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problems, they acquire quasi-work experience and apply theoretical knowledge from  Accepted 9 June 2026
university courses. This is particularly important in materials education, as physical KEYWORDS

testing of designs and material properties reveals issues not easily taught in regular employability;
modules. A prominent example is Formula Student, where teams design and build problem-based learning;
formula-style race cars and compete internationally. Beyond racing, students are engineering education;
assessed in static disciplines evaluating design, cost understanding, manufacturing, and additive manufacturing;
business skills—making it an ideal interdisciplinary project to embed materials science design for assembly;
into high-performance product development. We present a teaching approach linking ~ design for maintenance
intra- and extracurricular elements to enhance learning outcomes. We show how

theoretical knowledge can be expanded to achieve advanced product development

through optimal material and manufacturing choices in a student-driven environment.

Key prerequisites and typical obstacles are discussed. Product examples illustrate how

learning steps are triggered and how (peer) docents can guide students. These include

3D-printed, weight-optimised, function-integrated uprights and gearbox parts under

high loads. In summary, we demonstrate how students can improve their materials

skills through extracurricular activities like Formula Student and how this approach

transfers to similar engineering education tasks.

1. Introduction

Preparing students for the job market demands more than mastery of individual subjects. Today’s
employers clearly expect cross-disciplinary collaboration, adaptability, and the capacity to transfer
theoretical knowledge into practical applications. They also appreciate graduates who can effectively
document these abilities (Behrendt et al., 2024; Friesel et al., 2022; Guo et al., 2020). However, many
traditional academic programs have difficulties fulfilling these expectations.

In engineering education, several conceptual frameworks have proven to augment learning out-
comes, among them Constructivism (Strobel & van Barneveld, 2009; Vygotsky, 1978), Situated
Learning (Lave & Wenger, 1991; Mezirow, 1991), or Design Thinking (Brown, 2008; Cross, 2006).
Over the past decade, numerous studies have demonstrated that interdisciplinary, practice-focused
projects effectively prepare students for professional challenges that extend beyond single disciplines
(Bischof et al., 2009; Chen et al., 2020; Donnelly & Fitzmaurice, 2005; Ellingsen et al., 2021;
Freeman et al., 2014). In this context, problem-based experiments (PBL) serve as a powerful ped-
agogical strategy that are generally able to promote deep, meaningful learning, cultivate essential
21st-century skills, and help to bridge the gap between academia and industry (ABET, 2023; Boud &
Falchikov, 2006; Hmelo-Silver, 2004).
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More so, recent research suggests that projects involving authentic tasks and external partners, in
particular, enhance both student satisfaction and employability (Hart & Bone, 2022). Specifically,
extracurricular student-driven activities can play a central role in closing the gap between theoretical
instructional knowledge and practical engineering experience (Dymond & Swenty, 2025). A well-known
example of such student-driven projects is the Formula Student (FS) engineering design competition
(Formula Student Germany GmbH, 2025; SAE International, 2025). Here, students apply their class-
room knowledge to design and build a formula-style race car.

Our overall framework closely aligns with these insights: we implemented an interdisciplinary
teaching approach centred on the FS competition (details provided in the next section). In this con-
text, multidisciplinary interaction often arises naturally when addressing complex problems, a phe-
nomenon noted by Klaassen (Klaassen, 2018). The approach also relies on the fundamental idea of
leveraging collaborative activities, which have been shown to be vital in project-oriented learning
(Donnelly & Fitzmaurice, 2005; Guo et al.,, 2020), especially in STEM education (Dare et al., 2021;
Gadola & Chindamo, 2019).

In the FS project, knowledge is primarily generated within the team (rather than in course mod-
ules) as students work to solve complex engineering problems spanning mechanical and electrical
design, software integration, and project management. However, a critical challenge in such
student-driven initiatives is the team’s transient composition. As students complete their studies and
leave the project, much of the tacit knowledge they have acquired is at risk of being lost. This turn-
over can hinder the team’s ability to build upon past experiences, maintain continuity in design
processes, and sustain long-term improvements. Consequently, each FS project group faces the ongoing
task of transferring its knowledge to the next generation of students.

To add context, we first recap the didactic and organisational methods and instruments imple-
mented at Bonn-Rhein-Sieg-University of Applied Sciences (BRS-U) that enable the local FS team,
BRS Motorsport, to explore the benefits students gain from access to such an extraordinary framework.
In this work, we then focus on the material aspects of product development to provide readers with
a clear understanding and examples of how learning outcomes are enhanced relative to standard
course modules in engineering study programs.

