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This paper describes selected aspects of design, optimization and manufacturing process of racing car’s upright. 

Uprights described in this paper are formula student car’s uprights. Formula Student is an international compe-

tition between university students, which must design and build a new prototype of the car each year, according 

to the FSAE rules. Uprights for most racing cars, formula student cars included, must meet wide specter of differ-

ent requirements, like minimal weight, minimal stiffness etc. The first part of this contribution is concerned to 

design requirements and boundary conditions definition problematics like different uprights types. The following 

parts describe the material selection and possible optimization for the design and manufacture of the new uprights 

for the formula car. Manufacturing and final assembly of the part will be described. 
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 Introduction 

For car components designed of Formula Student spe-
cific competition, it is necessary to have knowledge of 
several areas of topics that affect the upright require-
ments, especially precise component design, component 
manufacturing, and final assembly. 

Formula Student racing car life cycle is very short, 
and designers are always under pressure because of time 
and cost conditions, design quality, material requirements 
and precise manufacturing. Upright design is limited by 
the quantity of defined vehicle body parameters, dynam-
ical and kinematical requirements and finally by wheel 
suspension geometry. 

The upright is a part of the vehicle chassis, which con-
nects the suspension arms with the wheels. It is also a part 
of the steering and braking system - it transfers braking, 
driving and steering forces and moments from the wheel 
to the suspension arms. The upright is a rigid part of the 
vehicle and therefore must be as light as possible due to 
driving characteristics. Another essential feature of the 
upright is the stiffness, which is required because of ac-
curate steering guidance. [1, 3] 

 Low component weight and maximal stiffness are 
important requirements, which are crucial for racing cars 
and are very often difficult to accomplish [2]. Under these 
conditions, it is necessary to proceed to the component 
design, component manufacturing and final assembly. 
You also need to choose the right production technology 
and material type. In this decision, it is necessary to con-
sider the technological possibilities, the experience of the 
designer and the manufacturer and finally, the financial 
costs associated with the production. [8] 

 The basic requirements for upright design 

Upright transfers braking, driving and steering forces 
and moments from the road and wheel to the suspension 
arms and vice versa. The bearing set in the middle of the 
upright is situated, and the upright is mounted in this bear-
ing set. Radial and axial forces by designed bearings must 
be absorbed. Driving axle has driving shaft mounted on 
the upright, with respect to homokinetic joints for torque 

transmission. [9] 
Bearings in the chassis can be single row or double 

row, mostly with angular contact to provide axial force 
transmission. A brake disc or a brake drum is attached to 
the upright. There is also a rim mounted on the hub, using 
three, four, five, six screws or nuts. For some cars, the rim 
is attached with one central nut. Centering wheels ensure 
the collar on the hub. [11] 

Upright is the rigid mass of the racing vehicle, there-
fore must be as light as possible due to driving character-
istics. For this reason, it must be solid and rigid for precise 
wheel alignment. Racing car uprights have different de-
sign options, which correspond to the vehicle's suspen-
sion configuration. For production cars, the uprights are 
produced by castings made of gray cast or steel. For rac-
ing cars, the key parameter of upright is weight, due to 
this reason the uprights are often made from expensive 
materials by CNC machining. The upright structure is 
most affected by the type of wheel suspension and the 
used production technology. Basic requirements for rac-
ing car uprights can be described: 

• minimal weight 
• maximal stiffness 
• good machinability 

 
The design of racing cars must meet the various re-

quirements that are caused by extreme road performance, 
for example air supply to brake discs for better cooling or 
a suitable aerodynamic curtain in the wheel. Is also part 
of the steering and braking system - it transfers braking, 
driving and steering forces and moments from the wheel 
to the suspension arms. 

The brake caliper is also located on the upright. This 
means that the upright is loaded by braking forces and 
braking moments. The upright must be also rigid to avoid 
significant changes in steering geometry under the ex-
treme loads.  

The design of the upright is not strictly prescribed by 
the Formula Student rules, due to this reason the designer 
has an open space for his own creativity. During the de-
sign process, it is most important to know the position of 



June 2018, Vol. 18, No. 3 MANUFACTURING TECHNOLOGY ISSN 1213–2489 

 

450  indexed on: http://www.scopus.com  

the attachment points to the suspension arms, the wheel 
axis position, and the wheel center and the wheel 
sprocket. [4] 

2.1 Uprights types 

• welded upright (see Fig. 1) 
Welded upright is made of steel or aluminum 
fragments and is one of the cheapest production 
options. Welding technology seems to be an ideal 
production option, because of different one for 
each wheel. However, we need a high number of 
precision mounting devices for fastening which 

not negligible negative financial effect. These up-
right often have higher stiffness. The known dis-
advantage is a higher part weight. 

