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Abstract: The combination of topology optimization (TO) and 3D printing has revolutionized the way
components are designed and fabricated. In view of this, this manuscript presents a TO workflow
considering the frame of a scooter. In particular, TO is employed to redesign the scooter frame based
on a commercial one. The topologically optimized frame is then fabricated with stainless steel 316L
utilizing the selective laser melting (SLM) method. In particular, technical obstacles encountered
during the process and according solutions are recorded. Given the herein notes, readers who are
working with the two technologies can anticipate the technical problems and deliver more effective
solutions should any of them arise.
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1. Introduction

Additive manufacturing (AM) is well known for its ability to fabricate components in
a layer-by-layer manner, without any of the restrictions encountered with conventional
manufacturing tools [1,2]. Utilizing an AM method such as selective laser melting (SLM),
one can 3D print metallic components which are complex [3,4], functional [5,6], lightweight,
and with even higher mechanical properties in comparison with their wrought counter-
parts [7]. Indeed, thanks to the listed advantages, SLM has attracted the attention of the
researchers not only from academy but also from industry, and SLM-produced components
have found their place in various fields such as the automotive [8-10], aerospace [11-15],
and medical [16,17] industries.

From the design perspective, the topology optimization (TO) technique is closely
associated with AM [18-23]. To obtain an optimal structural design, three prominent
methods, namely topology, shape, and sizing optimizations, have been employed. As
a matter of fact, TO stands out from the other two thanks to the broadest design area it
offers, without the need to consider the initial structural configurations [24]. Additionally,
sizing and shape optimization are utilized to polish the TO results, which has become
a practice for drafting structural optimal designs. To implement TO, designers during
the conceptualizing stage have to prespecify certain constraints for their components
such as the crucial geometrical features, component weights, load cases, and material
properties [25]. Subsequently, a design area is constructed as per the determined criteria,
within which the materials are spatially filled in to form the desired components. In other
words, the TO software distributes the materials where they are needed the most to avoid
excess material usage. However, due to the fact that TO is extremely sensitive to the load
case setting, one can instantly spot the inaccuracies of a TO result at first glance, because
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two different load cases on a component would yield two different TO results within the
same design area. Therefore, the output of TO should serve solely as a potential draft, and
delivering the final functional design should primarily rely on the modeling skills of the
designers.

Keeping in mind the pros and cons of the TO technique, one can sufficiently cut
weight and reduce the number of needed components on their designed parts [26-28].
Additionally, owing to the mechanism of the TO technique, its output inherits bionic
shapes which can be utilized for not only functional, but also customized and aesthetically
pleasing designs [29-32]. It can be witnessed today that designers adopt complex lattice
structures into topologically optimized designs for further weight cutting and (perhaps)
better performance [33]. Moreover, thanks to the gap bridging AM, these designs, which
cannot be produced by the traditional manufacturing methods, can be fabricated with
neglectable deviation in comparison with their CAD counterparts [8,34,35].

Recent years have witnessed the private sector invest heavily in TO and AM regarding
optimizing the car chassis [36], car components [37], bike chassis [38,39], aircraft wing [40],
and even rocket [41]. In addition to the aesthetic and customizable aspects, one main factor
to be considered is the weight saving due to the fact that, in the long run, it significantly
reduces the fuel consumption per kilogram and, thus, the operation cost. Additionally, due
to the fact the AM is still in its early stage, there is a lack of published data about costing
and standards for TO and AM components. There is also a dependence on machine, labor,
and material costs for this technology. Hence, it is worth noting that the evaluation of
applicability and cost analysis for conventional production may not be applicable for AM
technology.

With inspiration taken from the above studies, this manuscript suggests a workflow
of the TO process considering a scooter frame from the design to the manufacturing stage.
Specifically, a conventional scooter frame was examined, TO was utilized subsequently
for the redesigning purpose, and SLM AM technology was deployed to fabricate the
frame with stainless steel 316L. The frame eventually underwent geometric and strength
inspections for comparison with its CAD and conventional counterparts. The TO scooter
frame was produced following the workflow presented in Figure 1.
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Figure 1. TO workflow.