2. Didactic approach and implemented instruments

The following sections outline the main problem addressed in this work and introduce the adopted
didactic approach. The implemented methods are then described in detail.

2.1. Formula student team BRS motorsport

The BRS Motorsport team is a student-led, multidisciplinary engineering group based at BRS-U.
Founded in 2007, the team competes in the Electric class of the international FS competition, where
students design, manufacture, and test a single-seat race car each year. Because of the competition’s
multidisciplinary nature, the team offers a variety of disciplines. It therefore attracts not only mechan-
ical and electrical engineers but also students studying business management, information technology,
and related fields. This creates a collaborative environment where students not only apply theoretical
knowledge from their studies but also develop practical skills that are rarely accessible through tra-
ditional coursework. Over the years, the team has grown to about 60 students and has implemented
structures comparable to those of professional engineering institutions.

Each FS team operates under the guidance of a faculty advisor. It is formally registered as a non-profit
association in Germany, providing a legal framework for interactions with sponsors, suppliers, and
industry partners. This structure enables the team to pursue ambitious technical goals, such as designing
carbon-fiber monocoques, in-wheel motors, and complex battery management systems, while maintaining
continuity despite frequent membership turnover. Today, BRS Motorsport is recognised as a leading
student initiative at BRS-U, fostering strong connections among the university, industry, and its mem-
bers, and continuously advancing the engineering sophistication of its race cars.
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2.2. Implemented methods

Materials science plays a crucial role in the product development process for the FS-Race car, as the
selection and understanding of materials directly influence both the product’s design and performance.
Knowledge of material properties, such as strength, stiffness, fatigue resistance, thermal behaviour,
and manufacturability, enables engineers to make informed decisions early in the design phase,
ensuring that the final product meets all functional requirements. Moreover, material considerations
are closely linked to manufacturing processes, as the chosen material dictates feasible production
methods, tolerances, and cost efficiency. Over the years, the team has acquired extensive knowledge
and expertise in these areas. Yet because team members move on after graduation, safeguarding and
transmitting this accumulated knowledge is essential. To address this, methods were implemented
within the team to assist in safeguarding the accumulated knowledge.

Some of the implemented methods involve mentoring approaches in which new team members
work with and learn from more experienced team members. To further strengthen this learning
approach, peer teaching approaches have been implemented and integrated into the engineering pro-
gram curricula at BRS-U. Students undertake increasingly demanding projects and are encouraged to
conduct their bachelor’s/master’s theses on team-selected topics. As a motivation, some of these
projects can be credited in the regular engineering curriculum, and particularly distinguished students
can earn an official Certificate. Furthermore, efforts to maintain contact with team alumni have been
put in place, enabling those experts to be consulted on specific questions. In this context, the faculty
advisor serves as a bridge among the team, the alumni, and the faculty.

In addition to the implemented methods that aim to enforce knowledge transfer through extrinsic
means, the project also significantly ignites students’ curiosity and intrinsic motivation to learn and
improve what already exists. In particular, the competitive environment drives students to excel,
motivating them to outperform their peers and to expand their knowledge beyond the standard
faculty curriculum. This includes acquiring expertise in areas not widely taught, such as process-specific
knowledge for various manufacturing methods, especially processes for handling glass and carbon-
and glass-fiber-reinforced plastics, as well as understanding the characteristics of products produced
using these methods. Furthermore, as team members come from different engineering disciplines (in
addition to business and materials science), solutions often emerge through collaboration, and students
gain insights into disciplines that do not align with their specific field.

Experience has shown that combining both methods, those that extrinsically enforce knowledge
transfer and those where students’ intrinsic motivation is triggered, yields a powerful synergy that
maximises student engagement and knowledge acquisition.

2.3. Challenge - practical experience within university education

To compete at a high level, students must be confident in the knowledge they acquire in their courses.
Therefore, it is mandatory to apply the course content. An effective way to do so is to gain hands-on
experience through practical problems. On the one hand, students familiarise themselves with the
components and systems they have theoretically analysed and calculated during their studies. On the
other hand, they encounter complex, real-world problems that are not immediately obvious and cannot
be solved solely by applying standard formulas or predefined methods. This confrontation with prac-
tical challenges fosters a deeper understanding of theoretical concepts and highlights the limitations
and assumptions underlying academic models.

