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Abstract

The Insurance Institute for Highway Safety (IIHS) introduced the Small Overlap frontal
(SOF) crash test in 2012 to assess the crashworthiness of vehicles during a collision
scenario where only 25% of the vehicle’s width is in initial contact with a rigid barrier.
This load case proved challenging to the automakers since less than 8% of the tested
vehicles obtained a Good structural rating during its first year of implementation. As
a result, automakers developed different strategies to improve the structural response.
By 2019, Good structural ratings accounted for more than 90% of the tested vehicles.
However, automakers now face the challenge of designing efficient, lightweight, and robust
solutions that can be effectively integrated into the product development process. Hence,
the aim of this work is to develop a framework for the crashworthiness design for the
SOF load case that takes advantage of the well-established process of systems engineering
and enhances it with novel physics- and statistics-based methodologies to accelerate the
product development cycles while producing robust structural solutions.

In this work, the global vehicle characteristics and targeted structural rating are sys-
tematically decomposed to create load-path and component requirements. These require-
ments are expressed as intervals of the so-called resistance-to-deformation characteristics
represented by force-displacement curves. The calculation of the intervals leading to
feasible designs is conducted following a data-driven solution space definition. For this
purpose, the SOF crash test dataset from the IIHS is analyzed by means of an autom-
atized object recognition procedure applied to the high-speed video footage. Then, the
vehicle kinematics are analyzed and correlated to the occupant compartment deforma-
tions. Next, ranges of kinematic parameters that lead to optimal structural performance
are identified. These ranges are used as constraints for a hierarchical solution spaces
calculation with the resistance-to-deformation characteristics as design variables. A low-
fidelity model, developed for the early-design phase mapping the vehicle kinematics to
the structural performance, is used as feasibility evaluator in the calculation of the solu-
tion spaces. Afterwards, a solution space-based iterative simulation scheme, developed
for the implementation of the requirements, is applied to a full-vehicle finite element
model. Here, the fulfillment of the low-level requirements is used as an objective func-
tion to determine the optimal functional properties of the components. Additionally, the
robustness of the design is considered by quantifying and modeling the relevant sources of
uncertainty present in the SOF load case. Efficient sampling algorithms are implemented
to reduce the amount of samples needed to cover the uncertainty space. Furthermore,
a novel robustness index is introduced to describe the scatter of the system’s response
and to obtain a robust achievement of the primary structural targets. Subsequently, the
component’s functional properties are reconstructed in the hardware evaluation phase by
means of a dedicated crash event analysis using the acceleration and force signals. These
functional properties are compared against the load-path requirements. The proposed
design framework is validated with a SOF hardware test and is applied to a full-vehicle
finite element model where the robustness of the design is improved. Finally, the outlook
and limitations of the developed methodologies are discussed.
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Zusammenfassung

Das Insurance Institute for Highway Safety (IIHS) führte im Jahr 2012 den Small Over-
lap Frontal Crashtest (SOF) ein, um die Aufpralltüchtigkeit von Fahrzeugen bei einem
Aufprallszenario zu bewerten, bei dem nur 25% der Fahrzeugbreite in Erstkontakt mit
einer starren Barriere stehen. Dieser Lastfall erwies sich für die Automobilhersteller als
Herausforderung, da im ersten Jahr der Durchführung weniger als 8% der getesteten
Fahrzeuge eine gute Strukturbewertung erhielten. Infolgedessen entwickelten die Auto-
mobilhersteller verschiedene Strategien zur Verbesserung des Strukturverhaltens. Bis
2019 erreichten mehr als 90% der geprüften Fahrzeuge eine Struktur-Rating "Gut".
Allerdings stehen die Automobilhersteller nun vor der Herausforderung, effiziente, leichte
und robuste Lösungen zu entwickeln, die sich effektiv in den Produktentwicklungsprozess
integrieren lassen. Ziel dieser Arbeit ist es daher, einen Rahmen für die Auslegung
der Crashsicherheit für den SOF-Lastfall zu entwickeln, der die Vorteile des etablierten
Prozesses der Systemtechnik nutzt und diesen mit neuartigen, auf Physik und Statistik
basierenden Methoden erweitert, um die Produktentwicklungszyklen zu beschleunigen
und gleichzeitig robuste strukturelle Lösungen zu entwickeln.

In dieser Arbeit werden die globalen Fahrzeugeigenschaften und das angestrebte Struktur-
Rating systematisch herunter gebrochen, um Lastpfad- und Komponentenanforderungen
zu erstellen. Diese Anforderungen werden als Intervalle der sogenannten Verformungs-
widerstandskennwerte ausgedrückt, die durch Kraft-Weg-Kurven dargestellt werden. Die
Berechnung der Intervalle, die zu realisierbaren Entwürfen führen, erfolgt nach einer
datengesteuerten Lösungsraumdefinition. Zu diesem Zweck wird der SOF-Crashtest-
Datensatz des IIHS mit Hilfe eines automatisierten Objekterkennungsverfahrens analysiert,
das auf die Hochgeschwindigkeits-Videoaufnahmen angewendet wird. Anschließend wird
die Fahrzeugkinematik analysiert und mit den Verformungen der Insassenzelle korre-
liert. Dann werden die Bereiche der kinematischen Parameter ermittelt, die zu einer
optimalen Strukturleistung führen. Diese Bereiche werden als Randbedingungen für eine
hierarchische Lösungsraumberechnung mit den Widerstands-/Verformungseigenschaften
als Entwurfsvariablen verwendet. Ein Low-Fidelity-Modell, das für die frühe Entwick-
lungsphase entwickelt wurde und die Fahrzeugkinematik auf die strukturelle Leistung ab-
bildet, wird bei der Berechnung der Lösungsräume als Machbarkeitsbewertungsinstrument
verwendet. Anschließend wird ein lösungsraumbasiertes iteratives Simulationsschema,
das für die Umsetzung der Anforderungen entwickelt wurde, auf ein Finite-Elemente-
Modell des Gesamtfahrzeugs angewendet. Dabei wird die Erfüllung der Low-Level-
Anforderungen als Zielfunktion verwendet, um die optimalen Funktionseigenschaften
der Komponenten zu bestimmen. Zusätzlich wird die Robustheit des Entwurfs durch
Quantifizierung und Modellierung der relevanten Unsicherheitsquellen im SOF-Lastfall
berücksichtigt. Effiziente Sampling-Algorithmen werden implementiert, um die Anzahl
der Stichproben zu reduzieren, die zur Abdeckung des Unsicherheitsraums erforderlich
sind. Darüber hinaus wird ein neuartiger Robustheitsindex eingeführt, um die Streuung
der Systemleistung zu beschreiben und eine robuste Erreichung der primären Struktur-
ziele zu gewährleisten.
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Schließlich werden in der Hardware-Evaluierungsphase die funktionalen Eigenschaften
der Komponente mit Hilfe einer speziellen Crash-Ereignis-Analyse anhand der Beschleuni-
gungs- und Kraftsignale rekonstruiert. Diese funktionalen Eigenschaften werden mit den
Lastpfadanforderungen verglichen. Der vorgeschlagene Entwurfsrahmen wird mit einem
SOF-Hardwaretest validiert und auf ein Finite-Elemente-Modell des Gesamtfahrzeugs
angewendet, wodurch die Robustheit des Entwurfs verbessert wird. Abschließend werden
die möglichen Weiterentwicklungen und Grenzen der entwickelten Methoden diskutiert.
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Chapter 1

Introduction

The crashworthiness assessment of vehicle structures is a key component in automotive
design. Crashworthiness design focuses on the development of energy absorbing struc-
tures with the main objective of reducing occupant injuries and consequently producing
safer vehicles. The performance of the vehicle structure during a crash, namely, the
deceleration and structural integrity of the occupant compartment, is essential for the
effective operation of the restraint system. The overall performance of a vehicle is regu-
lated and assessed by the correspondent authorities of each country. This assessment or
homologation process is a requirement for the vehicle’s availability in a certain market
and ensures that all new vehicles fulfill a minimum technical standard. Complementary
to these regulations, consumer test ratings offer to the general public a means to com-
pare the performance in a crash test among vehicles of a given class. Granting that
the crashworthiness can often be too abstract to the average car owner, the compelling
communication of the test ratings can translate directly into changes in consumer ve-
hicle purchases (Cicchino, 2015). Additionally, the consumer test can act more quickly
into adjusting the test parameters in order to reflect in a closer manner the real world
crash scenarios. In order to test the crashworthiness performance of vehicles, several
institutions have developed a series of test scenarios that represent real-life crash events.
The increase in traffic accidents during the 1960s and 1970s initiated the creation of
organizations such as the American Transportation Agency and the European Enhanced
Vehicle Safety Committee, which accelerated the development of the crashworthiness de-
sign techniques from the automotive manufacturers. Currently, the National Highway
Traffic Safety Administration (NHTSA) is the agency responsible for the definition and
implementation of the Federal Motor Vehicle Safety Standards (FMVSS) in the USA. In
addition, the Insurance Institute for Highway Safety (IIHS) evaluates the crashworthi-
ness and crash avoidance and mitigation capabilities of vehicles and assigns them ratings
by using complementary tests to the FMVSS.

The IIHS introduced in 2012 the Small Overlap Frontal (SOF) crash test case to
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represent the collision of the front corner of the vehicle with only 25% overlap with
respect to the frontal structure (Insurance Institute for Highway Safety, 2021). This
test scenario became one of the most challenging cases encouraging manufacturers to
redesign the structure of their vehicles. The SOF crash test considers three aspects:
the integrity of the structure by measuring the intrusions at the occupant compartment,
the dummy kinematics, and injury criteria (see Insurance Institute for Highway Safety
(2021)). During the first year of evaluation, only 7.4% of the vehicles tested obtained
a Good structural rating. By 2015 this percentage increased to 50%. In 2019, almost
92% obtained a Good structural rating (see Section 3.3.2). The strategies to minimize
the intrusions in the occupant compartment include the reinforcement and integration of
energy-absorbing components in the outboards of the front rails of the vehicle (Thomas,
2011). Each countermeasure influences the vehicle kinematics, namely, the trajectory of
the vehicle and the maximum rotation exhibited at the end of the crash. Moreover, the
vehicle kinematics determine the movement of the occupants and therefore influences the
dummy kinematics and injury values.

The increase of vehicles obtaining a Good structural rating shows that the automakers
have developed crash structures that effectively decrease the deformations at the occu-
pant compartment. The implementation of these design strategies is carried out during
the simulation-driven design phase. However, a considerable amount of design iterations
and simulation evaluations are needed to develop a structure that reaches its intrusion
targets. In some cases, optimization procedures have been developed as an attempt to
reduce the time needed for the design (see Section 2.7.2). Nonetheless, these approaches
require a full-vehicle finite element model (FE model), which implies that the design
can only start after the first geometries of the structure are available, resulting in a
relatively high computational cost. These and other gaps in the integration of these
design strategies in the product development process have been identified in this work
(see Chapter 2). Two methodological voids are present in the current design strategies
for the SOF load case. Firstly, the benefits of a systems engineering (SE) approach are
not exploited, since the high-level requirements, i.e. obtaining a Good structural rating,
are not decomposed into component requirements, that if fulfilled, guarantee that the
system targets are achieved. Secondly, even when defined in the virtual development
phase, where simulations are used to drive the crashworthiness design, the evaluation of
the fulfillment of these component requirements in the hardware tests is not practical.
Consequently, the influence of the individual components’ behavior cannot be traced
down in the full-vehicle’s structural response. To close this gap, physical and mathe-
matical methods to map the functional properties at the component level to the system
level performance and to find the appropriate set of functional properties that allow the
fulfillment of the high-level requirements are needed. Moreover, such methods should be
easy to integrate into the current product development process used in the automotive
industry.

In the following paragraphs, an introduction on the topics relevant to the development
of a design strategy for the SOF load case is given. First, the basic concepts of SE and
their application in the automotive development process are presented. Second, a view on

10 Systems Engineering Based Crashworthiness Design for the Small Overlap Load Case



Iván Cuevas Salazar

crashworthiness design is described from the requirement definition and decomposition
perspective. Third, the solution spaces approach is introduced as a mechanism to define
the ranges in which the functional properties of the structure produce designs that fulfill
the crashworthiness requirements. Finally, the aspect of robustness is framed in the
context of the sources of uncertainty that are implicit to the crashworthiness evaluation
and their impact in the performance of the vehicle during a crash.

Systems Engineering. A successful implementation of any design framework should
consider the formal aspects of the current methodologies used in product development
such as the V-model for SE (see Section 2.1) as well as the cultural aspects and changes
that the automotive industry has suffered in the last decades. Weber (2009) stated the
following during the shift of paradigm caused by the introduction of more complex electric
and electronic systems in the automotive industry the 1980s:

“Automotive development unquestionably has its roots in traditional engi-
neering, and the prevailing culture in development centers is dominated by
‘car guys’– mostly with a background in mechanical, electrical or control en-
gineering – and their idea of how product development should work. But
with the rapid increase of electronically controlled functions in cars over the
last decade, a different breed of experts have almost unnoticedly populated
development centers: computer scientists and software engineers, who mostly
came from non-automotive and even non-industry companies, and apart from
wearing different clothes and living different lifestyles – which actually made
integration on a personal level difficult – had different ideas of (and needs for)
product development, complete vehicle integration or quality and reliability.”
(Weber, 2009, p. 56)

Generally speaking, automakers have implemented efficient development processes that
lead to optimal designs for most of their design areas. However, potential synergies re-
garding the applicability of methods intended for different areas go often unnoticed.
Crashworthiness design strategies where the high level targets are decomposed and de-
fined at the component level are available for a number of load cases (see Section 2.5).
However, to the author’s knowledge, no methodology is currently available for the spec-
ification, implementation, and load-path level evaluation for the SOF load case. Such
methodology should follow the V-model starting with the requirement and target setting,
continuing to the implementation and ending with the testing procedures. A high level
of clarity right from the initial design stages can be achieved when the formulation of
the requirements is carried out in parallel to the definition of the strategy to fulfill them
and measure them at all the relevant design phases.

Additionally to the increase in complexity of the automotive systems, the competition
with other automakers has driven the development of more effective product development
projects. With the need to improve their development processes and remain competitive
in the domestic and global markets, several studies were conducted in order to under-
stand the difference in productivity between the automakers of the USA, Europe, and
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Japan. Table 1.1 summarizes the results of one of such studies reported by Percivall
(1992). Vehicle development programs with model introductions between 1981 and 1987
were studied and analyzed considering three aspects: the engineering hours needed to
complete the program, the total product quality index, and the lead time of the project.
The Japanese automakers needed ca. one-third of the engineering hours needed by the
automakers of the USA and Europe. At the same time, the product quality index of the
USA and Europe projects was 30% less compared to the Japanese, while also requiring
10 months of additional lead times. This implies that the reduction in the development
time was not achieved by sacrificing the quality of the product. Two main factors were
identified as causes for these differences between automakers. First, the Japanese OEMs
relied more on the work of the suppliers than the automakers from the USA. Two-thirds
of the components used in Japanese vehicles were black-box procurements, while only
one-fifth were black-box in the USA case. A black-box procurement allows the automo-
bile manufacture to focus on defining the performance and specifications of a component,
while leaving the supplier with the freedom and responsibility of designing the compo-
nent. An additional benefit of the use of specifications and a black-box approach is the
parallelization of activities from the program engineers, which reduces the lead time and
engineering hours.

The focus on specifications makes the definition of their correctness crucial for the
success of the program. If the automaker is not capable of defining a set of specifications
of the components, it is then forced to test the entirety of the system to verify that the
high-level targets are achieved, which decreases the development speed. The specification
of requirements divides the complex problem into more manageable and parallelizable
tasks. The second factor identified to have an influence on the project performance
was the loyalty to the department rather than to the product that is being developed.
This is understandable since design specialists optimize the aspect of the system that,
from their perspective, is best understood and valued. This point reinforces the need
for well-defined systems specifications that design specialists can use to optimize their
components, allowing the parallelization of the product development. Approaches such
as the so-called solution spaces facilitate the definition of system and component-level
specifications and targets.

Table 1.1 Product development performance (Percivall, 1992)

Performance Measure US Europe Japan
Engineering hours (millions) 3.5 3.4 1.2
Total product quality index 41 41 58
Lead time (months) 61.9 57.6 42.6

Automotive OEMs from the USA and Japan followed two different work-planning
strategies. Percivall (1992) stated that in the 1980s, Japanese manufacturers allocated
resources and set the priorities at the beginning of the development process in contrast
to manufacturers in the USA, which increased the number of design changes towards the
end of the development process closer to the product launch. The cost implementing
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design changes in a later phase is relatively higher than in the early phase. Weber
(2009) estimates that the resolution cost per problem is ca. 10X during the concept
design phase, 100X during the detail design phase, and 1000X in the prototyping and
evaluation phases. The so-called up-front engineering concentrates on solving as many
issues as possible in the concept design phase, while the conventional design-build-test
approach is shifted towards the production ramp-up phase.

SE dictates that the correct specification at the component level can only be achieved
after defining high-level requirements and cascading them into the lower levels. The
high-level requirements are defined by governmental regulations and consumer needs. In
the early stages of product development, these requirements guide the selection of several
solution concepts. Choosing the best solution concept early on in the development process
allows for more time to be invested in the optimization and integration of the vehicle
system. As mentioned by Bhise (2017), the redesign of any product in the later phases
involves higher costs and engineering time that could be avoided by "designing right
the first time". Designing right the first time involves making key decisions about the
technologies used for the solution concept and creating a set of assumptions to drive
the complete development process. Subsequent decisions will depend on the selected
technologies and design configurations. If these early assumptions lose their validity in
later stages, the changes required to achieve the vehicle targets may involve substantially
higher development costs and the discarding of the early design work in virtual or in
hardware form.

Crashworthiness Requirements The requirements of any vehicle are twofold: the
legal requirements for its legal registration in a given market and the customer require-
ments that affect an individual user’s perception of the vehicle’s functions. On one hand,
the legal requirements are stipulated in governmental directives and regulations and are
well-defined and objectively measured. On the other hand, customer requirements can
be subjective (Weber, 2009). Considering this, the process of formulating, coordinating,
and tracking a coherent set of product targets is called targets management.

In the case of crashworthiness, the legal requirements in the USA are defined in the
Federal Motor Vehicles Safety Standards (FMVSS). Additionally, organizations such as
the Insurance Institute for Highway Safety (IIHS) and the National Highway Traffic
Safety Administration (NHTSA) also test the crashworthiness of the vehicles and report
the results in the form of ratings. The New Car Assessment Program (NCAP), used
by the NHTSA, assigns a five stars rating to vehicles presenting 10% probability or less
of severe injury to its occupants during the crash tests representing frontal collisions
(Hershman, 2001). In this case, the achievement of five starts in the frontal crash test of
NHTSA can be seen as a high-level requirement defined by the car manufacturer. This
abstract high-level requirement translates to a more concrete objective, namely, a 10%
probability or less of severe injury. The probability of severe injury is defined by the
NCAP protocol (see Hershman (2001)) as a subspace of two quantities: the Head Injury
Criterion (HIC) and the chest acceleration of the driver. The regions corresponding to the
probability of severe injury as a function of the HIC and chest acceleration are available
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in Hershman (2001). The maximum resultant chest acceleration is measured in the crash
test using the information collected by the acceleration sensor located in the chest region
of the test dummy. In a similar way, the HIC is calculated using the three-dimensional
acceleration measured at the head’s center of gravity and the HIC equation stated in,
e.g., Christensen and Bastien (2016). Both the HIC and chest acceleration are objective
measurements of the vehicle performance and serve as an example of decomposition of the
high-level requirement. Consequently, for a consistent and traceable design, maximum
thresholds for the HIC and chest accelerations are defined.

Occupant kinematics, and specifically, HIC and chest acceleration, are a result of the
restraint system performance and occupant compartment behavior during the crash test.
Therefore, targets defined for the dummy kinematics are translated into targets for the
restraint system and the vehicle structure. Airbag and seat belt parameters are optimized
so that the dummy kinematics and consequently, the HIC and chest acceleration do
not exceed the target values. However, the occupant compartment deceleration and
stability dictate the maximum performance that can be extracted from restraint systems.
Accordingly, targets are also defined with regards to the maximum acceleration as well
as to the maximum deformation of the occupant compartment itself.

The deformation of the occupant compartment is a direct function of the stiffness
of structures such as the firewall and A-Pillar. Similarly, the maximum acceleration
of the vehicle is a function of the mass of the vehicle, initial test velocity, i.e. initial
kinetic energy, the energy absorption characteristics of the frontal structure, and the
available deformation space. Since the mass is usually a parameter dictated by other
factors in the vehicle development rather than crashworthiness, the energy absorption
characteristics and the available deformation space remain as the only properties that
influence the performance of the frontal structure and that depend on the crashworthiness
design. Both, energy absorption characteristics and deformation space can be interpreted
as force-displacement characteristics of the components of the front structure, which in
consequence means that targets defined upon the force and deformation levels of the
components are also defined to produce the desired structural performance.

By using the relationships between mechanical quantities such as dummy kinematics,
initial kinetic energy, acceleration, and energy absorption, it is possible to decompose
the high-level targets into component-level requirements. The so-called functional prop-
erties of the components, i.e. force-displacement characteristics, are designed in order to
achieve the energy absorption and deceleration levels required to allow for an optimal
performance of the restraints systems and subsequently dummy kinematics, i.e. HIC and
chest acceleration, that lead to a lower probability of severe injury and finally the desired
rating. An analogous application example of the use of SE in crashworthiness design
and the definition of multi-level requirements is documented in the work of Hong et al.
(2006), where the frontal structure of a vehicle subjected to a frontal crash load case is
designed using an aluminum material concept.

The HIC and chest acceleration are well-defined by means of a mathematical function
describing the regions of probability of severe injury. However, additional methods are
required to define a range of values for the functional properties that allow the fulfillment
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of the acceleration and occupant compartment deformation requirements. This fact high-
lights the need for two concrete methodologies. The first methodology should be capable
of coupling the high-level mechanical behavior of the dummy and occupant compartment
to the functional properties of the components. The second methodology should provide
the information to indicate the ranges in which the values of the functional properties
yield the acceleration and deformation values that fulfill the structural targets. Both
points are addressed in this work; the first one in the form of the so-called low-fidelity
model (see Chapter 4) and the second one in the form of the so-called solution spaces
approach (see Chapter 5).

Solution Spaces With the increasing complexity of the systems designed in the prod-
uct development process, the cooperation among different engineering areas and teams
becomes essential. This collaborative design increases the need for intensive communi-
cation as well as negotiation among the different areas concerning the implementation of
design solutions. However, the best solution for a particular engineering area may not
represent the optimum for another. As Lottaz (2000) states, conflict occurs in the nego-
tiations when only a single solution is proposed and no common ground can be found so
that the component and high-level requirements are satisfied. The underlying principle
of the solution spaces approach is to generate independent intervals for every functional
property of the system, so that a design within these intervals fulfills the low and high-
level requirements. Under the consideration that all design variables representing the
functional properties stay inside the intervals defined in the solution space, deviations of
a particular parameter do not imply adjustments to other parameters. This approach
creates the desired flexibility in the development process and facilitates the interactions
with the areas involved in the design. Intervals in solution spaces are selected so that
when the functional properties lie within these ranges, the system’s requirements are
achieved. Additionally to the increased flexibility in the interaction with different engi-
neering areas, the solution spaces approach has the benefit of being able to define such
intervals as low-level requirements and use them to drive the design during the early
design phase. Yet, it is possible that during later phases, design variables take different
values than the ones specified in the early phase either due to changes inherent in the
design maturity or changes due to uncontrollable sources of uncertainty. Solution spaces
ensure that, as long as these deviations lie within the specified interval, the uncertainty
related to the fulfillment of the high-level requirements is eliminated.

The solution spaces approach requires an efficient and relatively cheap evaluation of
the feasibility of the design. Therefore, the model to be used as evaluator should have
the following main characteristics. On one hand, the functional properties of the system,
upon which the component requirements are being defined, should be directly mapped
to the system level response to evaluate if the high-level requirements are fulfilled. Since
the definition and decomposition of the requirements are carried out during the early
design phase, the evaluator model should use as input only the information available at
this design phase. On the other hand, the evaluation of the feasibility should allow for
a large number of iterations to determine the largest solution space possible. A physics-
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based low-fidelity model used as evaluator model facilitates the implementation of the
solution spaces approach. The kinematic model proposed in Chapter 4, that estimates
the vehicle trajectory during the SOF crash test based in the vehicles properties, fulfills
these conditions.

Three potential benefits are identified when including the solution spaces approach in
the development process. The first one consists on the parallelization of the design tasks.
If the intervals that guarantee the fulfillment of the system requirements are independent,
the detailed engineering of the components can be done in parallel without the explicit
need of evaluating a model of the complete system to assess the feasibility of the design.
The second benefit is that the interval itself can be used as a constraint during the detailed
engineering phase and other relevant objectives, such as weight and production cost, can
be optimized at the component level. The use of intervals in the optimization process
improves the chances of obtaining lightweight designs that do not impose deviations to
the functional properties jeopardizing thus the fulfillment of the high-level requirements.
The third benefit is that, even if the functional properties vary in a later design phase
due to the influence of manufacturing or other sources of uncertainty, the system will still
be able to reach its targets as long as such variations do not surpass the defined intervals.
For these reasons, the use of solution spaces improves the robustness of the system.

Robustness "Real-world crashes often occur in scenarios dissimilar to laboratory bar-
rier crash set-ups" (Wagstrom et al., 2013, p. 385). Dissimilarities between the evaluation
conditions specified in the crash test protocols and the real-world environments are con-
sidered in the work of Wagstrom et al. (2013). They quantify the influence of parameters
such as initial velocities, and vehicle relative orientations on the structural response in
frontal car-to-car crash scenarios. Using finite element models of two identical vehicles,
Wagstrom et al. (2013) identify collision scenarios that produce a significantly different
structural response between the two vehicles. In other words, the robustness of the struc-
ture is assessed by varying the test conditions. A robust structural design is expected
to offer protection to its occupants despite the uncertain real-world crash conditions.
This implies that the probability of meeting the high-level structural requirement should
remain acceptable even when considering uncertain test conditions.

Regardless of the fact that the majority of the models used to design systems and com-
ponents is deterministic, in real-life there are several sources of uncertainties concerning
the test conditions and functional properties of the components that cause a scattered
system’s response. In the automotive industry and specially for crashworthiness design,
authors such as Eichmueller and Meywerk (2020) claim that relevant factors such as the
material properties, e.g. the plastic flow curve, may present variabilities of ±20 MPa;
wall-thickness variations of ±0.01 mm; relative position deviations of the longitudinal
members of ±1 mm and orientation deviations of ±0.5 degrees. Although, the uncer-
tainties may be reduced by avoiding imprecise interface requirements and poorly defined
test environments, real-life applications of systems engineering demand the quantifica-
tion of the effect these uncertainties have on the system’s response and particularly, on
the ability of the system to fulfill the high-level requirements (Kossiakoff et al., 2020). In
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the particular case of the SOF crash test, the suspension subsystem adds to the already
known sources of uncertainty present in crashworthiness. The mechanical properties of
the linkages and their connections to the knuckle and sub-frame, the rupture behavior
of the wheel as well as the interaction of the tire with the rest of the structure and the
barrier can significantly influence the system’s response. The study of the effect of these
uncertainty sources and their classification in the context of crashworthiness design is
the focus of Section 6.2.

1.1. Aims and objectives

The aim of this work is to develop a framework for the crashworthiness design for the
SOF load case. Combining the best components of the legacy processes, as well as innova-
tive, physics- and statistics-based methodologies, this work uses the systems engineering
framework to develop a design strategy that accelerates the crashworthiness design while
producing robust structures capable of efficiently fulfilling the requirements of the SOF
load case. The complex design process, starting from the early design phase and finishing
with the official crash test of the series production vehicles, can be standardized in order
to accelerate it. Figure 1.1 presents the design framework proposed in this work.

This process is triggered by the introduction a new vehicle concept with a given set of
vehicle characteristics such as vehicle type and proportions. From early on, the target
structural ratings for each load case, including the SOF load case, are defined. Tak-
ing this full-vehicle primary structural target as a base, this work proposes a systematic
decomposition into load-path and component requirements. The requirement decomposi-
tion demands the definition of the functional properties for each level of abstraction. For
this purpose, this methodology introduces a selection of abstract physical quantities, i.e.
component functional properties, in the form of force-displacement curves or resistance-
to-deformation characteristics. These characteristics are used as design variables first
at the full-vehicle level and then at the load-path level, where the decomposed require-
ments are used. The properties are mapped to the structural response via a low-fidelity
kinematic model that efficiently calculates the trajectory of the vehicle during the crash
using only the information available at the early-phase design as input.

The selection of intervals or ranges, within which these design variables should lie
to guarantee the fulfillment of the high-level requirements, is found through the devel-
opment of an enhanced solution spaces approach. The identification of such ranges is
carried out in a Data-driven Solution Space Definition framework. Here, the relationship
between the kinematic behavior at the full-vehicle level and the resulting structure rat-
ing, determined in a correlation analysis using the available crash tests by the IIHS, is
used along with physical and mathematical models to find a set of feasible designs and
their correspondent functional properties. Once these sets of feasible designs or solution
spaces have been defined, the simulation-based design cycle starts. In this cycle, the
functional properties of the initial design are measured in a FE model of the vehicle by
means of a dedicated post-processing routine. Design changes are implemented so that
the low-level requirements are fulfilled following a Solution Space-based Iterative Simu-
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Figure 1.1 Proposed crashworthiness design for the SOF Load Case

lation Scheme, where the fulfillment of the constraints defined by the solution space is
used as the objective function of an optimization procedure.

The robustness of the design is explicitly considered by characterizing and modeling
the relevant sources of uncertainty that affect the structural response in this specific load
case. Efficient sampling algorithms are implemented to maximize the coverage of the
uncertainty space and, at the same time, minimize the necessary number of samples.
Additionally, a novel Robustness Index is introduced to describe the scatter of the re-
sponse of the system and to define objective targets that produce a robust achievement
of the primary structural targets.

When the virtual design cycle has converged to a mature design, hardware tests are
conducted to validate the performance of the vehicle. In order to measure the functional
properties and be able to compare them against the requirements in the hardware phase,
a specialized Crash Event Analysis is here carried out. The Crash Event Analysis is per-
formed through the use of a dedicated force-measurement barrier in combination with a
trajectory reconstruction tool. With this approach, functional properties of individual
components can be recreated enabling the assessment of the fulfillment of the low-level
requirements in the hardware phase. This serves as a tracking mechanism for the per-
formance of the components in case the primary structural targets are not achieved.
Ultimately, when the design process is concluded, the evaluation of the series production
vehicle conducted in the official test by the IIHS serves as definitive validation of the
structural performance of the vehicle.