This manuscript is structured according to the framework in Figure 1 for better
comprehensibility. Consequently, the contributions of this manuscript can be listed as
follows:

Presenting a typical framework for fabricating topologically optimized products;
Reporting arising technical issues and practical solutions at each stage of the process;
Showcasing how TO and AM can be combined to deliver a futuristic and functional
product, as well as the pros and cons in comparison with conventional manufacturing
methods;

e  Suggesting possible improvements that can be introduced for better fabricating TO
components with AM utilizing existing numerical and manufacturing tools.
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Following the introduction, Section 2 presents the materials and methods used for
elaboration of the proposed framework. Consequently, Section 3 summarizes the findings
and possible future works to improve the quality of topologically optimized components.

2. Materials and Methods
2.1. Load Case Definition and Experiments

As mentioned in Section 1, for TO studies, it is necessary to define the typical load
cases for the conventional scooter under operation. In this study, there are four load
scenarios considered and, accordingly, the experimental results on the conventional frame
are presented.

2.1.1. Normal Operation

When the scooter is under normal operation, i.e., driving on a flat surface, the mass of
the 80 kg rider will exert a force of 80 kg x 1¢ =785 N on the step board, causing bending
in the middle of the frame with a deflection of 11 mm. The clearance between the ground
and the frame was determined to be a minimum of 60 mm, which was considered for the
redesigned frame to ensure the functionality and comfortability of kicking while driving.

2.1.2. Drop

When a 80 kg rider lands on the ground from a height of up to 1 m after performing a
jump or riding off a jump ramp, road bump, or kerb, the free fall exerts an impact force
which is transferred from the two wheels to the whole scooter frame. The dynamic factor
was chosen to be 3¢, leading to an impact force of 80 kg x 3¢ = 2354 N on the step board of
the scooter.

2.1.3. Braking

When braking, the rider’s mass will be shifted forward, thereby exerting the braking
force the most severely on the front fork neck. A deceleration value of 5 m-s~2 was chosen
for this load case with the force applied on the handles when braking was equal to 80 kg x
5m-s~2 =400 N. The scooter was also loaded with 80 kg of the rider’s mass.

2.1.4. Torsional Stiffness

When cornering, the whole frame experiences a twist about the two wheels. To assess
the torsional stiffness of the conventional scooter frame, it was rotated 90° from its standing
position, and the back wheel was fixed on a testing deck. The steering column was rotated
facing the ground to simulate the 90° steering. A mass of 100 N was applied on the front
wheel, and the deflection of the fork neck was measured to be 30 mm.

According to the above load cases, critical areas to be considered for the TO study
were estimated and are circled in Figure 2.

Figure 2. Conventional frame with anticipated weak spots circled.
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The scooter dimensions had a maximum of 1720 mm length and 960 mm height. The
circled areas, from left to right, are the transition between the head tube and the down tube,
the transition between the down tube and the step board, and the transition between the
step board and the rear fork, which are hereafter orderly referred to as fork neck, front
transition, and rear transition. Having considered these assumptions and experimental
results, the design area of the scooter frame for TO was modeled as described in the next
section.

2.2. Topology Optimization (TO)
2.2.1. Design Space

The design space must be continuous and as voluminous as possible in order to pack-
age the whole structure under TO study. To ensure the freedom of TO, it is recommended
not to take effort modeling a detailed design space. Subsequently, after finishing the design
space, it is necessary to define the non-design spaces, which cannot be modified during
the TO process. These can be functional features, connection points, etc. Accordingly, it is
possible to observe the utilized design space for this study in Figure 3, Along with notes
and explanations on the modeled features.

S

Figure 3. Conventional frame with circled weak spots.

As illustrated in Figure 3, the grey-colored features are the non-design spaces, i.e., for
assembling the steering column in front and for bearings in the back. The design space had
dimensions of up to 1100 mm long and 727 mm high. Additionally, there were two bars
representing the axes of the front and back wheels, connected to the non-design spaces
such that loads could be applied to and transferred from the wheels to the frame structure
according to the previously defined load cases. Remarkably, the three predicted critical
areas were modeled with a thicker section so that more material could be distributed there
for weak spot reinforcement. Last but not least, symmetric conditions were set for the TO
study.

Having finished the design space, it was necessary to assign the material properties of
the 3D printed 316L to the model, as detailed below.

2.2.2. Materials and TO Objectives

The authors of [42] studied how different printing parameter sets affect the mechan-
ical properties of 3D printed stainless steel 316L, and the optimized set was utilized for
manufacturing the frame in this manuscript. Accordingly, the best material properties that
can be obtained are presented in Table 1.
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Table 1. Mechanical properties of the 3D printed stainless steel 316L.