So this means, that continuous practical experience is essential to effectively apply the acquired
knowledge. In contrast, research suggests that German education has historically been theory-oriented,
prioritising conceptual and scientific knowledge over practical application, which has led to a per-
sistent discourse on bridging the gap between theory and practice (Moritz & Stosch, 2025; Wei, 2020).
While problem-based experiments in engineering education offer significant benefits—such as enhanced
critical thinking, collaboration, and real-world readiness, cf. section 1—they are not without limita-
tions. When implemented poorly or without careful design, certain aspects of the PBL process can
become weaknesses that undermine learning outcomes, equity, or scalability. In traditional course-based
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PBL situations, abundant weaknesses include unequal group participation (e.g. due to lack of account-
ability), overemphasis on the process instead of the content, difficult assessment (due to subjectivity),
or instructor preparedness (e.g. due to lack of training). However, in our setting, such problems occur
only rarely. That is, because the final product is a dominant cause of all activities, which are
student-driven and mostly not accompanied by letter grading.

Our approach can be best summarised as follows: Practical experience in the context of Formula
Student does not only include manual or technical work. It also encompasses the planning and struc-
turing of work processes, interdisciplinary collaboration, and adherence to strict deadlines within a
team-based environment. Students who participate in the team must coordinate tasks, allocate resources
efficiently, and communicate effectively across different technical and non-technical disciplines. This
requires a high degree of self-organisation, responsibility, and intrinsic motivation, as the project demands
a significant investment of time and effort beyond the regular curriculum. In fact, non-technical skills
are the key prerequisite for the achievement of high-quality product development. An overview of the
large variety of such skills involved in the project are shown in Figure 1. The most important organ-
isational instrument was the establishment of a so-called Race Academy (RA) a few years ago. Here,
team members and the faculty advisor regularly exchange information on knowledge transfer, questions
about team structure, and communication within the team (Reith et al., 2017a). Problems are discussed
as they arise, and solutions are developed collaboratively. This also facilitated strategic development that
led, e.g. to the introduction of customised project course modules (Reith et al, 2017b) or a special
“racing engineer” certificate for top performers, in addition to the regular degree (Reith et al., 2020).

Furthermore, participation in projects like Formula Student promotes the development of trans-
ferable skills, including problem-solving competence, critical thinking, and decision-making under
uncertainty. Students learn to address errors and setbacks constructively, a crucial aspect of engineering
practice. The iterative design process inherent in FS also encourages reflective learning, as students
continually evaluate and refine their solutions through testing and feedback.
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Figure 1. Matrix of the skills acquired in Formula student project work. Adapted from Rundau et al. (2023).
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This enables them to gain knowledge and experience during their studies. It not only helps them
and their team grow but also gives them a head start compared to other students when they begin
their first job. Without extracurricular projects, this knowledge would have to be gained during the
first years in their job (Behrendt et al., 2024; Friesel et al., 2022; Reith et al., 2020).

3. Development process for system enhancements

In the following sections, two case studies will be presented in which team members applied the
knowledge they gained to a project-specific component. To achieve that, the team’s product develop-
ment process is introduced. Afterwards its application to develop the race cars gearbox and upright
are described.

Before developing a new component, the boundary conditions and development goals must be
established. This is the first step in any development process: to analyse the problems and strengths
of the current status. The complete cycle of the development process is shown in Figure 2. In the
team, an essential feature of all components that are developments of predecessors is, backward
compatibility. This means that the new component must be designed to allow its predecessors to be
used as spare parts.

The second step involves acquiring a fundamental understanding of the tools intended for use.
Most of these tools are not part of the formal curriculum; and even when they are, the level of
understanding conveyed in the respective courses is insufficient for applications such as FS. Therefore,
reliable estimates of required time and human resources, as well as early assessment of potential
technical risks, are essential. The high complexity of the development tasks requires the use of spe-
cialised software tools, such as Computer Aided Design (CAD), Computer Aided Machining and
Printed Circuit Board design programs. Moreover, the project’s interdisciplinary nature necessitates
the application of advanced analytical methods, including Failure Mode and Effects Analysis for
systematic risk identification, Life Cycle Assessment for environmental impact evaluation, and struc-
tured planning tools such as Gantt charts and capacity planning to ensure efficient scheduling and
resource allocation. These tools and methods are not part of the standard engineering curriculum

' R

Motivation, goals and
workload

e y

Testing Learn the basics

Manufacturing Defining ressources

Review with industry

s first concept

Review with
Detailed development experienced
members and alumni

Figure 2. Development workflow for advancements in the FS team BRS motorsport. Start is at the top, succession
clockwise, with iterative loops possible in the bottom two steps.
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and therefore must be acquired through independent study. Consequently, a significant portion of
the project effort is dedicated to self-directed learning and validating newly acquired competencies
to ensure the proper and efficient application of these tools throughout the development process.

