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Abstract

In the world of automotive manufacturing, companies are constantly seeking ways to stream-
line their processes. One area that strives for innovation is the realm of vehicle safety, where
each new model iteration typically involves repeated and expensive crash tests. A vast
amount of valuable data from these tests remains underutilized, holding potential to inform
future designs. This thesis taps into that potential by harnessing methods to leverage previous
crash test and simulation data, thereby saving resources in early vehicle development stages.

When designing the structure of a new vehicle, car manufacturers need to ensure the
compliance with strict safety requirements. Aiming to support the engineers in the early
phase of this process, this thesis presents a study on the use of Transfer Learning (TL) in
the automotive industry. With the high costs and complexity associated with traditional
crash testing and Finite Element simulations, there is a significant need for methods that
can predict vehicle performance in early development stages, when the data is limited. The
thesis proposes a TL framework that utilizes historical data from past vehicle developments
to inform and guide the design of new models.

The research begins with the establishment of a TL framework. It is designed to support
engineers when detailed product specifications and FE simulation data are scarce. This
framework includes defining the source and target domains, designing experiments, collecting
data, and training and fine-tuning machine learning models. Recognizing that mechanical
systems vary greatly in complexity, the thesis selects and evaluates a spectrum of Neural
Network architectures, including fully connected, convolutional, and PointNet models. The
choice of the machine learning architecture is aligned with the complexity of the mechanical
system under investigation, ensuring optimal data representation and learning. Advanced
techniques like layer freezing and architectural adjustments are employed to fine-tune the
models, further enhancing their predictive capabilities in diverse mechanical scenarios.

A case study involving a simple crash box is used to demonstrate the feasibility of TL,
revealing that while TL can provide early-phase insights, traditional methods like Gaussian
Process Regression may still perform better in certain cases. This finding emphasizes the
importance of domain similarity and suggests that TL has greater potential in more complex
design problems. The study also examines other methods like Control Variates and Co-Kriging
to improve predictions by combining old data with scarce new data.

For scenarios with complex geometries, the thesis introduces a Sphere Projection-Enhanced
TL approach. This method allows for the transfer of knowledge across mechanical systems
with significant and complex geometric differences. Applied to a bonnet assembly undergoing
a frontal collision, this approach shows improved performance over traditional TL methods.
Finally, the thesis presents an advanced application of TL in full-vehicle crash analysis
using the PointNN-enhanced TL approach. This technique processes 3D point cloud data to
represent complex geometrical deformations accurately.

In summary, the thesis contributes to the field of crashworthiness analysis by demonstrating
the potential of TL to reduce the need for extensive simulation data and physical crash tests.
This approach can streamline the vehicle design process and improve safety standards. The
thesis underscores the promising role of TL in advancing vehicle safety analysis and marks a
step forward in automotive safety innovation.
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Zusammenfassung

