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Abstract: This paper deals with the design of an upright using a topological optimization. This type
of optimization is a relatively young and rapidly evolving area of computational mechanics that seeks
to make multiple material savings that cannot be achieved by conventional methods. The optimized
upright was utilized in a fully functional prototype of the student formula within the Formula
Student competition. The main objective of the optimization was to meet the requirements of the
physical properties, weight, stiffness, and strength of the upright. The initial model of the upright was
iteratively optimized using topological optimization and a finite element static analysis to obtain the
final model. Using the finite element analysis, its behavior in operation within individual load cases
was predicted. Symmetry was used to mirror the finished model to obtain the opposite upright of
the other side of the car. Finally, the topologically optimized upright was compared with an upright
made by conventional methods.

Keywords: topology optimization; upright; 3D printing; additive manufacturing; formula student;
racing car; aluminum alloy; selective laser melting

1. Introduction

The racing car life cycle is very short, and designers are always under pressure because of expenses,
design innovations, material requirements, and precise manufacturing. The design of the upright
is limited by the number of predefined physical vehicle body parameters, dynamic and kinematic
requirements, and last but not least by the wheel suspension geometry [1].

To successfully cope with a task such as the topology optimization of an upright, knowledge on
the design of accurate machine components is necessary. In addition, both theoretical and practical
knowledge of additive manufacturing is also necessary. The upright is one of the main components of
the formula suspension system, and due to the fact that this is a component that has a major impact on
the unsprung weight, which directly affects the driving properties, it is very desirable that its weight
be as low as possible [2].

However, the reduction in the weight of the upright could not be, in this case, the only goal,
because it is also necessary to maintain sufficient stiffness; therefore, a compromise has to be found
between weight, strength, and stiffness [3–5].

Symmetry 2020, 12, 1020; doi:10.3390/sym12061020 www.mdpi.com/journal/symmetry

http://www.mdpi.com/journal/symmetry
http://www.mdpi.com
http://dx.doi.org/10.3390/sym12061020
http://www.mdpi.com/journal/symmetry
https://www.mdpi.com/2073-8994/12/6/1020?type=check_update&version=2


Symmetry 2020, 12, 1020 2 of 14

Since the topology optimization means a change in shape while maintaining some of its properties,
the goal is the effective use of the build material for the manufacturing of the upright. Due to the
fact that the resulting optimized design of the component is often very difficult to manufacture by
conventional production methods, it provides a natural connection with the modern methods of
additive manufacturing, which are suitable for the production of dimensionally complex parts [6].

Since the 1970s, many optimization methods have been developed during intensive research on
topological optimization. Most remained only on the theoretical level due to lack of computational
power. Two main methods, each representing a different approach to the solution, have been put to
practical use in the solution of material distribution [7–9].

2. Materials and Methods

2.1. Basic Requirements for an Upright Design

The upright transfers braking, driving, and steering forces and moments from the road and wheel
to the suspension and vice versa. The upright is mounted in two bearings, which have to be able to
absorb radial and axial forces. The driving shaft of the driving axle is mounted on the side of the
upright with respect to the homokinetic joints for torque transmission.

Bearings in the chassis can be single row or double row, mostly with angular contact to provide
axial force transmission. A brake drum or a brake disk is attached to the upright. A rim is mounted on
a hub by screws or nuts and secured with one central nut.

A racing car’s upright has different design options which correspond to the vehicle’s suspension
configuration. For production cars, the uprights are produced by the casting of gray cast iron or steel.
For the racing cars, weight is the key parameter. Due to this reason, the uprights are made of expensive
materials using advanced manufacturing methods. The upright structure is mostly affected by the
type of suspension and production technology used. The whole assembly of the rear hub with the
upright and wheel is shown in Figure 1. The basic requirements for racing car upright should be:

• Minimal weight,
• Maximal stiffness,
• Sufficient strength.
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2.2. Topology Optimization and Additive Manufacturing

Three-dimensional printing based on selective laser melting (SLM) is also known as powder bed
fusion technology that utilizes atomized metal powder, which is applied layer by layer on the build
platform and then sintered into the desired shape by a laser beam.