The present work is structured as follows. An overview of the current design method-
ologies used in the automotive product development, is given in Chapter 2. First, the
well-established Systems Engineering (SE) process is introduced with focus on the cur-
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rent strategies for the implementation of the V-model used for the definition, verification
and validation of requirements. Then, the process of defining high-level requirements
and their decomposition into low-level component requirements is analyzed. Next, the
design phases in the automotive product development process are studied, while estab-
lishing the gaps and areas of improvement of such processes oriented for crashworthiness
design. Additionally, the use of the low-fidelity models in the context of crashworthiness
design is analyzed in parallel to the current techniques available for the calculation of
solution spaces. Afterwards, an examination of the techniques for uncertainty quantifi-
cation and robustness analysis is presented. The state of the art chapter finalizes with
the current methods to analyze and design the structural response of vehicles subjected
to the SOF load case. In Chapter 3, a characterization of the kinematic and structural
behavior of the vehicle is introduced with the objective of establishing the relationships
between selected kinematic parameters and the resulting deformations of the occupant
compartment. Next, Chapter 4 presents a low-fidelity kinematic model, defined for the
full-vehicle and load-path levels, capable of describing the trajectory of the vehicle by
using input parameters such as its mass and proportions. This is followed by the devel-
opment of a SOF specific solution spaces method in Chapter 5. Then, in Chapter 6, the
Solution Space-based Iterative Simulation Scheme has the objective of integrating the
solution space into the virtual design cycle in parallel with the explicit consideration of
the sources of uncertainty. A robustness index is introduced to characterize the response
of the system under the scatter of the relevant input parameters. The kinematic model
and solution spaces are validated by the comparison to the results of a hardware crash
test in Chapter 7. Afterwards, the presented methodologies are applied in a design exer-
cise with the objective of improving the robustness of the response of a vehicle evaluated
with a full-vehicle FE model. Finally, the limitations and outlook of these methodologies
are discussed in Chapters 8 and 9.

Research questions The following questions are established as starting point for this
research and are answered in the following chapters.

• How to accelerate the structural design of vehicles subjected to the SOF crash test?
• How to characterize the kinematic response of vehicles during the SOF crash test?
• How to characterize the structural response of vehicles during the SOF crash test?
• How to represent the SOF crash test with a model suitable for the early design

phase?
• How to calculate solution spaces for the selected functional properties in combina-

tion with a kinematic model?
• How to include the sources of uncertainty in the structural design?
• How to define the robustness of a design?
• How to validate SOF low-fidelity models?
• How to validate solution spaces?
• How to improve the robustness of an existing structural design?
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Innovations presented in this work
• Characterization of the kinematic response of a vehicle subjected to the SOF load

case
• Summarization of the SOF structure rating in a single scalar value
• Identification of kinematic behavior that leads to the robust achievement of a Good

SOF structure rating
• Development of a SOF low-fidelity kinematic model that predicts the vehicle tra-

jectory using high-level properties at full-vehicle and load-path levels
• Further development of the solution spaces method for SOF kinematic model ap-

plications
• Characterization of the sources of uncertainty affecting the SOF load-case
• Definition of a robustness index to characterize the vehicle performance in the SOF

load case
• Development of a crashworthiness design framework for the SOF load case
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Chapter 2

State of the Art

2.1. Systems Engineering

The automotive product development has the objective of creating a system, i.e. a
vehicle, through a series of steps, tasks and operations that use several inputs, such as
information, raw materials and energy sources. This series of steps is called a process
(Bhise, 2017). In the context of product development and Systems Engineering (SE),
the definitions of a system available in the literature (Kuykendall, 2001; Blanchard and
Fabrycky, 2011; Winner, 2013; Bach et al., 2017; Bhise, 2017; Kossiakoff et al., 2020),
coincide in the following points:

• A system contains a set of components or elements that perform together to execute
one or more functions.

• These elements are different to one another and are connected to perform a greater
function not individually achievable by themselves.

• The effect of each component in the system’s response is traceable.
• The decomposition of the system facilitates the definition of low-level requirements

such that, if fulfilled, a high-level target is achieved.
• A system has predefined boundaries and interactions among its elements.
• These boundaries are defined according to the allocation of the system’s functions.
• A system is considered complex if it incorporates a collection of interacting and

diverse elements with intricate relationships with one another.
• The hierarchical structure of a system is populated in the upper levels by the

subsystems which perform a subset of the high-level functions. The lower levels
are reserved for subdivided elements that perform primary functions only when
organized and in coordination with other elements.

SE is a goal-independent and process-oriented methodology for developing complex
systems. The International Council on Systems Engineering, INCOSE, defines SE as an
interdisciplinary means to enable the realization of successful systems by early focus on
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customer needs, documenting requirements, design synthesis, and system validation (IN-
COSE, 2015). SE is a core competence to cope with complex systems in the automotive
world and to ensure that an objectively verifiable methodological framework is put into
place to facilitate the development of optimal solutions for automotive systems (Win-
ner, 2013). The goal of SE is to guide the engineering development of the system as a
whole by selecting the path to follow out of the multiple possible paths (Kossiakoff et al.,
2020). This guidance also considers the uncertainty of two factors that affect the system
performance: the operating environments and the future requirements. The system as a
whole must have an effective performance even under operational environments that are
variable and in continuous evolution, without increased costs or increased complexity.

SE can be understood as a multidisciplinary decision-making engineering process,
whose objective is to design and verify that vehicles fulfill their high-level requirements by
defining component-level specifications. The hierarchical nature of the system is charac-
terized by Bhise (2017) by means of a top-down approach, which interprets the product,
i.e. the vehicle, as a whole system and then decomposes it into lower levels, i.e. subsys-
tems and components. By means of suitably defined specifications, the lower levels are
designed to meet the requirements of the higher levels. Ultimately, systems engineering,
together with other engineering disciplines, has the objective of establishing the vehicle
high-level requirements, allocate the functions to the subsystems in the vehicle and de-
fine the appropriate set of specifications to the low-level entities or components. This
process of formulating requirements, designing and validating the design is formalized in
the so-called V-model.

There are different interpretations of the V-model which are fine-tuned to suit the
needs of specific applications (Fisher, 1998; National Highway Traffic Safety Administra-
tion, 2007; INCOSE, 2015; Bhise, 2017; D'Ambrosio and Soremekun, 2017). However,
a consensus exists on the V-model having these four steps: 1) definition of high-level
requirements and concept, 2) decomposition of systems and definition of requirements
for each design level, 3) design and engineering implementation, and 4) verification and
validation. Figure 2.1 presents an interpretation of the V-model in the context of crash-
worthiness design. The following provides the perspective of different authors on the
aforementioned steps.

1) Definition of high-level requirements and concept. The first decisions regarding
concept solutions and technologies are taken with the support of feasibility studies carried
out through a concept exploration stage, which is subsequently based on the scope of the
project and overall configuration. In the automotive product development, it is during
this step that high-level vehicle characteristics, e.g. vehicle type, intended markets,
power-train location and technology, are defined.

2) Decomposition of systems and definition of requirements for each design level. Tran-
sition from a general overview of the system to a detailed perspective of the system’s spec-
ifications. Several layers of decomposition take place so that the system is divided into
subsystems and components. This decomposition also takes place from the requirements’
point of view. High-level requirements are divided into more detailed specifications that
are allocated at the subsystem and component levels. Besides the specification of the
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functional properties of the components themselves, supplementary requirements on the
interfaces of such components are also needed. During this specification process, it is
ensured that every requirement can be measured and confirmed, otherwise the require-
ment is considered invalid. This aspect implies an increased difficulty in the cascading
and definition of the requirements. However, being able to track down the performance
of every component to understand the root cause in case of a malfunction is specially
advantageous in the system-level validation step. This point also highlights the fact that
a relatively high number of low-level requirements does not necessarily guarantee the
achievement of the high-level objectives. It is actually the quality of the requirements at
the lower level the key for a successful system development.

3) Design and engineering implementation. The core of the V-model is the implementa-
tion of the concept solutions at the component-level, namely the component engineering
and development. Here, the previously defined specifications are transformed into en-
gineering solutions for the lower-level entities of the system. The benefits of a suitable
component specification are relevant during this step. The parallelization of the engineer-
ing of the components is only possible if the development is independent and conducted
without the need to test the complete system in every design iteration.

4) Verification and validation. After the component design, the verification of the
specifications takes place. The verification implies the measurement of the relevant char-
acteristic and the comparison of the value of such characteristic to the upper and lower
limits of the specification. Hardware and virtual tests are performed first at the lowest
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level, i.e. component, and then a sequential integration of components is carried out
with its respective verification test. The objective is to determine if each component and
subsystem meet their requirements, and then in the final step, validate the performance
of the complete system. In order to systematize the documentation of the verification
process, a verification event should be recorded by the responsible individual with the
correspondent test procedure and system configuration, i.e. which combination of com-
ponents is tested. The so-called verification test can be done virtually to simulate a
considerably larger set of test and manufacturing conditions to show that the component
is able to fulfill its requirements despite of variations. The verification is only possible at
the component and subsystem level. Therefore, the validation takes place at the system
level. Through the use of a validation plan to establish the most critical configurations,
the system-level performance and the fulfillment of the high-level requirements is con-
firmed. The official crash test, conducted either by the governmental institution or by
the independent organization, is the final performance validation step in the context of
crashworthiness design.

These four steps are schematically represented in the V-model in Figure 2.1. The left
side defines the system, its components and requirements, the bottom part addresses the
design of the components, and the right side verifies the design specifications and vali-
dates the system performance. The symmetrical nature of the V-model is a reflection of
the relationship between the steps on both sides. During the system requirements anal-
ysis, the verification plan is developed in parallel so that the system engineers explicitly
consider how to verify each requirement as they are being defined (National Highway
Traffic Safety Administration, 2007).

Additionally to the traditional V-model, enhanced techniques that tackle some of the
model’s limitations are available in the literature and presented as follows:

5 Loops V-model. Introduced in the work of Bhise (2017), this enhancement defines
the V-model in five loops: requirement loop, design loop, control loops, verification
loop, and validation loop. The loops represent that several iterations are needed to
define the high-level requirements as well as the decomposition of the lower-levels design
specifications. The iterations ensure that high-level requirements are reached when the
low-level requirements are fulfilled and that low-level requirements are achievable with
the selected technologies.

Decomposition tree. In order to make the system decomposition process in a structured
manner, Bhise (2017) proposes the use of a hierarchical diagram or decomposition tree,
where the subsystems, and components are graphically organized below the system level.
The decomposition tree allows for an efficient traceability of the components.

Onion model. This model is proposed by Fisher (1998) as an alternative to define the
system’s hierarchy and is constructed using the following steps. First, high-level require-
ments are defined along with a high-level model. Second, a high-level physical design,
verification and validation plans are developed. Third, the requirements are traced to the
model, to the design and to the verification plan to confirm that all requirements were
addressed. Fourth, the first three steps are conducted iteratively until every requirement
and every level are considered. This technique iterates over the design levels and offers
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a method to confirm that no requirement is left behind. However, it can become costly
for systems with a relatively high degree of complexity.

Matrix diagram. The use of models as mapping functions between low-level character-
istics and system response enhances the understanding of the system. However, if the
use of models is not possible, Bhise (2017) suggests to use matrix diagrams to document
the input-output relationships by sorting the vehicle characteristics as rows and vehicle
systems in columns and expressing the strength of the relationship with an integer num-
ber starting with 0 representing no relationship and ending with 9 representing a strong
relationship. This matrix diagram provides a basis for the requirement decomposition
but does not help in the definition of the design specifications.

Concurrent design. As documented in the work of Mario et al. (2013), this approach
focuses on the design and engineering step of the V-model and proposes to systematically
decompose the complex design tasks into various subtasks that are conducted in parallel.
This collaborative technique based on an intensive communication exchange also offers
mechanisms to establish clear communication channels. The information exchange is
intensified at the beginning of the design process and clear interfaces between the com-
ponents and subsystems as well as ranges for the specifications are established, so that as
long as the component performance is within specification range, the high-level targets
are achieved. A wide specification range provides more flexibility to the designers and
also reduces the need for increased information exchange.

Simultaneous Engineering. Similarly to concurrent design, this technique prioritizes
the parallelization of the development tasks over serializing them (Mario et al., 2013).
However, this parallelization occurs within the design level of a component itself and not
among components or subsystems. This technique offers the possibility of early identi-
fication of issues with the selected design concept. With this approach, an accelerated
design cycle is made possible at the expense of increased resources and manpower.

Front-loading. This approach presented by Mario et al. (2013) is used to define as
many multi-level requirements as possible during the definition of the high-level targets.
The shift of the resources to the concept step of the V-model as well as the utiliza-
tion of knowledge from previous projects has the intention of reducing the development
time. The availability of knowledge, either from experts or previous projects, is essen-
tial. However, the universe of possible concept solutions is constrained to the previous
implementations, which may lead to stagnation.

Agile SE. The design iterations at the low-level result in an implicit bottom-up ap-
proach contrary to the top-down approach intended by the V-model. The Agile systems
engineering proposed by Kossiakoff et al. (2020) prioritizes the search of alternatives and
their integration solutions. These activities are expected to be done in parallel to the
traditional system engineering activities to avoid the discarding of potential solutions
due to the rework needed to integrate them in the system in the later stages.

Model-based SE. The need of a mapping function between the system response and
the functional properties of the components is addressed by the so-called model-based
Systems Engineering. Friedman and Ghidella (2006) define a model-based design as an
approach that uses a representation of the system, i.e. a model, as a form of an exe-
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cutable specification that designers can rapidly evaluate, modify and integrate into larger
systems. D'Ambrosio and Soremekun (2017) interpret the model-based systems engineer-
ing as a systematically-constructed information repository that uses models instead of
documents as a central element to capture information. In order to avoid a document-
intensive SE approach based on document searches, a model-based is preferred so that
rich queries yield relevant, compact and meaningful information (Kossiakoff et al., 2020).
This strategy is formalized by the use of modeling languages, such as the Unified Mod-
eling Language (UML), and the Systems Modeling Language (SysML). These models
and meta-models or low-fidelity models are used in the early stages of development and
become a central tool for the mapping of system responses and low-level functional prop-
erties. To exploit the potential of the low-fidelity models, the amount of information
needed for the model to work should be minimized to be compatible with the lack of
information present in the early stages of development.

2.2. Definition of Requirements

As described previously, the definition of requirements and their decomposition into the
lower levels is one of the key steps when using the V-model in SE. A requirement specifies
a characteristic of the product that, when evaluated in the test environment, results in
the accomplishment of a given objective (Bhise, 2017). The types of requirements can
be classified according to the hierarchical level in which they are defined and what type
of aspects of the system they evaluate. Kossiakoff et al. (2020) presents in his work the
following classification:

• Functional requirements: refer to the capability of the system to perform a specific
action under a certain operation condition and is defined at the system level.

• Performance requirements: provide details on how the action defined by the func-
tional requirements should be executed.

• Physical requirements: refer to the physical characteristics and attributes of the
system, e.g. weight, volume, material.

• Operational requirements: description of the execution in terms of the operational
outcome.

• System-level requirements: quantitative metrics to specify system performance.
• Component-level requirements: technical details of the functional properties of the

components.
The main benefit of defining requirements across the hierarchical levels of the system

is the parallelization of the design tasks and the traceability of the influence factors of
the system performance. Additionally, the cross-functional interactions are made visi-
ble across the different engineering teams and the transparency regarding the priority
of the system’s performance is increased (Bhise, 2017). The design responsibilities are
also clearly divided among the different areas. Enabling the confirmation of the com-
pleteness of high-level requirements in the early phase. In this way, quick assessments of
design changes and their impact in the vehicle performance are made possible and early
verification procedures can be put into place.
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The requirement development process is costly and time consuming. Considerable
amounts of data may be gathered, together with test results and evaluations, before a
requirement is developed. For this reason, Bhise (2017) states that requirements may
be derived in the first instance from standards, design guidelines, evaluation procedures
and experience from past failures and successes. Independent of the source, the quality
of the requirements should also be evaluated to maximize the chances of project success.
Characteristics of good requirements according to Bhise (2017) are: unambiguity and
completeness, consistent terminology and traceability across the hierarchical structure,
clearness of the conditions of applicability, verifiability (the relevant characteristic can be
measured and compared against its specification), feasibility, and independence of other
requirements at the low level. In contrast, the validation of the requirements implies that
it has been determined that the fulfillment of the requirements at the low-level assures
the achievement of the high-level targets.

In the automotive development process, Bhise (2017) expresses that the definition of
vehicle-level requirements is the focus of the initial phase. These product-level require-
ments define the basic attributes of the vehicle, e.g. cost, size, weight, body-style, safety,
and vehicle dynamics. Even if the details of the implementation are still unknown at
this stage, the information derived from the product-level requirements can be used to
trigger the requirement decomposition of the subsystem levels. In the next sections the
phases of the product development process are examined in detail.

2.3. Product Development Process

As presented in Chapter 1, the cost of implementing design changes in a later phase is
relatively higher than implementing them in the early phase. The definition of high-level
requirements and their decomposition to the component level allows for the maximiza-
tion of design changes to take place in the early phases. However, the availability of
information on the system and components is limited in the design phase. For this rea-
son, considering the information that is actually available in each development phase is
crucial for the effective definition and implementation of the requirements.

The definitions of the product development phases available in the literature (see for
example, Dowlatshahi (1992); Makkonen (1999); Sellgren (1999); Shephard et al. (2004);
Wall (2007); Weber (2009); Mario et al. (2013); Sandberg et al. (2013); Yadav and Prad-
han (2014); Ulrich and Eppinger (2015); Bhise (2017); Kossiakoff et al. (2020)) offer
already detailed descriptions of the main deliverables and tasks performed in each phase.
The identified product development phases are: 1) product class definition, 2) early phase
design, 3) simulation-driven design, and 4) hardware-based validation. The character-
ization of the development phases is here re-formulated in terms of the availability of
information at each phase and framed in the crashworthiness design context to reveal
potential gaps in the current task decomposition approaches.
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2.3.1. Product Class Definition

In the first phase, called product class definition or definition phase, the idea of creating
a new product is generated together with a time-horizon towards the release of the
product. The initial characteristics as well as the high-level requirements definition are
based on market research and regulations of target markets, including crashworthiness
assessments. These characteristics are expressed as the type of vehicle to be developed
in terms of shape, size and styling. As stated by Weber (2009), the optics of a vehicle’s
body and proportions are the features that are first perceived by the buyer. The product
class definition phase is where the raw-vehicle properties are defined together with the
product profile and strategy. Such strategy should converge to a consistent set of high-
level requirements for the selected vehicle class. The raw-vehicle properties refer to
the vehicle style and proportions such as the wheel base, wheel size, track, overhangs,
pillars’ shape and belt line. This geometrical features trigger other conceptual dimensions
such as the wheel house size, front rail transversal position, and pillar positions and
dimensions. As a result of these geometrical definitions, the exterior and the interior
structural components of the vehicle’s body are roughly positioned in a preliminary 2-D
packaging process, in which geometrical conflicts are identified and resolved. According
to Bhise (2017), the high-level vehicle specifications defined in this phase are:

• vehicle type, body-style and size;
• exterior dimensions, e.g. length, width, height, cowl position, windshield slope

angle, wheelbase, overhangs, track, ground clearance and approach angles;
• interior dimensions, e.g. seating reference point, pedal position, head, leg, knee

and hip room for all occupants;
• longitudinal and lateral motion performance, e.g. acceleration times, maximum

speed, stopping distance, turning radius and lateral acceleration while turning;
• energy efficiency and range.

With vehicle characteristics such as the overall dimensions, longitudinal and lateral
motion performance, together with the energy efficiency and range, full vehicles properties
such as total mass and rotational inertia are derived. This phase also includes the
evaluation of economic feasibility and development of a framework for the evaluation
of the component and system properties. Additionally to the overall vehicle shape and
size, Bhise (2017) includes in this first phase the so-called pre-program planning. This
planning involves the definition of the mission statement of the vehicle program based
on the consumer needs and set of primary specifications for this particular vehicle class.

2.3.2. Early-phase Design

The information set derived in the product class definition phase enables the subsequent
early-phase design to develop the system properties and requirements with a higher level
of detail. The main purpose of the early-phase design is to get to a level of detail
that is enough to determine if the design can meet all the high-level requirements and
component targets. Therefore, the target agreement represents a central milestone of
this design phase. The main derivable of the early-phase design, often called concept
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phase, is a product and production concept that is technically and financially feasible
indicating that the production and project targets are within reach by using the selected
technologies.

In the early-phase design different solution concepts, that may also involve different
technologies, are proposed and evaluated technically and accordingly to the business
plan (Bhise, 2017). The solution concepts are conceived in the form of coarse CAD
models of the interior and exterior of the vehicle. The tools to evaluate the alternative
concepts are market research clinics, technical reviews and early-phase simulations. Low-
fidelity models can be used to analyze the feasibility of the high-level requirements and its
implementation at the component level. Even if these low-fidelity models do not provide
the same level of detail of a later-phase simulation, they are useful tools to predict if
the targets are achievable even if the industrialization of the product has not been yet
detailed, particularly when considering the economic commitment implied by the concept
selection.

2.3.3. Simulation-driven Design

The simulation-based design is a process where the primary means to evaluate the per-
formance and verify requirements is the simulation. It takes place at two different stages
of design: the first one immediately after the target definition where simulations serve
as evaluations of the feasibility of the targets; the second one when the continuation of
the project to mass production is confirmed and simulations are used to consider the
design changes due to the industrialization and manufacturing processes. The virtual
product design phase, also called engineering design phase or detailed engineering, fo-
cuses in the design, testing and analysis of the system’s components and the system as a
whole. This detailed design converges to the release of the interior and exterior surfaces
of the vehicle’s structure up to the lowest level, where the component design triggers the
manufacturing process for tooling and the supply chain. To efficiently reach this level of
detail, e.g. geometry, material specification, surface properties, considering the restricted
time-frames, virtual tools are used in a simulation-driven product development frame-
work. The main goal is to predict the behavior of the components without the need of
physical prototypes with acceptable accuracy. After several design iterations, simulations
ensure that the components meet their requirements.

The benefits of a simulation-driven design are particularly evident in the early stages,
where the ability to choose the optimal solution far outweigh the cost of implementing
the necessary design changes to integrate them. This approach not only allows for the
efficient verification of the solutions but also enables an open dialog with the other
stakeholders involved in the product design to generate optimized solutions. The work
units of the simulation-driven design are the system and component models. Different
models are used for different purposes: economic models are used to evaluate market-
relevant or business-case-relevant data; process models are used to design the information
workforce; functional and geometrical models are used to predict, analyze and evaluate
the influence that technical characteristics of the components have on the fulfillment of
the high-level requirements.
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Being the geometrical integration one of the key components of this virtual product
design phase, Computer Aided Design (CAD) models serve not only to identify static
interferences, clearances and collisions, but also to analyze operational movements. The
wheel envelope, which accommodates all of the possible steering and suspension-travel
movements, exemplifies a relevant geometric integration and operational movement anal-
ysis that directly affects the available space for the front structure of the vehicle and
potentially influences the crash performance. The detailed crash behavior of the vehicle
is evaluated using specialized virtual design tools such as FE models.

These models use discretized geometries derived from the 3-D CAD models with ma-
terial characteristics and boundary conditions assigned with the objective of predicting
the relevant mechanical responses of the vehicle when subjected to a particular load
case. The use of the FEM involves three main steps: pre-processing, solution, and post-
processing. During the pre-processing step, the discretization and simplification of the
physical system is conducted; next, the solution process involves a numerical solution
of the governing equations over the modeled space; finally, during the post-processing
step the relevant output quantities are extracted from the simulation. Given that the
cost of performing a full-vehicle crash test using physical prototypes lies in the range of
millions of euros, the most elaborated simulation methods, e.g. explicit finite element
models (EFEM), are used during the vehicle development framework (Weber, 2009). In
these models the accuracy of the simulations should be such that the result of the hard-
ware test confirms the observations obtained from the simulations (Weber, 2009). Even
if the monetary costs of the evaluation of physical prototypes are magnitudes greater
than the computational costs associated to virtual crash testing, the creation of models
and further evaluation is an intricate process. A state-of-the-art EFEM of a full vehicle
contains ca. 10 million shell elements, with an edge length between 3 to 10mm, and
requires up to 30h using 400 CPUs (Jergeus, 2018). At the early-phase design, the lack
of information about the secondary subsystems, i.e. interior and exterior trims, leads
to the use of reduced models, where only the structural components and other relevant
subsystems, such as the power-train, are explicitly represented. The primary information
extracted from the EFEM corresponds to the nodal displacements, i.e. structure defor-
mation, acceleration and force measurements of the virtual test dummy. The secondary
information set corresponds to the section and contact forces, internal energy values,
plastic deformation, damage and failure values of the sheet metal and solid components,
as well as the state of the joining elements such as structural adhesives, spot- and seam
welds. Herewith, the component and system level requirements are virtually verified.

Considering the benefits of the use of a simulation-driven design, this approach has
become predominant in the automotive industry as the primary tool for decision-making.
However, as Youn et al. (2011) states, issues related to the uncertainty and scatter on
the component properties and test conditions that affect the systems response should
be studied. A calibration plan is often implemented for this purpose. Here, the design
engineers start from the system-level and select key performance indicators and then
trace the influence of each component-level property. Additionally, a calibrated execution
identifies the predictive models, where both known and unknown input variables co-
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exist. Finally, through the use of a statistical calibration technique the results of the
simulations are compared with physical tests. An improved level of accuracy is reached
after optimizing the response of the simulation, taking the unknown inputs as design
variables and minimizing the statistical deviation to the physical results.

The analysis of the influence of uncertainty on the system performance and the subse-
quent design improvements leads to a more robust system. The characterization of these
uncertainties as well as the efficient evaluation and analysis of their influence are the
main facilitators when explicitly considering uncertainty in the design process. Method-
ologies such as the use of low-fidelity models and the solution spaces approach for the
early-phase design, as well as the robustness analysis for the simulation-driven design
phase can be used to address this topic. They have however not been applied together
in a crashworthiness application for the Small Overlap load case. This work addresses
this gap.

2.3.4. Hardware-based Design Verification and Validation

It is the objective of this phase to evaluate the performance of the individual system
components and the whole assembly as well as their integration into a complete working
system. It includes developing a test environment to analyze the performance of the full
vehicle (Kossiakoff et al., 2020). A so-called test and evaluation master plan (TEMP) is
used to define the critical configurations to be tested in hardware form.

The need for hardware tests becomes especially relevant during two different devel-
opment phases. The first phase corresponds to the early prototypes. Here, the need to
confirm the simulation results is key to continue towards the design freeze of the tool-
ing required for the series production. These prototypes have a relatively high cost and
the information extracted from the real crash tests is essential to identify any deviation
from the investigations using the virtual prototypes. The second phase is the pre-series
evaluation. At this later phase, the structural design of the vehicle is evaluated and the
series manufacturing processes are assessed. Any changes required at this phase involve
a relatively high cost due to the implicit design change needed in the tooling.

In contrast to the virtual design phase, a considerable allocation of resources may
be needed to implement output analyzers that convert the physical measures obtained
from the tests into quantities that are used to determine if the multi-level requirements
were fulfilled. The three main sources of information in a crash test are: a) the accel-
eration, force, and rotational velocity signals from sensors in the test dummy, vehicle
and barrier, b) the high-speed video footage and c) the post-crash static deformation
measurements. According to Weber (2009), up to 20 high speed cameras capture the
three-dimensional motion during the crash and ca. 35,000 data items are recorded per
dummy. Considering the frontal impact and rating requirement example of Chapter 1,
the Head Injury Criteria (HIC) and chest acceleration can be directly obtained from the
analysis of the signals captured by the sensors of the test dummy along with the deceler-
ation and deformation of the occupant compartment. However, the functional properties
such as force-displacement curves and energy absorption at the component level can only
be estimated by analyzing their deformation. The lack of hardware options to measure
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force-displacement characteristics at the component level represents a setback in the ver-
ification of the requirements process during the hardware test phases. To fill this gap,
this work introduces a methodology to extract all of the information required for the
verification of the requirements from the system to component level, based on the use
of a dedicated force-measurement barrier for the Small Overlap load case, presented by
Silva and Parera (2016).

2.4. Low-fidelity Models for Crashworthiness Design

The development of low-level requirements in the context of SE requires the mapping of
the functional properties at the component level to the system-level response. The models
used for this mapping, on one hand, have to provide an acceptable level of accuracy, while
on the other hand, must be able to operate without detailed information on the system
and its components. This potentially contradictory condition is tackled by developing
models that are based on first principles simplifying thus the physics of the phenomenon.
In this way, global properties such as masses and approximated geometries, which are
available at the early phase, are sufficient to generate the necessary output to drive the
design in the early phase. One of the first registered examples of the use of low-fidelity
models in the context of automotive product development is documented in the work
of Mario et al. (2013). It consists of a simplified single track model for the calculation
of driving characteristics and was introduced by Riekert and Schunck (1940). In the
context of crashworthiness, one of the first low-fidelity models is presented by Kamal
(1970). This model consists of a system of spring and mass elements representing the
structure of a vehicle and its response during a frontal impact. Nowadays, the approach
of using simplified and low-fidelity models for crashworthiness is an extended practice in
the automotive industry, considering that they enable a decision-making process without
the need of detailed information about the system to be developed. However, a variety
of low-fidelity approaches exists, each providing its own set of limitations and benefits.
Therefore, an examination of the methods to determine their suitability and applicability
to the design phase in question is crucial. In this section, different types of low-fidelity
models are studied, in particular with regards to their potential to be used in the early
design phase, the load cases they can represent as well as their use in the context of
robustness analysis and the solution spaces methodology.

A comprehensive classification of low-fidelity models used for crashworthiness design
according the methodology used for their creation is provided in the works of Duddeck
and Wehrle (2015); Fang et al. (2016); Vangi (2020); Noorsumar et al. (2021). The
classification used in this work, presented in Table 2.1, incorporates the distinctions made
by these authors and offers a global perspective on the methods available. The model
classes identified are: crash pulse models, analytic and semi-analytic models, multi-body
models, reduced order dynamic models or lumped-mass models, non-linear finite element
models and response surface models.
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Table 2.1 Low-fidelity models for crashworthiness design

Crash
Pulse
models

The pulse of the vehicle experimented during a crash event is modeled
by using mathematical functions that represent the acceleration of the
passenger compartment.