• cast upright (see Fig. 1) 
The most common casting material for racing car 
is aluminum alloy. In the case of passenger cars, 
uprights are also cast from steel. This method is 
technology challenging and requires a lot of ex-
perience for model creation and for casting mold 
creation. Generally, casting technology is often 
used for large-scale production. However, the 
bearing surfaces must also be machined. (see Fig. 
1)

 
Fig. 1 Uprights – welded (left) and casted (right) [13] 

 
• machined upright 

Upright is a complicated part, therefore, five-axis 
machining centers are often used in production. 
The basic part is usually an aluminum alloy 
block. In non-serial production, the machining 
waste reaching up to 95% of the total weight of 
the product, and this is an economical complica-
tion [11]. This method of production is the most 
used in area of racing cars, because it is suitable 
for this type of part that is a very specific produc-
tion. (see Fig. 2) 
 

• composite upright 
It is very complicated technology, with problems 
in design phase and in production phase. Both, 
the designer and the manufacturer, must have 
long-term experience in the field of designing and 

manufacturing of composite parts. Application of 
simulation software is very complicated, and the 
role of experimental testing is very important. 
The final product can reach up to ten times less 
weight than the conventional material, at the 
same stiffness. (see Fig. 2) 
 

• 3D printed upright 
It is also possible to use other advanced technol-
ogy, such as metallic 3D printing. The product 
can be made of a variety of materials, such as 
stainless steel, aluminum alloy or titanium alloys. 
The printer produces almost any shape, there is 
only a limit to the total size of the part with re-
spect to the space for printing in the machine. The 
designer can optimize the shape of the part and 
reduce its weight to a minimum. (see Fig. 2) 

 
Fig. 2 Uprights – machined (left), composite (middle) and 3D printed (right) [14, 15, 16]
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 Upright design and materials 

Upright design in following steps has been realized. 
The first step, material selection, was one of the most im-
portant steps within design process. The machinability, 

strength and material density specially had been consid-
ered. The materials considered for the realization of the 
upright are shown in the table in Tab. 1.

Tab. 1 Considered materials and basic material properties 

Material Symbol State 

Minimal mechanical properties 

Strength 
limit 

Yield 
strength 

Ductility 
Hardness by 

Brinell 

Rm[MPa] Rp0.2[MPa] A5[%] HBW2.5/62.5 

EN AW-1350A EAl 99,5 H112 65 20 23 18 

EN AW-2014 AlCu4SiMg T6 440 380 6 135 

EN AW-2017A AlCu4MgSi T4 380 230 10 107 

EN AW-2024 AlCu4Mgl T4 460 300 10 120 

EN AW-2618A AlCu2Mg1,5Ni T6 380 300 6 105 

EN AW-5083 AlMg4,5Mn0,7 H112 270 120 12 65 

EN AW-5754 AlMg3 H112 180 80 15 50 

EN AW-6401 Al 99,9MgSi T5/T6 235 185 14 70 

EN AW-6060/6063 AlMgSi/AlMg0,7Si T5/T6 245 195 10 75 

EN AW-6005A AlSiMg T5/T6 280 235 8 80 

EN AW-6061 AlMglSiCu T5/T6 290 250 9 85 

EN AW-6082 AlSilMgMn T5/T6 310 260 6 90 

EN AW-6082 AlSilMgMn T5/T6 340 300 10 100 

EN AW-6082 AlSilMgMn T5/T6 340 300 10 100 

EN AW-6110A AlMg0,9Si0,9MnCu T5/T6 400 380 10 115 

AA 6110 AlSi1MgCu T5/T6 400 380 8 100 

AA 6066 AlSi1,5Mg1Mn1Cu T5/T6 440 400 8 115 

EN AW-7020 AlZn4,5Mgl T5/T6 350 280 10 100 

AA 7018 AlZn5Mg1,5 T5/T6 410 360 10 115 

EN AW-7022 AlZn5Mg3Cu T5/T6 480 410 6 140 

EN AW-7075 AlZn5,5MgCu T6/T73 530/455 470/385 8.VI 145/130 

 
The first considered material is EN AW 5083 - 

AlMg4,5Mn, aluminum alloy with good workability. Me-
chanical properties are in the middle range, a tensile 
strength about 270 MPa. Material is suitable for welding. 
Technological features are excellent. It is well weldable, 
polished, anodized, has good corrosion resistance and is 
ductile. Turning is difficult, alloy is suitable for milling 
using a sufficient amount of emulsion. In contrast, milling 
of this alloy is seamless, the tool gluing occurs when the 
material is removed excessively. For the glossy surface, 
it is important to have a sharp tool, a rigid machine, high 
speed and a small material picking. [12] 

The following material is EN AW 6060 - AlMgSi, it 
is the aluminum alloy that you can most often encounter. 