Once it is clear what needs to be improved and why, the required resources to achieve the goals
are assessed. This includes development workload, manufacturing capabilities, and collaboration with
external partners. Based on the identified manufacturing opportunities, a preliminary concept is then
developed that incorporates all primary design objectives.

As soon as the first concept is finished, it is reviewed and the design choices are presented by
the developers. Afterwards, the concept is discussed with experienced members and alumni. This
discussion aims to identify potential design flaws and manufacturing process risks and to propose
solutions.

Based on the review feedback, the design is being reworked. The successing second concept is
usually more detailed than the first one and undergoes the same review process. Continuing, the
design is discussed it with industrial partners. Once they are satisfied with the results, the detailed
manufacturing process is planned. This includes every step from raw material to finished parts.

After delivery of the parts, they undergo quality control. After that, they are assembled. Subassemblies
are tested as far as possible before they are mounted to the car. Now testing can begin. During
testing, minor modifications may be made. The flaws in the concept are documented for the next
iteration of the component.

4, Case study 1 - high-performance gearbox development

One example of this hands-on experience is the iterative development of the teams assemblies. The
process (Figure 2) is explained for the gearbox but can be applied to all parts of the car. In this
example, the development of the gearboxes for the 2024 season is examined. The parts are designed
using Siemens NX (Siemens Digital Industries Software, 2026). The gears were designed and calculated
with the GW] Gear Tool (GW] Technology GmbH, 2026).

A four-wheel drive system powers the car. The four motors are mounted in the wheel hub. On
previous cars, the motors were mounted to an upright that also served as the housing for the 1.5-stage
planetary gearbox. In the 2023 season, the team introduced a new wheel-assembly concept. A
single-stage gearbox replaced the wheel hub. The gears are made of high-performance steel charac-
terised by high cleanliness. To improve the service life of components made of standard-grade steels,
it is necessary to select a steel with higher static strength. This behaviour is shown in Figure 3. In
the depicted S-N curve, the number of load cycles is plotted on the x-axis, while the load amplitude
is shown on the y-axis. For conventional steels, an increase in the endurance limit is typically achieved
by selecting a material with higher static strength, as indicated by the dotted line. In contrast,

static strength

Load amplitude

endurance limit

N

Load cycles (log)

Figure 3. Comparison of steels with normal and high cleanliness. The dotted line shows a conventional steel with a
raised fatigue limit (1) in comparison to a baseline steel (lower black line). The upper black line shows the impact of
clean steels on endurance limit (2). Adapted from Ovako (2024).
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high-purity steels exhibit an enhanced endurance limit primarily due to a reduced density of defects
in their crystal structure (Ovako, 2024). The lower defect population delays fatigue crack initiation
and slows crack propagation, resulting in improved fatigue performance without a proportional increase
in static strength.

In the context of gearboxes, this material property enables a reduction of the gear module while
simultaneously maintaining higher safety factors for comparable load cases when compared to con-
ventional steels. The improved endurance limit allows for more compact gear designs without com-
promising fatigue life or operational reliability. Consequently, the size and weight of the whole assembly
can be reduced.

To fully exploit the opportunities offered by these material properties, the manufacturing process
plays a crucial role. In particular, machining tolerances and surface finish are key factors, as they
significantly influence the fatigue strength and service life of components.

The optimal surface condition would be achieved through shot peening combined with superfin-
ishing. These processes produce a very smooth surface and reduce notch effects in the components.
However, both methods are associated with high costs and extended processing times. For this reason,
wire electrical discharge machining (EDM) was selected to manufacture the final geometry of the
gear teeth.

After machining, the gears are vacuum hardened. This process prevents surface oxidation and
decarburisation while minimising distortion. After hardening, the gears undergo deep-freezing treat-
ment to promote further martensite formation. The final step consists of quality control conducted
in a laboratory, where the microstructure is analysed.