Sub-
categories: • Halfsine pulse shape: A sine function with the pulse duration and max-

imum acceleration as parameters is used for the approximation of the
pulse.

• Haversine pulse shape: A quadratic sine function is used to represent
better the initial phase of the pulse curve. It uses the same parameters
as the halfsine pulse shape model.

• Triangular pulse shape: The pulse is characterized by a maximum value
of acceleration and the time at which this maximum value occurs.

• Macmillan model: A polynomial is used for pulse characterization. The
formulation of the polynomial must ensure that the acceleration at t0
equals to 0, a single maximum value is reached and that the slope of the
acceleration curve tends to zero towards the end of the crash.

• Direct integration of the force-displacement curves: The force-
displacement curves of the spring elements can be arbitrarily defined,
e.g. piecewise linear, and are integrated numerically to obtain the ac-
celeration, velocities and displacement time-series.

Relevant
authors:

Cheng (2002); Varat and Husher (2003); Gu et al. (2005); Woolley (2008);
Huang (2002); Wei et al. (2015); Wei (2017)

Analytic
& semi-
analytic
models

Collapse theory and limit analysis are used to characterize the behavior of
components. The macro-element and super folding methods are used for
applications with beam-like components subjected to axial and bending
loads.

Relevant
authors:

Wierzbicki and Abramowicz (1983); Abramowicz and Jones (1984); Kim
et al. (1996); Liu (2005); Halgrin et al. (2008); Tran et al. (2014); Georgiou
and Zeguer (2018); Gui et al. (2018)
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Table 2.1 (continue) Low-fidelity models for crashworthiness design

Multi-
body
models

The relative motion of the components is dictated by a structure of rigid
bodies connected by joints. These models typically based in the La-
grangian method and the governing equations of the system are solved
numerically.

Relevant
authors:

Coulomb (1785); Denavit and Hartenberg (1955); Pars and Lagrange
(1966); Dopker (1988); King et al. (1972); Barley and Cripps (1992);
Kortüm (1993); Ambrósio and Dias (2007); Sousa et al. (2008); Larsson
(2001); Hegazy et al. (2000); Rahnejat (2000); Portal and Dias (2006); Car-
valho et al. (2010); Carvalho and Ambrósio (2010); Elkady et al. (2012b);
Nikravesh (2012); Hassan et al. (2019); Shi et al. (2019)

Reduced
order
dynamic
models

The degrees of freedom of the system are reduced by representing the rigid
components as concentrated masses and the deformable components are
linear and non-linear springs and dampers. The energy conservation laws
are used to setup the governing equations and calculate the motion of the
relevant portions of the structure. These models are often referred to as
lumped-parameter models or lumped-mass models (LPM). For structural
applications, the passenger compartment is represented as a single lumped
mass.

Sub-
categories: • Campbell model: The force-displacement curve takes its most elemental

representation by utilizing a constant stiffness. A minimum force value
defines the point beyond no further deformations are allowed.

• McHenry model: Using the Campbell model as a base, a restitution
phase, with an additional slope, is introduced for unloading conditions.

• Kelvin model: A damper parallel to the spring is added to the system.
• Impulsive models: Neither the duration of the impact nor the deforma-

tion of the vehicles are explicitly considered. The velocities of the bodies
after the impact are calculated assuming rigid body motions and using
the conservation of energy and linear and angular momentum.

Relevant
authors:

Sharp and Goodall (1969); Kamal (1970); Tomassoni (1984); Trella and
Kanianthra (1985); Mentzer et al. (1992); Cheva et al. (1996); Brach and
Brach (1998); Kim et al. (2001); Kim and Arora (2003a,b); Dias and
Pereira (2004); Elmarakbi and Zu (2005); Marler et al. (2006); Dong et al.
(2007); Jonsén et al. (2009); Elkady et al. (2011, 2012b,a); Marzbanrad and
Pahlavani (2011); Elkady and Elmarakbi (2012); Elmarakbi et al. (2013);
Fender et al. (2013); Graff (2013); Pahlavani and Marzbanrad (2015); Graff
et al. (2016); Ionut et al. (2017); Jazar (2017); Munyazikwiye et al. (2018);
Prochowski et al. (2018); Lange et al. (2018b)
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Table 2.1 (continue) Low-fidelity models for crashworthiness design

Non-
linear
finite
element
models

Boundary value problems for partial differential equations are solved us-
ing the explicit finite element method. The vehicle is discretized using
the CAD geometries as base, and therefore, the level of detail required is
relatively high. These models are used intensively during the simulation-
driven design phase. The non-linear mechanisms present in this type of
models include: contact, large plastic deformations and rotations, and fail-
ure. Different simplification techniques are applied to these type of models
to allow their application during the early phases. Components originally
represented by shell or solid elements, that are not the main focus of the
study, are replaced by less detailed representations, i.e. beam, springs,
rigid, and mass elements. Fidelity is lost in the areas of lower relevance,
while the main focus areas maintain their detailed representation.

Sub-
categories: • Sub-structure modeling: A section of the vehicle’s structure is cut so

that the relevant portion remains. The interface is modeled through the
introduction of prescribed boundary conditions.

• Hybrid Nonlinear FE–rigid body: Less relevant parts of the structure
are replaced by rigid bodies and concentrated mass elements.

• Hybrid Nonlinear FE–elastic FE: Components with only elastic defor-
mations are assigned elastic-only materials and computed with implicit
methods.

• Hybrid fine–rough FE mesh: regions of less interest are discretized using
a coarser mesh. Space mapping techniques are also utilized to map
relevant results from the coarser mesh to the finer discretized regions
following a multi-fidelity approach.

Relevant
authors:

Hrennikoff (1941); Courant (1943); Clough (1960); Pifko and Winter
(1981); Benson et al. (1986); Howard et al. (2000); Kirkpatrick et al.
(2003); Kiefer et al. (2004); Redhe (2004); Böttcher et al. (2005); Redhe
and Nilsson (2005); Spethmann et al. (2006); Jonsén et al. (2009); Singh
(2009); Chen et al. (2012); Gutermuth et al. (2013); Rayamajhi (2014); Ra-
maswamy et al. (2016); Meng et al. (2017); Schäffer et al. (2017); Schäffer
et al. (2018); Numata et al. (2018); Pak et al. (2019); Xueyan et al. (2019);
Noorsumar et al. (2020); Yu et al. (2020); Putra et al. (2021)
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Response
surface
models

The input and output relationships of the system are established by a sta-
tistical approximation model. The main steps for the creation of these
models are: design of experiments, data collection and data fitting. These
models are relatively cheap to evaluate but require a base model, usually
a finite element model, to generate the samples to be used in the recon-
struction of the input-output behavior.

Sub-
categories: • Polynomial response surface: Works well in the problems with <10 vari-

ables and problems with random errors. Adequate for predicting energy
absorption.

• Radial basis function: Relatively insensitive to sample size in terms of
accuracy and robustness. Adequate for predicting maximum accelera-
tion.

• Kriging: Suitable for problems with <50 variables. Relatively sensitive
to the noise due to the interpolation of the sample data.

• Artificial neural network: Adequate for very large design problems with
ca. 10,000 parameters.

• Successive surrogate modeling: Iterative and sequential sampling of re-
gions of interest to improve accuracy.

Relevant
authors:

Box and Wilson (1951); Free et al. (1976); Cox and Baybutt (1981); Myers
et al. (1989); Omar et al. (1998); Gu et al. (2005); Ghannam et al. (2011);
Shi et al. (2012); Munyazikwiye et al. (2013); Shahidi and Pakzad (2013);
Zuolong et al. (2015); Munyazikwiye et al. (2017); Usta et al. (2018); Şe-
naras (2019); Anselma et al. (2020); Yu et al. (2020)

The level of detail of the information required for the previously described models for
the crashworthiness design significantly varies from one model to another. On one end,
the non-linear finite element models require detailed information about the geometry
to be discretized, as well as the material characteristics and contact conditions. These
models are used to represent a wide range of load cases, including rigid, deformable,
moving and stationary barriers. On the other end, the crash pulse models are able
to characterize the structure’s acceleration response to the impact without the explicit
consideration of detailed vehicle characteristics. However, they provide no information
regarding the deformation of the structural components. In the case of the response
surface models, the accuracy of the model is implicitly defined by the type of model used
to create the input-output relationships. Therefore, this type of models cannot be used
in the early phase if the intended design deviates from the available high-fidelity models
that could be used to train the response surface. Considering the analytical and semi-
analytical models, the current collapse and limit theories are only available for a limited
number of cross-sections and loading conditions. Moreover, these models need as input
detailed information such as the cross-section and material characteristics. This suggests
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that multi-body models and lumped-mass models are the best candidates for intensive
use during the early design phase. The LPM offer a sufficient level of abstraction to
represent the energy absorption, force levels and vehicle kinematics needed to guide the
design in the early phase. Additionally, they can be defined at the component and system
levels. Since the force-deformation characteristics are consequences of the combination
of material, cross-section and deformation behavior, the level of detail needed to define
these models is minimum. Only a coarse approximation of the topology of the structure
is sufficient to define such models. Vehicle components in these models are represented
by springs, beams, damper and mass elements. Beam elements are able to represent
more complex deformation behaviors and loading conditions than the spring elements.
However, considerably more effort is necessary for the definition and measurement of
their functional properties, e.g. moment-angle and torsion-twist characteristics. Several
methodologies are available that define efficient system identification procedures for the
lumped-mass models using linear and non-linear spring elements (Kim et al., 2001; Kim
and Arora, 2003a,b; Marler et al., 2006; Marzbanrad and Pahlavani, 2011; Fender et al.,
2013; Pahlavani and Marzbanrad, 2015; Munyazikwiye et al., 2018). The relatively low
computational costs of these models allow their use in solution space methodologies as
well as in robustness and uncertainty analysis. As long as the output response can be used
to guide the crashworthiness design, the simpler the model and the cheaper its design
feasibility evaluation, the more successful is its implementation in the early phase.

Despite the methodology to develop the aforementioned low-fidelity models, their ap-
plicability has been limited to the following load cases including the full-frontal impact
with a rigid barrier, frontal oblique and offset impact with deformable barrier, side im-
pact with rigid and deformable barrier as well as rear impact and roof crush (Vangi,
2020). The Small Overlap load case has been underrepresented in the context of low-
fidelity modeling. The works of Thomas (2011); Brach et al. (2014); Mueller et al. (2014)
in the context of planar impact mechanics, and Schäffer et al. (2018) for sub-structure
modeling are efforts to represent this load case using low-fidelity models. However, these
models have not been used in the early design phase, considering that, on one hand,
the level of detail of the input data is not suitable for this particular design phase and
on the other hand, the functional properties at the low-level are not directly mapped to
the high-level requirements. This gap is recognized in this work. Moreover, the current
available models are studied in detail in Section 2.7 with the objective of developing a
suitable low-fidelity model for the early design phase for the Small Overlap load case.

2.5. Solution Spaces

The basic principle of the solution space approach is to create independent intervals for
each functional property of the system at the lower levels. Following this approach, it
is ensured that the high-level targets are achieved as long as the functional properties
lie within these intervals. Methods following these set-based design principle have been
proposed by multiple authors (Ward and Seering, 1993; Ward et al., 1995; McKenney
et al., 2011; Kennedy et al., 2014). Other approaches, such as the ones from Milanese
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et al. (1996); Rocco et al. (2003); Naujoks et al. (2005); Harwood and Barton (2017),
have formalized the solution spaces methodology for general applications. However, the
solution spaces approach has been further developed for automotive applications in the
works of Lehar and Zimmermann (2012); Zimmermann and von Hoessle (2013); Fender
(2014); Fender et al. (2014); Song et al. (2015, 2018); Graff et al. (2016); Fender et al.
(2016); Lange et al. (2018a); Vogt et al. (2018); Erschen et al. (2018); Harbrecht et al.
(2019); Daub et al. (2020); Roetzer et al. (2020); Kundla et al. (2020); Harbrecht et al.
(2021). The following summary of the concepts and specificities of the solution spaces
methodologies in the context of crashworthiness aims to identify which crash load cases
have been represented so far and what are the limitations of the currently available
approaches.

A robust structural design for crashworthiness is expected to reach all predefined tar-
gets and fulfill all of the high-level requirements even if the functional properties of a
certain component in the vehicle’s structure present a deviation from the specific design
value. This is not true in optimized designs that do not explicitly consider sources of
uncertainty, as they tend to be sensitive to parameter changes and thus, do not offer a
robust response. Tolerance to variations of the functional properties is essential in crash-
worthiness applications. As Zimmermann and von Hoessle (2013) state, the tolerance to
these variations is measured by the size of the solution space that guarantees that the
system’s response is acceptable.

Considering a list of design parameters to represent the functional properties of each
component in question, Zimmermann and von Hoessle (2013) define the solution space
as a multi-dimensional box or hyper-cuboid with permissible intervals. Their proposed
method aims to find the largest solution space possible that ensures that if all design
variables lie within the permissible interval, the vehicle as a whole achieves its targets. At
the same time they aim to define the permissible range of each component independent
of the behavior of other components. Moreover, their algorithm uses interval boundaries,
rather than the design parameters themselves, as degrees of freedom. It uses the following
essential steps for the calculation of the solution space. First, an iterative sampling of a
candidate box-shaped region of the design space is conducted. Second, a readjustment of
the regions boundaries is executed to increase the percentage of feasible designs inside the
multi-dimensional box. These two steps are carried out during two distinct phases called
exploration and consolidation. In the exploration phase, sample designs are generated
using a Monte Carlo scheme assuming a uniform distribution over a candidate box.
Afterwards, the feasibility of the samples is evaluated. Then, a subset inside the candidate
box with the maximum volume with feasible designs is identified. This phase is repeated
until the position of the multi-dimensional box does not change. During the consolidation
phase, a subset containing a specified minimum of feasible designs is identified by moving
the boundaries of the box. This calculation is called indirect because the boundaries of
the solution space are indirectly detected by evaluating all the sample points. In contrast,
a direct evaluation only evaluates the feasibility of the design at the corners of the sample
space, as it is later introduced by Fender et al. (2016).

The method proposed in the work of Zimmermann and von Hoessle (2013) is applied
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to a lumped-mass model representing a simplified version of a vehicle’s frontal struc-
ture subjected to the US New Car Assessment Program (USNCAP) frontal crash load
case. The lumped-mass model contains two ideally plastic unidimensional deformable
elements, with constant force levels and located in series with a mass element connected
to the second element, representing the total mass of the vehicle. The first element con-
tacts a rigid barrier and an initial velocity is applied to the mass to excite the system.
The requirements of the systems are: the deceleration of the mass should not exceed a
maximum value, the deformation should start in the first element, and the initial kinetic
energy of the system should be absorbed by the deformation elements before reaching
a maximum deformation value. After applying the proposed solution space algorithm,
permissible intervals, fulfilling the aforementioned constraints, in the form of upper and
lower boundaries for the forces of the two deformation elements are identified. Zimmer-
mann and von Hoessle (2013) state that specially during the early design phases a larger
solution space, with an acceptable probability of containing unfeasible designs, should
be chosen in favor of a smaller one containing only feasible samples in order to maximize
the flexibility of the design process.

Despite the benefits of the solution space approach, Zimmermann and von Hoessle
(2013) acknowledge the following limitations of the method. On one side, the conver-
gence of the algorithm tends to be slower for high-dimensional problems since more
intervals need to be moved to find the multi-dimensional box. On the other side, the
optimal shape of the box is not guaranteed since local optima may produce an earlier
convergence of its position and consequent shape. The repeatability of the method is
affected by the non-deterministic nature of the sampling. Also, unfeasible designs may
coexist in the same space but may go undetected by the sampling scheme. The method
proposed by Zimmermann and von Hoessle (2013) was further analyzed in the work of
Graff et al. (2016) and tested against benchmarks with analytical solutions. They find
that for problems with disconnected regions, i.e. not only convex feasible domains, the
solution may converge to a local optimum because the algorithm is only able to move
the candidate box inside regions that produce large enough growth rates of the feasible
solutions. Additionally, it was found that the volume of the solution box increases with
an increased number of samples, and at the same time the convergence speed decreases.
This last point confirms that this method is computationally expensive when calculating
large solution spaces for high-dimensional problems.

The method of Zimmermann and von Hoessle (2013) is extended by Fender et al.
(2014) with the goal of identifying the parameters that an adjustment to their permissible
intervals highly increases the share of feasible designs and reduces the effort to change a
bad design into a good design. Fender et al. (2014) claim that by formulating appropriate
constraints upon the design parameters themselves, a relatively small displacement of
the interval boundaries suffices in some cases to achieve the feasibility of the complete
system. The USNCAP front crash setup and constraints introduced by Zimmermann
and von Hoessle (2013) are used to exemplify that if a design lies close enough to the
acceleration, energy absorption and order of deformation constraints, and one of the
force levels of the deformation elements is fixed, further displacement of the second
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force level results in a relatively larger solution space. Such key parameters, which
significantly contribute to having a feasible system by undergoing minimum changes, can
be identified in the solutions space’s algorithm if slightly modified. This modification
consists of calculating the distance of a certain parameter to the constraint characterized
by a constraint-violation error, in addition to calculating the share of feasible designs.

Measurements to reduce the highly computational costs involved in the indirect solu-
tion space calculation are presented in the work of Fender et al. (2016). They propose
describing the inequality constraints and objective function with a linear formulation.
This allows the use of efficient techniques for linear programming such as the interior
point method presented in Nocedal and Wright (2006). In the previous approach, a
model is evaluated at each sample point and iteration to assess the feasibility of a design.
This direct method only evaluates the constraint violation at the corners of the multi-
dimensional box, which results in a decrease of the calculation time. Using the simplified
front crash load case presented by Zimmermann and von Hoessle (2013), Fender et al.
(2016) use the direct method to calculate a solution space that proves to lie within the
boundaries computed with the indirect method. However, the reduction in computa-
tional costs come with the disadvantage that the solution space is smaller in size when
compared to the results of the indirect approach because the direct approach ensures that
all the corners of the box do not violate their constraints. This situation is aggravated
in the case of high-dimensional problems.

In order to increase the size of the solution spaces obtained with the direct method, a
relaxation scheme is proposed by Lange et al. (2018a). The constraints of the analyzed
problem, i.e. the simplified front crash load case, are linear; therefore, it is sufficient to
evaluate the vertices of the solution space to obtain a convex feasible solution. Designs
with some parameters in the middle of their intervals, i.e. outperforming the constraints,
may have enabled other parameters to have a larger interval if these parameters were
located closer to the constraints but still in the feasible space. To allow the search for
a larger solution space, Lange et al. (2018a) propose a manipulation of the constraints
by replacing the box-shaped spaces to an ellipsoidal uncertainty set that is evaluated
at an interior point around the center of the ellipsoid. Additionally, the possibility to
fix a − priori some predetermined segments of the solution space is presented in this
relaxation approach offering an increased flexibility in the design process.

The solution space approach is further enhanced in the work of Vogt et al. (2018) by
introducing a distinction between early-decision variables and late-decision variables in
context of the so-called solution-compensation spaces. On one hand, the early-decision
variables correspond to parameters that present a relatively high uncertainty and must
be treated as intervals during the early design phase. The sensitivity of the system’s
response to these variables is relatively high in comparison to the rest of the parameter
set. On the other hand, the late-decision variables can be adjusted to take any specific
value inside a predetermined design interval and are therefore more controllable. During
the component design phase a value is assigned to the early-decision variables. Then, this
approach adds a compensation phase for the late-decision variables, where their values are
selected ensuring that these, along with the early-decision variables, produce a feasible
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design. This is achieved by projecting the design interval of late-decision variables into
the solution space of early-decision variables and then evaluating the constraints to find
the solution space for the late-decision variables. This approach is applied in Vogt et al.
(2018) to a driving dynamics setup, where a quasi-steady state cornering, ramp steering,
and sine with dwell load case are evaluated.

The geometrical mismatch of the feasible design space and the axis-parallel solution
spaces often leads to solution spaces that are impractical for real engineering applications.
The work of Erschen et al. (2018) proposes an alternative to deal with this issue where
pairs of variables are coupled in so-called 2-D spaces which are, in turn, confined by
polygons. In this way, the solution space is formed by the Cartesian product of all the
2-D spaces of each pair of design variables. The maximization of the size of the solution
spaces is carried out by using an interior-point algorithm and is tested effectively in a
chassis design problem.

Another approach to tackle the issue of often small and impractical solution spaces
is presented by Harbrecht et al. (2019). In some cases, the size of the solution space
may be restricted by the axis-parallel orientation of the solution space box. Harbrecht
et al. (2019) increases the size of the solution space by coupling design variables and
allowing two-dimensional box-rotations. The size is considerably increased for cases
when the design variables are strongly correlated. Some variables may be left unpaired
when a large-enough solution space is expected. To identify the best pairs of variables,
the covariance matrix of the feasible design points is calculated in a pre-optimization
step. The benefits of the box-rotation are evident if the correlation analysis can be
leveraged. However, if the paired variables are designed by different engineering teams, a
more intensive communication is needed than in the case of using the uncoupled solution
spaces methodology. This approach is tested in a 6-D vehicle dynamics problem where
the force-velocity, force-displacement, and stiffness characteristics of a set of suspension
components are used as design variables as well as in a 8-D nonlinear acoustics problem
where nine noise transfer paths are designed by having a total noise level as critical value.

Daub et al. (2020) optimizes the shape of the solution space with the objective of
increasing its size. The optimization is accomplished by the decomposition of the per-
formance of the system into the sum of the component performance functions which
are optimized individually. The decomposition does not imply decoupling all the design
variables, which means that a minimum level of coordination with other designers that
have influence over the given component is needed. However, this potential drawback is
compensated by a flexibility increase associated with the larger size of the solution space.
This method is applied to the USNCAP frontal load case problem used by Zimmermann
and von Hoessle (2013) yielding a larger solution space compared to the results obtained
by Zimmermann and von Hoessle (2013).

The work of Harbrecht et al. (2019) and Daub et al. (2020) is expanded by Harbrecht
et al. (2021) by defining the solution spaces as a product of polygons. This polytope
(higher-dimensional polygon) optimization proposed by Harbrecht et al. (2021) yields
much larger solution spaces than the axis-parallel hyperbox originally proposed by Zim-
mermann and von Hoessle (2013). Nonetheless, a loss of flexibility is expected while
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coupling the design variables. Therefore, Harbrecht et al. (2021) suggests that the cou-
pled design variables should lie within the influence of one designer. Otherwise, the
higher level of communication and coordination needed may hinder the benefits of the
larger solution space. The algorithm is based on Monte Carlo sampling iterations that
follow the exploration and consolidation phases as in Harbrecht et al. (2019), and on
evaluations of the size and quality of the polytope. The quality of the polytope is eval-
uated by considering the number of self-intersections, presence of spikes, and minimum
and maximum size of angles. This algorithm is tested on 2-D, 3-D and 10-D problems
producing satisfactory results.

The previous approaches offer suitable techniques for the identification of solution
spaces for the design of a single vehicle with a particular set of characteristics. However,
in the automotive product development, it is often the case that a platform is designed
to accommodate several vehicle styles with different mass and deformation space char-
acteristics.

The work of Song et al. (2015), on the extension of the solution spaces method for
vehicle architectures, offers the possibility to identify common components among these
vehicles to facilitate the design process. Using the USNCAP frontal impact model from
the previous works, candidate components for common usage are identified by examining
their mass, length and position in the frontal structure. To evaluate the feasibility of
the designs simultaneously, the sections of the deformation elements are synchronized
by adding artificial force-deformation sections to ensure that the components that are
candidates for common usage are discretized equally in all of the vehicles to be eval-
uated. Consequently, this synchronization of sections leads to a finer discretization of
the deformable elements and an increased number of degrees of freedom. Additional
equality constraints are also introduced that ensure identical solution spaces for common
components. Moreover, the objective function defining the size of the solution space is
formulated as the sum of squares of each individual interval to ensure convexity. Inside
this function, a weighting factor is used to prioritize the maximization of a particular
interval. Finally, the smooth nature of the force-deformation behavior is also mathemat-
ically enforced by introducing a constraint that minimizes the variation of the interval
widths.

In the same line of commonality optimization, Roetzer et al. (2020) states the question
of weather a maximum commonality approach also equals to a cost-optimal scenario
when dealing with product families. In order to use interchangeable components, these
components should be standardized, which in turn may lead to the over-dimensioning
of such components. Roetzer et al. (2020) proposes three main steps to find the cost-
optimal commonality for product families. First, calculating axis-parallel solution spaces
for each variant of the product family. Second, identifying overlaps of the calculated
solution spaces. Third, using an objective function to minimize the total cost of the
product family (i.e. manufacturing costs, costs related to the complexity of introducing
a new variant, and costs changes related to the economies of scale) to optimize the design
variables. Roetzer et al. (2020) concludes that the selection of the biggest solution space
for each component does not automatically produce a higher commonality between the
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products and that the number of products produced, production/purchasing costs and
cost of a new variant are dominant factors specific to the product and company in question
that determine the cost-optimal commonality.

Even when the presented expansions of the solution spaces methodology increase the
applicability of this technique for crashworthiness scenarios, the main limitation for the
applicability of the method still is the efficient evaluation of the constraints. The feasibil-
ity assessment is available when using the USNCAP frontal load case low-fidelity model
as evaluator or a mathematical formulation of the constraints. However, the broad spec-
trum of load cases in crashworthiness design increases the need for low-fidelity models
for other load cases.

The applicability of the solution spaces approach is expanded with the inclusion of
the rear impact load case, defined in the Federal Motor Vehicle Safety Standard 301
(FMVSS), in the work of Song et al. (2018). This load case involves a moving deformable
barrier (MDB), with an initial velocity contacting the vehicle along its longitudinal axis
with only 70% overlap to the rear structure. Three constraints are considered to evaluate
the feasibility of the design. The first one concerns the maximum force level in the load-
paths. The second one limits the intrusion and deformation of the structure to protect
critical components. This constraint can be interpreted as the absorption of the barrier’s
kinetic energy until the point when both vehicle and barrier have reached the same
velocity and the corresponding maximum deformation that results up to this point. The
third constraint is similar to the order of deformation constraint defined in the frontal
load case. It ensures that due to reparability requirements, the structure deforms from
the rear to the front. Any rotation of the vehicle and barrier are neglected assuming
a one-dimensional load and deformation. Since a MDB is considered, the absorption
of energy takes place not only at the vehicle’s structure but also on the barriers side.
An extraction of the force-deformation characteristics of the barrier is also carried out
by using quasi-static simulations and formulated as a function of the impact location,
impactor shape and deformation level. This results in a resistance to deformation per
unit length. The simplified version of the structure in the work of Song et al. (2018), is
represented by deformation elements showing the available deformation length. Several
parallel load-paths are considered, each with its own deformation level. The contact
surface of the vehicle and the barrier is approximated by square spaces and the barrier’s
force-deformation properties are interpolated from the general characterization obtained
previously. The deformation elements are discretized into sections with assumed constant
force levels. Finally, the evaluation of the non-linear constraints and identification of the
solution space is carried out by using a sequential linear programming technique.

As an effort to expand the application of solution spaces to other engineering disciplines
related to automotive design, Kundla et al. (2020) proposes the usage of artificial neural
networks for subframe design considering the requirements for stiffness, acoustics, crash,
durability, package, manufacturing, assembly, service, mass and costs. The mapping of
the fulfillment of the criteria to the characteristic values of the subframe are captured in
its CAD and FEM representation. In order to accelerate the evaluation of design changes,
a large number of design samples are evaluated and a substitute model is created using
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a neural network. Then, the neural network is used to calculate the solution space.
The study of the available literature makes evident that the development of the solution

spaces approach in the context of crashworthiness has been greatly influenced by the
challenges and specific nature of the models and constraints that represent the different
load cases. This development has produced efficient methods for the representation of
the USNCAP frontal crash and FMVSS 301 rear impact load cases. A need to further
develop this methodology is identified with the aim of calculating solution spaces for other
load cases during the early design phase and defining component level requirements that
streamline the development of the vehicle structures.

2.6. Robustness Analysis

2.6.1. Uncertainty Quantification & Classification

A classification of the uncertainties from the perspective system design is proposed by
Daub and Duddeck (2020). They identify three sources of uncertainty: design variables,
uncontrollable parameters and constraints. The uncertainty affecting the design vari-
ables comes from the lack of detailed information of the design, e.g. geometrical details
or undefined manufacturing processes. The uncontrollable parameters are defined as
the variation in the operating conditions and test environments. Lastly, the constraints
uncertainty (a certain type of model uncertainty) arises from the simplification and ap-
proximation of the real physical objects and their abstraction used for their modeling.

An alternative classification of uncertainties that focuses on their fundamental causes,
rather than only on the system’s perspective, distinguishes two classes: epistemic and
aleatoric uncertainty. On one side, Daub and Duddeck (2020) state that epistemic or lack-
of-knowledge uncertainties define the range in which controllable design variables may
exist. On the other side, aleatoric uncertainties are considered random and irreducible
and are reserved for uncontrollable parameters that fluctuate around known nominal
values.

In real-life applications, both aleatoric and epistemic uncertainties affect the system’s
response at the same time. Kamariotis et al. (2019) introduce techniques for numerical
uncertainty quantification and uncertainty-based sensitivity analysis based on two dif-
ferent approaches. The first approach is the so-called interval valued probability method
(IVP), which calculates ranges around the statistical quantity of interest (QOI) and uses
these intervals to compute the effect of uncertainty. In contrast, the second approach,
called Bayesian probabilistic (BP) method obtains a full distribution of the QOI based
on epistemic statistics of the input variables. These two approaches use a double loop
where the two types of uncertainty are separated to propagate their effects within the
model.

To reduce the additional computational cost of evaluating the uncertainty effects in
a double loop, Papaioannou et al. (2019) propose a unified framework for polymorphic
uncertainty quantification for aleatory and epistemic uncertainties. This framework fo-
cuses on the evaluation of the capacity of the method to support engineering decisions
regarding safety assessments and reliability-based design. Aleatory variables are treated
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using probability theory, while epistemic variables are addressed with methods such as
Probabilistic-interval, Fuzzy, Fuzzy-Interval, Fuzzy-probabilistic and Bayesian probabilis-
tic. Papaioannou et al. (2019) conclude that the results on the safety assessment strongly
depend on the behavior of the tails of the distributions used to characterize uncertainties.
They identify that the approach selected to model epistemic uncertainties as well as the
approach to characterize the probability of failure of the system have a relatively large
effect on the decision making process. Both approaches are used in all design stages of
the product development process.