This method is capable of complex shapes which are practically unattainable by conventional
manufacturing technologies. Another issue which could arise is manufacturing cost. For conventional
manufacturing, it is generally known that the more complex the shape, the more expensive the
manufacturing. The issue can be addressed via additive manufacturing because of its nature, which
allows the production of complex shapes much more easily than with conventional manufacturing
technologies like machining. The main limitation for SLM is the manufacturing of unsupported
overhangs under critical angles (typically less than 45◦). For the successful manufacturing of the part
and the effective usage of the selective laser melting system, two key parameters must be held. The first
parameter is the positioning of the printed part on the building platform in order to obtain a position
with a minimal volume of supports. The relationship between the complexity of shape and production
costs does not apply fully to parts produced on a selective laser melting system. In some cases it can be
even opposite, because the more complex shape is more self-supporting than the simple shape and,
as a result, fewer supports for overhangs are generated. Figure 2 shows the whole process of topology
optimization [10–12].
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2.3. Principle of Topology Optimization

The principle of topology optimization can be explained by way of the example in Figure 3,
where we want to determine the volume of supportive structure needed to support a homogeneously
distributed load on the surface. As Figure 3 shows, in its lower part there are three fixed supports [13,14].

By topology optimization, we make a model of this structure as surface loaded by a homogeneously
distributed load on it. Three fixed supports, one at each side and in the middle of the beam, are used.
The outcome corresponds to the desired design, with a minimal volume of used material. The generated
shape transfers the pressure load onto fixed supports. The model needs to be smoothed in order
to obtain a continual surface mesh for the best manufacturability and end usability in a real-world
scenario [15–17].
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2.4. Definition of Conception

The simulation of topology optimization is preceded by defining the design space, material, loads,
supports, and non-design spaces. The forces on the uprights were calculated in the MSC Adams (MSC
Software, Newport Beach, CA, USA) software when designing the suspension [18]. Another important
factor is the choice of material, which must be 3D printable and have the appropriate qualities required
by the design of the upright. The dimensions of the rear upright are determined by the position of the
attachment points of the suspension, the rear hub, and the brake caliper. There is a symmetry between
the right and left upright, and thus the opposite upright can only be mirrored.

The goal of topological optimization was set to reduce the weight of the upright by 30–40% of the total
weight of the milled upright from last season and to maintain a sufficient stiffness. The milled upright
weighed 1175 g, and thus a topologically optimized upright should reach a weight of around 750 g.

2.5. Materials

Firstly, a table of all the available metal printable materials was determined (see Table 1) and
assigned the prices of the additive manufacturing powders and the most important mechanical
parameters that affect the weight, deformation, and yield strength of the part.

Table 1. Available materials for 3D printing [19,20].

Material Density Yield Strength Modules of Elasticity Powder Price

316L 8.0 g/cm3 494–547 MPa 190–197 GPa 530 €/10 kg
In625 8.4 g/cm3 598–767 MPa 186–206 GPa 1070 €/10 kg

AlSi10Mg 2.7 g/cm3 200–266 MPa 66–76 GPa 640 €/10 kg
In718 8.2 g/cm3 636–758 MPa 158–186 GPa 1080 €/10 kg

Ti6Al4V ELI 4.4 g/cm3 923–947 MPa 125–130 GPa 2890 €/10 kg
Maraging steel M300 8.1 g/cm3 999–1016 MPa 160–162 GPa 760 €/10 kg

CoCr 8.3 g/cm3 683–714 MPa 183–257 GPa 1000 €/10 kg

AlSi10Mg, Ti6Al4V ELI, and Maraging steel M300 were considered for our topologically optimized
upright as materials. Ti6Al4V ELI features very high-quality properties for printing racing parts. It has
a large yield strength, sufficient modulus of elasticity, and medium density. The big disadvantage of
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titanium alloys is the price of their powder, which is around 2900 € for 10 Kg of powder. Maraging
steel excels with its large yield strength and high modulus of elasticity. The disadvantage of Maraging
steel is its density, which exceeds 8 g/cm3, and thus the walls would have to be very thin to achieve our
goal of reducing the weight of the upright by 30–40%. AlSi10Mg aluminum alloy is characterized by
its low density, low yield strength, and low modulus of elasticity. The walls of AlSi10Mg must be large
enough for the upright to be stiff, which the density of the AlSi10Mg allows. Aluminum alloy was
also used for uprights produced by conventional methods of previous seasons of our formula student
team; therefore, we have experience with this material. Another advantage of AlSi10 is its low cost of
powder. Comparing these three materials, AlSi10Mg was selected as the material for the topologically
optimized upright [13,21].

The disadvantage of AlSi10Mg is its low yield strength of 200 MPa compared to today’s
high-strength aluminum alloys, which reach yield strength of up to 400 MPa. High-strength aluminum
alloys are not used for 3D printing due to their susceptibility to embrittlement. The AlSi10Mg is
characterized by a high thermal conductivity, high corrosion resistance, and decent response to post
process finishing. The material properties of AlSi10Mg are shown in Table 2.