Another key design objective was to reduce service time. For this purpose, the gearbox was designed
as a separate, stand-alone component. This modular approach enables minimal downtime in the event
of a gearbox failure, as the unit can be replaced with a spare part within a few minutes. Consequently,
the vehicle can return to operation immediately while the damaged gearbox is repaired in parallel.
However, as this was an entirely new design, several issues were identified during operation, offering
opportunities for further optimisation and improvement in subsequent iterations.

The development of the gearbox began with a close examination of the 2023 car’s gearbox. It
features a two-piece planet carrier, an axially sealed oil sight glass, and angular ball bearings. The
main problems with the gearbox were its sealing points and its relatively complex assembly process.
From this status, development goals are derived: sealing must be reliable, and maintenance work
should be less complex. In addition, efficiency and stiffness should be increased while weight is
reduced. The higher efficiency allows for higher velocities in endurance events, while both the reduced
weight and higher stiffness improve the car’s handling. Easy maintenance tasks mitigate the risk of
errors and lower the entry barrier for new team members.

The next step is to learn the basics and define the project’s workload. Research is done on efficient
sealing concepts, topology optimisation, and lightweight ball bearings. The project is split into two
parts. One person handles topology optimisation and load case definition, while another develops
general concepts and CAD models of the parts. For this, backward compatibility has to be considered.
For the gearbox, this means that the driveset will be interchangeable, and all connections to the
wheel, brake, motor, and upright will remain unchanged.

To improve the efficiency of the shaft seals, a company that specialises in custom seals supported
the project. Their primary focus is to reduce the operating costs of industrial machines by reducing
shaft seal resistance. For the teams project, they offered to manufacture custom-made shaft seals that
precisely meet the teams requirements. In this manner, the team functions as a test platform for an
application that has not yet been established within the company. The benefit of the shaft seals benefit
is a special coating that not only reduces the coefficient of friction but also requires less pressing
force to seal. To improve stiffness while reducing weight, a topology optimisation was performed for
the planet carrier. This process produces complex geometries. These geometries require the planet
carrier to be manufactured additively. To accomplish this, support from industry partners is needed.
Therefore, a lot of different companies from the additive manufacturing and CNC machining industry
are contacted. A company specialising in the additive manufacturing of metal alloys offered its sup-
port. Additive manufacturing also enables the planet carrier to be one piece. To allow the planet



8 e S. MARISA ET AL.

(a) Rendering of the gearbox (b) Mounted gearbox on the race car for the 2024
season

Figure 4. Rendering of the CAD model and finished gearbox assembly.

gears to be mounted, the planet carrier must incorporate highly complex cut-outs, which are difficult
or even impossible to produce with conventional methods like milling and therefore expensive to
manufacture. Another way to reduce weight is to use a different type of bearing. Wire race bearings
offer a significantly higher strength-to-weight ratio than traditional bearings. Only the raceways are
made from steel. The rolling elements are made from ceramic. The surrounding construction provides
structural integrity. In this case, these are the ring gear carriers and the planet carrier. All of these
parts are made from aluminium alloys.

With industry partners’ confirmed support, a first concept is developed. A groove is added to the
planet gears to reduce their weight. To seal the oil sight glass, an O-ring is mounted radially. Radial
mounting ensures uniform pressure on the O-ring, independent of the torque applied by the mounting
screws. The ring gear carriers are fitted with a groove for mounting an O-ring, thereby creating a
seal between the ring gear carrier and the ring gear. The previous gearbox used a gasket. Centrifugal
forces at high speeds caused its failure. Rising temperatures while driving increase the gearbox’s
internal pressure. This pressure reduces efficiency by forcing the shaft seals against the shaft. To
relieve the pressure, membranes are used. They are placed on the back side. This concept now
undergoes an iterative review and revision process with experienced members and alumni. Subsequently,
it is presented to industry partners and discussed with them.

Testing begins upon delivery of the parts. For the gears, this includes measuring of the hardening
depth and analysis of the crystal structure. On rotating parts, concentricity is measured to ensure
optimal operation. A comparison between the CAD model of the final concept and the finished
assembly on the car is shown in Figure 4.

During the development of the gearbox, students were able to analyse the problems of the old
concept and identify appropriate solutions.

5. Case study 2 - highly integrated selective laser melting-printed upright

In motorsport applications, suspension components are among the most safety-critical parts of the
vehicle (Heifling & Ersoy, 2016). They form the direct mechanical connection between the chassis
and the tire, which represents the sole interface between the car and the road. All longitudinal, lateral,
and vertical forces generated during vehicle operation are transmitted through the suspension system.
Consequently, any failure of these components can have severe consequences, making their design
and manufacturing a significant engineering challenge.