In the context of crashworthiness design, uncertainties appear already in the early de-
sign stages and continue through the design stages, and arise from the simplification of
the definition of the crash load-case to be tested, the structural response of the vehicle
and the definition of the structure itself (Hunkeler et al., 2013). Due to the fact that
crashworthiness is already a complex engineering discipline, these uncertainties are often
neglected during the development process. Consequently, this results in significant devi-
ation between the idealized design and the real manufactured product. Hunkeler et al.
(2013) suggest classifying uncertainty sources that affect the crashworthiness response
into uncertainties related to: geometry, material properties, impactor properties, and
environment. Geometry uncertainties include physical aspects such as the shape and
location of the components and their interfaces to the rest of the structure as well as
the wall-thickness. Material uncertainties consist of variations in the Young’s modulus,
Poisson’s ratio, mass density, plastic behavior, porosity, and failure and damage charac-
teristics. Uncertainties due to features comprise for example, the position and mechanical
properties of spot-welds and other joining technologies. The aforementioned sources of
uncertainty can, to a certain degree, be influenced by the designers by the specification
of nominal values and tolerances. However, aspects related to the impactor properties
(e.g. initial speed, mass, orientation), to the environment (e.g. temperature, surface
properties), and to the dummy (e.g. position and orientation) are random. During the
simulation-driven design phase, additional sources of uncertainty such as the FEM-solver
numerics (e.g. model partitioning, time-step mass scaling, and mesh discretization) as
well as uncertainties related to the modeling approximations (e.g., material laws and ge-
ometrical simplifications) also affect the repeatability of the simulations (Hunkeler et al.,
2013).

As a next step and once the uncertainty parameters are selected, Hunkeler et al. (2013)
propose to select a stochastic model for each parameter. This selection is constrained by
the availability of data to reconstruct the probability distributions. Nominal values and
ranges are specified in the crash test protocols. Even though these are the primary source
of information to define the range of variability, protocols’ ranges may not necessarily
represent the real-life conditions of the test (Hunkeler et al., 2013). A uniform distribu-
tion or a normal distribution with a maximum of two standard deviations is advised by
the authors if no additional data is available. However, the use of empirical data or sta-
tistical methods to create probability distributions (such as maximum-entropy principle)
can better represent the phenomena. The final step in the uncertainty characterization is
to investigate the distribution of the response of the system, i.e. the output parameters.
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For this goal, (Hunkeler et al., 2013) recommend to create a representative population,
taking as a base the distribution of the input parameters, and evaluate the system re-
sponse through simulations. Methods such as, D-Optimal, full-factorial, Monte-Carlo
and Latin Hypercube sampling are typically used when generating a representative pop-
ulation efficiently. Further aspects to be considered such as the ideal number of samples
according to the number of uncertain parameters are presented in Section 2.6.3.

The works of Paz et al. (2020) and Ren and Xiang (2014) present two practical appli-
cations of uncertainty analysis. On one side, Paz et al. (2020) study the effect of diverse
sources of uncertainties in the progressive collapse of components under axial loads. In
this application, the monitored output parameter is the peak crushing force. Three mod-
els are used for the system response evaluation, namely analytical formulas, numerical
simulations and surrogate modeling. The results are compared to physical tests and Paz
et al. (2020) conclude that the surrogate models, i.e. multivariate adaptive regression
splines, result in the smallest deviation of the output scatter. On the other side, Ren
and Xiang (2014) use a simplified FE model of an aircraft fuselage to evaluate the effect
of initial conditions, structural dimensions and material properties on the deformation of
the structure. Ren and Xiang (2014) propose the following four-step uncertainty analysis
method. The first step consists of the parameter selection, each with three levels, i.e.
upper, lower and mean. In the second step, the Box-Behnken method is used to sample a
normalized and representative parameter space. The third step includes the definition of
probability functions for the relevant output quantities obtained by the model evaluation.
Finally, a gradient analysis with respect to each input parameter is performed, concluding
that the dominant uncertainties are the frame thickness, yield strength, impact velocity,
and angle of impact.

2.6.2. Uncertainties, Optimization and Solution Spaces

Additionally to the uncertainty sources and examples mentioned above, the nature of the
explicit FEM and the numerical solvers can account to up to 10% of the variation obtained
when simulating the different crash load cases (Duddeck, 2007a). The study performed
by Hunkeler et al. (2013) indicates that when simulating the same model of a front rail
of a standard passenger vehicle for ten times, a coefficient of variation of 0.15% for the
specific energy absorption is produced. Although, the exact variation may be different for
each particular output variable and highly depends on the modeling techniques and solver
configuration, the numerical aspects of the simulation that may influence the decision
making process should be analyzed. As Qiu et al. (2018) stated, crash simulations are
not necessarily repeatable and can become a significant source of uncertainty due to
instability of structures and contact bifurcations. Rounding and parallel computing errors
combined with the highly non-linear nature of the crash simulations create the need to
apply an uncertainty quantification process during the virtual design stages. Qiu et al.
(2018) propose the steps presented below to explicitly consider the numerical uncertainty
in an optimization procedure. Using this methodology, they conclude that for the front
rail design application, a 4-sigma interval is enough when the optimization does not
require re-meshing and 8-sigma when re-meshing is required.
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1. Optimization problem definition
2. Sample creation using Optimized Latin Hypercube
3. Surrogate model selection: Polynomial Response Surface
4. Quantification of numerical noise
5. Definition of a confidence interval for the numerical noise and surrogate model error
6. Perform uncertainty-based quantification method for optimization
7. Optimization response using Particle Swarm algorithm

Analogously, Fang et al. (2014) express that the result of a purely deterministic opti-
mization procedure may degrade when the solution is tested in a uncertain environment
with relatively small deviations from the nominal conditions. They propose a so-called
multi-objective sequential robust design optimization (MOSRDO) based on the particle
swarm algorithm. The MOSRDO is applied to a foam-filled thin-walled structures opti-
mization process and uses adaptive Kriging models to reduce the computational effort.
Fang et al. (2014) apply a descriptive sampling procedure that consists of two steps:
first, generate a descriptive set of variables for each design variable, and second, perform
a random permutation over the generate set. Following this approach, the inner walls of
the optimized structure become thicker when uncertainties are considered relative to the
wall-thickness obtained in the simple optimization procedure.

Another subject of crashworthiness design that is also directly affected by the consider-
ation of the uncertainties is the calculation of solution spaces as described in Section 2.5.
Daub (2020) frames solution spaces in the context of the decision-making process, where
designers have to define ranges for design variables, so that the low-level and high-level
requirements are fulfilled.

These ranges or solution spaces should be as large as possible and, as Daub (2020)
states, the selection of each design variable should be decoupled from each other to offer
the maximum possible flexibility to the designer. Daub and Duddeck (2020) present a
methodology for the calculation of solution spaces with controllable and uncontrollable
variables directly modeled as intervals. Their work focuses on epistemic uncertainties.
They argue that the lack of a detailed description of design features, i.e. the coarse repre-
sentation of the system, during the early design phase may have a relatively larger effect
on the system’s response during the later design phases than the aleatoric uncertainties.
Therefore, the size of the box-shaped solution spaces, i.e. a one-dimensional range de-
fined by an upper and lower limit for each variable, may become smaller while explicitly
considering the epistemic uncertainty of the variable in question. This phenomenon is
exemplified in a model composed of two deformation elements and a lumped mass with
an initial velocity as initial condition, representing a front crash load case. To calcu-
late the solution space, presented by Daub and Duddeck (2020) define three constraints:
energy absorption, maximum acceleration, and order of deformation of the components.
Assuming a constant load level for the deformation elements, a base solution space is cal-
culated without any consideration of uncertainties. Then, the uncontrollable parameters,
namely mass, initial velocity, and allowable maximum acceleration are varied. Finally,
both uncontrollable parameters and controllable variables are considered by including
uncertainties in the load levels of both deformation elements. The solution space size is
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reduced by ca. 50% in comparison to the baseline. The methodology described by Daub
and Duddeck (2018), where ellipsoid-shaped and general-shaped solution spaces are pro-
posed, provides an alternative formulation to overcome this reduction in size when using
the solution spaces approach in the context of uncertainty quantification.

2.6.3. Robustness Quantification

Several definitions of robustness concerning the structural response of a system are avail-
able in the literature. Hunkeler et al. (2013) define a robust design as a design that
matches the objectives and constraints of the system with at least a minimum target
probability. Bagloee et al. (2017) express that robustness is a characteristic that de-
scribes to which degree the system is capable of completing its functions while being
exposed to disturbances. Sørensen (2011) adds that the robustness of a system can be
expressed in terms of the consequences of local damage of its components or exposure to
conditions different to the nominal used for its design. Abdollahzadeh and Faghihmaleki
(2017) state that robustness is dependent on two factors; one, the internal features of
the structure such as redundancy and collapse characteristics, and two, the unexpected
critical events to which the system is subjected. Furthermore, Andricevic et al. (2016)
define two aspects for the evaluation of robustness under the consideration of aleatoric
uncertainty. The first assessment concerns the feasibility in terms of the design targets,
i.e. for a given number of samples representative of the uncertainty parameters, what is
the percentage of samples that meet the target. The second assessment is made in terms
of variability of the response, i.e. how big is the deviation from the response of the sys-
tem under a nominal test environment. Other authors, present specialized probabilistic
methods for assessing robustness (Lin et al., 2001; David et al., 2003; Avalle et al., 2007;
Will and Frank, 2008; Will and Stelzmann, 2008).

A similar concept, often used interchangeably with robustness, is the system’s relia-
bility. It is defined by Duddeck (2007b) as the estimation of probability of failure of the
system, namely the behavior of the tails of the output distribution. Additionally, the
same author defines robustness as the degree of variance around the mean response of
the system under the consideration of the previously described sources of uncertainty.
Faber et al. (2006) introduce a quantification of the robustness based on the capability
of the system to withstand damage to its components. Authors such as Andricevic et al.
(2016) propose a combined reliability-based robust design optimization. Meanwhile, the
work of Mourelatos and Liang (2005) specify a 90% success threshold of the probabilistic
density function of the relevant output parameter to evaluate the robustness of the sys-
tem. In contrast, Schumacher and Olschinka (2007) propose a success threshold based
on the quantiles, e.g. 95%. The 95% probability approach is also described in the work
of Hunkeler et al. (2013). However, these authors indicate that assuming a normally
distributed output with a feasible interval existing in a range of ±2 standard deviations
around the mean value is a common practice in crashworthiness design. They also state
that the typical six-sigma approach, i.e. ±3 standard deviations and 99.73 %, used in
other engineering disciplines, is not recommended due to the highly non-linear nature of
the crash phenomena.
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As a quantitative and simple way to measure the robustness of a particular design,
Hunkeler et al. (2013) propose the examination of the output distributions and further
calculation of statistical values such as mean, standard deviation, skewness and kurtosis.
Moreover, the output distribution can be fitted to a known probability density function,
facilitating the analytical computation of the probability of fulfillment of the require-
ments. These authors also suggest to study the correlation of the input parameters to
the output distributions by the use of correlation matrices and Principal Components
Analysis to identify coupled influences and reduce the dimensionality of the system.
Likewise, optimization procedures, such as Robust Design Optimization, benefit from an
explicit robustness evaluation by introducing a double loop where explicit uncertainties
are considered by the evaluation of designs in the vicinity after each optimization itera-
tion. Nevertheless, Hunkeler et al. (2013) state that robustness analyses are limited to
a relatively low number of parameters due to the costly evaluation of the designs and
high number of combination of parameters. For this reason, Bhise (2017) proposes to
perform a combined sensitivity and robustness analysis to discard the parameters that
have a relatively low effect on the output and concentrate the sampling and evaluation
effort in the most relevant input parameters.

The work of Hunkeler et al. (2013) uses the Latin Hypercube Sampling (LHS) instead
of the Monte-Carlo method to generate the sampling population more efficiently and
reduce the evaluation costs. The LHS method divides the design spaces into subspaces
of equal probability and generates a random value within each subspace minimizing the
linear correlation between each variable an optimization subroutine. The number of
sample points to evaluate is typically limited to the available time and computational
resources available.

Hunkeler et al. (2013) propose that in order to produce meaningful results, the number
of samples should be twice the sum of the number of output variables plus the number
of total input parameters including noise parameters (e.g. time-step for numerical effects
consideration). However, the ideal number of samples is also dependent on the type of
probability distribution of the inputs, system non-linearities and desired confidence inter-
val for the study of the output parameters. This highlights the need for a methodology
to estimate the minimum number of samples to characterize a crashworthiness design
problem. The robustness evaluation presented in this work includes a methodology for
the determination of the ideal number of parameters based on the aforementioned factors
and is presented in Section 6.2.3.

2.6.4. Robustness Indices

Characterizing the robustness of a particular system response by a single scalar value
or index is convenient when assessing different designs as well as their sensitivity to a
certain set of uncertainty sources. A number of robustness indices, RBI , that offer a way
to quantify the structural robustness of mechanical systems are available in the literature
and are tailored to their specific applications. A general classification proposed by Chen
et al. (2016) makes a distinction between deterministic performance-based, reliability-
based and risk-based indices. Deterministic RBI are defined by Abdollahzadeh and
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Faghihmaleki (2017) as the capacity of the structures to tolerate loads, in damaged and
undamaged conditions, that deviate from the nominal load. In the work of Sørensen
(2011), this type of RBI is based on a so-called residual influence factor (RIF) which is
in turn based on the reserve strength ratio (RSR) or maximum capacity of the structure
divided by the design load. The damaged strength ratio is then a function of the RSR
of a damaged and the RSR of an undamaged structure that has suffered the failure of a
single component.

With regards to probabilistic RBI , Abdollahzadeh and Faghihmaleki (2017) state that
the probability of failure of the structural system is calculated considering damaged
and undamaged conditions. Complementary to this definition Sørensen (2011) describes
that this type of RBI is related to structural redundancy and can be interpreted as a
redundancy index. This property of the system is characterized using a convenient range
of values from 0 to 1.

For risk-based RBI , Abdollahzadeh and Faghihmaleki (2017) and Baker et al. (2008)
state that the calculation of this RBI includes a complete risk analysis that distinguishes
between consequences caused by direct and indirect risk. Direct risks result from a local
damage of the structure during a critical event, i.e. consequences of damaging the struc-
ture. Indirect risks consider the probability of local damage during a critical event, i.e.
probability of damaging the structure. The robustness index proposed by Abdollahzadeh
and Faghihmaleki (2017) is obtained by calculating the risk as a consequence of a single
critical event. Sørensen (2011) considers that the risk calculation is a function of the fol-
lowing parameters: cost of damage or local failure, cost of indirect damages, probability
of exposure to a critical event, probability of damage given an exposure, and probability
of indirect damages given a local damage due to exposure.

More general RBI , based on well-established methodologies such as the Taguchi method,
are also available. Dehnad (1988) expresses that in essence, the Taguchi method defines
robustness as the quadratic quality loss function. To increase the robustness, this au-
thor focuses first into putting the mean of the output distribution on target and then
minimizes the variation around this mean value. An alternative definition is offered by
Streilein and Hillmann (2002), where the RBI is defined as the coefficient of variation,
COV, in terms of the standard deviation and mean. The author classifies the system as
robust if the COV of the output parameters is smaller or equal to the COV of the input.
An extension of this method is presented in the work of Lee and Park (2002), where
the signal-to-noise ratio is discarded in favor of a characteristic function that defines the
robustness of the objectives and constraints. Furthermore, Hwang and Park (2005) intro-
duce a RBI based on the output variation and the probability of achieving the target by
means of a robustness weighting function. Along this line, Watai et al. (2009) expand its
usage to non-normal distributions based on the assessment of the feasibility of a design
within a prescribed tolerance range. Ultimately, the work of Lomario et al. (2007) con-
siders output distributions with multi-modal behavior and uses the Kolmogorov-Smirnov
test to compare these output distributions to predefined ideal normal distributions.

Considering the specific case of the robustness characterization through the RBI for
structural members, Sippel and Marczyk (2009) state that for a structure to be robust, its
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topology should not change even when it is subjected to disturbances. In this approach,
robustness is measured by the complexity of the structure, i.e. the number of alternate
load-paths, and disturbances are characterized by entropy. In the work of Chen et al.
(2016), it is mentioned that the two key aspects to be solved in structural robustness
are the uncertainty of abnormal events and the capacity that the structure has to resist
collapse or failure when locally damaged; being this latter characteristic a property of
the connectivity of the structure. Moreover, Chen et al. (2016) claim that the use of a
single robustness index is unpractical for engineering applications as it does not capture
all possible critical events. Therefore, these authors define robustness as the opposite of
structural vulnerability, i.e. how far is the current loading state of a component relative
to its failure state. The vulnerability of each component in the structure is weighted
by a so-called importance coefficient. This coefficient is defined as the initial bearing
capacity of the structure after failure of the component in question. Then, the overall
robustness index of the structure can be calculated as 1-vul, being vul the weighted
sum of all of the vulnerability values of each member in the structure. Similar robustness
indices, such as the one proposed by Sørensen (2011) define the residual influence factor to
measure the effect of a member failure on the total load-carrying capacity of a structure.
Other displacement-based or stiffness-based RBI approaches are proposed in the works
of Biondini et al. (2008) and Starossek and Haberland (2009) respectively.

Dedicated RBI , with specific characteristics tailored to crashworthiness applications
have also been developed in the works of Andricevic et al. (2016) and Cuevas-Salazar
and Song (2018). The robustness of the behavior of the axially loaded extrusion profiles
analyzed by Andricevic et al. (2016) is characterized by a RBI calculated as a weighted
sum of the following four factors:

• achievement of targets defined as the ratio of number of samples meeting the upper
and lower limits considered in the design requirements;

• standard deviation around the mean value;
• minimum and maximum values of the output response;
• weighted distance of non-feasible samples from the design target.

When the RBI takes values from negative infinite to 0, the robustness of the design
is considered unacceptably low. For values between 0 and 0.5 the robustness is con-
sidered low and major design improvements are recommended, while the robustness of
the output is considered acceptable for values larger than 0.5. Apart from using an ar-
bitrary robustness scale, the RBI in Andricevic et al. (2016) depends on the selection
of the weighting coefficients for each factor. Additional limitations are that it can only
characterize a single output parameter at a time and that additional transformations are
needed for mean responses and targets close to zero. The robustness index proposed by
Cuevas-Salazar and Song (2018) is based on the calculation of the coefficient of varia-
tion of relevant output quantities and is tested using a full-vehicle FE model simulating
the Small Overlap load case. The limitations of this approach include a codomain of
negative infinite to positive infinite, i.e. RBI>0 robust design and RBI<0 not a robust
design, which impedes an effective comparison among output parameters with extreme
responses.
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The ideal robustness index for crashworthiness applications should facilitate the com-
parison of the robustness of different output quantities and should be mathematically
well-defined. Additionally, it should be as independent as possible from subjective inter-
pretations and should not be characterized by an arbitrary scale. The issues identified
are addressed in this work and a novel robustness index is proposed in Section 6.2.5.

2.7. The Small Overlap Frontal Crashworthiness Evaluation

Unlike other vehicle features that can be evaluated prior to purchase, the passive safety
of a vehicle cannot be personally evaluated by the customer (Weber, 2009). Moreover,
even after purchase, crashworthiness can only be tested in the undesirable situation of
an accident. Therefore, the list of vehicle safety features and the results of standardized
crash tests are the only clues the customer has to perceive the vehicle’s passive safety.
To test the crashworthiness of vehicles, several institutions have developed a series of
test scenarios that represent real-world accidents. For example, the Insurance Institute
for Highway Safety (IIHS) introduced the Small Overlap Frontal Crash (SOF) test case
in 2012 to represent the collision of the vehicle’s front corner with the corner of another
vehicle, a tree, or a utility pole (Insurance Institute for Highway Safety, 2021). This
test scenario has become one of the most challenging load cases, causing manufacturers
to redesign their vehicles. In this crash test, the integrity of the structure is tested
by measuring the intrusions into the occupant compartment, as well as the kinematics
of the dummy and the injury criteria (Insurance Institute for Highway Safety, 2021).
Strategies to minimize the deformation of the occupant compartment include bracing
and installation of energy-absorbing elements on the outer areas of the vehicle’s front
rails (Thomas, 2011). Each countermeasure affects the kinematics of the vehicle, i.e. its
trajectory and the maximum rotation occurring at the end of the impact. In addition,
the vehicle kinematics determine the occupant motion and thus influences the dummy
kinematics and injury values. The IIHS currently conducts the test on the driver and
passenger sides. However, the analysis of this work focuses only on the test conducted
on the driver side.

In the SOF crash test conducted by IIHS, the vehicle reaches its initial velocity of 64.4
km/h with a tolerance of ±1 km/h and an average acceleration of 0.3 g. Approximately
25 cm before the barrier, the vehicle disengages from the propulsion system. The vehicle
then strikes the barrier with a 25% (± 1%) overlap with respect to its total width. The
shape of the barrier consists of a constant radius arc of 150 mm connected to a flat
surface with a width of 1000 mm. The barrier is attached to a base unit which is 1840
mm high, 3660 mm wide and 5420 mm deep as stated in Insurance Institute for Highway
Safety (2021). The base unit is made out of laminated steel and reinforced concrete,
has a total mass of 145,150 kg and is considered non deformable. Figure 2.2 shows a
schematic diagram of the SOF crash test.
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Figure 2.2 Vehicle position and barrier overlap at the moment of contact (Cuevas-Salazar et al., 2019)

The IIHS protocol defines six locations for measuring intrusions at the upper occupant
compartment (UOC) and four locations at the lower occupant compartment (LOC) as
presented in Figure 2.3. The intrusions are used by the IIHS to determine the structural
rating if the vehicle. The upper limits of the intrusion values for each structural rating,
SRulim

, are presented in Table 2.2.

Figure 2.3 Locations for measuring vehicle intrusions. The maximum of the three measurements is
taken for the upper and lower hinge pillar while the average value is taken for the rocker panel
(Insurance Institute for Highway Safety (2021)).

The dummy kinematics and vehicle trajectory are captured by high-speed video cam-
eras recording at 500 frames per second; six off-board (overhead, rear oblique, left side,
front, front oblique, and right side) as well as four on-board (passenger door (front),
inside roof passenger side, inside roof driver side, and passenger door (rear)). The off-
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board video footage, i.e. the top-view, is used in this study to evaluate the kinematic
performance of the vehicles. Even though the vehicle acceleration itself is not considered
by the IIHS to calculate the vehicle rating, the longitudinal, lateral, and vertical acceler-
ations of the occupant compartment are measured and recorded during the official tests
(Insurance Institute for Highway Safety, 2021). During the development tests carried out
by the automakers, additional tri-axial accelerometers and rotational velocity sensors are
placed at various locations of the vehicle. Furthermore, a barrier capable of measuring
the contact forces containing load cells at the frontal flat surface and at the rounded cor-
ner of the barrier, (five in the transversal direction and eight along the barrier’s height)
is used in development tests. The full instrumentation of the barrier can offer new data
about the structural behavior during the test (Silva and Parera, 2016).

Table 2.2 Upper limit intrusion values in mm to earn a given Structural Rating (SRulim) (Insurance
Institute for Highway Safety (2021))

Intrusion Good Acceptable Marginal

Lower occupant compartment
Lower hinge pillar max, HPl 150 225 300
Footrest, Fr 150 225 300
Left toepan, Tpl 150 225 300
Brake pedal, Bp 150 225 300
Parking brake, Pb 150 225 300
Upper occupant compartment
Rocker panel, Rp 50 100 150
Steering column, Sc 50 100 150
Upper hinge pillar, HPu 75 125 175
Upper Dash, Du 75 125 175
Left Instrument Panel, IPl 75 125 175

2.7.1. Kinematic Characterization

An optimal classification of the SOF kinematic modes should cover the complete spec-
trum of kinematic behaviors independently of the vehicle architecture. Furthermore,
the parameters and thresholds defined must be direct functions of the vehicle kinemat-
ics with a clear and precise definition of the points in time at which the measurements
should be taken. Ultimately, the characterization of the vehicle kinematics should sup-
port the crashworthiness design of the vehicle by identifying kinematic behaviors that are
of particular benefit to the dummy response and structural performance. Several authors
have proposed approaches to classify the vehicles’ kinematics when subjected to the SOF
crash test. Based on the work of Cuevas-Salazar et al. (2019), Table 2.3 presents the
main characteristics and limitations of the approaches available in the literature.
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Table 2.3 Classifications of the kinematic response of vehicles subjected to the SOF load case

Lateral trans-
lation & rota-
tion

Characterized by the post-impact lateral translation, uy, and max-
imum rotation, θz, around the vertical axis of the vehicle.

Classification: • Primarily lateral translation: Lateral movement away from the
barrier: uy(t ≈ 150ms) > 35cm.

• Primarily rotation: Higher longitudinal change in velocity and
larger rotation around the barrier: max(θz(t < 200ms)) >
10◦, uy(t ≈ 150ms).

Remarks: Lateral translations larger than 35 cm combined with rotations
larger than 10◦ are not classified. Missing validation of the thresh-
olds and the points in time at which the kinematic quantities are
measured.

Relevant authors: Mueller et al. (2014); Thomas (2011)

Sideswipe The ratio µ = PT /PN relates the tangential, PT , and normal im-
pulses, PN , applied to the vehicle during the crash. An optimiza-
tion process using a planar impact mechanics model is conducted,
with µ, the coefficient of restitution, and the crush-surface angle
as design variables. The cost function is defined as the difference
between the measured post-impact translational and rotational ve-
locities. The final velocities are obtained using a video analysis of
41 crash tests. A statistical difference is identified between the val-
ues obtained for the impulse ratio and the coefficient of restitution
while varying the barrier’s geometry. A critical value was estab-
lished for the ratio between the impulse ratio at the beginning of
the crash, µ0, and at the end of the crash, µ.

Classification: • Sideswipe: Larger than zero final tangential velocity: µ/µ0 ≤
97%.

• Non-Sideswipe: Negligible final tangential velocity: µ/µ0 > 97%.

Remarks: Clear threshold for the kinematic modes. The parameter used for
the differentiation of the modes is a variable directly related to the
ratio between the tangential and longitudinal impulses. The op-
timization process may decrease the practical applicability of the
method. Moreover, since the proposed threshold was obtained from
testing a reduced variety of vehicle structures (mainly sedans), it
could be challenging to extrapolate its use for other vehicle archi-
tectures.

Relevant authors: Brach et al. (2014)
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The current classifications are based on a reduced number of crash tests and their
definitions are highly dependent on the vehicles available for the analysis. In some cases,
the classification does not offer clear thresholds to distinguish the kinematic modes.
With these limitations recognized, a well-defined classification based on the geometrical
relationships and the vehicle’s relative location at the end of the crash is proposed in
Section 3.2.

2.7.2. Methodologies for Crashworthiness Design for the SOF Load Case

The classification of the kinematic modes of the SOF crash test enhances the derivation of
structural design strategies that are implemented in the vehicle in the detailed engineering
phase. These design strategies are studied in the work of Mueller et al. (2014). The two
distinguishable kinematic responses, transversal displacement away from the barrier and
vehicle longitudinal deceleration, are achieved by following either a maximization of the
lateral impulse or the maximization of energy absorption. Optimization procedures for
both strategies have been developed, where the profile and wall thickness of components
such as the A-Pillar, front rails, Hinge-Pillar, and Rocker are used as design variables
(Nguyen et al., 2015b,a; Kim, 2017; Luu and Anh, 2021; Liu et al., 2021b). Full-vehicle
finite element models are used to evaluate the objective function of such optimization
procedures that aim for a combination of minimization of the occupant compartment
intrusions as well as the minimization of the total mass of the vehicle. In addition to
these studies, Sen et al. (2013) and Nguyen (2017) propose to conduct sensitivity analyses
in parallel to the optimization procedures to achieve a more robust response. In order
to reduce the computational cost associated to the optimization procedures, Liu et al.
(2021a) use a response surface to evaluate the fitness of the designs obtaining acceptable
results.

The usage of full-vehicle models implies that the vehicle is already in a design phase
where enough information is available to perform such an analysis. However, this ap-
proach does not enable the study of the vehicle’s response during the early design phase.
Moreover, it only evaluates the high-level requirement of structural rating. The lack
of component requirements makes it impossible to parallelize the design and accelerate
the development process. A multi-phase and requirement-oriented methodology for the
design of vehicle structures subjected to the SOF load case is proposed in this work with
the aim to tackle these limitations.
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Chapter 3

Characterization of the SOF Load Case

The analysis of the vehicle kinematics at every instant of the SOF crash test allows
the identification of the position of the occupant compartment relative to the barrier.
Furthermore, the resulting intrusions, caused by the direct contact of the A-Pillar with
the barrier or the forces transmitted by adjacent components, can be defined as a function
of the vehicle kinematics. The importance of this force transfer to the vehicle during the
crash has been stated in Silva and Parera (2016). As shown in Section 2.7, this aspect of
this load case is incompletely investigated in the literature. Hence, this thesis proposes
(i) to establish a precise distinction between the two possible kinematic modes and (ii) to
exploit the strong correlation between the vehicle kinematics and the structural intrusion
during the SOF crash test. The second point implies the estimation of the intrusions
caused by the contact of the A-Pillar with the barrier by tracking the position of the
occupant compartment relative to the barrier at every instant of the SOF crash test.
This methodology, which, to the authors’ knowledge, has only been discussed in a prior
publication of the author, see (Cuevas-Salazar et al., 2019), is here refined and further
developed as well as described and discussed in this chapter in detail.

3.1. Crash Event Analysis

The crash testing of series vehicles or prototypes is usually the last validation step con-
ducted in the crashworthiness design. Once the virtual stages of design converge to a
certain structure and the performance of the vehicle has been completely assessed through
the use of simulations and component testing, the OEMs proceed with the full-vehicle
hardware tests. The cost of evaluating the performance of a certain design in hardware
is magnitudes higher than evaluating the design virtually. For this reason, the extrac-
tion and analysis of the information produced by the hardware tests are of essence when
verifying requirements at the load-path level and validating the full-vehicle performance
either with the intent to sign off the design or to improve it. In both cases, a clear,
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repeatable and automated crash event analysis scheme is fundamental to streamline the
data analysis and evaluate the performance of a single vehicle and at the same time have
the capability to create a database of a large set of vehicles that enable more complex
analysis. With a database already built, correlation and cluster analysis can be performed
to find relationships between the input and output variables involved in the crash that
ultimately help first to improve the understanding of the physics involved and secondly
find the patterns that lead to a robust fulfillment of the structural targets. Figure 3.1
presents the crash event analysis scheme that provides a solid base for the study of the
hardware tests used in this work.