Parameter Value
Density 7.99 x 107% kg-mm—3
Tensile strength 614 MPa
Yield strength (0.2% offset) 467 MPa
Young modulus 204 GPa
Poisson’s ratio 0.29

Material description is important for TO because of the objective setting in the TO
software. For this TO study, the software SolidThinking Inspire was deployed, and the
objective of the TO was to obtain the maximum stiffness with 30% of the volume of the
design space being filled, and the minimum thickness of the trusses constructing the frame
was set to 10 mm.

2.2.3. TO Results

Figure 4 illustrates the TO results under the four aforementioned load cases and the
set objectives.

: .

Figure 4. TO results in four load cases with according boundary conditions: (1) normal operation, (2) drop, (3) braking, and

(4) torsional stiffness.

One can observe the similarities between the TO result of the frame under normal
operation, (1) in Figure 4, and that being dropped from the height of 1 m, (2) in Figure
4. In the drop case, the frame is subjected to more severe load as the 80 kg mass of the
driver is multiplied by 4g, leading to the fork neck and the front and rear transitions being
reinforced with thicker material sections and more trusses. In the braking situation, (3) in
Figure 4, material was subtracted from the rear of the frame and more was added to the
front of the frame, including the fork neck and the front transition. Except for the case of
torsional stiffness, (4) in Figure 4, material cutting can be witnessed in the middle of the
step board. Eventually, for the TO result under a 100 N torsional stiffness test, the front
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transition did not contribute to the stiffness of the frame since a substantial amount of
material was subtracted from there. The TO results agree well with the aforementioned
critical area prediction.

2.3. Summary of TO Results for Redesign
2.3.1. Solid Model

The TO results were summarized utilizing the PolyNURBS function in SolidThinking
Inspire software. According to [43], this technique helps in tracing the tessellated surfaces of
the Stereolithography (STL) files to transform them into smooth, CAD-compatible NURBS
models. These models can subsequently be exported to other formats for designing and
manufacturing purposes. Specifically, the traced geometry, so-called PolyNURBS, is based
on the TO space, whose dimensions can be modified during the tracing process according
to the needs of the designers. Thanks to this, the final design of the scooter frame was
established, as shown in Figure 5.

&)
\

i

4.

Figure 5. Solid redesigned scooter frame: (1) side view, (2) front view, (3) top view, and (4) isometric view.

As can be observed in Figure 5, the conversion took into account the symmetric nature
of the scooter frame. With respect to the TO results, attention was paid to the fork neck, the
front and rear transitions, and the rear fork, as more material was distributed there. One of
the key features for maximal stiffness was the braided design of the fork neck. Moreover,
the logo of the laboratory was added. Instead of the solely carved-in feature suggested in
the TO results, the step board was reinforced with vertical trusses for stiffening. At the
rear transition, a V-shaped feature was additionally designed mimicking the conventional
frame for safety purposes, preventing the driver’s legs from colliding with the back wheel.
Subsequently, the model could be processed further for the manufacturing stage.
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Figure 7. Hollowed sections with fitting feature designed for welding operation.

2.3.2. Sectioned and Hollowed Model

There was a need to divide the frame into eight different sections in order to fit it in
the limited space of the building chamber of the Renishaw AM400 printer. This size is
by default L250 x W250 x H300, which must be then subtracted from the no-build zone
due to four corner screws for mounting the building platform to the printer, leaving the
available space for printing of L248 x W248 x H285. Furthermore, the default thickness
of the building platform is 15 mm for H300, leaving only H285, and adjustments must be
made accordingly for different platform thicknesses. The sectioned frame can be seen in
Figure 6.

Figure 6. Sectioned solid redesigned scooter frame.

The PolyNURBS results were solid, which would result in an overweighted scooter
frame. Thus, the frame was hollowed with an outer thickness of 1.2 mm utilizing the
software Materialise Magics. In Figure 7, two hollowed sections of the frame are presented.
Furthermore, the transitions between them were designed with a special fitting for frame
assembly by welding.

This fitting feature was applied to every other section of the frame. There was a
clearance of 0.2 mm in the fitting, allowing the penetration of the filler material during
welding. Details about welding operation are discussed further in the upcoming section.

After finalizing the CAD design, finite element analysis (FEA) was conducted to
pre-assess the stiffness of the frame.