Im Bereich der Automobilherstellung sind Unternehmen ständig auf der Suche nach
Möglichkeiten, ihre Prozesse zu optimieren. Ein Bereich, der nach Innovation strebt, ist
das Gebiet der Fahrzeugsicherheitstests, bei denen jede neue Modelliteration in der Regel
wiederholte und teure Crashtests beinhaltet. Eine große Menge wertvoller Daten aus diesen
Tests bleibt ungenutzt und bietet potentiellen Nutzen für zukünftige Designs. Diese Ar-
beit schöpft dieses Potenzial aus, indem sie Methoden einsetzt, um frühere Crashtest- und
Simulationsdaten zu nutzen, wodurch Ressourcen gespart und die Effizienz von Sicherheitsbe-
wertungen in den frühen Phasen der Fahrzeugentwicklung verbessert werden. Beim Entwurf
der Struktur eines neuen Fahrzeugs müssen die Hersteller die Einhaltung strenger Sicher-
heitsanforderungen gewährleisten. Um die Ingenieure in der frühen Phase dieses Prozesses
zu unterstützen, präsentiert diese Arbeit eine Studie über die Verwendung von Transfer
Learning (TL) in der Automobilindustrie. Angesichts der hohen Kosten, die mit traditionellen
Crashtests und Finite-Elemente-Simulationen verbunden sind, besteht ein erheblicher Bedarf
an Methoden, die das Verhalten des Fahrzeugs bereits in den frühen Entwicklungsphasen
vorhersagen können, wenn die Datenverfügbarkeit noch begrenzt ist. Diese Arbeit schlägt
ein TL-Framework vor, das historische Daten aus früheren Fahrzeugentwicklungen nutzt,
um den Entwurf neuer Modelle zu gestalten und zu leiten. Die Forschung beginnt mit
dem Erstellen eines TL-Frameworks. Es ist darauf ausgelegt, Ingenieure zu unterstützen,
wenn detaillierte Produktspezifikationen erst spärlich vorhanden sind. Dieses Framework
umfasst die Definition der Quell- und Zielbereiche, sowie die Feinabstimmung von Machine
Learning-Modellen. In Anbetracht der Tatsache, dass mechanische Systeme in ihrer Komplex-
ität stark variieren, betrachtet diese Arbeit eine Auswahl von Neural Network-Architekturen,
einschließlich vollständig verbundener, konvolutionaler und PointNet-Modelle. Die Wahl
der Machine Learning-Architektur wird auf die Komplexität des untersuchten mechanischen
Systems abgestimmt. Fortgeschrittene Techniken wie Layer Freezing und architektonische
Anpassungen werden eingesetzt, um die Modelle weiter zu verfeinern und ihre Vorhersage-
fähigkeiten in verschiedenen mechanischen Szenarien zu verbessern. Eine Fallstudie mit einer
einfachen Crashbox wird verwendet, um die Machbarkeit von TL zu demonstrieren. Dabei
zeigt sich, dass TL zwar Einblicke in die frühe Phase bieten kann, traditionelle Methoden
wie Gaussian Process Regression jedoch in einigen Fällen immer noch besser abschneiden
können. Diese Erkenntnis betont die Bedeutung der Domänenähnlichkeit und deutet darauf
hin, dass TL ein größeres Potenzial in komplexeren Designproblemen hat. Diese Studie
untersucht auch andere Methoden wie Control Variates und Co-Kriging, um Vorhersagen
zu verbessern, indem sie alte Daten mit geringer Genauigkeit mit knappen neuen Daten mit
hoher Genauigkeit kombinieren. Für Szenarien mit komplexen Geometrien führt die Arbeit
einen Sphere Projection-Enhanced TL-Ansatz ein. Diese Methode ermöglicht den Transfer
von Wissen über mechanische Systeme mit signifikanten und komplexen geometrischen Un-
terschieden hinweg. Angewendet auf eine Motorhaubenbaugruppe, die einem Frontalaufprall
unterzogen wird, zeigt dieser Ansatz eine verbesserte Leistung gegenüber traditionellen
TL-Methoden. Abschließend präsentiert die Arbeit eine fortgeschrittene Anwendung von
TL in der vollständigen Fahrzeugcrashanalyse unter Verwendung des PointNN-enhanced
TL-Ansatzes. Diese Technik verarbeitet 3D-Punktwolkendaten, um komplexe geometrische
Verformungen genau darzustellen. Zusammenfassend leistet die Arbeit einen Beitrag zum
Bereich der Crashtauglichkeitsanalyse, indem sie das Potenzial von TL aufzeigt, den Bedarf
an umfangreichen Simulationsdaten und physischen Crashtests zu reduzieren. Dieser Ansatz
kann den Fahrzeugentwurfsprozess vereinfachen und die Sicherheitsstandards verbessern.
Die Arbeit unterstreicht die vielversprechende Rolle von TL bei der Weiterentwicklung
der Fahrzeugsicherheitsanalyse und markiert einen Schritt vorwärts in der Innovation der
automobilen Sicherheit.
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1. Introduction