The raw data available from the crash test that is relevant for this thesis is threefold:
the high-speed video footage, the motion sensor data, i.e. acceleration and rotational
velocity signals, and force signals from the measurement equipment in the barrier. The
high-speed video footage and the motion sensor data are used either complementarily or
separately when only one is available to reconstruct the trajectory of the vehicle during
the crash. When the video of the crash is available, a video analysis routine is capable
of recognizing the relevant features of the vehicle in time zero, i.e. the point in time
where the first contact between the vehicle and the barrier occurs. The relevant features
enable the contextualization of the position of the vehicle and the barrier. Through
the use of pixel color identification and edge detection, features such as the barrier and
vehicle edges, vehicle centerline and the several targets positioned over the vehicle, help
to locate the vehicle and barrier in the video frame and relative to each other. Then, this
features are tracked in each frame following the motion, i.e. translation and rotation of
the vehicle. In a post-processing step, the pixel motion and distances are translated into
a standard unit of measurement by means of a reference length and a spatial mapping
procedure.

When motion sensor data is available, the acceleration and rotational velocities are used
to reconstruct the trajectory of the vehicle. Usually, 3 − D acceleration and rotational
velocity sensors are placed near the center of gravity of the vehicle. In the majority of the
cases, this part of the vehicle does not suffer deformations and the signals acquired by the
sensors can be used to characterize the motion of the complete vehicle. To express the
sensor signals in a global coordinate system that is independent of the vehicle orientation,
a transformation of the acceleration and rotational velocities is applied. Given that the
position and orientation of the sensors at the initial time, t0, are known, a global and
a local coordinate system are defined, in which the sensor data is expressed. This local
coordinate system is rotated in each time step according to the rotational velocity signal
and through the use of the simultaneous orthogonal rotation theorem, see (Tomazic
and Stancin, 2011). Having calculated the orientation of the local coordinate system of
the sensor with respect to the global coordinate system, the acceleration signal is also
rotated to obtain it expressed in global terms. These 3 − D acceleration and rotation
signals expressed in the global coordinate system are used to calculate the trajectory of
the center of gravity and through the use of the assumption of rigid body motion the
position of any point in the structure can be obtained.
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Figure 3.1 Crash event analysis framework
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The third set of input data is the signals obtained from the force-measuring equipment
integrated in the Small Overlap barrier. A number of force-measuring devices along and
across the surface of the barrier provides force-time series that can be correlated to a
certain spatial location and can be mapped also to the structure of the vehicle once its
trajectory has been reconstructed. Being able to measure the forces acting on the vehicle
is relevant because these are the functional properties that can be adjusted through
design changes in the structure so that the deformations in the occupant compartment
are minimized. In the case that a force-measuring barrier is not used during the crash
test, the total forces can be estimated by using the acceleration signals and the mass of
the vehicle.

Having collected and produced these three sets of crash event data, and together with
the vehicle characteristics, the kinematic analysis of the Small Overlap load case can be
carried out. The trajectory of the center of gravity of the vehicle, CG, can be expressed as
the longitudinal translation, ux, the transversal translation, uy and the rotation around
the vertical axis, θz. These three motion quantities are stored in the degree of freedom
vector, DOF . Even if the crash phenomenon is a complex 3 − D motion, the planar
movement in the xy plane has the highest relevance. This assumption is assessed in the
subsequent sections, where an example of this crash event analysis is presented. The
kinematic analysis, through the definition and calculation of the kinematic parameters
helps to characterize the overall motion of the vehicle and enables the study of the rela-
tionship between the vehicle kinematics and its crashworthiness performance. The next
sections will provide an insight on this procedure and its application for crashworthiness
design.

3.1.1. Hardware Experiment Evaluation

An object recognition algorithm was implemented to recognize the static, i.e. barrier-
related, features and the dynamic features related to the vehicle and its trajectory. The
main steps are summarized in the work-flow in Figure 3.3. Table 3.1 presents the variables
and definitions used for the object recognition and extraction of kinematic quantities. The
first step consists of the extraction of the static features, i.e. the edges of the barrier,
represented by Bx and By. The edges of the SOF barrier are painted orange by the IIHS.
Therefore, the three-dimensional array F, containing the RGB values for each pixel in
the frame, is color filtered to identify Bx and By, (see Figure 3.2). Next, the frame where
the vehicle contacts the barrier is recognized in two sub-steps. First, F is transformed
into a grey scale image obtaining the two-dimensional array Fg. By comparing Fg in two
consecutive frames, the pixels representing the moving vehicle are identified. Second, the
distance between the pixels representing the moving vehicle and Bx is monitored. The
first frame of contact between the barrier and the vehicle is identified when this distance
is zero.

Once the frame of initial contact vehicle-barrier is determined, the dynamic features
are identified at this same frame. First, the vehicle’s centerline is identified by means
of a color and spatial filter. The yellow pixels corresponding to the bonnet inch-tape
are discarded and the pixels corresponding to the roof inch-tape are stored in the array
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Figure 3.2 Identification of vehicle characteristics at the first frame of contact of the top view of the
IIHS’s SOF test (Cuevas-Salazar et al., 2019)

FCL. Then, the black-and-white photographic target representing the center of gravity
is identified in the rectangular space containing the pixels corresponding to the roof. A
pixel pattern depicting a reference target, Tref , is compared against the photographic
target. Next, the point AP , representing the location of A-Pillar, is defined by locating
a point in the most outwards position of the structure using the centerline and the edge
of the barrier By as reference points to calculate the 25% of the vehicles width. Having
located these reference points in the frame representing the first vehicle-barrier contact,
the dynamic features, the position of the center of gravity and the rotation of the vehicle
are identified. The dynamic position of the center of gravity is located by iteratively
comparing the reference of the photographic target against a subspace defined by a buffer
zone around the location of the target in the previous frame. The dynamic rotation is
identified by calculating the angle between the centerline and the horizontal axis of the
frame. These two procedures are repeated at each available frame. In a last step, the
pixel and frame values are converted to meters and seconds, on one hand, by using the
distance between the two yellow targets at the roof representing the seat centerline as
spatial reference (see (Insurance Institute for Highway Safety, 2021)), and on the other
hand, by comparing the initial velocity measured in the video analysis to the stipulated
initial velocity.

Systems Engineering Based Crashworthiness Design for the Small Overlap Load Case 61



Iván Cuevas Salazar

Input

IIHS SOF
Video Top View

Output

Kinematic DOFs
ux, uy, θz

Video Frame
Decomposition
F ∈ Rm×n×3×f

F RGB

3-D Pixel Value Array

Static features
Bx, By

Spatial Filter Color Filter

Initial vehicle-
barrier contact

t0

Contact Detection

By ± d

Grayscale Transf.

Fg gray

Vehicle Centreline
FCL

Vehicle Centreline Target CG

Dynamic features
CGx, CGy, AP

A-Pillar Centre of Gravity

Value Mapping
Lref ,Vref

Pixel to meters Frames to seconds

Figure 3.3 Algorithm for object recognition and extraction of kinematic quantities (Cuevas-Salazar
et al., 2019)
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Table 3.1 Variables and definitions used for the object recognition and extraction of kinematic
quantities

Definition Variable
Array with RGB values of each frame F ∈ Rm×n×3×f

Total number of frames f

Vertical size of frame in pixels m

Horizontal size of frame in pixels n

Array with grey scale values of each frame Fg

Binary array with pixels of the vehicle centerline FCL

Array with black-and-white reference target Tref

Reference length in mm for pixels-to-mm mapping Lref

Reference length in pixels for pixels-to-mm mapping Vref

Initial vehicle-barrier contact time point t0

Vertical position of vehicle centerline at first frame of contact CL

Vehicle’s local-x axis xL

Vehicle’s local-y axis yL

Vehicle’s local-z axis zL

Vehicle’s local reference frame RFCG

Static global-x axis xG

Static global-y axis yG

Static global-z axis zG

Static global reference frame RFG

Horizontal edge of barrier Bx

Vertical edge of barrier By

Vertical position of vehicle’s center of gravity CGx

Horizontal position of vehicle’s center of gravity CGy

Vertical position A-Pillar APx

Horizontal position A-Pillar APy

Projection of A-Pillar onto the barrier P

Distance between A-Pillar and projection P sL

25% of the vehicle’s width w0.25

3.2. Characterization of the vehicle kinematics

The objective of the different crash tests is to investigate the response of the vehicle
at the area of impact, where the large deformations are confined. Therefore, for the
characterization of the vehicle’s response, a combination of rigid and deformable body
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mechanics is convenient to exploit the advantages of both approaches. This offers suffi-
cient accuracy and efficiency for early phase development. Cuevas-Salazar et al. (2017)
propose a kinematic model that considers the impact area as a deformable body and
the rest of the vehicle as a rigid body. This model is used for the subsequent analysis
presented in this work.

By

P
AP

θz θAP

sL

xG

yG

zG

RFG

xL

yL

zL

RFCG

Figure 3.4 Vehicle reference frame. The point AP is the location of the A-Pillar while P represents
the projection of the A-Pillar onto the barrier’s surface. The coordinate By represents the barrier’s
edge closest to the vehicle’s centerline (Cuevas-Salazar et al., 2019).

The center of gravity of the vehicle, CG, is used as reference point, to measure the rigid
body motion. This reference point can be easily located on vehicles with different styles
and is located outside the deformation zone. As described in Section 3.1, the kinematic
model employs three degrees of freedom (DOFs): the displacements of the vehicle’s CG,
ux and uy, and the rotation, θz, around the vertical axis. The examination of high-speed
video footage of the SOF test led to the simplification of the kinematics by assuming a
planar motion in a horizontal 2-D plane. The DOFs are measured with respect to the
global reference frame, RFG, located at the vehicle’s centerline at the front axle depicted
in Figure 3.4. A supplementary co-rotational coordinate system, RFCG, is located at the
CG. In the model, the frontal structure is the only area considered deformable implying
that the structure located after the A-Pillar is assumed to be rigid.

Besides the DOFs, additional parameters are introduced to characterize the kinematic
response. The parameter sL represents the length of the vector between the points AP
and P . This vector rotates together with the vehicle’s centerline. The points AP , P ,
B and CG are computed using RFG as reference frame. The position of the A-Pillar
is the point in the longitudinal direction that typically defines the starting point of the
occupant compartment as well as the most outboards point of the vehicle structure. The
parameter sL is an indicator of the deformation length available before a hard contact
between the A-Pillar and the barrier takes place. Table 3.2 presents auxiliary parameters
conveniently derived as dimensionless quantities in order to facilitate a straightforward
comparison among vehicle architectures.
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Table 3.2 Kinematic parameters

Definition Variable
Reduction of the distance relative to the initial available de-
formation length

s = sLt0
− sL

Normalized version of s to take out the effect of vehicles with
different front ends

s% = s/sLt0

Normalized global longitudinal displacement wrt. initial avail-
able deformation length

Tx = ux/sLt0

Normalized global transversal displacement wrt. initial avail-
able deformation length

Ty = uy/sLt0

Normalized global longitudinal velocity wrt. initial velocity Vxend%
= Vxend

/Vx0

Normalized global longitudinal velocity wrt. initial velocity Vyend%
= Vyend

/Vx0

Ratio between the displacement of the point P along the y-
axis and the initial overlap between the structure and the
barrier defined by the distance from P to By.

GVP =
Pyt−Pyt0
By−Pyt0

The glance-off value, GVP , depicted in Figure 3.5, takes the value of zero at t = t0. If
the y-coordinate of P is greater than By, GVP is larger than one. By calculating GVP at
each point in time, it can be determined if the vector sL - and subsequently, the vehicle -
is heading towards the barrier as well as the extent of the overlap between the structure
and the barrier. Since this value is normalized by the initial overlap, the GVP of vehicles
with different widths and architectures can be conveniently compared.

The end of the crash, tend is defined as the instant when either (a) the projection
point P is located at a larger y-coordinate than the barrier’s edge By or (b) the length
sL is no longer decreasing. It is first assumed that the end of the crash is triggered by
event (a). The GVP is calculated for all of the points in time and the first occurrence
of GVP ≥ 1 is selected as tGVP

end . If during the crash GVP < 1, tGVP
end takes the last data

point and therefore, it is assumed that the end of the crash is triggered by event (b). The
value of sL is then calculated for the available data along with its change rate, dsL/dt.
This derivative is inspected for values equal or smaller than zero. The first occurrence of
dsL/dt ≤ 0 is set as tsLend. The occurrence of this event indicates the start of the rebound.
If no occurrence is found, the last point available is selected as tsLend. Finally, the minimum
of tGVP

end and tsLend is chosen as the end of the crash. It is assumed that the end of the crash
happens before the end of the available data points. The parameters, sL, s, s%, ds%/dt,
Tx, Ty, Vxend%

, Vyend%
, GVP and tend are direct functions of the kinematic DOFs (ux, uy,

θz). Each parameter is precisely defined in the spatial and temporal dimensions.

3.2.1. Definition of Kinematic Modes

As described in the literature presented in Section 2.7.1, the use of the primarily lateral
translation and primarily rotation definitions could lead to ambiguous results (Mueller
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(a) Glance− off kinematic mode.

By
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zL
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(ux, uy)

t = t0

t = tend

GVP < 1

(b) Deformation kinematic mode.

Figure 3.5 Kinematic modes and parameters ((a) Glance-off, (b) Deformation). The instant of the
first contact between the vehicle and the barrier is defined as t0. (Cuevas-Salazar et al., 2019)
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et al., 2014). It is then convenient to make a clear and categorical distinction of the
two kinematic modes. Furthermore, making such definition independent of the vehicle
architecture and any empirical values is favorable for the comparison of different designs.
A distinction between deformation and glance-off modes is proposed. A depiction of the
two modes is presented in Figure 3.5 and formal definitions are given in Eqs. (3.1) and
(3.2).

Deformation mode :

GVPtend
< 1 and

ds%
dt

∣∣∣
tend

≤ 0; (3.1)

Glance− off mode :

GVPtend
≥ 1 and

ds%
dt

∣∣∣
tend

> 0. (3.2)

Both modes are mutually exclusive by the definition offered in Section 3.2 to calculate
tend. This distinction is neither directly linked to a particular vehicle architecture nor
it is obtained empirically. Both ds%/dt and GVP come as results of a direct analysis of
the vehicle kinematics. In addition, each kinematic mode results from different frontal
structure configurations. On one hand, vehicles observing a deformation mode most
likely carry energy-absorbing components in the longitudinal direction causing mainly
longitudinal forces that stop the vehicle provoking ds%

dt tend
≤ 0. On the other hand,

vehicles observing glance-off mode contain transversal oriented structures causing enough
force in the transversal direction to cause GVPtend

≥ 1.

3.2.2. Analysis of the Kinematic Response

The characterization and definition of the kinematic response is now used for the evalua-
tion of real crash data. In Figure 3.6, an exemplary result of the video-analysis algorithm
for a BMW 5 Series 2014 is presented. The primary kinematic variables ux, uy, and θz
are used to calculate the kinematic parameters presented in Section 3.2. In this crash
event, the minimum value of s% and subsequently ds%

dt ≤ 0 is achieved at tend ≈ 100ms.
At this point in time a positive rotation is observed together with a GVP<1. Therefore,
this kinematic response is classified as deformation mode. The frame corresponding to
this state is presented in Figure 3.7, which resembles the deformation mode presented in
Figure 3.5b.

The IIHS small-overlap videos from 184 vehicles from model year 2012 to 2017 are
analyzed and their kinematic quantities are calculated. The weight of the vehicles varies
from 1.0 to 2.5 tonnes, the wheelbase ranges from 2.3 m to 3.8 m, and the width of
the vehicle from 1.6 m to 2.0 m. The vehicle specifications, test videos, ratings and
intrusion values are obtained from the IIHS TechData website (Insurance Institute for
Highway Safety, 2017). In Figures 3.8 and 3.9, the dimensionless kinematic parameters
(s%, ds%/dt, Tx, Ty, Vxend%

, Vyend%
, GVP ) and the rotation θz are plotted for all analyzed

vehicles. The end point of the time-series of the kinematic parameters corresponds to
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Figure 3.6 Trajectory and kinematic DOFs (ux, uy, θz, GVP , sL, s) obtained by video analysis of the
BMW 5 series 2014 (Cuevas-Salazar et al., 2019)

the tend calculated for each case. The two defined kinematic modes, glance-off and
deformation, are differentiated by line color and symbol.

The two kinematic modes present noticeable differences when comparing ds%/dt and
GVP in Figure 3.8. These parameters are first plotted against time and are afterwards
combined into one plot. In Figure 3.8(c), two distinguishable clusters are observed. The
first cluster, corresponding to the glance-off mode, is located at the top of the sub-plot
with GVPtend

≥ 1 and ds%/dttend
> 0. The second cluster (deformation mode), presents

a GVPtend
< 1 and ds%/dttend

≤ 0. This means that the vehicles in the glance-off cluster
have lost contact with the barrier and a positive velocity in the longitudinal direction
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Figure 3.7 Video analysis of the BMW 5 series 2014; frame corresponding to tend

of the vehicle still exists at tend. On the contrary, for the vehicles in the deformation
cluster, the projection point P is still on the barrier at tend and no velocity exists in the
longitudinal direction. Two vehicles, 2014 Mazda CX-9 and 2014 Nissan Juke, marked
as a and b in Figure 3.8(c) cannot be classified since there were not enough video frames
available to determine tend.

In Figure 3.9(a), an overlapping range of rotation angles can be observed for the
two kinematic modes. Positive and negative angles from −5◦ to 15◦ are observed in-
dependently of the kinematic mode. In general, vehicles whose kinematic response fits
the glance-off mode use relatively more deformation length as the ones in deformation
mode. However, no clear limit can be detected to distinguish between the two modes as
observed in Figure 3.9(b) s% plot. The normalized trajectory represented by Tx and Ty is
plotted in Figure 3.9(c) and, similarly, it can be observed that glance-off vehicles exhibit
larger displacements in the yG-direction. This behavior is also visible in Figure 3.9(d),
where the vehicles with the glance-off mode have in most of the cases a larger Vxend%

than the vehicles with the deformation mode. Although some ranges can be selected for
the Tx, Ty, and Vxend%

, Vyend%
parameters to characterize the two modes, these ranges can

only be defined a posteriori. With this analysis the existence of two distinct kinematic
modes is confirmed. A categorical definition for the two kinematic modes is possible by
using the three main kinematic quantities ux, uy, θz and the auxiliary parameters.
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Figure 3.8 Clustering of the kinematic modes (Cuevas-Salazar et al., 2019)
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Figure 3.9 Kinematic parameters (Cuevas-Salazar et al., 2019)
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3.3. Characterization of Structural Rating and Crashworthiness

The IIHS ranges for rating the occupant compartment intrusion in millimeters (y-axis)
and at different locations (x-axis) is presented in Figure 3.10. This figure shows the
intrusion measurements for the 2016 BMW X1 with test number CEN1608 as an example.
It is observed that for every location, there are four possible ratings which are defined
as a piecewise constant function of the intrusion measurements at this location. The
overall SOF structural rating, depicted in the pie chart, is calculated by the weighted
combination of the location-specific ratings (see IIHS guidelines in (Insurance Institute for
Highway Safety, 2017)). As a result, different vehicle characteristics could lead to similar
structure performance and therefore, structural ratings. In the case of the exemplary
vehicle, it obtained an Acceptable structural rating since two measurement points of the
upper occupant compartment exceeded the limit defined for a Good structural rating.
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Figure 3.10 IIHS structural rating for the 2016 BMW X1 CEN1608

The IIHS scheme is efficient for communicating the crashworthiness of a vehicle to the
general public. However, it is not suitable for comparing the performance of vehicles
that have the same structural rating. Moreover, with this scheme, it is not possible
to quantify how far is a vehicle from moving to the next worse rating or how much it
should improve to obtain a better one. The following section proposes the definition
of a variable called safety distance, DS , which summarizes the structural rating into a
single continuous scalar value and simplifies the correlation with the previously defined
kinematic parameters, thus allowing the inter-vehicle structural performance comparison,
within or outside the same structural rating.

3.3.1. Safety Distance to Target Structural Rating

The safety distance, DS , to a given structural rating is defined as the distance in percent
that the ranges to the associated structural rating must increase or decrease for a vehicle
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with a given intrusion profile to move to the next or previous rating. Table 2.2 presents
the upper limits for obtaining a Good, Acceptable and Marginal structural rating. Using
these values, it can be calculated that the upper limits of Figure 3.10 should decrease
altogether by 6.7% in order for the 2016 BMW X1 to obtain a Good structural rating.
Therefore, its safety distance to a Good structural rating, DSG is equal to -6.7% as
observed in Figure 3.11(a). The safety distance can also be understood contrariwise. For
example, how much distance is still available for the 2016 BMW X1 to obtain a Marginal
structural rating, or what safety distance buffer there is to remain at Acceptable. As
shown in Figure 3.11(b), the safety distance to an Acceptable structural rating, DSA

is 35.9%, i.e., the intrusions in the 2016 BMW X1 still have an overall buffer of 35.9%
before worsening the structural rating to Marginal. For simplification purposes, in this
work, the safety distance of all the vehicles is calculated using the Good structural rating
as target, DSG. This implies that vehicles with a positive DSG have reached a Good
structural rating and negative DSG have either Acceptable, Marginal or Poor ratings.
Table 3.3 summarizes the equivalences between DSG and the four structural ratings.

Table 3.3 Equivalence of structural rating and safety distance to Good structural rating DSG as
percentage

Structural rating Safety distance
Good 0% ≤ DSG ≤ 100%
Acceptable -60% ≤ DSG < 0%
Marginal -130% ≤ DSG < -60%
Poor DSG < -130%

The safety distance to a Good structural rating, DSG, is computed using Algorithm 1.
Starting with the intrusion measurements from the upper and lower occupant compart-
ments collected in vector I=[HPl, Fr, Tpl, Bp, Pb, Rp, Sc, HPu, Du, IPl], as presented in
Table 2.2, the structural rating is calculated using the IIHS scheme. If these intrusions
result in a Good structural rating, then the upper limits for an Acceptable rating are
multiplied by a factor fSD=(1-df), being df a small delta to decrease the magnitude of
the upper limit. Afterwards, the intrusions in I are compared against this reduced upper
limit and the updated rating is calculated. This is done iteratively until the upper limit
is small enough so that the structural rating is no longer Good but Acceptable. The last
value of df is reported and taken as DSG. Alternatively, if the structural rating is not
Good but Acceptable, the factor fSD is redefined as fSD=(1+df). The upper limit of the
Good rating is multiplied by this factor, allowing for larger intrusions to still be associ-
ated with a Good structural rating. This is done iteratively until the rating transitions
to Good. The last value of df is taken and reported as DSG.
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(a) Structural rating with safety distance DSG=-6.7%
to Good structural rating
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(b) Structural rating with safety distance DSA=35.9%
to Acceptable structural rating

Figure 3.11 IIHS structural rating and safety distance to (a) Good and (b) Acceptable ratings for the
2016 BMW X1 CEN1608

Data: Intrusions vector I and upper limits defining structural ratings SRulim

Result: DSG, safety distance to Good structural rating
Calculate structural rating SR using I;
df = 1e-3 ;
if SR = Good then

while SR = Good do
fSD=(1-df) ;
Calculate new SR considering: UpdatedSRulim

= SRulim
fSD ;

if SR = Acceptable then
DSG = df

else
df +=1e-3

end
end

else
while not(SR = Good) do

fSD=(1+df) ;
Calculate new SR considering: UpdatedSRulim

= SRulim
fSD ;

if SR = Good then
DSG = -df

else
df +=1e-3

end
end

end
Algorithm 1: Calculation of safety distance to Good structural rating, DSG
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3.3.2. Evolution of Structural Rating and Safety Distance across
Automobile Manufactures

The IIHS introduced the SOF crash test in 2012. Since its introduction, automobile man-
ufactures have developed strategies to design a frontal structure capable of withstanding
the loads of this type of crash scenario. Figure 3.12 shows the intrusion measurements
and structural rating for the tested vehicles in four different years: 2012, 2014, 2016
and 2019. In the plots, intrusion measurements at different locations for a single vehicle
are linked by a colored dotted line, whose color is in accordance to the vehicle overall
rating. The blue area in every location represents the distribution of the intrusion mea-
surements for all tested vehicles. It is clearly visible in Figure 3.12(a) that the first year
of the SOF meant a challenge for most of the tested vehicles, since only 7.4% obtained
a Good structural rating. A couple of years later, in 2014, the amount of vehicles with
a Good structural rating increased to 21.6%. Even when the average industry rating
improved, concentrated poor measurements at the Upper and Lower Hinge Pillar, Upper
Dash and Left Instrument Panel are observed for these two years. The inflection point
was 2016 where most of the vehicles, namely 65%, obtained a Good rating, more than
the vehicles with Acceptable, Marginal and Poor ratings combined. In 2019, 91.3% of
the vehicles obtained a Good structural rating. A generalized decreasing trend in the
intrusion measurements at all locations is evident.

Table 3.4 displays the percentage of vehicles obtaining each rating at each year of
testing as well as the average safety distance, DSG for all tested vehicles from 2012 to
2019. Figure 3.13 displays the distribution of the DSG for each test year. DSG shows an
increasing trend from DSG, from -110%, implying an average Marginal structural rating
for the industry in 2012, to 33% in 2016, implying an average Good structural rating
for the industry. This trend shows that frontal structure design strategies are, in most
of the cases, successful, thus placing the industry standard at DSG>30%. The three
vehicles with the highest DSG are the 2018 BMW X3 (CEN1801) with DSG=77%, the
2017 Volvo S90 (CEN1633) with DSG=80% and the 2020 Ford Escape (CEN11910) with
DSG=87%. Such high DSG values suggest that the strategies to reach a Good structural
rating are already known. Therefore, the current challenge lies in defining the system,
subsystem and component targets to achieve a competitive structural rating in the most
efficient way possible. By defining the safety distance to a Good structural rating, it is
possible to effectively and efficiently correlate the kinematic quantities with the defini-
tion of structural crashworthiness, and the resulting structural rating. In the following
section, these interdependencies between vehicle kinematics and structural performance
are studied with the objective of defining targets for the kinematic quantities to ensure
that the designed vehicle achieves its desired rating.

Systems Engineering Based Crashworthiness Design for the Small Overlap Load Case 75



Iván Cuevas Salazar

HPl Fr Tpl Bp Pb Rp Sc HPu Du IPl

0

50

100

150

200

250

300

350

400

450

In
tr
u
si
o
n
[m

m
]

(a) Structural rating of 2012
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(b) Structural rating of 2014
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(c) Structural rating of 2016
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(d) Structural rating of 2019

Figure 3.12 Structural rating for the years (a) 2012, (b) 2014, (c) 2016, and (d) 2019
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Figure 3.13 Evolution of safety distance over each year of IIHS testing. The variable Pr shows the
fraction of vehicles tested per year out of a total population of 200 vehicles tested during the period
2012-2020. This analysis was carried out during 2020, therefore not all vehicles tested in this year are
shown.

Table 3.4 Structural Rating for years 2012 to 2019 and average safety distance DSG

Year Good Acceptable Marginal Poor DSG (avg.) [%]
2012 7.4% 22.2% 37.0% 33.3% -110%
2013 8.3% 22.2% 36.1% 33.3% -103%
2014 21.6% 27.5% 21.6% 29.4% -103%
2015 50.0% 26.2% 11.9% 11.9% -34%
2016 65.0% 17.5% 15.0% 2.5% 0%
2017 74.4% 18.6% 4.7% 2.3% 20%
2018 71.4% 28.6% 0% 0% 26%
2019 91.3% 8.7% 0% 0% 33%
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3.4. Interdependencies between Vehicle Kinematics and
Crashworthiness

As observed from the analyzed data, automobile manufacturers often design the vehicle
structure to have a specific kinematic response when subjected to the SOF crash test.
Accordingly, in the event of the crash, the structural layout can either translate the vehicle
laterally to conserve a larger amount of kinetic energy (glance-off mode) or transform the
kinetic energy into plastic deformations (deformation mode). The work of Cuevas-Salazar
et al. (2019) shows that GVPtend

, previously used to differentiate the kinematic modes,
describes the relative area of the vehicle that is in contact with the barrier but correlates
poorly with the intrusions. Let us consider two vehicles with an equal GVPtend

≥ 1 but
different sL, s, s%. One vehicle presents lower values for s and s%, than the other. Thus,
the first vehicle presents a larger distance from the A-Pillar to the barrier at tend. This
is an indication of lower intrusions since a hard contact between the Hinge Pillar and the
barrier is avoided. Therefore, similar values of GVPtend

lead to different intrusion values.
In glance-off mode, a higher s% percentage does not necessarily mean higher intrusions
since only a small portion of the structure is actually in contact at the end of the crash.
On the other hand, in the deformation mode, there is always a relatively larger area of
the vehicle in contact with the barrier, making either sL, s and s% a better indicator
of the resulting intrusions. In order to identify the appropriate set of ranges for the
kinematic parameters to minimize the intrusions at the occupant compartment, a cluster
and correlation analysis is performed in Section 5.2.1. The objective of this analysis is to
first, identify the kinematic parameters that present a correlation with DSG, and second,
identify a range that corresponds to an interval of DSG that offers a robust fulfillment of
the structural requirements.
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Chapter 4

Low-Fidelity Models for the SOF Load Case

As in any design process, the degree of flexibility available in vehicle crashworthiness
systems is at its maximum in the early design phase. This flexibility comes together with
an inherent lack of information regarding the system specifications, which in the case
of vehicle crashworthiness, are the vehicle structural properties. However, even at this
early phase, general information of the vehicle, such as the type and class, is available.
This information is essential in the development of a new design and, in the case of the
automotive industry, is key to the market success of the vehicle. Therefore, information
concerning properties such as the overall dimensions and proportions of the vehicle is
available, which triggers the first design decisions. Moreover, information regarding the
regional market availability of the vehicle is known as well. This provides information
on the regulatory and consumer rating context that will affect the vehicle design. With
specific regard to crashworthiness design, we can already define at this stage the global
targets to be achieved by the vehicle, i.e. the number of stars or the rating for a particular
crash test. Consequently, structural design targets also begin to determine aspects of
the vehicle structure at the early phase. As the design evolves, flexibility decreases
and the cost of implementing changes increases due to tooling design cycles. For these
reasons, developing a structural design strategy that takes into account the known vehicle
characteristics and considers high-level structural requirements becomes a valuable tool
for decision-making in the early design phase. Such a strategy is developed in this work.