Mechanical properties are slightly worse than alloy 5083, 
low strength. hardness and poor workability. Technolog-
ical features are excellent. It is well weldable, polished, 
anodized, has good corrosion resistance and is ductile. 
Turning is difficult, alloy is suitable for milling using a 
sufficient amount of emulsion. When drilling the tool in 
front, it is recommended the hole to be drilled to the ap-
propriate depth. [12] 

Another material is EN AW 7022 - AlZn5Mg3Cu this 
material is characterized by uniform physical and me-
chanical properties across the cross-section thanks to their 
precise production technology. It is suitable for wide-area 
engineering, for cutting-edge cutting tools, construction 
of single-purpose machines, etc. This material is difficult 
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to weld, has good anodicity and excellent workability. It 
is suitable for erosive machining, has excellent milling 
ability and strength up to 550 MPa. Cutting resistance is 
close to automatic steel. It is used in engineering, in the 
production of high-stressed machinery, defense and avia-
tion. [12] 

And next material is EN AW 7075 - AlZn5MgCu, ma-
terial characteristics are similar to EN AW 7022 and is 
characterized by uniform physical and mechanical prop-
erties across the cross-section thanks to their precise pro-
duction technology. It is suitable for wide-area engineer-
ing, for cutting-edge cutting tools, construction of single-
purpose machines, etc. This material is difficult to weld, 
and have very low workability, especially turning. It is 
suitable for erosive machining, has excellent surface 
quality and milling ability, and strength up to 500 MPa 
and hardness up to 160 HB. Cutting resistance is close to 
automatic steel. It is used in engineering, in the produc-
tion of high-stressed machinery, defense and aviation. 
[12] 

Material CERTAL AlZn5Mg3Cu - EN AW 7022 for 
the design of the racing car upright has been selected. 

First, unoptimized upright design is described in the Fig. 
2 (left).  

 Loading forces and final material specifica-

tions for strength analysis 

Because of the specific vehicle data, some vehicle 
data by racing team have not been released for public ac-
cess, the loading forces calculation will be only shortly 
described. Basic racing car data in the following table 
Tab. 2 are described and also with dimensions in Fig. 3 
can be compared. 

Tab. 2 Loading longitudinal Fx, vertical Fz and lateral 
forces Fy 

Racing car weight m 300 kg 

Wheelbase L 1600 mm 

Coefficient of adhesion µx 2 - 

Center of gravity position ht 280 mm 

Wheel radius rd 235 mm 

Maximal torque Mh 750 Nm 

 

Fig. 3 Vehicle dimensions for vertical loading forces calculations 
 

 
Fig. 4 Loading forces in suspension 

Because of the specific vehicle data, some vehicle 
data by racing team have not been released for public ac-
cess, the loading forces calculation will be only shortly 
described. Acceleration, braking, turning and dynamic 
impulse in calculations have been respected. Longitudinal 
forces Fx, vertical forces Fz and lateral forces Fy in de-
scribed driving maneuvers have been calculated. Calcu-
lated forces Fx, Fy and Fz for reaction forces in connect-
ing points investigation have been used (see Fig. 4).   

Vehicle dynamics racing car odel has been used for 
loading forces calculation. Vehicle dynamics model is not 
a subject of this paper aim and is specific issue of car de-
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sign. Resulting loading forces, as an input for FEM anal-
ysis of upright are described in Tab. 3. Calculated loading 
force values are used as an input into the LOTUS suspen-

sion analysis software environment. This analytical soft-
ware calculates the reactions at each point of suspension. 
These reaction forces are inputs for strength and defor-
mation analysis.