Table 2. Material properties of the aluminum alloy AlSi10Mg [19].

Properties Values

Density 2.7 g/cm3

Thermal conductivity 130–190 W/mK
Melting range 570 ◦C to 590 ◦C

Coefficient of thermal expansion 20 × 10−6 K−1

Tensile strength in horizontal direction 442 MPa
Tensile strength in vertical direction 417 MPa
Yield strength in horizontal direction 264 MPa

Yield strength in vertical direction 206 MPa
Elongation at break in horizontal direction 9%

Elongation at break in vertical direction 6%
Modulus of elasticity 70 GPa

Surface roughness 5 µm to 9 µm

2.6. Creation of Design Space

In order to start the simulation, it is necessary to define the design space which gives information
on the software and which areas can be optimized. It is good to have a design space as big as possible.
At the same time, the design space should be simple in shape because of the time reduction in the
calculation. It is very important to check the design space in whole assembly for possible collisions.

At the beginning, a cylinder with the same diameter as the wheel rim was created. Secondly,
the volumes for components such the brake caliper and suspension arms were removed. As the process
progressed, we achieved the shape of the design space, as shown Figures 4 and 5.
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2.7. Set a Non-Design Parts

Non-design space includes parts that must be preserved untouched by the optimizing algorithm.
Non-design space is represented by mounting places for the bearings, brake discs, suspension arms,
and tie rod. Although parts of the non-design space cannot be altered by topology optimization, they
can be optimized by removing unnecessary material. The inner ring was optimized from 0.4 kg to
0.25 kg. In addition, it was necessary to create components for fixing the brake caliper. The brake
caliper is attached to the upright by two screws. In the place of attachment, rings were formed, which
were dimensioned according to the diameter of the screw washer. The fit of the upper arm must stay
movable for setting the wheel camber. Components for fixing the lower arm and push rod were created
in the same way as for the brake caliper. The whole non-design space is shown in Figure 6.
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2.8. Set of the Loads and Supports

From the dimensions of the vehicle and its estimated weight, forces acting on a wheel at the point
of contact of the tire with the road are determined (see Figure 7). These are further used as an input
to the multi-body simulation in Adams software. Here, the forces are converted into reaction forces
acting at the points where the rod is attached to the vehicle. F1 = braking force, F2 = gravitational force,
F3 = lateral force, F4 = reaction force from torque.

The three load cases were set–acceleration, braking, and cornering. Each of these load cases are
characterized by the biggest reaction force. The load cases are set for a camber of 1.2 degrees and when
the suspension is compressed by 25 mm. The cornering is defined as a maximum lateral force that a
tire can transform before a skid occurs.
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Figure 7. Forces acting on a wheel for three load cases. Cornering and braking (left); swift braking
(middle); cornering right and braking (right).

During hard braking, the greatest braking force that is generated from the brake caliper is
transmitted to the brake caliper mounting bracket of the upright. The most burdensome state is
cornering with a camber of 1.2 degrees and with braking where the acting forces to the lower arm
(3500 N), upper arm (2000 N), steering rod (1220 N), push rod (3300 N), and braking moment from the
braking caliper (146 Nm).

The upright is mounted in two ball bearings which transmit forces from the tires to upright.
The forces are further transmitted from the upright to the suspension. The fixed supports were placed
into main inner ring, wherein the ball bearing was mounted. The supports fix the upright against
displacement both in the radial direction and in the axial direction.

2.9. Topology Optimization

Evolutionary Structural Optimization (ESO) is the name of a method whose principle is to calculate
the required criterion (reduced stress, deformation) in each solution iteration. Based on the result,
the elements with the smallest value are removed from the area under consideration. This method is
random, which means that it searches for an “optimal” solution in a set of large numbers of generated
solutions. However, at least the local optimum is not guaranteed. Theoretical principles more deeply
are discussed in [22–25] together with examples of practical usage.

Solid Isotropic Microstructure with Penalization (SIMP) is a gradient numerical method [26]
which calculates the distribution of the variable in the specified area. The individual elements are
assigned a value from the interval 0–1, which determines the proportion of, for example, the density or
thickness of the material at a given location. From a practical point of view, it is necessary to divide the
area only into elements with a value of exactly 1 or 0. This is done by so-called penalization methods,
which deal with the values within the interval.

The topological calculation itself was performed using the SolidThinking Inspire (Altair, Troy, MI,
USA) software [27]. The software uses the OptiStruct solver core for optimization. OptiStruct uses the
SIMP method to solve topological optimization tasks [28].