The development of a safe vehicle is a long and extensive process. Before releasing a new
car model to the market, automotive companies need to ensure strict safety requirements.
These requirements are de�ned by government agencies and independent safety assessment
organizations, which evaluate the crash performance of vehicles. Organizations like the
European New Car Assessment Programme (Euro NCAP) [1] in Europe and the National
Highway Traf�c Safety Administration (NHTSA) [2] in the United States conduct rigorous
crash tests and assign ratings that re�ect the safety level of a vehicle. One of the most
recognized methods to analyze the results of these evaluations is through a star-based rating
system. The more stars a vehicle earns, the safer it is considered to be in the event of an
accident. These ratings are not only crucial for consumers, allowing them to make informed
decisions about the safety of their potential vehicle purchases, but also serve as a benchmark
for manufacturers, who strive to design a safe vehicle.

For car manufacturers, meeting these stringent safety requirements is a challenging task. It
necessitates a considerable investment in research and development (R&D), rigorous testing,
and often complex engineering solutions, all of which contribute to an expensive process.
A signi�cant portion of the expenses has to be attributed to performing crash tests. These
destructive crash tests are crucial during both the pre-development and series development
stages to assess the passive safety performance of the vehicle under different scenarios. While
active safety features, e.g. advanced driver assistance systems, are also an important focus for
manufacturers, the crash tests evaluate the vehicle's crashworthiness and occupant protection
in the event of a collision. Car manufacturers carry out these destructive crash tests to verify
that their vehicle designs meet the safety criteria set in terms of passive safety, ensuring the
safety of the occupants in the event of an accident.

The hardware crash tests must be performed for every new car model before it is launched
into the market. In the early phase of the vehicle development, however, the physical
prototype of the new vehicle has not been constructed yet and, therefore, the engineers have
no possibility to perform the tests. An additional challenge comes from the fact that crash
tests are non-trivial to execute. Because of the highly nonlinear nature of crash events, there
are often differences in the results of essentially identical full-scale crash tests [3] in this
development phase. Due to these circumstances, �nite element (FE) simulations have become
essential for automotive R&D. At the very beginning of a product development process,
engineers simulate extensively to get preliminary insights on the crash performance.

As the hardware crash tests, FE simulations are complex and expensive too. They require
computing resources, professional expertise and time investment to accurately model the
behavior of a vehicle during a crash scenario. Professional engineers are responsible not only
for setting up and running the simulations, but also for analyzing the results and validating
them against real crash tests. Overall, the complexity involved in FE simulations means that
they are both �nancially and technically demanding.
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1. Introduction

In the very early development stage, engineers also have to face the challenge of low data
availability, as the ultimate geometrical information, material properties, and prototype data
of the new product are not yet available. As a result, engineers often have to rely on their
expertise to make informed decisions throughout the design phases. Product development
knowledge is, in this way, in the hand of a few experts, and dif�cult to be expanded to a
broader pool of users. So what data and information is available that can be drawn upon
during this early stage of development when detailed product information is scarce?

To overcome the challenge of limited data availability in the early development stage, one
must consider that a new product is often considered as a broad combination and modi�cation
of existing ones. Leveraging the wealth of data generated from past product development
processes could provide valuable insights to inform the design of forthcoming vehicles.

The automotive industry continuously generates a signi�cant amount of data. These data
can come from hardware testing, FE simulations, optimization studies, observation of real-
world accidents, etc. The collection of accident data, for example, is a common automotive
engineering practice. It provides the engineers with insights into the crash performance
of already released vehicles. This information is crucial for understanding how vehicles
behave in real collision scenarios, which differ from the controlled crash test environments.
Integrating this real-world crash data with �ndings from tests and simulations creates a
comprehensive knowledge base.