Within the suspension system, the upright is one of the most complex components. It features
multiple mechanical interfaces, strict geometric constraints, and is subjected to multi-axial load cases
originating from braking, acceleration, cornering, and vertical excitations. These requirements demand
a structure that balances stiffness, weight, durability, and manufacturability. In contrast to conventional
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Figure 5. Final assembly and part design left: Front upright assembly right: Front upright in isometric View - Maximum
integrated upright in wheel assembly.

Figure 6. Wheel package with all components: 1. wheel hub, 2. suspension links, 3. brake system, 4. drivetrain, 5. wheel
(Marisa, 2024).

uprights, additive manufacturing enables the integration of multiple functions into a single component
while maintaining high structural performance.

As part of a bachelor’s thesis (Marisa, 2024), a new upright concept which you can see in Figure 5
was developed for the Formula Student Electric vehicle of BRS Motorsport. The development followed
the same iterative, assembly-level workflow introduced in the previous chapter for gearbox development,
extending this approach to functional integration at the component level. In this case, integrating the
brake calliper into the upright served as a representative example of advancing from component opti-
misation to assembly-level integration.

Before the development process began, the boundary conditions and design objectives were defined.
The new upright was developed for both the front and rear axles and required integrating the brake
calliper directly into the structure. At the same time, backward compatibility with a well-suited upright
generation was required to ensure the continued use of existing spare parts during competitions.

The primary design objectives were to reduce component weight and increase structural stiffness.
Furthermore, the functional integration of the brake calliper was targeted to enhance overall perfor-
mance. Another key focus was simplifying assembly and maintenance operations to improve handling
efficiency. Finally, reducing the number of parts was an essential goal to lower costs and minimise
system complexity.

The upright had to accommodate all relevant interfaces which you can see in Figure 6, including
wheel hub, suspension links, brake system, drivetrain connections, and routeing of auxiliary compo-
nents, within a constrained installation space. These requirements resulted in a highly restricted
design space that was well-suited for additive manufacturing approaches.
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Table 1. Material comparison between A20X (ECKART GmbH, 2020) and Ti-6Al-4V (APWORKS GmbH, 2026).

Property A20X Ti-6Al-4V Unit
Density 2.85 441 g/cm?
Yield Strength 390 1130 MPa
Ultimate Tensile Strength (UTS) 450 1190 MPa
Elongation at Break 10% 13% -

Young’s Modulus 79 113.8 GPa

Instead of defining individual extreme load cases, a standardised load catalogue comprising 17
load cases (Marisa, 2024) was employed in the development. This catalogue was derived from
multi-body simulations and covers all relevant driving events, including acceleration, braking, cor-
nering at different lateral accelerations, combined braking and cornering, vertical excitations such as
bump events, and aerodynamic influences at various vehicle speeds.

The load catalogue had been validated against the previous upright generation, which had already
been successfully operated on track. Based on this validation, a target safety factor of 1.5 was defined
for the structural design. This approach ensures consistency between design generations while avoiding
unnecessary over-dimensioning.

Material selection plays a decisive role in additive manufacturing, particularly for safety-critical
suspension components. In this project, a parallel concept development was conducted to compare
two materials commonly considered for high-performance additively manufactured parts:

A20X (ECKART GmbH, 2020), a high-strength aluminium alloy specifically developed for additive
manufacturing, offering mechanical properties comparable to Scalmalloy at significantly lower mate-
rial cost.

Ti-6A1-4V (APWORKS GmbH, 2026), a titanium alloy providing substantially higher strength and
excellent thermal stability.

The comparison considered key performance indicators such as stiffness, weight, temperature-dependent
strength, manufacturability, and cost. Operating temperatures near the brake system reach approxi-
mately 100-150°C, which led to the exclusion of AlSi10Mg early in the process due to its reduced
yield strength at elevated temperatures (Lehmhus et al., 2022).

For both A20X and Ti-6Al-4V, identical design spaces and boundary conditions were defined to
ensure a fair comparison. Ti-6Al-4V offers significantly higher absolute strength values which you
can see it Table 1, which can be advantageous for highly loaded components. In contrast, the alu-
minium alloy A20X provides benefits such as lower weight, good stiffness-to-weight ratio, favourable
thermal stability, and reduced manufacturing complexity and cost—factors that are particularly relevant
for Formula Student applications. Each material therefore presents distinct advantages depending on
the design priorities. The final material selection will be made at the end of the development process
based on the optimised design and performance requirements.