The developed structural design strategy proposed in this work is based on the sys-
tems engineering approach used for crashworthiness design presented in Figure 4.1. The
starting point of this workflow is the formulation of a design intent of a vehicle of a
certain class. When a vehicle proposal is developed and a certain class is considered,
a number of vehicle properties can already be derived. One of these properties is the
vehicle mass which is partly determined by aspects other than crashworthiness, such
as fuel consumption or vehicle range and driving dynamics. Other parameters derived
by the vehicle class are the vehicle proportions, i.e. wheelbase, track, width, overhang,
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greenhouse shape. These are determined based on the appearance of the vehicle desired
by the designer. Consequently, based on this early design and other relevant factors
(e.g. driving dynamics), the center of gravity as well as the rotational inertia around the
principle axis can be estimated for the designed vehicle.

In addition to the car manufacturer’s legal obligation to comply with homologation
requirements concerning crashworthiness, vehicle performance targets in consumer tests
are also defined in the early design stage. Consumer rating targets, defined for each rele-
vant load case, represent the second item to be considered in the V-diagram in Figure 4.1.
Such load-case-specific targets drive the design of the structure and restraint systems.
The consequent structural targets trigger the decomposition of the entire system, into
subsystems and components, and the definition of targets for all levels to collectively
achieve the desired outcome. Therefore, the resulting structural topology, i.e. the way
the load-paths are placed within the vehicle frame along with their connections as well
as the load-carrying capacities and energy absorption properties, determine the overall
crashworthiness performance of the vehicle. The exact location of structural components
is usually determined at a later point, when packaging aspects and integration of other
vehicle components take place. For this reason, maximizing flexibility at this design stage
by abstracting the topology of the structure is key to overcoming the lack of information.
When available, indications of approximate spatial locations of components as well as
load-carrying capacities and energy absorption properties that fulfill the full-vehicle level
targets accelerate the design process and serve as reference for the efficient and effective
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use of the frontal vehicle structure.

Decomposing the targets from the full-vehicle to load-path and then to component
levels, favors the design flexibility and allows for parallel and independent design loops.
The load-carrying capacities and energy absorption properties for each load-path, and
therefore of each component, can be designed independently from each other if their
targets are defined in this way. The objective of a structural design strategy is then to
define, decompose and implement such design targets at each level through a development
process and verification test plan. Thus, defining the crashworthiness targets is crucial
for a successful design execution and this is where the benefits of a low-fidelity physics-
based crash model are most valuable. Once the targets are defined for all structural
levels, the design implementation is typically done by means of FE models starting at the
component level, load-path, and finally full-vehicle level. At this virtual design phase, the
structure properties are measured and compared against the defined targets. It usually
takes several design iterations to meet these targets. Afterwards, the integration and
recomposition phase of the crashworthiness design process follows (right part of the V-
diagram in Figure 4.1). During this phase, prototypes at the different structural levels
are built, tested, measured, and compared against the set targets in the decomposition
and definition phase (left part of the V-diagram). The cost of implementing changes
at this prototypical design stage is considerably higher compared to the costs of the
virtual design phase, with the cost of complete system validation through an internal
full-vehicle crash test being the highest. The high cost of a full-vehicle crash test is
related to the need of appropriate infrastructure and tools for carrying out the hardware
test. Moreover, structural changes derived from the outcomes of such a test may result
in changes in the tooling needed for the manufacturing of the vehicle. Hence, full-vehicle
crash tests are usually kept to the minimum possible, making the virtual design phase
crucial to the success of the vehicle design. Only when the hardware test is plausible, the
series production phase of the vehicle takes place. The final stage of the crashworthiness
design occurs when the vehicle is newly available in the market and a regulatory or
consumer organization (e.g. IIHS) conducts its official crash test. Here, the vehicle’s
crashworthiness is evaluated for every load case, resulting in an official vehicle safety
rating.

Following the V-diagram of crashworthiness design (Figure 4.1), this work focuses only
on developing a structural design strategy for the Small-Overlap Frontal (SOF) load case.
Starting with the available set of basic vehicle properties at the early design phase, a
physics-based low-fidelity model can be used to estimate the vehicle kinematics. The
previous section details the interdependencies between vehicle kinematics and crashwor-
thiness for the SOF load case. Even though the kinematics of a vehicle subjected to the
loads present in a crash is a complex phenomenon, basic physical principles can be ap-
plied to understand the influencing factors and their effect on the resulting trajectory of
the vehicle. Therefore, the physics-based low-fidelity model can also be used to estimate
the crash performance. For a successful early design, such a model should overcome the
lack of detailed information and instead use it as leverage to further drive the design and
thus, define the functional properties of the structure, i.e. load-carrying capacities and

Systems Engineering Based Crashworthiness Design for the Small Overlap Load Case 81



Iván Cuevas Salazar

energy absorption properties. The present work proposes a low-fidelity physics-based
kinematic model that uses the mass and proportion characteristics of a vehicle together
with the load carrying capacities and energy absorption properties of its structure to esti-
mate the vehicle trajectory during a SOF crash which, in turn, determines the kinematic
parameters and ultimately, the crash performance. This model is presented in Section
4.1.

4.1. The Kinematic Model

Ensuring safety for a vehicle from the early phase design requires designing with a model
which is as simple as possible and only as complex as necessary to represent the crash
event. A low-fidelity kinematic model describes and quantifies the highly nonlinear kine-
matic modes of the crash test by considering the kinematic relationships described in
Section 3.2 and uses as input the vehicle characteristics and the functional properties of
the structure. The input for the kinematic model must be available at the early design
phase and consists of: mass, center of gravity, rotational inertia, vehicle width (barrier
position in y), vehicle overhang and greenhouse proportions (A-pillar position in x and y
and barrier position in x). The functional properties that affect the kinematic response
are defined as the resistances-to-deformation of the front structure in the transversal and
longitudinal directions which are represented as force-displacement curves and adopted
in the model as elasto-plastic collapse elements.

A simplified predictive model allows to quickly assess structural changes and their
influence on the kinematics of the vehicle. In addition, such a simplified predictive kine-
matic model does not require detailed information of the structure and the load paths.
The starting point is the known vehicle geometry. However, obtaining early information
on required force levels for structural components improves the outcome of the project
in terms of cost, efficiency, and performance. Therefore, predicting such required force
levels for relevant structural components to achieve a primary structural target already
in the initial design phase is highly convenient and accelerates of the vehicle develop-
ment process. This approach becomes even more powerful when the simplified model is
combined with the concept of force-displacement solution spaces, as presented by Fender
(2014) in his dissertation. If the system can be divided into several subsystems (e.g.
load paths and components), a set of uncoupled force-displacement solution spaces can
be generated. Then, each of these can be defined as design targets for the responsible
design department. According to the principles of the V-diagram (Figure 4.1), individ-
ually designed subsystems meet the overall design goal when integrated into the crash
management system. Therefore, having an upper and lower bound for the local force lev-
els in x and y direction as a function of deformation for the force-displacement solution
spaces, provides a design area in which a safe vehicle structure is guaranteed. The focus
of this chapter lies on the simplified model used to predict the kinematic response of a
vehicle subjected to the SOF crash test. The ansatz of the predictive kinematic model
is derived from idealizing the problem as a mass-spring system, a common approach in
crashworthiness applications (see Section 4.1.1). Its coupling with force-displacement so-
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lution spaces and the calculation of the design area to guarantee a safe vehicle structure
are addressed in the following chapter.

4.1.1. Forwards Calculation

The model described in this section is based on a prior publication of the author of this
work, see (Cuevas-Salazar et al., 2017), and is here enhanced for its use in the early
phase and in combination with the solutions spaces approach. The objective of the kine-
matic model is to link vehicle and resistance-to-deformation characteristics and vehicle
kinematics. In the so-called forwards calculation presented in Figure 4.2, the resistance-
to-deformation characteristics are the input and the kinematics are the output. The
information available at the early phase that serves as input for the forwards calculation
includes the vehicle characteristics in the form of intrinsic and extrinsic properties and the
resistance-to-deformation characteristics. The input parameters used for the kinematic
model are defined using the framework established in Section 3.2, maintaining the as-
sumption of a 2-D planar motion. In this work, intrinsic properties are defined as those
properties that are fixed and do not change unless the vehicle class and type change,
namely, the vehicle proportions. These include the position of the A-pillar, (APx, APy),
the frontal structure length or longitudinal distance from the A-pillar to the barrier, sL,
and the barrier position, By. The position of each load path across the structure, rep-
resented as (LPx, LPy), is also a relevant input parameter. Extrinsic properties, on the
other hand, can change depending on the vehicle version accommodated in the platform.
These include the vehicle’s total mass, Mv, rotational inertia around the z axis, Izz, as
well as the position of the center of gravity, (CGx, CGy). The vehicle mass and rotational
inertia are considered concentrated at the center of gravity. The extrinsic properties of a
given vehicle change when a different weight distribution is used, even if the underlying
structure remains the same.

The second set of input parameters represents the load-carrying capacities and energy
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absorption properties of the frontal structure. These characteristics can be understood
as the longitudinal and transversal forces that result from the vehicle-to-barrier contact
and the corresponding structural deformation represented as FxL and FyL , respectively.
In their most fundamental form, these forces provide a resistance to the deformation
resulting from the crash; therefore, they are referred to as resistance-to-deformation
characteristics or RDC. If the structure is analyzed at the load-path level, then longitu-
dinal and transversal forces suffice for their structural characterization. However, at the
full-vehicle level, the equivalent point of application of the total longitudinal force, Yeq,
is also included in the RDC since it influences the lever arm of such forces thus affecting
the total moment, Mz, around z applied at the center of gravity, CG. Figure 4.3 shows
the idealized lumped-mass model used in this work and displays the described input
parameters.

P
AP

θz θAP

sL

xL

yL

zL

CG:
Mv and Izz

vx0=64.4 km/h

Figure 4.3 Kinematic model with input parameters

The main assumptions of the kinematic model are summarized as follows:
• Only the frontal region of the vehicle is deformable. This means that the structure

located after the A-pillar along the local longitudinal axis, xL, is assumed to be
rigid.

• The longitudinal and transversal contact reaction forces of the barrier are the only
forces acting on the vehicle. This implies that the vertical forces acting along the
z axis as well as any other forces resulting from the interaction of the wheels and
the ground are neglected.

• Only a 2-D motion is considered. Consequently, the degrees of freedom are limited
to the transversal and longitudinal displacements and the rotation of the center of
gravity (ux, uy, θz)

• Transversal and longitudinal resistance-to-deformation characteristics, FxL(s) and
FyL(s), are both functions of the longitudinal deformation of the structure, s. This
implies that the elasto-plastic collapse elements at either the full-vehicle or load-
path level only exhibit a deformation along the local longitudinal axis and therefore,
no transversal deformation is considered.

• In the case of the full-vehicle level, the equivalent point of force application, Yeq,

84 Systems Engineering Based Crashworthiness Design for the Small Overlap Load Case



Iván Cuevas Salazar

is also a function of the local longitudinal deformation. As a result, the lever arm
of the transversal forces is directly considered as the local longitudinal distance
between the barrier and the rigid portion of the vehicle.

Similar to the real crash, an initial velocity, vx0 , of 64.4 km/h on the longitudinal x
axis is imposed on the lumped mass setting the kinematic model into motion. The mass
and rotational inertia are related to the CG, therefore, the offset between the application
point at the barrier spring and the vehicle’s CG forces the body to rotate. The planar
motion of the CG, i.e. the displacements ux and uy, and the rotation θz, is modeled
using a rigid body dynamics approach. As stated, the displacements ux and uy are
functions of the vehicle mass and the longitudinal and transversal forces acting at the
CG. This means that the rotational angle θz of the CG of the vehicle is a function of the
moment caused by a resultant force, which is not applied directly at the CG, and also a
function of the mass moment of inertia. This implies that not only the transversal force
acting along the local axis xL is causing the rotational moment Mz but also that the
longitudinal component is contributing to it. The transversal forces originate from the
geometry of the barrier, i.e. the normal forces acting at the curved section of the barrier’s
surface, and also from the geometry of the structural components. Thereby, defining the
transversal and longitudinal forces in the local coordinate system of the vehicle, which
moves and rotates along with it, is advantageous so that the forces can be related to
the load-paths and to the structural components. In order to link the kinematics of
the vehicle to the vehicle characteristics and RDC, a non-linear equation of motion is
proposed and presented in Eq. (4.3).Mv 0 0

0 Mv 0

0 0 Izz


üxüy
θ̈z

 =

 FxL(s)

FyL(s)

ry(u)FxL(s)− rx(u)FyL(s)

 (4.3)

The vehicle properties needed to solve Eq. (4.3) are available at the early design phase.
The lumped-mass matrix, LM, containing Mv and Izz contains the mass and internal
vehicle properties. While in the forwards calculation the RDC are needed as input, the
backwards calculation presented in Section 5.1 enables the calculation of the RDC as a
function of the desired vehicle kinematics. In this section, they are considered as a given
input. Accordingly, the outputs of the non-linear equation of motion are the planar dis-
placements and the rotation of the center of gravity, first as accelerations, (üx, üy, θ̈z)
and then, as displacements and rotations. As observed in Eq. (4.3), the DOFs appear at
both sides of the equation: on the left-hand side in their acceleration form whereas in the
right-hand side as input for the calculation of the forces FxL(s) and FyL(s). The latter
are represented as piecewise linear force-displacement curves and require an indirect cal-
culation of the parameter s to compute the effective lever arms for the longitudinal force
and transversal forces, ry(u) and rx(u), respectively. The calculation of s, as presented
in Section 3.2, requires the calculation of the position vectors of the A-pillar and A-pillar
projections. These position vectors are a direct result of their initial position as well
as of ux, uy, and θz. Considering these geometrical and force properties as well as the
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non-linearities related to the time integration, an explicit time step scheme is proposed
to solve the equation of motion. The workflow of such a time integration scheme used
to calculate the DOFs and generate the vehicle trajectory at the full-vehicle level is pre-
sented in Algorithm (2).

Once tend is detected, the DOFs and vehicle trajectory are generated as time series.
The outputs are post-processed using the kinematic analysis described in Section 3.2.2,
returning the kinematic mode characterized by GVPtend

and ds%/dttend
as well as the

kinematic parameters vector σ (i.e. total vehicle rotation, θztend
, residual deformation

length, RDL or sLtend
, and residual kinetic energy, RKE). These parameters are indi-

cators of the vehicle crash kinematics and are easily comparable against different vehicle
configurations. Moreover, as explained in Section 3.4, they can also predict the resulting
crash performance.

4.1.2. Load Path Level

The functional properties of the frontal structure at the full-vehicle level are the total
longitudinal and transversal forces, FxL(s) and FyL(s), and the equivalent point of force
application, Yeq(s). This abstraction is achieved by using a single elasto-plastic collapse
element represented by a force-displacement curve. Nonetheless, the proposed kinematic
model is further extended to enable the calculation of the vehicle trajectory using mul-
tiple elasto-plastic collapse elements representing the different load-paths in the frontal
structure. Such a decomposition of the full-vehicle properties allows for the definition of
targets at the load-path level. Even if a certain degree of dependency exists with each
load-path, the structural components that compose them can be designed in parallel once
the target response has been defined. The active load-paths in the SOF crash test are
presented in Figure 4.4 and are listed below:

1. Wheel-Firewall-Rocker
2. Shotgun
3. Subframe
4. Bumper beam-front rail
The low-fidelity kinematic model proposed in this work assumes an equally long initial

deformation length, sLjt0
, for each load-path j. This implies that the load-paths are

distributed across the structure and located at different y coordinates, but share the
same initial x coordinate on the structure and on the barrier side, which is the same x
position of the A-pillar. To be consistent with the actual topology of the structure, the z
position of the load-paths coincides with the location of the components in the structure
and is assumed to be constant along the front of the vehicle, but does not produce any
moment around the y axis, since the motion of the CG is considered to be only in the
xy plane. The longitudinal and transversal forces for each load-path, FxLPj

(sj) and
FyLPj

(sj), respectively, are defined in the vehicle local coordinate system and depend
exclusively on the longitudinal deformation, sj , of each elasto-plastic element.

The calculation of the kinematic model described in Algorithm (2) can be adapted to
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Data: Initial position of center of gravity, CG, A-pillar, AP , and barrier B;
vehicle properties Mv and Izz; RDC as functions of s: FxL(s), FyL(s) and
Yeq(s)

Result: DOFs: ux, uy, θz; End of crash tend
Define a time step ∆t;
Initialize time t=0 and iteration index i=0 ;
Initialize lumped-mass matrix LM with Mv and Izz;
Initialize acceleration vector ACC=[ üx, üy, θ̈z ] = 0;
Initialize velocity vector and apply initial conditions VEL=[ vx0 , 0, 0 ] ;
Initialize displacement vector DIS=[ ux, uy, θz ] = [ vx0 ∆t, 0, 0 ] ;
Calculate initial deformation length sLt0

as a function of CGx, CGy, APx, APy

and Bx ;
Calculate A-Pillar projection P ;
Calculate initial lever arms rx(u) and ry(u) ;
while tend not detected do

Calculate current deformation length sL(u) ;
Calculate deformation s = sLt0

-sL(u) ;
Calculate local longitudinal forces FxL(s) ;
Calculate local transversal forces FyL(s) ;
Rotate local forces to global coordinate system: FxG , FyG Calculate equivalent
point of application of longitudinal force Yeq(s) ;

Calculate rotational moment Mz = ry(u)FxL(s) - rx(u)FyL(s) ;
Update RHS: Fext = [FxG , FyG , Mz] ;
Solve for acceleration vector ACC= LM-1 Fext ;
Use central difference scheme to compute new VEL and DIS;
Calculate current position vector of CG;
Calculate current position vector of A-Pillar, AP ;
Calculate current position vector of A-Pillar projection, P ;
Calculate Glance-off Value GVP ;
if GVP ≥ 1 or si ≤ si−1 then

tend=t detected ;
Update time = t+=∆t;
Update iteration i+=1 ;

end
Algorithm 2: Kinematic model calculation work-flow
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Figure 4.4 Vehicle structure load-path definition: (1) wheel-firewall-rocker, (2) shotgun, (3) subframe,
(4) bumper beam-front rail

incorporate the load-path approach. To do so, the total local longitudinal force, FxL , is
calculated as the sum of the force of each load-path at a certain deformation state, sj
as presented in Eqs. (4.4) and (4.5). For the calculation of the total moment, Mz, the
locational vectors for each load-path, rj , are needed as shown in Eq. (4.6). In the case
of the longitudinal forces, these act along the elasto-plastic element and therefore, the
transversal lever arm, YLPj , or local transversal distance to the CG, remains constant.
However, the transversal forces have a variable lever arm which is the deformation length,
sLj , plus the longitudinal distance of the A-pillar to the CG, expressed in the local
coordinate system. This relationship allows for a reverse calculation of Yeq as expressed
in Eq. (4.7). A representation of the vehicle structure and the load-path represented by
elasto-plastic elements (in blue) is presented in Figure 4.5. In addition to the position
vector for each load-path, a boundary box is defined and projected onto the barrier in
order to identify the area belonging to each load-path. This box is useful when extracting
the force time series in a FE simulation or in a hardware test. Only the force measurement
devices inside the load-path box are taken into consideration when calculating the total
force of each load-path.
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FxL =
m∑
j=1

FxLPj
(sj); (4.4)

FyL =

m∑
j=1

FyLPj
(sj); (4.5)

Mz =

m∑
j=1

rjy(u)FxLPj
(sj)− rjx(u)FyLPj

(sj); (4.6)

Yeq =
m∑
j=1

(FxLPj
∗ YLPj )/

m∑
j=1

(FxLPj
). (4.7)

Figure 4.5 Kinematic model with multiple elasto-plastic elements

The proposed forwards calculation is efficient and suitable for the early phase design.
By using a low-fidelity model that links the initial vehicle characteristics and its kinematic
response, the RDC are characterized at the load-path and full-vehicle levels resulting
in a well-defined trajectory with a predictable crash performance. However, the inverse
problem statement, i.e. determining the RDC that produce a desired kinematic response,
is of greater interest in the vehicle design. The backwards calculation of the kinematic
model together with the computation of force-displacement solution spaces provide a
methodology to efficiently search and find suitable RDC towards a robust structural
target. This methodology is presented in the following chapter.
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Chapter 5

Solution Spaces & Low-Fidelity Models

The core of the systems engineering approach is the design specification, from the system
to component level, of the functional properties of the structure. Figure 5.1 presents a
complementary step for the requirement decomposition and definition by means of the
solution space approach, whose objective is to find not only one but a range of design
specifications that, when implemented, the system-level response of the vehicle achieves
the high-level structural requirements. In the previous chapter, the forwards calculation
of the proposed kinematic model showed how a given set of resistance-to-deformation
characteristics, referred as RDC, are used to compute the trajectory and crash perfor-
mance of a vehicle subjected to a SOF load case. Nonetheless, for practical applications
in the vehicle design process, the inverse problem is more relevant, specifically, which set
of RDC produce a desired kinematic response. With such inverse or backwards approach,
designing a structural load-path that follows the force-displacement curve from the RDC
is plausible. However, defining a single curve as a target is of no practical use, since a
variety of conditions and sources of uncertainty affect the response of the load-path in
the crash event. For this reason, instead of using a single curve, a so-called solution
space, which defines upper and lower limits for the RDC, is favored. As a result, a set of
curves yielding a desired kinematic response, i.e. a set of feasible solutions, is obtained.
The solution to this inverse problem is discussed in Section 5.1 whereas the details of
the solution space calculation are presented in Section 5.1.1. Finally the definition of a
desired kinematic response is addressed in Section 5.2.
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Figure 5.1 Systems engineering V-diagram for crashworthiness design and solution spaces for a
multi-level functional properties range specification

5.1. Backwards Calculation

The forwards calculation presented in Section 4.1.1 couples the vehicle intrinsic and
extrinsic properties and the transversal and longitudinal forces as well as the equivalent
transversal force point of application with the DOFs and kinematic parameters. This
coupling is performed in the kinematic model through a numerical time integration and
trajectory calculation. The backwards calculation shown schematically in Figure 5.2
establishes the inverse relationship. It is observed that the input for the solution space
calculator is threefold: (1) the constraints defined on the kinematic parameters at tend,
(2) the design bounds or design space for the resistance-to-deformation characteristics,
and (3) the vehicle characteristics.
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Figure 5.2 Backwards calculation

The constraints defined on the kinematic parameters at the end of the crash, tend, in-
cluding the residual kinetic energy, RKE, describe the desired kinematic response. Such
constraints are defined as upper and lower limits for the relevant kinematic parameters.
The design bounds for the RDC represent the absolute maximum and minimum force
levels at each deformation level that the structure is physically capable of delivering.
Starting points for the definition of such design bounds are the force-displacement char-
acteristics of a base design or former vehicle, component tests, engineering judgment
and/or experience. In the end, the defined design bounds should be achievable and real-
istic local transversal and longitudinal force levels. Realistic and achievable in the sense
that not all force levels may be obtained at any given deformation length.

Typically, the forward parts of the frontal structure, such as the bumper and crush
cans, exert a lower force level than the subsequent structures. At the initial moment of
the crash, the amount of achievable stiffness and strength of components which are in
first contact with the barrier is limited. The forces at the first part of the deformation are
due to the deformation of the bumpers, headlamps, and radiators. These components
are not able to carry high loads, hence, the upper force levels cannot be arbitrarily
high. Their structural behavior can be represented by defining a lower bound for such
levels of deformation. Then, as the contact with the barrier continues and after some
significant amount of frontal deformation, the wheel is now in contact with the barrier.
This component can withstand high force levels and, therefore, the upper design bound of
the local force in x and y can be increased for the design space. The RDC design bounds
are defined as piecewise linear curves where the initial discretization coincides with the
features of the topology of the structure. The start and end values of deformation for
each load-path are derived from the location of the represented component in the vehicle.
Figure 5.3 shows a typical vehicle structure with an estimation of the correspondent
design bounds or design space.
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of the bumper is relatively lower than the upper bound of the wheel and occupant compartment

The vehicle characteristics, i.e. its mass and rotational inertia around the z-axis as
well as the positions of the center of gravity, the A-pillar, load-paths, and barrier, are
considered in the forwards and backwards calculation of the kinematic model used in
the solution space calculator. In the backwards calculation, only the force levels and the
point of application of the transversal force are treated as design variables and not the
values of the deformation length, since a given deformation space is usually already given
by the overall dimensions of the vehicle. This model deformation space can be defined
as the initial distance between the A-pillar point and the barrier.

The constraints, RDC design space and vehicle characteristics are given as input to
the solution space calculator. In its most essential form, the solution space calculator
generates a sample of the RDC that lies between the specified upper and lower bounds
of the design space. This single combination of RDC and vehicle characteristics is used
in the kinematic model to yield a vehicle trajectory, DOFs and kinematic parameters.
Then, the kinematic parameters are evaluated against the defined constraints in the
feasible space identification phase. If this particular design is feasible, then, it is stored
as a possible solution. This process is repeated for each sampling iteration resulting in a
set of feasible designs that fulfill the constraints. The objective is to calculate a convex
space with only feasible solutions. It is important to notice that feasible solutions may
also exist outside the solution space. However, the solution space calculator is defined
in such a way that a minimum of fraction of the samples within the defined space are
feasible designs and, therefore, does not take into account solutions outside it. Figure 5.4
represents this procedure in its most essential form. This serves as basis for the algorithm
developed in the next section, which aims to accelerate the convergence of the solution
space while maximizing its size and to efficiently map the full-vehicle properties to the
load-path level.
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Figure 5.4 Sampling generation, kinematic model simulation and performance evaluation of the
solution space calculator

5.1.1. Solution Space Algorithm for SOF-Low-Fidelity-Models

A solution space, in the context of this work, is defined as the space described by a upper
and lower bounds of a set of design variables, which given a random and independent
sampling within these limits returns a specific success rate, sr, defined by the fulfillment
of the constraints. The set of design variables for the full-vehicle level are the piecewise-
linear longitudinal and transversal forces, FxFV and FyFV , as well as the equivalent
longitudinal force point of application Yeq. At the load-path level, the design variables are
the longitudinal and transversal forces for each load-path j, FxLPj

and FyLPj
, respectively.

In line with the definition of a solution space, finding only one feasible solution that
fulfills the constraints implies that the upper and lower limits are identical. This solution
is impractical, not only because it does not consider the range of responses inherent
to a complex phenomenon such as the crash, but it also hinders the design process by
reducing flexibility. Therefore, as in any engineering application, giving a range as a
target facilitates the development and implementation of the solutions. In particular, for
the development of a structural design, the aim is to find the largest possible solution
space. The reasons for this are twofold. First, a large range is able to account for the
variabilities and uncertainties associated to the crash event thus resulting in a robust
design regardless of these. Second, it provides flexibility for the implementation of the
structural solution by also integrating non-crashworthiness requirements and also suitable
combinations of materials, cross-sections and topologies. The proposed methodology to
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maximize the size of the solution space is the key aspect of this section. This methodology
is used first at the full-vehicle level and then at the load-path level. The mapping between
these two levels is presented in Section 5.1.2.

The solution space calculator needs to fulfill three main requirements: (1) to find
feasible solutions within the design bounds, (2) to maximize the size of the solution space,
and (3) to perform these tasks efficiently. To determine the best approach, it is convenient
to estimate the size of the problem, i.e. the number of design variables. The size of the
problem depends on the level at which the solution space is being calculated. For the
full-vehicle level, the design variables consist of three curves (FxFV , FyFV , and Yeq),
each discretized according to the vehicle structure topology and component. Assuming
a typical frontal structure length of 1.3m and a discretization of 100mm, a total of 39
values emerge. Each of these values requires its own upper and lower limit giving a
total of 78 design variables (3 curves × 13 discretization points × 2 limits). For the
load-path level, assuming the same length and discretization as for the full-vehicle level,
and considering four load-paths and two curves each (FxLPj

and FyLPj
), the amount of

design variables rises up to 208 (2 curves × 13 discretization points × 4 load paths × 2
limits). Due to computational and time constraints in the design phase, the brute-force
approach, in which the largest number of possible combinations for the design variables
is evaluated, is neither efficient nor effective. To address this problem, the following steps
for the solution space calculator are proposed:

1. Exploration: search for feasible solutions within the design bounds.
2. Consolidation: a solution space is found by using the curves from the exploration

phase as a base, by sampling among the limits and by discarding unfeasible designs.
3. Expansion: once a solution space is identified, its limits are expanded while main-

taining a minimum target success rate, srT .
Exploration. The solution space in its most essential form is a single set of values that

yield feasible solutions. Following the assumption that a solution space exists within the
design bounds, the first step towards building the solution space is to identify single feasi-
ble solutions. If such a solution space exists, it may contain some or all of the previously
identified single feasible solutions. To identify single feasible solutions, an optimization
problem is posed whose objective function is the degree of fulfillment of the n number of
constraints. Since the defined constraints are related to kinematic parameters, they have
different physical units and are therefore normalized. Furthermore, the restrictions are
aggregated as they all have to be fulfilled at the same time for the solution to be consid-
ered feasible. The normalization and aggregation steps of the constraints are presented
in Algorithm 3 in the constraint violation check section. As observed, the constraints are
defined by upper and lower values, Ĉi, Či. In their normalized form, Ĉ∗

i =1 and Č∗
i =0.

The value obtained directly from the model evaluation to be checked against the limits,
ci, is mapped to the normalized space as c∗i . The mapped constraint value is zero if the
constrained is fulfilled. The mapping function calculates the distance from either the up-
per or lower limit depending on which limit is violated, i.e. ci > Ĉi or ci < Či. The total
constraint violation, CT , is the absolute sum of all the c∗i . This value is minimized in
the optimization problem. Algorithm (3) summarizes the steps of the exploration phase.
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Once the optimization procedure converges, all curves identified as feasible are gathered
and analyzed. From this set, the maximum and minimum values for each resistance-
to-deformation characteristic and each deformation level are identified. They define the
upper limits, Ŝ0, and lower limits, Š0, of the initial solution space. However, as only the
feasible solutions are considered for the calculation of this solution space, non-feasible
designs may also coexist in the same area. Consequently, it is necessary to compute the
actual success rate of this initial solution space in order to adjust its bounds to ensure a
minimum success rate; this is carried out in the consolidation phase.