Symmetry 2021, 13, 1201

8 of 14

2.4. Finite Element Analysis (FEA)

FEA of the whole frame was carried out utilizing the properties of the 3D printed
316L presented in Table 1. In particular, linear simulations were done, and the Von Mises
(VM) criterion was used. The deflection and maximum VM stress level of the frame were
recorded together with the factor of safety (FoS), calculated as yield strength divided by the
maximum VM stress. Additionally, for the FEA model, shell elements were utilized with an
assigned thickness of 1.2 mm. The whole frame was assumed to be continuous, i.e., without
the existence of the weldments between frame sections, to simplify the modeling process.
This assumption was made given that the size of the fitting feature was negligible, and the
strength of the weldment was equivalent to that of the parent material, as presented in [44].
There were four simulations corresponding to the four aforementioned load cases. The
FEA studies were done using Marc Mentat; the displacement results are fivefold magnified
and the original shape of the frame is illustrated in Figure 8 for a better understanding of
the load case effects.

Figure 8. FEA results in four load cases: (1) normal operation, (2) drop, (3) braking, and (4) torsional stiffness.

As can be observed for normal operation, (1) in Figure 8, the force exerted by the 80 kg
driver on the frame caused a maximum VM stress of 127 MPa, FoS of 3.7, and maximum
step board deflection of 1.3 mm in the Oy direction. In the drop situation, (2) in Figure
8, these values were respectively 378 MPa, 1.2, and 3.8 mm. In the braking situation, (3)
in Figure 8, the fork neck experienced the most severe VM stress of 115 MPa, with an
FoS of 4.1. Eventually, under the torsional stiffness simulation, (4) in Figure 8, the most
severely loaded area was the rear fork, i.e., the area near the rear wheel, with a maximum
VM stress of 153 MPa, FoS of 3.1, and maximum fork neck deflection of 21 mm in the Oz
direction. The simulation results show a significant improvement in comparison with the
conventional frame in terms of the frame deflection. After fabrication, physical tests were
carried out to verify the simulation results.
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2.5. Manufacturing
2.5.1. 3D Printing

The machine Renishaw AM400 was deployed to fabricate the sectioned frame with
the printing parameters in Table 2, following [42].

Table 2. Printing parameters.

Parameter Value
Strategy Meander
Laser power 200 W
Layer thickness 50 pm
Hatch spacing 0.11 mm
Scan speed 650 mm/s

The STL files of the frame sections were imported into Autodesk Netfabb for com-
ponent distribution on the building platform, support creation, and slicing operation to
prepare for printing. Having considered the aforementioned size constraints of the building
chamber, the distribution of the frame sections along with their supports could be realized,
as presented in Figure 9.

Figure 9. Distribution of frame sections on the building platform.

There were three builds in total, for which the default SLM support type was chosen,
and the critical angle for supports was 35°. The sections were distributed given that the
end with higher mass of material would be nearer to the building platform. This was done
to aid the supports to sufficiently transfer the excess heat from the builds to the platform,
so as to avoid the shape distortion on top of the printed components due to overheating.
Furthermore, the section orientation was done to minimize the roughness given the finding
that the maximum roughness Sz increased with the increase in printing angle [6]. The fork
neck was printed separately owing to its outstanding volume and the number of supports
used. A number of supports were utilized to aid the building of hollowed profiles, which
could not be manually removed from outside; hence, they were left as is after printing.
These unremoved supports added weight with a negligible stiffening effect to the frame.
After printing and support removal, the frame sections were processed further for welding.
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2.5.2. Welding

The eight frame sections were assembled utilizing 141 tungsten inert gas (TIG) welding
with a 1.6 mm diameter WLal5 electrode, and a 1.6 mm diameter wire made of 316 LSi
EN 12072-19 12 3 was deployed as the filling material. The welded joints together with the
assembled frame were subsequently manually ground to remove the excess filling material
and to obtain better surface finishing for later painting. The assembled frame was finally
inspected with 3D scanning for the surface deviation.

2.6. Geometric Inspection

The TO frame was 3D scanned for geometry inspection using Creaform Handyscan
Black, with software VXElements and Geomagic Control X. Geometry inspection on the
subsections was not performed because it was more appropriate to consider the assembled
frame, whose overall geometry would affect the functionality of the scooter. Accordingly,
the geometric accuracy of the 3D scanned assembled frame in comparison with its CAD
counterpart by means of surface deviation is illustrated in Figure 10.

-24

=——==100 mm -3.0000

Figure 10. Surface deviation result of the TO frame from 3D scanning.