Topology optimisation was performed using nTop (nTop Inc, 2024) with the objective of minimising
strain energy while restricting the available material volume. Separate optimisation runs were con-
ducted for the front and rear uprights, using both candidate materials. The allowable volume fraction
was adapted to the respective material properties, resulting in target volume fractions of approximately
14.5 % and 11.5 % of the initial design space for A20X at the front and rear axle, respectively, while
Ti-6Al-4V designs were restricted to approximately 8 %.

Multiple load cases from the standardised load catalogue were considered, and successive optimi-
sation iterations were performed until convergence between stiffness, stress distribution, and manu-
facturability was achieved. The resulting geometries were post-processed to ensure compliance with
additive manufacturing constraints, including minimum wall thicknesses, support accessibility, and
post-machining allowances.

All uprights were manufactured using Selective Laser Melting. The Ti-6Al-4V components under-
went hot isostatic pressing (Atkinson & Davies, 2000) to reduce internal porosity. A heat treatment
(Barode et al., 2023) was applied to A20X, while Ti-6Al-4V components were used without additional
heat treatment. After printing and post-processing, the parts were blasted to homogenise surface
conditions, and all functional interfaces were machined to ensure dimensional accuracy.
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Figure 7. Left: Front upright manufactured from A20X. Right: Front upright manufactured from Ti-6Al-4V. The volume
differences within the individual structural struts are clearly visible. In terms of the layout and orientation of the pillars,
the two topologies show visible similarities (marked red).

Figure 8. CT Scan of the test part with integrated printed channels. The highlighted downskin regions are clearly visible
and exhibit acceptable dimensional tolerances.

Quality assurance included computed tomography scans to detect internal defects which you can
see in Figure 8 and pressure testing of the integrated brake calliper, as documented in the associated
experimental investigations. These measures ensured the structural integrity of the safety-critical
component before vehicle integration.

Due to the relatively short operational lifetime of Formula Student vehicles, fatigue was not a
primary design driver. Instead, the components were classified as operationally safe based on validated
load cases, safety factors, and real-world testing.

In addition to structural performance, manufacturing cost was another decisive factor in the final
material selection. A detailed cost analysis was conducted for both candidate materials, covering the
entire process chain from additive manufacturing through post-processing and machining. Although



12 e S. MARISA ET AL.

the SLM process itself contributes a comparable base cost for both materials, significant differences
arise from material price, build time, support structures, and post-processing effort.

For Ti-6Al-4V, higher raw material costs, increased energy consumption during printing, and more
demanding machining operations resulted in substantially higher overall manufacturing costs. In
contrast, A20X enabled shorter build times, reduced material costs, and simpler post-processing while
still fulfilling all mechanical and thermal requirements. Overall, the total manufacturing cost of the
A20X uprights was approximately 20-25 % lower than that of the Ti-6Al-4V variants, depending on
axle position and post-processing strategy.

From an educational and practical motorsport perspective, this cost advantage is highly relevant.
Formula Student projects operate under strict budget constraints, and material choices must balance
performance with economic feasibility. The results show that, despite the superior absolute strength
of Ti-6Al-4V, A20X provides a more favourable cost-performance ratio for additively manufactured,
safety-critical suspension components. This finding reinforces the final material decision and highlights
the importance of cost-aware material selection in realistic engineering development environments.

Compared to the previous upright generation, the additively manufactured A20X uprights achieved
a weight reduction of up to 34 % while simultaneously increasing structural stiffness by up to 43 %.
Maximum stresses and displacements remained within the defined safety margins for all load cases.
The integration of the brake calliper reduced the number of individual components and simplified
assembly and maintenance procedures.

The final A20X uprights were installed on the Formula Student Electric vehicle and successfully
operated under real driving conditions. This vehicle-level validation confirmed the underlying design
assumptions and demonstrated the suitability of additively manufactured, function-integrated suspen-
sion components for high-performance student motorsport applications.

In contrast to the gearbox development, which focused primarily on fatigue behaviour, material
cleanliness, and steel processing chains, the upright development emphasised different material-related
learning outcomes. Students were required to consider temperature-dependent material behaviour of
aluminium alloys, additive manufacturing-specific design constraints, and the trade-off between cost
and performance. Furthermore, the integration of multiple functions into a single component high-
lighted the importance of system-level thinking and interdisciplinary decision-making.