New vehicle models often preserve many characteristics of their predecessors. In the
industry, most new product designs are indeed obtained by partially modifying some existing
ones and it is rare that entirely new products have to be designed from scratch [4]. For these
reasons, all the information that have been collected should be exploited. Each stored dataset,
regardless of its origin and nature, represents a valuable piece of knowledge that can possibly
guide the development of future models. Even when a new car model is introduced, the
lessons learned from its predecessors, combined with the empirical data from road accidents,
can signi�cantly enhance the safety pro�le of the vehicle. This continuous feedback loop
ensures that each new generation of vehicles is built on a foundation of practical experience
and empirical evidence, leading to progressively safer vehicles for consumers.

This work explores an approach that provides engineers with a tool to support their
expertise and automate the early-stage development operations. The aim is to propose a
methodology that leverages the wealth of data generated from past development processes
to support the decision-making during the very early stages of crashworthiness design. By
exploiting the comprehensive knowledge base created through the integration of real-world
crash data, simulation �ndings, and other empirical evidence, the proposed approach can
guide engineers in making more informed decisions when detailed information about the
new design is scarce. The scope of this work arises from the following problem statement.

Problem: Which method is most suitable to support the expertise of engineers in the
early phase of crashworthiness vehicle development, when the �nal characteristics and the
prototype of the product are not yet de�ned, and the availability of FE simulations is limited?
How can this method effectively utilize data from previously developed products to inform
and guide the design process?
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The challenge introduced with this problem has a bi-�delity nature. In engineering, the
term bi-�delity typically refers to problems where the collected datasets have two different
levels of accuracy. The low-�delity data are usually generated using a less accurate method,
while the high-�delity data are produced using a often more computationally expensive
one [5]. Behind the problem formulation of this thesis, however, the meaning of the term
bi-�delity is expanded to something different.

The existing data from past development processes, irrespective of the accuracy of the
methods used to obtain them — be it hardware tests, FE simulations, or less computationally
expensive models — cover the low-�delity role; the limited data speci�c to the product
currently under development, regardless of the level of accuracy they were acquired with,
serve as the high-�delity counterpart. To predict the crash behavior of a product in the early
stages of development, this thesis aims to leverage the numerous low-�delity past data to
improve the prediction based on only a few high-�delity data of the current product.

The novelty of this thesis lies in combining these two disparate sources of data. A bi-�delity
approach in a past-to-future con�guration is particularly valuable when the low-�delity data
are abundant and easy to be collected, while the high-�delity data are expensive or dif�cult
to obtain. This mirrors the typical industrial context, where new products are subject to
stringent deadlines, resulting in a limited number of simulations that can be performed.
Moreover, even when the prototype is realized, the amount of hardware tests to be conducted
is often limited due to both �nancial constraints and project timelines.

For this type of situations, transfer learning (TL) can be of aid . The �eld of TL examines
and develops methods that use knowledge acquired from previously solved source tasks in
order to solve new target tasks more ef�ciently [6]. TL is suitable for the previously stated
problem: the large availability of predecessor designs data becomes of aid for the new design.
As long as a few data points for the new design are accessible, the data and models from
predecessor designs gain our interest.

TL emerges as a versatile bi-�delity predictive methodology with applications ranging
from optimization and uncertainty propagation studies to mechanical feasibility assessments.
Its adaptability allows for re-calibration with the in�ux of new data, which enhances its
utility throughout the vehicle development life-cycle. This includes stages from the initial
concept to the �nal validation. By doing so, TL ensures that engineers can fully exploit
knowledge extracted from both low- and high-�delity data sources, leading to better-informed
engineering decisions and improved vehicle safety.
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2. State of the Art

The motivation introduced in Chapter 1 led to the stated Problem, which uncovered the
bi-�delity nature of the challenge to address. Some fundamental questions arise from the
problem statement: these questions guide the structure of the whole thesis.

1. How can a framework be developed to apply Transfer Learning (TL) to crashworthiness
analysis, speci�cally in a past-to-future con�guration? And which mechanical scenario
can be used to demonstrate the application of this TL methodology?