Data: Design space vector, upper limits L̂ and lower limits Ľ; Vehicle
Characteristics; Constraints vector Ĉ, Č

Result: Initial Solution Space vector, upper limits Ŝ0 and lower limits Š0

Design Variables: X;
Objective Function: min F (X) = min CT ;
Design bounds: L̂, Ľ;
Subjected to: Ĉ>c>Č;
while optimization convergence not achieved do

Sample, X inside design bounds, L̂ and Ľ;
Calculate constraint values c;
for each constraint i do

Constraint Violation Check;
if ci > Ĉi then

c∗i = (ci-Či)/(Ĉi-Či) -1 ;
else if ci < Či then

c∗i = (ci-Či)/(Ĉi-Či);
else

c∗i = 0 ;
end
Calculate total constraint violation CT ;
CT =

∑n
i=1 abs(c∗i ) if CT = 0 then

Store feasible design variable vector XFS ;
end
for each feasible set of design variable j do

Ŝ0j = max(XFSj );
Š0j = min(XFSj );

end
Algorithm 3: Solution space calculator: exploration phase

Consolidation. This phase takes as input the upper and lower limits of the initial
solution space, Ŝ0, Š0, determined in the exploration phase. Algorithm (4) summarizes
the steps of the consolidation phase. As previously stated, the objective of this phase
is to find a solution space with a minimum target success rate, srT . In this work, a
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target success rate of 95% is used so that the solution space is effectively applied for the
design of the vehicle structure. The success rate, sr, is defined as the number of feasible
samples, nFS , with a CT = 0, divided by the total number of samples, ns, used to
characterize this design space. The optimal total number of samples, ns, is a function of
the sampling efficiency, the size of the space to be characterized, and the computational
cost for evaluating the model to determine CT .

State-of-the-art sampling mechanisms such as Optimized Latin Hypercube in the case
of a relatively small number of variables and Monte Carlo-schemes for high-dimensional
problems, can improve the sampling efficiency, especially when the costs of optimizing the
sample distribution outweigh the benefits of having maximum space coverage. The size of
the solution space is highly dependent on the physical quantity in question. Specifically
for force levels, a difference of less than 5kN can be considered as not significant as the
changes in trajectory and the kinematic quantities it produces are relatively small. Addi-
tionally, during the consolidation phase, the size of the solution space is reduced in each
iteration, meaning that less samples are needed to characterize the space. Therefore, the
computational costs of evaluating the constraints depend directly on the implementation
of the model to evaluate. At the full-vehicle level, the kinematic model is used to gen-
erate a vehicle trajectory and then, the kinematic parameters are evaluated against the
pre-defined constraints. The numerical-time integration nature of the kinematic model
implies a relatively high number of operations to produce a vehicle trajectory close to the
real physical phenomenon. The computational power required for the overall calculation
of the solution space increases significantly as the kinematic model is evaluated in each
iteration.

A hierarchical optimization approach is used in this work for an efficient calculation of
the solution space. At the first level of this hierarchical scheme, that of the full-vehicle,
where the constraint evaluation is more complex and therefore more costly, the design
variables for the solution space calculation are reduced to the three total resistance-to-
deformation characteristic curves, RDC: the total transverse and longitudinal force and
the force application point. This reduces the amount of evaluations needed in contrast to
starting with the load-path approach directly (78 vs 208 design variables). The second
hierarchical level, load-path level, requires a coupling or mapping to the full-vehicle level.
For this purpose, the results from the full-vehicle level are used as constraints for the
load-path level by defining simple relationships between the levels. This approach reduces
the overall computational cost. Section 5.1.2 provides further details on this aspect.
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Data: Initial solution space vector, upper limits Ŝ0 and lower limits Š0; target
success rate srT%; vehicle characteristics; constraints vector Ĉ, Č

Result: Consolidated solution space vector, upper limits ŜC and lower limits ŠC

Calculate Success Rate SR( Ŝk, Šk, Ĉ, Č, Model, ns) ):
Initialize number of feasible designs, nFS=0;
for each sample in number of samples, ns do

Sample, X inside limits,Ŝk and Šk;
Run Model;
Calculate constraint values c;
for each constraint i do

Evaluate constraint Ĉi>ci>Či;
Map constraint value to normalized constraint space, c∗i ;

end
Calculate total constraint violation CT ;
if CT = 0 then

nFS+=1 ;
Store feasible design variable vector XFS ;

end
Calculate success rate, sr = nFS/ns ;
return sr, XFS ;

Evaluate success rate, srk%, of initial solution space Ŝ0, Š0 ;
srk%= SR(Ŝ0, Š0, Ĉ, Č, Model, ns);
Initialize current Solution Space vector, upper and lower limits ;
ŜC=Ŝ0 and ŠC=Š0;
while srT% > srk% do

Evaluate success rate and get feasible solutions of current solution space;
srk% , XFSk

= SR(ŜC , ŠC , Ĉ, Č, Model, ns);
Re-define solution space limits ;
for each feasible set j of design variable XFSk

do
ˆSCj = max(XFSkj

);
ˇSCj = min(XFSkj

);
end

end
Algorithm 4: Solution space calculator: consolidation phase
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After calculating the success rate of a solution space at a particular iteration k ,srk%,
the solution space limits for the next iteration, ŜC , ŠC , are determined by analyzing the
feasible designs XFSk

. For each design variable, the minimum and maximum values in
XFSk

are identified. The updated solution space limits take these minimum and maxi-
mum values to calculate the success rate of the new solution space in the next iteration.
In this way, this process iteratively discards regions of the design space that do not con-
tain feasible solutions. The solution space size becomes smaller in each iteration since
the upper and lower bounds of the previous solution space are discarded correspondingly.
Figure 5.5 shows a graphical representation of this phase. The iterations are carried out
until the success rate of the current solution space is equal or larger than the target suc-
cess rate, srT . A noteworthy consideration is that, due to imperfections in the sampling
scheme, it may be the case that regions with feasible solutions are discarded. Yet, the
objective of the consolidation phase is to obtain a solution space with a minimum number
of feasible solutions regardless of the size of the space. Nevertheless, this shortcoming is
identified and addressed in the next phase of the solution space calculator, the expansion
phase.
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Figure 5.5 Solution space consolidation

Expansion. This phase takes as input a solution space ŜC , ŠC with a success rate
larger or equal to srT . The size of the solution space is defined by the distances between
the upper and lower limits. Even if the objective of the calculator is to maximize the
size of the solution space, it is convenient to define a minimum solution space size, Ssize,
which must be satisfied. If the size of the solution space obtained in the consolidation
phase is equal or larger than the target size SsizeT , then no further expansion is needed.
In the opposite case, the expansion phase maximizes Ssize under the constraint that the
success rate of the expanded solution space, srexp%, is larger or equal to the success rate
of the consolidation phase srcon%.
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Algorithm (5) shows the optimization problem statement of the expansion phase. The
expanded limits of the design variables, ŜE and ŠE , have the original design bounds as
upper bounds, L̂ and Ľ, and the consolidation limits as lower bounds ŜC , ŠC . This
implies that the expanded solution space exists between the consolidated space and the
original design bounds. At each optimization iteration, the conditions, srexp% > srcon%
and Ssizeexp > Ssizecon are monitored, so that after convergence, the expanded solution
space has a success rate larger than the consolidates success rate and at the same time,
has a larger size than the consolidated space. Figure 5.6 condenses the expansion phase.

Data: Design space vector, upper limits L̂ and lower limits Ľ; Vehicle
Characteristics; Constraints vector Ĉ, Č

Result: Expanded Solution Space vector, upper limits ŜE and lower limits ŠE

Design Variables: ŜE , ŠE ;
Objective Function: max F ( ŜE , ŠE ) = max Ssize;
Design bounds: L̂, Ľ and ŜC , ŠC ;
Subjected to: srexp% ≥ srcon%;
while optimization convergence not achieved do

Sample, ŜE , ŠE inside design bounds, L̂, Ľ and ŜC , ŠC ;
Calculate success rate of expanded solution space srexp%;
Calculate size of expanded solution space Ssizeexp ;
if srexp% > srcon% and Ssizeexp > Ssizecon then

Store feasible design variable vector ŜE , ŠE ;
end

Algorithm 5: Solution space calculator: expansion phase
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Figure 5.6 Solution space expansion
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The three phases described above in general terms, exploration, consolidation, and
expansion, provide an efficient approach to finding a solution space. The following section
focuses on the implementation of the solution space calculator to find the resistance-to-
deformation characteristics, RDC, as well as on the hierarchical mapping of the full-
vehicle and load-path levels.

5.1.2. Full Vehicle to Load-Path Level Mapping

In Sections 4.1.1 and 4.1.2 it is stated that the kinematic model can be represented at two
hierarchical levels, the top level being the full-vehicle level and the bottom level being
the load-path level. The resistance-to-deformation characteristics can be expressed at
both levels and an equivalence between both characteristics is constructed. While the
full-vehicle level aggregates the resistance-to-deformation characteristics in two force-
displacement curves and one force point of application, the load-path can be further
subdivided into force-displacement curves at the convenience of the structural design
strategy. The force-displacement curves at the load-path level imply an additional level
of detail so that they can be used as design targets for each load-path. This level of
detail means a larger number of variables to describe the resistance-to-deformation char-
acteristics in comparison with the full-vehicle level. Therefore, a larger number of design
variables is also involved in the solution space calculation. The link between the two
levels is exploited so that in the first solution space calculation a solution space at the
full-vehicle level is efficiently obtained using the kinematic model as the constraint eval-
uator. Later, the full-vehicle resistance-to-deformation characteristics in the form of a
solution space are used directly as constraints for the load-path level. At the load-path
level, the total sum of transversal and longitudinal forces as well as lever arm and point
of application of force ratio are used as constraint evaluators. This last operation has a
considerable lower computational cost in comparison to the kinematic model, since no
numerical time integration scheme is needed.

The mapping of the properties and hierarchical optimization used for the solution
space calculator at the full-vehicle and load-path levels are presented in Figure 5.7. At
the full-vehicle level the vehicle characteristics include the vehicle mass, rotational inertia
around the Z axis, the position of the center of gravity, the position of the A-Pillar as well
as the barrier position. The design space contains the upper and lower bounds for the
transversal and longitudinal force-displacement curves and the longitudinal force point of
application-displacement curve. Finally, the constraints define the upper and lower limits
of the acceptable values of selected kinematic parameters such as total vehicle rotation,
θz, glance-off value, GVPtend

, rest deformation length, RDL sL, and rest kinetic energy,
RKE. The precise values of these ranges, that produce a desired kinematic response,
are discussed in Section 5.2.

The solution space calculator at the full-vehicle level, takes the constraints, design
space and vehicle characteristics and through the exploration, consolidation, and expan-
sion phases finds a solution space for the following quantities: longitudinal, F̂xFV , F̌xFV ,
and transversal forces, F̂yFV , F̌yFV and equivalent point of application of force, Ŷeq, Y̌eq;
each with their correspondent upper and lower limits. As stated before, the kinematic
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Figure 5.7 Solution space coupling: from the full-vehicle level to the load-path level

constraint evaluation is performed through the kinematic model.
At the load-path level, the design bounds are selected in the same manner as for the

full-vehicle. The maximum load levels for each load-path correspond to the available
topology of the vehicle structure. In contrast to the full-vehicle level, the vehicle char-
acteristics at the load-path also define the transversal position of the load-paths across
the structure. These positions, YLP are defined for each load-path j. Regarding the
constraint evaluation, one alternative for the load-path level would be to use the kine-
matic model directly. The kinematic model admits as input force-displacement curves
representing either the total forces or load-paths forces. Internally, the kinematic model
sums up the forces in the load-paths in the transversal, FyLP , and longitudinal direc-
tion, FxLP , correspondingly. For the total moment around the z axis, Mz, the kinematic
models considers for the transversal forces the load-path lengths as lever arms and for
the longitudinal forces, the y position of the load-path as lever arm. This relationship
describes the link between the point of application of force Yeq, total longitudinal force
FxFV and the load-path longitudinal forces FxLP and the load-path y positions YLP . Con-
sidering this mechanical equivalence, the solution space limits at the full-vehicle level are
used as constraints at the load-path. Algorithm (6) presents this mapping procedure.
It can be seen that the computational cost of the constraint mapping is relatively small
compared to that for the evaluation of a kinematic model. The constraint mapping only
contains sum operations for each load-path j to m and for each deformation level i to
n. The exploration, consolidation, and expansion of the solution space calculator are
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carried out at the load-path level obtaining as a result the upper and lower limits for the
force levels for each load-path: F̂xLPj

, F̂yLPj
, F̌xLPj

and F̌yLPj
.

This hierarchical optimization scheme defined at the full-vehicle and load-path levels
used for the solution space calculation combines the benefits of coupling both levels. On
one hand, the accuracy of the kinematic model is maintained at the full-vehicle level,
where the number of design variables is reduced. On the other hand, the mechanical
equivalence and link to the load-path level offers lower calculation cost of constraint
evaluation offering the possibility to cope with the increased number of design variables
and the correspondent number of iterations needed to achieve a solution space conver-
gence. Nonetheless, the key aspect of selecting the appropriate constraints at the full-
vehicle level that produce a suitable kinematic response and more importantly a desired
structural rating is still open. In the following section this issue will be discussed.

Data: Solution Space @Full-vehicle level: F̂xFV , F̌xFV , F̂yFV , F̌yFV , Ŷeq, Y̌eq
Result: Force-Displacement curves @Load-path level, FxLPj

and FyLPj

for each deformation level i to n do
Longitudinal Forces:
F̂xFVi

>
∑m

j=1 FxLPji
> F̌xFVi

;
Transversal Forces:
F̂yFVi

>
∑m

j=1 FyLPji
> F̌yFVi

;
Equivalent point of application of longitudinal force:
Ŷeqi >

∑m
j=1 (FxLPji

* YLPji
)/
∑m

j=1(FxLPji
) > ˇYeqi ;

end
Algorithm 6: Full-vehicle to load-path level constraint mapping

5.2. Data-driven Solution Space Definition

In order to determine the functional properties of the vehicle structure, namely the
resistance-to-deformation characteristics that correspond to the structural rating target,
the work-flow shown Figure 5.8 is applied. As previously stated, the kinematics of the
vehicle are a function of the resistance-to-deformation, and vehicle characteristics. The
next step is to couple the kinematics with the structural rating. A data-driven approach is
proposed, whose central objective is to characterize the vehicle kinematics of the available
IIHS tests, analyze them in conjunction with its Safety Distance DSG, and find regions
of the previously defined kinematic parameters that increase the probability of achieving
a given structural rating target.

As shown in Figure 5.8, the first step is to extract the vehicle trajectory through the
video analysis of the high speed video footage as described in Section 3.2. The displace-
ments and rotation obtained are used then in the kinematic analysis in combination with
the vehicle characteristics to calculate the kinematic parameters as well as the kinematic
mode. The residual kinetic energy is also calculated at tend as a way to represent the
amount of energy that is not absorbed by the structure by means of plastic deformations
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and subsequent intrusions; but that remains in the form of translational and rotational
velocity.
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Figure 5.8 Data-driven solution space definition

The next step is to analyze the kinematic quantities and find relationships among
themselves and with the DSG through a cluster and correlation analysis. Afterwards
the clusters of kinematic quantities or combinations of ranges that result into regions
of certainty of a given DSG are defined as constraints. These constraints, in the form
of minimum and maximum values, in combination with the selected design bounds for
the resistance-to-deformation and other vehicle characteristics are used as input for the
solution space calculator. As output, the solution space for the RDC is obtained as a
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function of the desired DSG. In Section 5.2.1 a deeper description of the Cluster and
Correlation Analysis process is presented.

5.2.1. Kinematic Behavior and Structural Performance Cluster Analysis

The rest kinetic energy integrated by the translational and rotational velocity of the
vehicle at tend, RKE, is expressed as a percentage of the kinetic energy at the beginning
of the crash. The RKE represents the amount of energy that was not absorbed by
the structure by means of plastic deformation. Ideally, if a vehicle conserved 100% of
its initial kinetic energy, it would mean that there were no deformations and therefore
intrusions in the occupant compartment. Since the contact between the vehicle and
the rigid barrier is geometrically unavoidable and because the structure of the vehicle
is not ideally rigid, some degree of deformation and consequently of energy absorption
is expected. Consider two vehicles with the same mass, proportions and identically
stiff occupant compartments, (same A-pillar, firewall, rocker) but different RKE and
therefore different frontal structures. The vehicle with the higher RKE has absorbed less
energy during the crash and consequently has less deformations, intrusions and a better
rating than the other vehicle. Even if this strictly holds only for the case described before,
a similar tendency can be observed in the vehicle data from the IIHS. Additionally, if a
vehicle is designed to completely absorb the initial kinetic energy of the crash, it would
require increased cross-sections to be able to cope with the higher amount of energy
absorption demand and it would therefore mean a higher weight of the vehicle.

Figure 5.9 shows the relation between rest kinetic energy, RKE, and safety distance,
DSG. The vehicles analyzed show values of RKE at the low end of the spectrum from less
than 10% and at the high end with more than 40%. As a DSG>0 means a Good struc-
tural rating, it can be observed that such a DSG can be achieved almost independently
to the RKE. However there is a region for RKE>30% that only has DSG>0 (see green
area in Figure 5.9). The vehicles analyzed are diverse in terms of mass, proportions, type,
and structure. It can be concluded that for the range of RKE<30%, the DSG is highly
dependent on the specific layout and execution of the vehicles frontal structure and occu-
pant compartment. But if the vehicle achieves a RKE>30% the details of the structure
are of secondary importance. This data-driven approach is dependent on the current
state-of-the-art materials and constructions techniques used in the automobile industry.
Meaning that if different constructions and materials are available this conclusion may
vary.

Systems Engineering Based Crashworthiness Design for the Small Overlap Load Case 105



Iván Cuevas Salazar

0% 10% 20% 30% 40% 50%

Rest Kinetic Energy RKE

-5

-4

-3

-2

-1

0

S
a
fe
ty

D
is
ta
n
ce

D
S
G

DSG = 0.9

DSG = -5.3

DSG = -2.2

Figure 5.9 Rest kinetic energy RKE vs. safety distance DSG. The green area corresponds to a region
of the analyzed space where RKE>30% and DSG>0

In order to confirm the location of this region with higher probability of DSG>0 a
hierarchical cluster analysis is performed upon RKE and is presented in Figure 5.10.
Four clusters are identified and the correspondent histograms for their DSG are shown.
Cluster 1 has an average DSG=-44%, while cluster 2 a DSG=-56%, cluster 3 DSG=-12%
and finally cluster 4 DSG=53%. The clusters are presented in occurrence order, meaning
that cluster 1 contains 53% of the data, 34%, 11% and 2% correspondingly to clusters
2, 3, and 4. By inspecting their histograms and average values, it can be concluded
that clusters 3 and 4 have higher probability of containing vehicles with DSG>0. The
correspondence between the cluster and RKE range is shown in Figure 5.11. The relevant
cluster 3 and 4 have a RKE range of [25%,35%] and [35%,43%] correspondingly. Within
cluster 3, all of the vehicles with values of RKE>30% observe a DSG=0%. Therefore
RKE>30% is taken as the main constraint derived from the kinematic quantities that
maximize the probability of obtaining a good structural rating.
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Figure 5.10 Rest kinetic energy RKE cluster vs. safety distance DSG
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Figure 5.11 Rest kinetic energy RKE cluster vs. rest kinetic energy RKE
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Other relevant kinematic parameters and their relation to DSG and RKE are shown
in Figures 5.12, 5.13, and 5.14, where the following conclusions are derived. First, the
Figure 5.12(a) shows a weak correlation between the total vehicle rotation around z, θz,
and DSG. Generally, for higher rotation values θz>10◦ lower DSG values are observed,
and for lower rotations θz<0◦ the probability of DSG>0 increases. However, the relation
of θz with RKE is stronger than with DSG. In order to achieve values of RKE>30%
only negative rotations are present.
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Figure 5.12 Total vehicle rotation in z vs. safety distance (a) and rest kinetic energy (b)

Second, for the glance-off value relation with DSG, the range of DSG is completely in-
dependent. Glance-off values <1 and >1 observe similar probability of DSG>0. Nonethe-
less, Figure 5.13(b) shows that values of RKE>30% coincide only with Glance-off values
> 1. Finally, for the rest deformation length, RDL sL, the plots are shown in Figure 5.14.
Although higher values of sL coincide with higher values of DSG that does not hold for
the relation with RKE, where no clear correlation is observed. For these reasons, even
if the other quantities do not show a strong correlation with DSG, secondary quanti-
ties such as θz and glance-off value can be identified that produce higher probability of
RKE>30% and consequently DSG>0.
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Figure 5.13 Glance-off value vs. safety distance (a) and rest kinetic energy (b)
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Figure 5.14 Rest deformation length, RDL sL vs. safety distance (a) and rest kinetic energy (b)
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5.2.2. Optimal Constraints Identification

A set of constraints identified from the analysis presented in the previous section together
with the resistance-to-deformation design bounds as well as the vehicle characteristics
are given as an input to the solution space calculator. The outcome is a set of force-
displacement curves and force application point-displacement curve at the total vehicle
level and force-displacement curves at the load-path level, which in essence result in
vehicles with a Good structural rating. The link between the rating and resistance-to-
deformation characteristics are the vehicle kinematics and consequently the constraints
given upon them. Table 5.1 summarizes the selected constraints. The RKE constraint
is dominant and has a direct relation with the deformations occurring during the crash
as well as the structural rating. The θz and GVP are given as a mean to achieve the
requested RKE with a kinematic behavior that is possible to achieve considering the
state-of-the-art materials and construction techniques. Even if achieving a RKE>30%
is physically possible with a different combination of θz and GVP it would deviate from
the current industry capabilities. Lastly, the rest deformation length constraints ensures
that the glance-off and therefore tend comes before a hard contact between the A-Pillar
and the barrier takes places. Where the RKE constraint can be understood as a measure
of efficiency, the sL constraint represents a certain degree of safety.

Table 5.1 Constraints defined upon relevant kinematic parameters that maximizes the probability of
DSG>0

Kinematic quantity Constraint
Rest Kinetic Energy RKE > 30%
Total Vehicle Rotation θz < 0◦

Glance-off GVP ≥ 1
Rest Deformation Length sL > 10mm
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Chapter 6

Solution Space-based Iterative Simulation Scheme

The virtual design and verification of the functional properties of the structure is repre-
sented at the right side of the V-Model in Figure 6.1. As stated previously, the system
must be able to provide the appropriate response even under a varying test environment.
As costly as the virtual design phase can be, the advantage of using simulation tools,
particularly FE models, for the vehicle development is certain. However, the effective
use of these simulation tools to drive the structural design is not trivial. The broad
spectrum of possible and the subset of feasible and optimum solutions often elude the
design engineer. In consequence, it does not suffice to define and derive the global and lo-
cal requirements but to use them as objective functions in the iterative simulation-based
design. This work recognizes this issue and proposes a solution space-based iterative sim-
ulation scheme or SSBISS. The SSBISS takes the requirements defined in the early phase
for each subsystem, namely resistance-to-deformation characteristics for each load-path,
as objective function and determines the level of violation of the solution space for each
design proposal while explicitly considering the relevant sources of uncertainty and the
variation they produce in the output variables.
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Figure 6.1 Systems engineering V-diagram for crashworthiness design and virtual design verification
with explicit uncertainty consideration: solution space-based iterative simulation scheme

The general work-flow of the SSBISS is presented in Figure 6.2. The starting point
of the scheme is a FE model where an initial structural topology and the correspondent
component geometry and properties are represented. Not only a single simulation is
carried out but a set of simulations containing variations of the relevant input parameters.
The relevant input parameters and their correspondent uncertainties are characterized
and samples are generated to represent such variations. This first set of simulation results
is preprocessed to obtain the relevant outputs including the nodal displacements and the
forces time series of the Small Overlap rigid barrier. From the nodal displacements of the
vehicle, the kinematic DOFs (ux, uy, θz) are calculated. These DOFs together with the
force signals and the vehicle characteristics are post-processed in the kinematic analysis.
As a result of this analysis, the kinematic parameters, residual kinetic energy RKE, and
resistance-to-deformation characteristics are obtained.
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Figure 6.2 Solution Space-based Iterative Simulation Scheme

The first iteration is used as a base to define the design bounds for the resistance-
to-deformation characteristics. These force-displacement curves are taken as estimators
from the performance of the load-paths. The characteristics of the curves, start, end, and
local minimum and maximum are a representation of the topology of the structure and by
scaling them a design space can be defined as stated in Section 5.1.1. This design space
together with the constraints defined upon the kinematic parameters and the vehicle
characteristics are given as an input to the solution space calculator, where the solution
space of the RDC is obtained in the form of piecewise linear force-displacement curves
and additionally for the total vehicle level a point-of-application-of-force-displacement
curve.

For subsequent iterations, the RDC obtained from the simulation are compared against
the solution space through a violation-check procedure. A scalar value indicating to
what degree is the curve of the simulation inside of the solution space is reported and
correlated with key parameters in order to identify the sensitivities and guide the design
to a complete fulfillment of the solution space requirements. By comparing the current
RDC to the solution space, regions in the load-path that need an increase or decrease
of the force levels are identified and optimized. The final step is a robustness analysis
that evaluates the degree of solution space fulfillment in context of the uncertainty of
the relevant parameters. A so-called robustness index is reported. Then, the FE model
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including the new set of optimized geometries and topologies obtained from this analysis
is once again, together with the set of samples characterizing the uncertainties, simulated
and evaluated until a complete and robust fulfillment of the solution space is achieved.
Most of the sub-steps of the SSBISS were defined in the previous sections. However, for
the newly introduced procedures of solution space violation-check and robustness analysis
this work dedicates the following sections.

6.1. Solution Space Violation-Check

The solution space violation-check is the way to quantify the degree of fulfillment of
the RDC requirements. This degree of fulfillment drives the development of the de-
sign. Each design iteration has the goal to increase it. Once the degree of fulfillment is
100% and the robustness evaluation has been carried out, the probability of achieving
the structural rating target in the subsequent hardware test is maximized. The previ-
ously calculated solution space for the resistance-to-deformation characteristics at the
load-path level in its piecewise linear form, namely the upper and lower limits, F̂ xLPj ,
F̂ yLPj , F̌ xLPj and F̌ yLPj , is compared against the force-displacement curves obtained
in the simulation, FSIMxLPj and FSIMyLPj . Algorithm (7) summarizes the necessary
calculations defined in this solution space violation-check procedure.

The violation check is carried out for both directions x and y for each load path. Since
it could be the case that the solution space limits and the obtained force signals from the
simulation are defined with a different discretization level, the first step is to map both
items using the same discretization delta in mm, here called dc. The active period of the
force signals may vary among the load-paths; therefore, the identification of the end of
each force-displacement curve is carried out. This active period is determined by either
the point when the load-path has no longer a geometrical projection onto the barrier
and consequently the force-signal reaches zero or when the load-path reaches a rebound
state and the displacement starts to decrease. For the first case, a local glance-off value
is used to determine the end point. For the second case, the rebound of a load-path
will coincide with the global rebound identified in the kinematic analysis. In both cases,
the solution space degree of fulfillment (SSDOF) vectors either at the load-path level,
FxFFj

and FyFFj
; or total level, FxFF and FyFF are only calculated for the active period

of the force-signal. For each deformation level using the dc discretization, the SSDOF is
calculated as: (a) the positive difference between the simulation force-signal, FSIMaLPji

,
and the lower limit of the solution space F̌ aLPj when the force signal is smaller than the
lower limit or (b) the negative difference between the force-signal, FSIMaLPji

, and the
upper limit, F̂ aLPj , when the force signal is larger than the lower limit. Otherwise it is
zero. This implies that the level of fulfillment is directly expressed as the force difference.
This differences are stored in the FaFFj

for each load-path j until the force-signal ends
or the solution space definition is no longer active, meaning that both upper and lower
limits are equal to zero as defined by the design bounds. Afterwards, the SSDOF at
load-path level is the absolute sum FaFFj

for each deformation level. Finally the total
SSDOF for each direction x and y is the sum of the SSDOF of each load-path.
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Due to the fact that the SSDOF at the load-path level, FaFFj
is also expressed in the

same spatial discretization as the deformation vector, the regions where changes in the
force levels are needed can be directly mapped to regions of the vehicle structure. If
for a particular deformation level FaFFji

>0, then the force in the load-path needs to be
decreased, since the upper limit of the solution space is violated. On the contrary, if
FaFFji

<0, meaning that the lower limit is violated, the force level needs to be increased.
If at total level, the SSDOF value is relatively high, it means that there are considerable
deviations from the solution space. Therefore, the objective is to minimize its value so
that it is closer to zero.

Data: Force-Displacement Curve @Load-path (j) level, FSIMyLPj and
FSIMxLPj ; Solution Space Resistance-to-Deformation Characteristics
upper and lower limits F̂ xLPj , F̂ yLPj , F̌ xLPj , F̌ yLPj ; Curve Discretization
in mm dc

Result: Solution Space degree of fulfillment @Load-path level, FxFFj
and FyFFj

;
and total, FxFF and FyFF

for Fa in Fx and Fy do
for each load-path j to m do

Map solution space curves F̂ aLPj , F̌ aLPj to dc;
Map simulation curves FSIMaLPj to dc;
Initialize Solution Space degree of fulfillment vectors FaFFji

;

for each deformation level i to n do
if F̌ aLPj>0 and F̂ aLPj>0 then

if FSIMaLPj<F̌ aLPj then
FaFFji

= F̌ aLPj - FSIMaLPji
;

else if FSIMaLPj>F̂ aLPj then
FaFFji

= F̂ aLPj - FSIMaLPji
;

end
SSDOF @Load-path level: FaFFj

=
∑n

i=1 abs(FaFFji
);

end
Total SSDOF: FaFF =

∑m
j=1 abs(FaFFj

);
end

Algorithm 7: Solution space violation-check

The solution space violation-check is carried out for each of the simulations correspond-
ing to the sample set defined in the robustness analysis. Each of the force-displacement
characteristics obtained from this simulation set includes the variation of the relevant
parameters producing the scattered response. Considering this group of simulations, the
goal is to minimize the larger SSDOF in the set, meaning that the larger deviation from
the solution space is as small as possible. These iterations are carried out until the SS-
DOF is minimized and consequently all of the load-paths lie inside the solution space

116 Systems Engineering Based Crashworthiness Design for the Small Overlap Load Case



Iván Cuevas Salazar

while also considering the scatter of the response. In the following section, the details
on how to generate the samples set, characterize the sources of uncertainty and evaluate
the robustness of the design are discussed.