Tab. 3 Loading longitudinal Fx, vertical Fz and lateral forces Fy 

Simulated situation 
Left wheel (outer) Right wheel (inner) 

Fx Fy Fz Fx Fy Fz 

Breaking 1620 N - 810 N 1620 N - 810N 

Turning - 3156 N 1578 N - 82 N 41 N 

Dynamic impulse - - 1619 - - - 

Acceleration 1596 N - 810 N 1596 N - 810 N 

 
During the design, machining and manufacturing of 

upright the functional safety principles according stand-
ard ISO 26262 have been respected [7].   

 Model optimization with respect to maximal 

stress and deformation 

See in the Fig. 5, first model has been optimized with 
respect to upright weight reduction. After the optimiza-

tion the FEM analysis of the upright until the precalcu-
lated load forces has been applied. The conclusion of the 
FEM simulation is, that the stress is too high (see Fig. 5- 
left). It achieves material yield strength values 410 MPa. 
The displacement about 0,194 mm also reaches high val-
ues, which could affect the car's driving performance, sta-
bility and safety. 

Because of the high values of stress and displacement, 
the upright has been optimized to improve stiffness.  

 
  Fig. 5 Comparison of shape and weights for first graphic (left), after weight optimization (middle) and after optimiza-

tion of weight and shape (right) at the point of maximum tension (2.100 kg left, 1.114 kg middle, 1,175 kg right) 
 
For improving the stiffness and tension reduction, the 

model has been optimized in the part of the interconnec-
tion of attachment of the lower arm and the trailing arm. 
The lower attachment is connected in a straight line to the 

tangent of bearing alignment. One extra rib has been cre-
ated to solidify the whole structure. However, the opti-
mized upright has 61 grams more than the first upright 
design. Which in this cases was required, for safety and 
better performance. (see Fig. 5)

 
Fig. 6 Upright stress - after weight optimization (left) and after optimization of weight and shape (right)
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The result of the FEM analysis after the optimization 
looks good for manufacture, so the design fulfills the re-
quirements established. The maximum reached stress was 
311 MPa, which is below the yield stress with a safety 
factor of k = 1.3. The deformation of the upright after op-
timization have been reduced by 0.1 mm, using the same 
load. Now, the maximum deformation of 0.09 mm is be-
tween the tolerances allowable for this part of the car. 
This analysis guaranties, that the new part with the in-
creased stiffness will have a solid performance on the race 
vehicle chassis. (see Fig. 6) 

 Rear upright manufacturing and assembly 

Using the documentation, blueprints, calculations and 
the 3D models the technological procedure for the pro-
duction of upright has been carried out (see Fig. 7). The 

machining of upright using 5 axis CNC milling tool is 
shown in fig. 2. The upright is only using two clamps. The 
semi finished product for the component productions is 
the aluminum alloy block EN AW 7022 with dimensions 
250 x 200 x 150 mm and 20 kg of weight. The final part 
weight is only 1.2 kilograms, so the production waste 
reaches 94 %. This is the tax for non-serial production of 
a special component.  

During production, there was a problem with work-
piece vibration, which caused uneven sections on the sur-
face of the workpiece. Troubles through the machining 
process are interesting problematics as in several papers 
have been described [6]. Inequalities did not affect the 
functionality because they were not in place of the re-
quired exact dimensions. 

 

Fig. 7 Machining process simulation  
 
During production, there was a problem with work-

piece vibration, which caused some small scuffs on the 
surface of the workpiece. Inequalities did not affect the 

functionality because they were not in area of the required 
precise dimensions. (see Fig. 8) 

 

Fig. 8 The 5 axis CNC milling center – results of workpiece vibrations 
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Fig. 9 The 5 axis CNC milling center - working on upright and its parts set 
 
Finally, manufactured upright in road vehicles labs 

have been assembled and mounted to the racing car. For 
the final assembly standards tools have been used. Ex-
ploded upright set and racing car rear suspension fitted by 

designed and manufactured upright in Fig. 10 have been 
shown. 

 

Fig. 10 Exploded upright set and racing car rear suspension fitted by designed and manufactured upright [5, 17]

 Conclusions 

Further body development should continue to be opti-
mized. The use of shape generator software should be im-
planted to take advantage of this new feature in modeling 
software, that has been recently released. Shape generator 
is a new way to design efficient, lightweight parts, created 
with specified parameters. The model is created including 
the required mass, minimum thickness and symmetry. 
Optimization of the model using a shape generator creates 
a complex construction that can only be produced on 3D 
printers or multi axis CNC machining. The material 
should be non-corrosive steel with a strength over 550 

MPa, which has been already tested by our organization. 
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