2. How can alternative approaches to TL be explored for the transfer of knowledge
in a bi-�delity crash scenario, with the aim of leveraging low-�delity old data and
scarce high-�delity new data, thus enhancing the predictive capabilities of the crash
performance?

3. How can geometrical differences between the past and future con�gurations of a product
be effectively incorporated into the TL framework? And how can the architecture of
the TL network evolve to accommodate the increase in complexity of the mechanical
system being studied, when transitioning from analyzing individual components to
subsystems?

4. How can the concept of TL be applied to a complex full vehicle test, leveraging the
potential of a more sophisticated architecture that directly handles the 3D node clouds
of the mechanical system under study?

Following these guiding questions, a comprehensive state-of-the-art review is performed. The
fundamental principles of the development process for a crashworthy vehicle are initially
presented, providing a solid foundation for understanding vehicle safety and setting the stage
for the application cases implemented throughout the thesis. To address the �rst question,
a literature review on the theory of TL is conducted, along with research into its usage in
industrial applications suffering from low data availability. The second question necessitates a
further examination of existing literature, leading to an overview of two alternative techniques
to TL. The last two questions are approached by offering insight into current practices and
emerging trends in the �eld of translating geometrical information into machine learning-
readable data. This review underscores the signi�cance of the proposed bi-�delity approach
in the safety industrial scenario. At the end of this chapter, the knowledge gap is identi�ed,
along with the formulation of research questions and aims of the thesis, delineating the scope
of the subsequent investigative efforts.
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2. State of the Art

2.1. Crashworthiness Development

The concept of crashworthiness is what drives the vehicle safety design. The term crash-
worthiness was �rst used in the �fties in the aerospace industry to provide a measure of
the ability of a structure and any of its components to protect the occupants in survivable
crashes [7]. Crashworthiness is about ensuring that vehicles can absorb and dissipate energy,
retain structural integrity, and maintain occupant survival space in a crash. Nowadays, it
refers to a range of technologies aimed at reducing the risks of injury or death in the event of
a collision [8].

According to the European Commission's Mobility and Transport department [9], road
safety in the European Union has witnessed signi�cant improvements over the past few
decades. The implementation of improved vehicle safety standards, enhanced road infrastruc-
ture, and stricter enforcement of traf�c laws have contributed to a decrease in the number
of road fatalities. However, recent statistics reveal that in 2021, Germany recorded 30 road
fatalities per million inhabitants, while Italy reported 48, and France 44 [9]. This data high-
lights that despite the advancements in active safety systems, e.g. automatic braking and
lane-keeping assist, fatal accidents on the roads continue to occur. As a result, the devel-
opment of vehicles with robust crashworthiness designs and effective occupant protection
measures remains a topic of crucial importance.

For this reason, vehicle designs must prioritize optimal safety in scenarios where crashes
are unavoidable. Before a new car model can be sold in a market, the car manufacturers need
to ensure that it complies with the safety standards set in that region. For Europe, the relevant
regulations are the UN Economic Commission for Europe (UN ECE) standards, like the ECE
R135 [10] or R137 [11], which de�ne the legal safety requirements for vehicles. Regulatory
crash tests for crashworthiness are a series of standardized procedures that car manufacturers
must consider to ensure that their vehicles meet the minimum safety standards. Independent
organizations like the European New Car Assessment Programme (Euro NCAP) [1] in Europe
and the Insurance Institute for Highway Safety (IIHS) [12] in the United States provide
a more detailed assessment of how well a vehicle performs in a crash beyond the binary
outcome of the regulatory tests. They conduct in-depth testing and provide ratings that
indicate the level of safety a vehicle provides in the event of various types of collisions, e.g.
frontal impact tests, side impact tests, rollover tests, rear impact tests, etc.

Regulatory crash tests can signi�cantly differ from one country to another, mirroring the
unique vehicle design standards and legal requirements of each region. Variations in speed
limits or in the legal frameworks for vehicle safety can lead to diverse crash test protocols,
which may in�uence vehicle design considerations. For instance, regions with higher speed
limits might necessitate tests that simulate more severe impacts.