Once the material, forces, design space, non-design space, and supports are defined, the simulation
is ready to start. The goal of optimization was to minimize the weight by 30–40% of the milled upright
while maintaining the stiffness; therefore, it was decided to reduce the mass to 5% of the total design
space volume and set the objective of the analyses to maximize the stiffness. The minimal thickness of
the optimized part was defined as 5 mm. The smaller the optimized part thickness, the longer the
simulation takes [29,30]. The summary of the analysis setting is shown in Table 3.
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Table 3. Topology analysis settings.

Parameter Set Value

Analysis type Topology optimization
Objective Maximize stiffness

Initial mass target 5%
Element size 5 mm

Three output results from each load case was obtained (as shown Figure 8). For the final solution,
a combination of these three outputs was used.
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2.10. Creation of a 3D Model

There are two options on how to create a model with data from the simulation.
The first option uses modelling surfaces using the function polyNURBS and then subsequently

imports the model into any of the CAD programs for editing the other parameters.
The other way is to edit the polygonal data in software that allows you to work with them.
We decided to use the software SolidThinking Inpsire and subsequent modifications in Autodesk

Inventor (Autodesk, San Rafael, CA, USA) [31]. The modelling was based on three results (Figure 9) of the
topologically optimized simulation. We tried to form the surfaces into beam shapes in order to increase
the strength and stiffness of the upright. The final model (Figure 9) was created after the third iteration.
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2.11. Finite Element Assessment of the Upright

Topology optimization is an iterative process; once the first model of the upright is finished,
it is followed by a finite element method (FEM) analysis. The FEM analysis must verify each load
case. This analysis shows places within a model which can withstand load and places which should
be reinforced. In places with a larger factor of safety, material should be removed and added to the
highly stressed places. This process is repeated until the model reaches a 30–40% weight of the milled
upright and can withstand the calculated load. The weight rise or reduction should be one of the
assessed quantities.

The first was material, forces, and supports set up, then the element size was determined to 1 mm.
Our final upright was three times modified until the results were satisfactory. The maximal stress
was 143 MPa in the peak of the seating of the lower arm, what is less than the yield strength of the
aluminum alloy used. The maximum deformation of the upright when cornering is 0.28 mm, as shown
in Figure 10.
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2.12. Machining Allowances

Machining allowances have been added to the places to be machined. Holes that must be within
tolerances have been blinded and will be drilled after printing. The material from the other holes has
been removed by 0.2 mm in diameter because of SLM inaccuracies. Grooves were solved as holes,
and the material in the diameter was removed. The main machining allowances are placed where the
upright rests on the bearings. There, we put a 1 mm allowance to each side, which means 2 mm added
in diameter. These surfaces will be machined after printing [32].

2.13. Printing Process Preparation

Once the final model of the upright was finished, preparing to manufacture it began. The 3D model
of the upright was put into the software Materialise Magics (Materialise NV, Leuven, Belgium) [33].
It is a specialized data preparation program for additive production, particularly in creating the
position and supports of the printed part. The upright has been put on a platform for manufacturing.
First, a position for the upright on the platform was created. The position should be determined so that
a large volume of material does not appear in one layer during construction, nor should it be parallel
or perpendicular to the cutting edge of the recoater. The software Magics automatically generates
supports and positions that cannot take place without modification, therefore we modified supports
to the state that does not intersect the model. It is also important to consider the heat dissipation
from places with a large volume of material. Figure 11 shows a view of the upright in the Materialize
Magics software.
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2.14. Manufacturing

The manufacturing of the upright was performed by the SLM method—Selective Laser Melting.
Since the material properties depend upon the quality of metal powder, it is important to choose
an adequate producer of metal powder. For our upright, we used metal powder by the Renishaw
company. The manufacturing took place on the printer SLM 280HL. The construction lasted about 15 h.
During printing, we used a 400 W laser power, and the layer thickness was set to 25 µm. The metal
powder was melted at 580 ◦C. The manufactured upright on the platform and with supports is shown
in Figure 12.

After manufacturing, a finishing process is required. This began with the removal of the upright
from the machine and the subsequent cleaning of the untreated powder. This was followed by
heat treatment, particularly annealing to 300 ◦C. Once the upright was removed from the platform,
the supports were removed. At the end of the finishing process, tumbling for smoother structure
should be performed.