To the right side of the Figure 10, there is a contour bar representing the surface
deviation of the assembled frame in mm with the red color indicating deflection out of
the reference surfaces and the blue color indicating the opposite. In general, most of
the physical frame deviated from —1 mm to 1 mm in comparison with the CAD model.
Furthermore, the front of the frame deflected the least (—3 mm), and the rear fork bent
counterclockwise around the rear transition with a maximum deflection of 3 mm, which
could affect the positions of the front and the back wheels. Since regular waviness and neg-
ligible deviations can be achieved with SLM technology, as studied in [45], the outstanding
shape deviation in the rear fork was more likely caused by imperfect welding operation
since the fitting feature was situated at the rear transition, around which the rear fork is
bent upward. Eventually, the TO frame was compared with the conventional one to see
whether improvements were achieved.

2.7. Comparison with the Conventional Frame

After fabrication, the TO frame was put under the same performance tests as described
in Section 2. The results were recorded and then compared with the conventional frame in
the below Table 3.
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Table 3. Comparison between the conventional and the TO frame.
TO o
Conventional %o
Simulation Reality
Weight 44kg 4.65 kg 510 kg +0.16
Normal operation Deflection 11 mm 1.3 mm 11 mm 0
VM stress - 127 MPa -
Drop Deflection - 3.8 mm - -
VM stress - 378 MPa - -
Braking Deflection - - - -
VM stress - 115 MPa -
. . Deflection 30 mm 21 mm 30 mm 0
Torsional stiffness VM stress B 153 MPa B

It can be seen from Table 3 that the TO frame was 16% heavier than the conventional
one (0.45 kg), 10% heavier than in the simulation. This weight gain from the simulation was
due to the unremoved supports inside the hollowed profile. In terms of the deflection in
normal operation and torsional stiffness, the TO frame was equivalent to its conventional
counterpart. As for the simulation results, the deflection was incomparable with the real
measurement, possibly due to the idealization of the fixation in the simulation, i.e., the
usage of rigid elements, RBE2, to represent the fork, front, and back wheels, whereas, in
reality, the scooter sits on two rubber wheels and is assembled with a deformable fork.
Another drawback is that the VM stress level on the scooter under different load cases
was not confirmed. The simulation results, however, showed reasonable deflecting shapes
with highly stressed regions, which could be used as a reference for stress measurements.
Additionally, to improve the correlation between the simulation results and reality, instead
of the rigid elements, the real fork and its connection with the fork neck could be modeled
to better represent the reality. Furthermore, a special stand can be designed to mount the
frame to exclude the deformation of the wheels upon testing.

2.8. Fully Assembled TO Frame
The fully assembled TO frame is shown in Figure 11.

Figure 11. Fully assembled TO scooter frame.
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Except for the orange-painted TO frame, the other components were commercially
available ones. This study showcases the completed TO workflow and associated improve-
ments.

3. Conclusions

To the best of our knowledge, this study presents the first metallic TO scooter to
be 3D printed, effectively establishing its potential. The manuscript showcases a typical
framework for designing and manufacturing with TO. Remarkably, the limited space of the
building chamber was not a restriction for printing over-dimensioned parts, i.e., the scooter
frame, as special fitting features and welding could be utilized for later assembly. Indeed,
the printed TO frame was functional, with a unique bionic shape. For future studies, it
is possible to consider geometry compensation to pre-deform the CAD models such that
the printed ones would spring back to their correct shapes, to prevent the shape distortion
in advance. The residual stress can be reduced by varying the printing parameters and
scanning strategies following [46]. Moreover, heat treatment can be utilized to further
minimize the residual stress inherited from the printing process for better functionality
and weldability, thus improving the material properties if carried out appropriately [47].
Regarding the supports, the printing orientation of the parts in the building chamber can
be optimized for lower shape distortion and more efficient support usage, which would
simplify the subsequent support removal process. Better orientation planning for easier
support removal, together with thickness reduction, redesigning, and a better TO process,
with insights gained from [48], could be effective ways to reduce the weight of the frame.
In terms of FEM analysis, more realistic components instead of rigid elements can be
modeled to avoid over-stiffened models, and special stands can be designed for testing
the real scooter to exclude unwanted deformation. Furthermore, it should be noted that
these findings can be considered for but are not limited to 3D printing scooter frames, as
problems with 3D printing metals are indeed universal.
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