Before their cars can be sold in a particular market, manufacturers must provide detailed
technical documentation of their vehicle designs. Verifying that the new car design meets the
minimum safety standards for crashworthiness is the key aspect for the homologation of the
vehicles. It has to be certi�ed that all the safety-related components, like seat belts, airbags,
and structural reinforcements, are designed and installed according to regulations.

In addition, many countries have the New Car Assessment Programs (NCAPs) that provide
consumers with information on the safety performance of vehicles beyond the minimum
legal requirements. These programs conduct a series of crash tests that are designed to
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2.1. Crashworthiness Development

complement government-mandated safety standards by providing additional data on how
vehicles perform in crash scenarios that may not be covered by regulatory testing. Through
these tests, the organizations assign ratings to the vehicles based on the level of protection
provided to occupants and vulnerable road users like pedestrians and cyclists. The results of
these tests are widely publicized and can in�uence consumer purchasing decisions, as well as
encourage manufacturers to improve the safety features of their vehicles.

The results from the homologation process and consumer tests serve different purposes but
ultimately converge on the goal of improving vehicle safety. While homologation ensures that
vehicles meet minimum legal safety standards, consumer tests provide additional information
that can drive market competition towards higher safety performance [13, 14]. Together,
they create a comprehensive framework that encourages manufacturers to invest in the
development of safer vehicles, leading to continuous improvements in crashworthiness, with
passive safety features being at the core of this evolution.

When approaching the safety problem from a design point of view, both passive and active
safety need to be de�ned. Passive safety refers to the design of the body parts that are meant
to dissipate the kinetic energy of the vehicle, thus protecting the occupants from injuries
during the crash event. It also includes the design of devices, e.g. seatbelt and airbags, that
are activated automatically when the impact conditions are met. Active safety, on the other
hand, is concerned with designing the devices for accident avoidance [15, 16]. Some authors,
e.g. [17], also add the concept of preventive safety, that includes all the devices that assist the
riding surveillance of the driver: as an example, the vision enhancement in case of insuf�cient
road light or adverse weather conditions.

In order to be considered crashworthy, the structure should satisfy a list of requirements for
a range of occupant sizes, ages, and crash speeds for both genders [7]. The frontal architecture
of the vehicle needs to be designed to be deformable, yet stiff, featuring designated crumple
zones that absorb the energy of frontal collisions through plastic deformation while preventing
the crushing of the passenger cabin; the rear section of the car should be realized to compress,
in case of a rear impact, in a way that preserves the structural integrity of the rear seating
area and secures the fuel reservoir in traditional internal combustion engine vehicles; the side
structures must be constructed to reduce the cabin intrusion during side impacts, ensure that
doors remain closed, and shield the battery housing in electric vehicles; the construction of the
roof must withstand rollovers; additionally, restraint systems should be synchronized with the
structural design of the vehicle to provide occupants with the most effective protection [7]. In
summary, realizing a crashworthy design can be achieved through a combination of structural
properties, restraint systems, and energy-absorbing materials that work together to reduce
the forces experienced by occupants.

When developing a safe vehicle, making sure to maintain the integrity of the occupant
compartment is vital. Vehicles must also be designed to be compatible in crashes with other
road users and vehicles [18]. This means that the vehicle should not only protect its own
occupants but also not in�ict unnecessary damage to other vehicles and their occupants in
a multi-vehicle collision. The front end of the vehicle, for example, has to be designed to
mitigate injuries to pedestrians. This can include energy-absorbing bumpers, or the use of
materials that cushion the impact.

Car manufacturers often establish their own stringent internal safety standards that exceed
the minimum legal criteria set by regulatory agencies. These internal benchmarks re�ect the
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commitment of the company to safety and are designed to ensure that their vehicles offer
superior protection, not just compliance with existing laws. Manufacturers also consider a
range of potential accident scenarios that may not be covered by standard regulatory tests.
This can include sub-system level testing of individual components, or full-scale vehicle
testing under extreme conditions. These internal requirements serve to not only improve
the safety of the vehicle, but also to set new industry standards that may in�uence future
regulations and consumer expectations.