The finishing process was followed by machining. All the surfaces were machined by a CNC
machine. The main central holes were milled with tolerance H7; other holes were drilled according
to ISO 2768-mK. Due to the SLM manufacturing inaccuracies, the holes do not have a precise circle
shape but rather the shape of an ellipse, therefore each function hole must be drilled. The finished rear
upright can be seen in Figure 12.
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3. Comparison of the Milled Upright and Topologically Optimized Upright

We had made two types of uprights. The first type of upright is manufactured by the conventional
machining process like a milling (see Figure 13). The second type of upright is created using the
above-mentioned topology optimization. To compare the properties of the milled upright and the
optimized upright, stress analyses were performed. The problem arises in the use of the material,
because a high-strength aluminum alloy can be used for the milled upright, which cannot be used for a
3D printed upright due to its susceptibility to embrittlement. AlSi10Mg aluminum alloy had to be
used for the 3D printed upright because it is the only one that has sufficient proven process parameters
and good mechanical properties for 3D printed components [34].

One of the important benefits of a 3D printed upright remains in its manufacture, which is quite
complicated with the milled upright. Being a very complex model, most companies refuse to mill
only one prototype part, while printing the topologically optimized upright was no problem, as 3D
printing is becoming increasingly popular in companies. When produced by the conventional method
of upright, the waste is over 90% of the material, which is also a major disadvantage of the milled
upright. On the other hand, the cost of producing the milled upright is 350 € cheaper than the printed
upright. The total price of the milled upright was calculated at 1500 €, by calculating the consumed
material and the price of the CNC machining. The 3D printing of the printed upright was priced in the
software QuantAM (Renishaw, Wotton-under-Edge, Great Britain) [35] and subsequently the CNC
machining of the functional surfaces and finishing processes was priced. The 3D printed upright was
priced at 1850 €.

The weight reduction of the milled upright was performed by an iterative method of FEM analysis
and the subsequent removal of material. A computer model was created and then FEM analysis was
performed, which showed the maximum stress areas and the maximum deformation. The material
was removed until the maximum stress began to approach the yield strength. The disadvantage of this
method is that any kind of remove volume from the milled upright is at the expense of stiffness, while
the topology-optimized upright offers possible developing for next season, in view of decreasing the
weight and improving the stiffness.

In comparison the topology-optimized upright with the milled upright with the same aluminum alloy,
AlSi10Mg, results of topologically optimized upright completely exceed results of milled upright. Not only
is the topology-optimized upright 40% lighter, but it is also designed to withstand maximum loads with a
safety factor greater than 1.8. The deformations are larger on the topology-optimized upright than on the
milled upright, but the difference is not significant. The uprights are among the unsprung parts of the
chassis, where each lightening of the material has a great influence on the driving properties. The summary
of the comparison of milled upright and topologically optimized upright is shown in Table 4.
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Table 4. Comparison between the milled upright and the topology optimized upright.

Properties Material Mass Maximum
Deformation

Maximum
Reached Stress

Milled rear upright AlSi10Mg 1175 g 0.19 mm 311 MPa
Topology optimized rear upright AlSi10Mg 700 g 0.28 mm 144 MPa

4. Conclusions

Nowadays, topological optimization opens up new approaches to component design to reduce
weight and increase stiffness. It is mainly used in the aviation and racing industries, into which the
Formula Student rightfully falls. There were problems when creating the finished model that had to
be solved. The aluminum alloy AlSi10Mg was used, which is produced in the form of a powder for
3D printing and cannot be equal in strength to the high-strength aluminum alloys used for uprights
made by conventional methods; therefore, the upright had to be more reinforced and this resulted in
an increased weight. On the other hand, heavy metal like maraging steel achieves a high strength
yield, but its density is too high so that is not possible to reach a model under 1 kg with a factor of
safety higher than 1.5.

Another problem occurred in the choice of the minimum element size for simulation. If the
minimum element size was set to only 1 mm, the simulation could take days; therefore, a compromise
has been established and the element size of 5 mm was selected with respect that the simulation will
run in three load cases.

When performing the static structural analysis, the greatest stress was at the tip of the lower arm
holder. The subsequent densification of the mesh has proven that the stress in tip is real and needs
to be addressed. The model was exported to CAD software that no longer works with polyNURBS
modelling, and the model was modified to reduce the peak stress. The problem was solved by
increasing the radius and area around the stressed peak.

The model was subsequently checked by a static structural analysis to see if the radius adjustment
addressed the issue of high stress.

The results of our first topologically optimized upright were satisfactory. The upright has reached
700 g with 0.28 mm of maximum deformation. This reduction in unsprung weight helps the vehicle to
be faster and improves the dynamic control of the vehicle. However, there are still many improvements
to this topologically optimized upright; therefore, subsequent development is possible, while the
upright manufactured by conventional methods has reached its maximum.
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