requisite of
compressive load, the OT for mass reduction
is not ideal, as the force input parameter does
not block the mass reduction, allowing the
extreme embrittlement of the part. DG, on
the other hand, is safer because it asks for the
desired maximum load as the input and only
then proposes a geometry.

The location of the print seam had no
relevance in the result of the maximum load
supported by the part, only at the minimum
point where the opening of the part is located
if it is located in the direction of an empty
space in the part.

As the results obtained in the tests
showed that the supported load is different
from the input values as requirements of the
optimization methods, it is recommended
that these be used as a starting point for
obtaining the geometries, performing
mechanical tests to attest to their real
properties, because may be influenced by the
manufacturing method and raw material.

It is important to note that in OT a
simulation is required to obtain each design.
Thus, when comparing designs even with the
same design objectives and requirements,
new simulations will be necessary, making
the selection process time consuming due
to repeated creation of reference geometries,
preparations and execution of simulations
and tests. On the other hand, in the DG




method it is possible to obtain multiple
design options that all meet the requirements
and objectives of the project simultaneously
in the same simulation, allowing the designer
to easily compare all the options and make
his choice more quickly.
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