The development of a crashworthy vehicle entails a myriad of factors, from understanding
the mechanics of vehicular impact to the creation of mathematical models for crash analy-
sis [19, 20]. This process also involves a structural design philosophy that prioritizes controlled
energy absorption during accidents [21]. Furthermore, the construction and validation of
high �delity Finite Element (FE) models are pivotal for crashworthiness analysis, supported
by component tests to aid in model validation [22]. The forthcoming sections will detail the
necessary crash hardware tests, which re�ne vehicle safety features. Additionally, the role of
FE simulations will be discussed, highlighting their importance in predicting vehicle behavior
during crashes early in the development phase. The validation process of these simulations
against hardware test results, to con�rm their accuracy in crashworthiness analysis, will also
be examined.

2.1.1. The Role of Hardware Crash Testing in Vehicle Safety

Hardware crash tests play a crucial role in assessing vehicle safety by offering tangible data
on the performance of a vehicle during real-world collision scenarios [23]. This section delves
into the execution of hardware crash tests, the progression of anthropometric test devices,
and the preparatory measures for each envisaged crash situation. An explanation of the
different forms of crash tests is provided, encompassing component, sled, and full-scale
barrier impacts, along with their individual contributions to the enhancement of vehicle
crashworthiness.

Hardware crash tests are conducted under strictly controlled laboratory conditions. This
is done to ensure accuracy and to allow for the comparison of the results across different
vehicles, facilities, manufacturers etc. The test area where crash tests are conducted must be
large enough to accommodate high-speed runs and impact barriers.

Starting from the 1950s, researchers began to study the biomechanics of human injuries
in car collisions to accurately assess the harm caused to occupants. Initially, human corpses
were used in crash experiments to gather data on injuries. Although these experiments
provided valuable insights into collision safety, they were gradually abandoned due to ethical
constraints and lack of reproducibility [24]. With advancements in science and technology,
the anthropometric test device (ATD), also known as the mechanical crash test dummy, was
developed. The dummy has the role of mimicking the human responses to physical factors
like force, acceleration, and speed during car crashes. By conducting repeated crash tests
with the dummy, injury locations can be effectively observed, and indicators of occupant
injuries can be estimated [25, 26].

Positioning the crash test dummies inside the vehicle to mimic real passengers is one of
the steps of the crash test preparation. Dummies are equipped with sensors to measure data
on acceleration and forces experienced during the collision. This data is then analyzed to
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evaluate the effectiveness of the implemented safety features. A further step of the preparation
of the vehicles consists in removing or replacing unnecessary �uids, i.e. fuel, that could pose
a �re hazard, yet still ensuring for accurate testing that the vehicle is as close as possible to
the production speci�cation.

The vehicle is also largely equipped with a variety of sensors [23], especially during devel-
opment. Accelerometers measure the acceleration experienced by the structures, providing
insights into the severity of the impact forces. Strain gauges are used to measure the deforma-
tion in speci�c areas of the side structure, helping identify regions that experience the highest
levels of stress. Load cells or force sensors measure the forces applied to the body of the
vehicle, providing information about its structural integrity. Moreover, high-speed cameras
are used to record the test from multiple angles, allowing engineers to visually analyze the
behavior of the structure during the impact.

Crash testing is a costly phase in the vehicle development due to high expenses for
skilled labor, facility maintenance, consumable items, staf�ng, equipment operation, and the
environmental impact of disposing and recycling test vehicles [22]. Even if conducted under
controlled conditions, crash tests may yield varying results. Some authors point out that
differences in materials, assembly of the vehicles, and aspects of the crashes play signi�cant
roles in these variations [7]. Due to this inherent variability, and the dynamic nature of
crashes, achieving perfectly repeatable results while performing crash tests is challenging.