This example demonstrates how iterative, student-driven development of safety-critical components
enables the application of advanced materials knowledge under realistic engineering constraints. The
approach is transferable to similar educational settings where additive manufacturing and
high-performance materials are used to bridge theoretical coursework and real-world product
development.

6. Conclusions

Extracurricular engineering projects, such as Formula Student, provide an effective means of bridging
the gap between theoretical instruction and practical application in materials science and product
development. They place students in complex, high-performance engineering environments where
they must analyse multifaceted problems, develop feasible solutions, and implement them under strict
time constraints. In doing so, students not only deepen their understanding of material behaviour—
ranging from fatigue performance in high-purity steels to temperature-dependent properties of addi-
tively manufactured alloys—but also develop interdisciplinary collaboration skills, structured
problem-solving strategies, and decision-making abilities in uncertain situations.

The presented case studies demonstrate how competition-based, project-oriented learning enables
the integration of material selection, manufacturing processes, and system-level design decisions within
iterative development cycles. This holistic approach fosters a comprehensive understanding of the
interdependencies between design, production, and operational requirements, while also highlighting
the importance of cost-performance trade-offs in real-world engineering contexts.

The successful realisation of such projects relies heavily on close interaction between students and
external industrial partners. These collaborations provide access to specialised expertise, advanced
tools, and manufacturing capabilities that are typically unavailable in academic environments. At the
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same time, industry partners benefit from engaging with highly motivated junior engineers who are
already trained in teamwork, communication, and project-based development. Furthermore, such
projects offer a comparatively open environment for experimentation and innovation, free from many
of the constraints associated with confidential industrial development programmes.

Despite these benefits, several limitations and challenges must be considered. The generalisability of the
findings is restricted by the specific context of Formula Student, which is characterised by high-performance
requirements, strong industry involvement, and access to advanced technologies. In addition, the self-driven
and project-based nature of student participation introduces selection bias and complicates the systematic
assessment of learning outcomes. Structural challenges such as knowledge loss due to team member turn-
over, organisational delays, limited resources, and dependencies on external manufacturing partners can
further affect both the development process and the feasibility of technical solutions.

Nevertheless, these challenges can be mitigated through structured knowledge transfer mechanisms,
long-term partnerships, and the involvement of alumni, enabling continuous and iterative development
processes. The gearbox and upright case studies illustrate how theoretical materials science principles
can be systematically translated into practical engineering solutions under realistic constraints.

From both a theoretical and practical perspective, this work demonstrates how materials science
knowledge can be effectively embedded into an interdisciplinary, project-based educational framework.
Rather than treating material selection and processing as isolated technical decisions, they are integrated
into a broader learning process that combines analytical reasoning, design methodology, manufacturing
knowledge, and system-level evaluation. In this way, the paper contributes to engineering education
by providing a conceptual model that links formal instruction with authentic development tasks.

While we acknowledge that the present study draws on a small sample, in particular the observed
work of two students, we want to address this limitation transparently. While a systematic quantifi-
cation of this lies beyond the scope of the current study, conversations with industry professionals
and HR practitioners suggest that the skills demonstrated by field study students are increasingly
sought after in professional practice, which further supports our findings.

At the same time, the presented work offers a transferable development and teaching approach for
engineering educators and student project teams. The documented case studies not only illustrate
learning outcomes but also generate tangible engineering results, including validated component
concepts, iterative development workflows, and structured decision-making patterns for material and
process selection under realistic constraints. Consequently, the practical value of this work lies both
in the demonstrated technical solutions and in the reproducible framework, which can be adapted
to similar application-oriented educational contexts.

Future work should focus on translating these learning mechanisms into structured educational
frameworks that can be integrated into formal curricula. In particular, the development of quantitative
assessment methods for competency gains, as well as the use of digital tools to improve scalability
and accessibility, represents a promising direction for engineering education.

Beyond technical learning outcomes, participation in such projects facilitates the transition from
academic education to professional practice. Students acquire industry-relevant skills and working
methods that significantly enhance their employability. Compared to peers without comparable project
experience, they enter the labour market with a more comprehensive understanding of engineering
processes and system-level thinking. Consequently, extracurricular engineering projects represent a
valuable extension of traditional curricula and contribute meaningfully to the advancement of
application-oriented engineering education.
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