Despite this, hardware crash tests provide useful insights that cannot be fully replicated
by computer simulations alone [27]. The information gained from these tests is used to
re�ne vehicle designs, improve safety features, and ultimately save lives. Crash tests can be
divided into three categories: component tests, sled tests, and full-scale barrier impacts [7].
In addition to these tests, another important category of crash tests is assembly tests. [28]
and [29] both emphasize the importance of assembly tests in evaluating the crashworthiness
of vehicle subsystems, with the second work speci�cally focusing on side impact crash testing.
Assembly tests involve evaluating the crashworthiness of subsystems of a vehicle, e.g. the
front-end module, the side structure, or the roof structure. The complexity of the test increases
from component to assembly to full-scale tests, causing a decrease in test repeatability.

This thesis is dedicated to examining the structural crashworthiness of the vehicle, thus
prioritizing less on the evaluation of occupant safety. The primary objective is to assess the
performance and interaction of structural components and subsystems. Consequently, while
sled tests are integral to determining occupant safety and restraint systems' effectiveness, they
are not the central focus of this study. The following sections will emphasize the description
of component, assembly, and full vehicle tests, with only a brief mention of sled tests.

Component tests involve evaluating the dynamic or quasi-static response to loading of
isolated components. These tests play a crucial role in determining the crush mode and
energy absorption capacity of the component, and in understanding how different parts of a
vehicle respond to impact forces [7]. This knowledge is essential for developing prototype
substructures and mathematical models that accurately simulate real-world crash scenarios.

During a component test, the isolated part is typically subjected to various types of loading,
e.g. compression, tension, bending, or torsion, depending on its intended function and
expected impact conditions. The response of the component is measured using sensors
and instrumentation to capture data like force, displacement, strain, and deformation [30,
31]. The data obtained from component tests can be used to validate computer simulations
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and FE models, ensuring their accuracy in predicting the behavior of the component in a
crash [22, 32]. It also helps in identifying failure modes, weak points, and areas that require
reinforcement or redesign.

A common example of component test for crash analysis is the drop tower test, commonly
used for the de�nition of the energy absorption capacity and the deformation characteristics
of crash boxes [33, 34]. The energy absorption capacity refers to the ability of the component
to absorb and dissipate impact energy during a crash, and is determined by analyzing the
force-displacement curve obtained from the test. The area under the force-displacement
curve represents the energy absorbed by the crash box; with deformation characteristics,
one can refer to the deformation pattern, deformation modes, and structural integrity of the
component. Engineers examine how the crash box deforms, whether it crumples, folds, or
buckles, and assess the extent of deformation.

Figure 2.1.: Crash box in a vehicle structure, FE model taken from [35].

A crash box is a structural component, typically made of high-strength steel or aluminum,
located in the front or rear areas of a vehicle usually located behind the bumper, see Fig-
ure 2.1. The crash box is designed to absorb energy during a crash, thereby protecting the
occupants [36]. The impact force of the crash is transferred to the crash box, that then deforms.
The deformation of the crash box helps to slow down the vehicle and reduce the transfer of
forces to the occupants. The design of the crash box in�uences its performance. The crash box
must be able to deform in a controlled manner during the crash, folding in a speci�c pattern,
absorbing as much energy as possible. The shape and size of the crash box must be carefully
engineered to achieve this goal [37]. Overall, the information provided by component tests
is vital for improving vehicle safety, validating virtual simulations, optimizing structural
designs, and enhancing occupant protection in real-world crash scenarios [38].

While component tests provide valuable information about the structural performance of
individual parts, assembly tests allow to assess the integrated behavior of these components
under realistic crash conditions [39]. Assembly tests serve as an intermediate step in un-
derstanding how the components interact. By bridging the gap between component tests
and full-scale barrier impacts, assembly tests also provide essential data that aids in re�ning
vehicle designs and improving safety features.
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