6.2. Robustness Analysis

For a design to be considered robust, it must achieve the predefined targets under nomi-
nal conditions as well as considering the variation in the input parameters inherent to a
physical phenomenon such as a crash test. The proposed methodology to ensure that the
performance of the structure fulfills the requirements is presented in Figure 6.3. As first
step, the sources of uncertainty that produce variation in the result are identified and
classified as relevant parameters. Then, the correspondent set of samples that efficiently
represent the scatter of the input parameters are generated. Afterwards, a set of FE mod-
els are simulated using the input variables samples defined earlier and the correspondent
output variables are generated through a post-processing routine. Finally, the robustness
of the relevant output parameters is evaluated by means of the calculation of a so-called
robustness index. In the following sections, the relevant parameter identification, sample
generation and robustness index calculation procedures are described.

Relevant parameters identification Model CalculationSamples Generation
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parameter space coverage & 
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samples
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considering probability 

functions
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Figure 6.3 Robustness analysis framework
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6.2.1. Identification of Sources of Uncertainty

Any crash test is a controlled experiment to a certain degree. However, several param-
eters that affect its outcome may be uncertain due to lack of information at an early
stage of the design, variations in the hardware use to conduct the test, variations of the
conditions of the test and variation in the tolerances and properties of the components.
Additionally, during the virtual phase of the development and in context of the com-
puter aided engineering and explicit finite element models, variations in the simulation
may also occur due to numerical issues of the solver used even if the model is identi-
cally defined. Different strategies can be developed to tackle each of these sources of
uncertainty. In some cases it may be possible to eliminate the source of uncertainty if
sufficient information is gathered and used in the corresponding design phase. For a large
majority, it would be unpractical to actually measure the exact values that each of the
relevant parameters would take prior to the experiment. Therefore, having a methodol-
ogy to include these uncertainties during the design phase is advantageous in order to
produce a robust design. To best understand and generate the appropriate strategies, it
is beneficial to categorize the sources of uncertainty into FE solver numerics, hardware
test conditions, vehicle configuration, and component properties related.

The uncertainties related to the FE solver numerics have mainly to do with two fac-
tors, one is the domain decomposition of the FE model and the second is the time-step of
the solver. In modern FE solvers, the domain decomposition is done automatically and
depends on the number of processors used to perform the calculations. Increasing the
amount of parallel processors used for the simulation decreases the calculation time to
a certain degree until the communication among them becomes dominant and produces
a bottleneck that prevents a linear scaling of the number of processor and decrease of
calculation time. Present-day high performance computer clusters can handle a consider-
able amount of simultaneous FE simulations and their correspondent parallel processors.
However, in order to speed up the total time needed from the model generation to the
post-processing of the results, a possible range of the parallel processors to be used can
be specified. This speeds up the queuing time in the HPC-Clusters, since as long as
any number of processors specified in the range is available, the solver calculations can
start. Hence, using always the same number of processors is possible although it is not
convenient for day-to-day applications.

The second factor mentioned, namely the time-step is also particularly critical for
explicit calculations. The critical time-step is available to the user at each point during
the calculation. In modern FE solvers, a minimum time-step can be specified to avoid
increasing the calculation time specially during phases of the simulation where elements
with smaller size may become dominant and require smaller time-steps. If these dynamic
critical time-steps reach the user-specified value a mass-scaling procedure will take place
to take this time-step back to the defined range. These two factors of numerical variation
are also a convenient way to identify unstable structural configurations. A practical way
to study the numerical stability at the early stages of the virtual design is to maintain
constant the amount of processors and parametrize this minimal time-step in the model
and use it as a relevant input parameter. In this problem statement, a variation of

118 Systems Engineering Based Crashworthiness Design for the Small Overlap Load Case



Iván Cuevas Salazar

maximum of 0.0001% delta was used among 10 different simulations. The numerical
stability provides a baseline to compare the real effect of the other parameters. If the
variation of a certain parameter is smaller than the variation in the output introduced by
the numerical variation, the effectiveness of this parameter is questionable and a better
design may be introduced.

The hardware test equipment and facilities are subjected to high standards and are
well-maintained and calibrated. During the physical prototype test, the cost of conduct-
ing a crash test is overshadowed by the cost of the prototype itself. It is convenient for
the test facilities and design teams to ensure a high degree of repeatability so that the
information gathered can be efficiently used to validate the vehicle’s structural design.
In the Small Overlap crash test, three main factors can be identified that are directly
related to the test conditions themselves, namely the mass of the vehicle, the velocity
at impact and the initial overlap of the barrier and the vehicle. For these three factors,
ranges are stipulated in the test protocol and can be then associated with the vehicle
preparation procedure and the acceleration of the vehicle towards the barrier. During the
preparation procedure, the measurement equipment is setup and attached to the vehicle.
This equipment may include, on-board cameras, crash test dummies, and acceleration
and rotational velocity sensors, and their correspondent electronic equipment that gath-
ers and retrieves the data. The exact position in the vehicle and type of this auxiliary
measurement equipment is not known prior to the test and may vary depending on avail-
ability and resources of the test facility. However, a target weight and distribution is
specified in order to maintain consistency during the design process and the official test
by the IIHS. Complementary to this target weight, an acceptable range or tolerance is
given. Even if the exact vehicle weight is not known prior to the vehicle setup, the range
in which it will lie is known. The second factor, the velocity at impact, is determined by
the acceleration device used to tow and accelerate the vehicle until it achieves its target
velocity and contacts the rigid barrier. This initial velocity determines the kinetic energy
of the vehicle and therefore the deformation that will take place during the crash as well
as the maximum energy that may be absorbed by the structure. As mentioned before,
these acceleration devices are often calibrated but a variation is always expected. The
third factor, the initial overlap, is the result of the relative position of the vehicle and
the barrier. Despite the fact, that this relative distance can be precisely measured before
accelerating the vehicle, the alignment of the towing rails and the distance between the
vehicle in free fly and the barrier have an influence on the initial overlap.

The amount of optional equipment and versions of a certain vehicle model must also be
considered when designing a robust structure. In certain ways, different equipment and
version combinations do not affect the stiffness or energy absorption capabilities of the
vehicle’s structure. However, factors such as the power-train, adaptive suspension, brake
calipers size and wheel size, material and styling may affect the outcome of the crash.
Different power-train options such as all-wheel drive, AWD, or rear-wheel drive, RWD,
may affect the stiffness of the sub-frame as a result of the additional components needed
to support it. In a similar way, the adaptive suspensions may affect the stiffness of the
suspension strut and shock absorber changing the wheel kinematics. The brake caliper
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size affects the mass and overall size of the remaining block consistent of the knuckle,
disc brakes and caliper. Lastly, the wheel size affects the free space for the wheel motion
and the styling and material affect the ultimate load and therefore the total force in
the wheel load-path. A so-called take-rate is calculated to estimate the most probable
combination to be tested also based on the sales volume of the vehicle. Even so, an
accurate prognosis cannot be achieved regarding the exact combination of power-train,
wheel and other options that the vehicle in the official test will contain.

One of the main differentiators of the Small-Overlap load case is the fact that the
suspension and wheel components take a central role in the crash since they represent
the main load-path. A certain degree of variability in the metal and other material
components will exist. However, the wheel itself is a moving part of the vehicle and
therefore its trajectory, brake loads, and impacting location are difficult to predict. The
trajectory is mainly controlled by the suspension links, control arms, and attachment
points properties. Even if crashworthiness is a central part of vehicle design, the main
function of the suspension is not the energy absorption, stiffness or trajectory control
of the wheel during the crash. For this reason the properties of the links, control arms
and attachment points are mainly driven by the driving dynamics requirements. If a
certain wheel kinematic is particularly beneficial to the structural rating, an additional
separation force or stiffness requirement may be introduced. The advantage is that even
if these suspension requirements are not driven by crashworthiness, the properties of the
components and tolerances are known and usually controlled in component tests. Be that
as it may, there are variations in properties such as the tire-floor contact and tire-wheel
interaction that will also affect the wheel kinematics and the attempt to measure and
collect the actual data is impractical. For this last set of uncertainties only an estimation
of the variation can be derived and considered in the design process.

6.2.2. Uncertainty Quantification

The relevant parameters’ identification conducted in the section above provides the pos-
sibility to develop the strategy to characterize each source of uncertainty in the best
possible and practical manner. Perhaps the easiest of these strategies is the one concern-
ing the variables related to the hardware test equipment and procedure. State-of-the-art
crash test facilities offer the possibility to retrieve and collect the relevant data for each
test. As stated before, the relevant variables for this subject are: the difference between
the target mass and actual mass of the vehicle tested, the impact velocity, and the initial
overlap between vehicle and barrier.

Here, the data on the difference of the target weight and the measured weight at the
time of the crash test was collected for more than 200 test vehicles of 3 different test
facilities. Even if the data collected is specific to these test facilities, the fact that the in-
dustry standards are followed indicates that this variation can be arguably representative
for the whole industry. Figure 6.4 shows the reconstructed probability density function,
pdf . This pdf is symmetric and with its mode on 0kg, with a minimum and maximum
of ±26kg. The absolute delta value is independent of the specific vehicle weight and
dependent as stated before on the availability of the measurement devices. However,
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considering a 2 ton. vehicle, this represents a delta of ±1.35% in mass and subsequently
also in the initial kinetic energy. The fact that the probability of the weight delta being
in the range of ±5kg is >65% reflects the accuracy of the preparation procedures.
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Figure 6.4 Reconstructed PDF vehicle mass delta

The IIHS provides for each of its internally conducted tests the actual impact velocity.
This data is presented in Figure 6.5(a). Compared to the vehicle mass delta pdf , it can
be observed that the impact velocity delta is not symmetric. The protocol allows for a
deviation of ±1km/h in the Small-Overlap test. The impact velocity delta has a range of
[-0.496 0.224]km/h and due to the unsymmetrical nature of its probability distribution,
70% of the time a slower impact velocity than the targeted can be expected. Starting from
a delta of 0km/h in order to contain 60% of the data, a range of [-0.1 0.08]km/h is needed.
This range corresponds for a 2 ton. vehicle to a delta of initial kinetic energy of [-0.31
0.25]%, considerably less than the delta of ±3.1% allowed by the protocol considering
±1km/h. A higher velocity means an increase on kinetic energy and therefore higher
deformations. From the shape of the impact velocity pdf it can be concluded that the
acceleration devices used in the test facility are calibrated more towards not exceeding
the target velocity rather than being close to it.

Similarly to the mass delta, the barrier position delta from which the initial overlap
can be calculated exhibits a symmetrical behavior as shown in Figure 6.5(b). The IIHS
protocol states that a deviation of 1% of the vehicle width is allowed. Considering a
vehicle of 1860mm in width, a deviation of 1% overlap produces a delta of 18.6mm. The
absolute maximum deviation observed from the data collected is ±20mm. According to
the barrier y position delta pdf , 65% of the data finds itself within ±5mm of the target
position. Structural designs with specific topologies that take advantage of the geometry
of the Small-Overlap barrier, namely its radius, are particularly sensible to the barrier
position delta and therefore its sensitivity should be taken into account in the design.
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(a) Reconstructed PDF impact velocity delta
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Figure 6.5 Hardware test related variation PDF for impact velocity (a) and barrier y position (b)

The next type of uncertainties is related to the vehicle version and options or config-
uration. The take-rate for each combination can be estimated a priori giving a vague
idea of the most probable combination of options that the vehicle chosen to be tested
will have. It is often impractical, even in the simulation, to consider all of the probable
combinations that a vehicle could have. The approach taken in this work is to limit
the relevant factors to the power-train, brake and wheel size, and styling to determine
the critical combinations. The AWD configurations include additional components that
stiffen the sub-frame also increasing the resistance-to-deformation characteristics of the
load-path and in general decreasing the deformations. Therefore, the FWD is consid-
ered critical. The brake size has to be considered in combination with the wheel size.
Larger brake calipers generally represent larger remaining blocks and intrusions if the
wheel remains totally or partially attached during the crash. The wheel size influences
the amount of space available to move and rotate. Large wheels are generally more
consistent with regards to the rupture mechanism and failure forces. The styling of the
wheel also influences the failure forces. The combination of wheel orientation and styling
affect the failure loads, therefore it is convenient to include the extreme configurations
regarding wheel size and failure forces. Once these critical combinations are determined,
it is sufficient to define the estimated take-rates and use them directly to characterize
their probability of occurrence by the official test.

The properties of the relevant components that are designed to achieve a certain target
such as minimum force before detachment can be characterized by truncated Gaussian
distributions for parameters with a symmetrical deviation behavior or skewed distribu-
tions for non-symmetrical. The target values are complemented by a minimum and max-
imum to describe a range in which the property is considered to fulfill the requirement.
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This range is used to define the truncation point of the distribution. If these components
are subjected to tests for quality control, then the reconstruction of the probability func-
tion is trivial. Constant probability functions are reserved for parameters where only
the minimum and maximum values are known but no additional information regarding
the type of distribution can be obtained. These parameters represent variables for which
targets are set upon but which only variate randomly inside a given interval. Examples
of these variables that are directly related to the wheel load-path are the tire and rim-bed
properties.

These strategies are implemented to characterize the uncertainties. The next step is
to develop and implement an efficient sampling mechanism that ensures that three key
conditions are fulfilled. One, that the complete range described by the relevant parameter
pdf is covered. Second, that the interaction between the parameters is also considered
together with the combined probabilities. And third, that while maximizing the coverage
the sampling mechanism is efficient so that the number of samples to characterize the
uncertainty space is minimized. The following section will address these matters of
efficient and effective sampling.

6.2.3. Efficient Sampling

The maximization of the parameter range coverage, the minimization of the number of
samples to achieve such coverage and the representation of the interaction of the param-
eters considering their probability functions are the key requirements of the sampling
mechanism. There are well-established sampling mechanism such as Optimized Latin
Hypercube, OLHC, that offer a certain degree of efficiency. This method is used as a
base and is expanded in order to fulfill the additional requirements stated above. Algo-
rithm (8) summarizes the necessary calculations defined in this OLHC expanded sampling
scheme. The relevant parameters, RP , and their correspondent pdf are read. The first
step is to calculate the cumulative density function, cdf , for each RP . Then, a normalized
set of samples is generated using the OLHC algorithm and an initial random seed. The
application of the probability of the RP is done by mapping the normalized space to the
real parameter space via its cdf . Figure 6.6 shows this mapping operation for two vari-
ables v1 and v2 with a Gaussian pdf with 59 as a mean. The condition that the relevant
parameters are independent from each other needs to hold to properly characterize the
joint probability of the variables. Once all of the RP have been mapped, the output cdf is
reconstructed from the samples and compared against the input cdf . The deviation from
input and output cdf is characterized by the Kolmogorov-Distance and the maximum
value for all the relevant parameters is named cdfdev. Then, a Spearman correlation
matrix is calculated to identify any artificial linear and non-linear dependencies among
the relevant parameters. Its maximum value is named corr. Target values are defined
for both error quantification values, cdfdev and corr, cdfdevallowed and corrallowed, cor-
respondingly. The normalized samples set creation, probability mapping, and sampling
error quantification are done iteratively until the targets for the error values are achieved,
or the maximum number of iterations is reached. In the latter case, the mapped samples
set, samplesmappedbest is reported.
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Figure 6.6 Normalized sampling space and mapping of probability of two variables v1 and v2

Data: Relevant parameters RP pdf , number of samples, Max. number of
iterations iterationmax, Max. cdf deviation allowed cdfdevallowed, Max.
correlation allowed corrallowed

Result: Relevant parameter samples
for each RP do

Calculate cdf
end
for i in iterationsmax do

Generate normalized samples using OLHC and random seed;
for each RP do

Map probability using input cdf and normalized samples as input;
Set samplesmappedi ;
Reconstruct output cdf from samples;
Characterize max. deviation cdfdevi between input and output cdf with
Kolmogorov-Distance;

end
Calculate correlation matrix of mapped samples;
Identify max. correlation corri;
if cdfdevi<cdfdevallowed and corri<corrallowed then

Return samplesmappedi ;
else if cdfdevi<cdfdevbest and corri<corrbest then

Update cdfdevbest=cdfdevi ;
Update corrbest=corri ;
Save samplesmappedbest=samplesmappedi ;

else if i=iterationsmax then
Return samplesmappedbest ;

end
Algorithm 8: OLHC Sampling mechanism with probability mapping and sampling
error minimization
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The amount of samples should be minimized in order to accelerate the analysis since
the simulation of a full vehicle FE model can be costly. Therefore, an optimum number
of samples, meaning the minimum number of samples that fulfill the sampling error
requirements, is beneficial to estimate. The optimum number of samples depends on
two factors: (i) the amount of relevant parameters to sample and (ii) the complexity of
the input pdf . The amount of RP increases the needed samples as well as the increased
complexity of the pdf . In this problem statement a pre-study is conducted to empirically
find this optimum.

6.2.4. Robustness Quantification

In Section 2.6.3, several methods for robustness quantification were introduced. Each
of these definitions may be more appropriate for certain applications. The first aspect
considered to derive the characterization of robustness or robustness index, RBI , is its
capability of application for the type of quantities relevant to this problem statement. In
this work, two types of quantities need to be analyzed. The first relates to scalar values
such as degrees of freedom of displacements or velocities, forces, energy and abstract
quantities such as the glance-off value. These scalar values are snapshots of the vehicle
state at a relevant time point. The second type of quantities are curves describing the
scalar values mentioned before. Characterizing the robustness at several time points
gives an indication if a bifurcation occurs and when in time such event happens. The
following robustness index definition offers the advantage of being able to characterize the
robustness at a certain point in time as well as throughout the complete crash duration.

The second aspect considered to derive the robustness index is its flexibility to be
defined as a means to compare the obtained distribution quantities to a target distribu-
tion. Different amount of variability is expected from the relevant quantities. Therefore,
it is advantageous to include this variability in the robustness index target definition.
Additionally through a more strict definition, an implicit prioritization can be imposed
in the quantities to study. Namely if a quantity is of critical importance, its variability
should be smaller compared to the others and consequently an acceptable robustness
index should be more difficult to achieve.

The third aspect considers the fact that in praxis, the amount of data that can be
generated to evaluate its robustness is costly and tends to be relatively scarce. For this
reason an approximation of the probability distribution based on the available data is
generated assuming a given distribution type and then this approximation is compared
against the target distribution. This approximation efficiently recreates the expected
distribution of the relevant quantities with a relatively reduced amount of data giving
the possibility to characterize the robustness of a certain quantity without performing
a costly amount of experiments. The following subsections will provide more details on
the derivation of the robustness index.
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6.2.5. Robustness Index

One of the key factors of the proposed robustness index is that it is based on a comparison
to a target distribution. Meaning that the robustness index is the Kolmogorov distance
between the approximation of the probability density function of the quantity to study
and the target distribution. This offers the advantage to represent the robustness index
as a scalar quantity from -1 to 1. The first possibility is a negative robustness index
indicating that the approximation of the pdf of the samples is more spread out than
the target distribution, meaning that the required robustness was not achieved. The
second possibility is a robustness index with a value of zero, that indicates that the
approximation pdf of the samples and the target distribution are exactly as spread out,
meaning that the robustness target was precisely achieved. The third possibility is to
have a robustness index larger than zero. This means that the robustness target was
achieved and that the approximated pdf of the samples has less variability than the
target distribution. The larger-than-zero case and smaller-than-zero case are presented
in Figures 6.7 and 6.8 for the toepan and steering column intrusion points respectively.

To calculate the robustness index of a given set of samples contained in a vector Ycurrent,
the first step is to determine the target distribution. Considering the risk-management-
nature of the problem stated, a minimum number of experiments or acceptable percentage
of target achievers, TAacc% , that fulfill the requirements is specified. Additionally, a
virtual requirement can be considered as the fulfillment of the condition that the value
must lie inside a given range defined by a lower value, limlt , and an upper limit, limut .
It is convenient to define such range as a function of a deviation from a reference value,
ref . Therefore, the target distribution is here the distribution that contains a certain
percentage of target achievers inside a given range [limlt , limut ]. After the assumption
of pdf for the output quantities to be analyzed, the standard deviation can be calculated.
Assuming for example a normal distribution with a cdf with probability Pr(x) of

Pr(x) =
1

2

(
1 + erf

(
x− µ

σ/
√
2

))
, (6.8)

and by replacing the mean µ by ref , the x by limlt and the probability Pr by
(1 − TAacc%)/2 (taking advantage of the symmetry of the distribution) an expression
is obtained to describe the standard deviation of the target distribution σt as a function
of TAacc% , ref and the range [limlt , limut ].

σt =
limlt − ref√

2 erfinv(−TAacc%)
, (6.9)

The standard deviation σt defined in Eq. (6.9) is then used to reconstruct the cdf of the
target distribution, cdft. The next step is to define the pdf approximation of the available
data contained in Ycurrent assuming the same type of probability function as the target
distribution. The base for this calculation is TAacc% . The absolute distances of all of the
samples contained in Ycurrent to ref are calculated. The distances are sorted starting
with the smallest one. One by one the distances are collected until TAacc% percentage of
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the total amount of samples of Ycurrent are aggregated. The sample value corresponding
to this last distance is then taken as the upper and lower limits [limls ,limus ] assuming a
symmetrical range with ref exactly in the middle. Then, in the same manner as with the
target distribution, the standard deviation of this distribution approximation, σs, is cal-
culated assuming the same distribution type and considering TAacc% . Subsequently, the
cdf of the approximated sample distribution, cdfs, is reconstructed and the Kolmogorov
distance between it and the target distribution is calculated and represented by RBI .
Algorithm (9) summarizes the steps to calculate the robustness index.

As stated in the Algorithm (9), the input quantities to calculate the RBI of a given set
of values are the reference value, ref , and the target distribution characteristics TAacc% ,
[limlt , limut ]. The strategy to define the target distribution characteristics was stated at
the beginning of this section. However, the ref can be defined according to the type of
data set and the analysis to conduct. On the one hand, for quantities that are relevant
to the problem statement such as total moments in the vehicle structure, velocities or
tend that do have an effect on the total outcome but are not critical for the fulfillment
of the requirements defined at any level, it is convenient to define a ref that allows us
to monitor them but at the same time is flexible and automatically available for each
simulation set. The mean of the parameter set Ycurrent fulfills such conditions. On the
other hand, for quantities that are critical to the outcome and that can be related to a
specific target; i.e. θz, GVP , sL or RKE; the ref value can be defined also as a target
around which the data set can oscillate within certain limits defined complementary by
TAacc% . The key factors to determine which approach to take are first to define if the
variable has to reach a given target or if it is considered a monitoring variable. And
second, if the objective of the assessment is to evaluate the robustness of the models or
to evaluate the robustness of the models and target fulfillment.
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Figure 6.7 Probability density function (a) and cumulative density function (b) are depicted to show
the Kolmogorov distance for the intrusion point left toepan presenting a RBI = 0.456 > 0)
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Figure 6.8 Probability density function (a) and cumulative density function (b) are depicted to show
the Kolmogorov distance for the intrusion point steering column presenting a RBI = −0.647 < 0
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The definition of a ref becomes of particular interest when analyzing a complete time
series of a given quantity. Figure 6.9(a) shows the example of the time series of total
moment, Mz, in the vehicle structure for a set of 10 simulations where a variation of
the time-step was performed in order to investigate the numerical stability of the finite
element model. For this case, a deviation of 20% from the reference to calculate [limlt ,
limut ], a TAacc% = 80%, and a ref defined as the mean of the maximum values for
each of the 10 simulations are selected to generate a global target distribution cdft. For
each point in time, the cdfs is approximated and compared against the global cdft using
the Algorithm (9) to calculate the RBI . As seen in Figure 6.9(a), the [limlt , limut ] are
constant. One alternative to this approach would have been to have at each point of
the time series a local cdft. However, this would mean that small variations among the
10 samples specially at the beginning and at the end of the time series (regions with
less relevance) would have dominated the RBI calculation. This can be done if it is
of particular interest to analyze the small variations of the time series specially at the
beginning. Nonetheless, the current problem statement requires the characterization of
the global behavior observed in the time series. With this approach in mind, it can be
observed in Figure 6.9(b) that the RBI time series is closer to the value of 1, indicating
a robust behavior at the beginning of the time series. This instinctively coincides with
the fact that at the beginning of the crash, the small changes brought by the variation of
the time-step have not produced a large enough impact on this quantity. Approximately
at 60ms the RBI reaches its lowest value coming closer to 0. This indicates that at this
point in time the small numerical variations have produced a large enough impact to be
detected by the RBI analysis. In the last part of the time series, the RBI retakes its
tendency towards 1, due to the fact that the quantity in the simulations moves towards
zero.

For quantities that are the result of a cumulative operation, i.e. a time integration, the
RBI may only decay. An example of this behavior is shown in Figure 6.10. For this case,
the robustness index at the end of the time series takes the most relevance. However, for
this problem statement, and for the relevant kinematic parameters, the robustness index
is calculated either considering the maximum values in the time series or the value at the
tend.
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Input: reference value: ref & target distribution characteristics: TAacc% , [limlt ,
limut ]

Output: Robustness index: RBI , standard deviation of target and approximated
distributions σt,σs and limits for approx. distribution [limls ,limus ]

Data: samples: Ycurrent
SD Target Distribution SDTD( TAacc%, [limlt ,limut ])):

σt = (limlt-ref)/(
√
2erfinv(−TAacc%))

return σt

SD Approximated Distribution SDAD(Ycurrent, TAacc%):
Calculate distance of samples to reference
for each Ycurrent do

distances(i)=abs(Ycurrent(i)-ref)
end
Sort distances
distancessorted = sort(distances)
Identify limus

current% = 0%
i = 0
while current%< TAacc% do

limus = ref + distancessorted(i)
current% = i/length(distancessorted) i+=1

end
limls = ref -(limus-ref)
σs = (limls-ref)/(

√
2erfinv(−TAacc%))

return σs

Robustness Index RBI(σs, σt):
SDTD(TAacc% , [limlt ,limut ])
SDAD(Ycurrent, TAacc%)
cdft: Reconstruct target distribution cdf using σt
cdfs: Reconstruct approximation distribution cdf using σs
RBI = Kolmogorov-Distance(cdft,cdfs)
return RBI

return
Algorithm 9: Calculation of robustness index
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Figure 6.9 Time series of the total moment Mz (normalized by MzN ) for a set of 10 simulations (a)
including its resulting RBI time series (b)
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Figure 6.10 Time series of the glance-off value for a set of 10 simulations (a) including its resulting
RBI time series (b)
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6.2.6. Re-visiting the Solution Space

As stated previously, the robust fulfillment of the requirements in the virtual design
phase, maximizes the chances of obtaining a successful result in any of the subsequent
hardware tests. Both aspects, the fulfillment and the robustness are the drivers of the it-
erative simulation scheme. On one hand, the fulfillment of the solution space is measured
by the SSDOF according to the agreement of the force-displacement curves and their cor-
responding upper and lower limits. On the other hand, the robustness index characterizes
the variability of the outcome including the sources of uncertainty in the simulation set.
The two aspects can be understood as a way to characterize if a given signal exists inside
a range either defined by the backwards calculation in the force-displacement space or
by the target distribution for any other output signal. The use of this simulation scheme
until convergence and therefore robust fulfillment of the requirements makes the virtual
design phase more effective and efficient.
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Chapter 7

Validation of Kinematic Model and Solution Space

The essence of the methodology presented in this work lies in the low-fidelity kinematic
model and its use in the calculation of solution spaces of the resistance-to-deformation
characteristics at the full-vehicle and load-path levels. In this section, both approaches
are validated by comparing the results using real crash data. First, the vehicle trajectory
and kinematic parameters of a Small Overlap crash are compared with the vehicle tra-
jectory and kinematic parameters of the reconstruction of the same crash using the low-
fidelity kinematic model. The trajectory is calculated using the resistance-to-deformation
characteristics, RDC, directly extracted from the analyzed crash event. The validation
of the kinematic model approach is presented in Section 7.1. Second, the solution space
methodology is validated by comparing the RDC that are produced by the solution space
calculation with a set of constraints defined upon the kinematic parameters that result
in the same vehicle trajectory as the crash event used as reference. The solution space
calculation is carried out at the full-vehicle and load-path level and presented in Section
7.2.

The Figure 7.1 presents the validation scheme of both methodologies. The starting
point of the validation of the kinematic model is the analysis of the crash event recorded
data in the form of acceleration and rotational velocity time series of the vehicle’s body in
white, BIW, and the force signals time series obtained from the force measurement bar-
rier. The acceleration and rotational velocity signals are post-processed in the trajectory
reconstruction procedure. The acceleration signals originally collected in the sensor and
therefore vehicle local coordinate system are rotated according to the rotational velocity
signals and initial position of the sensor in order to produce an acceleration signal in the
global coordinate system. This global acceleration signal is numerically integrated with
respect to time to first obtain the velocities and then the displacement of the center of
gravity CG, where the sensor is located in the vehicle. Similarly, the rotational velocity
signal is also transformed into the global coordinate system and used to represent a com-
plete 3-D rigid body motion of the vehicle. The result of the trajectory reconstruction
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procedure, together with the force signal is used as an input for the kinematic analysis
which produces as output the relevant DOFs, i.e. 2-D displacements and rotation of the
CG: ux, uy and θz. Additionally, the kinematic analysis uses the DOFs to calculate
the kinematic parameters σ, i.e. glance-off value GVP , total vehicle rotation, θztend

,
residual deformation length, RDL or sLtend

and residual kinetic energy, RKE. The last
output of the kinematic analysis are the RDC at the full-vehicle: longitudinal FxL and
transversal FyL forces and the equivalent point of application of the total longitudinal
force, Yeq; and at the load-path level: longitudinal, FxLPj

, and transversal, FyLPj
, forces.

The second phase of the validation of the kinematic model consists of using the RDC
extracted from the previous step and together with the vehicle intrinsic and extrinsic
characteristics defined in Section 4.1.1 performing the Forwards − Calculation to ob-
tain the correspondent vehicle kinematic response. Finally, the two sets of DOFs and
kinematic parameters coming from the crash event analysis and from the kinematic model
Forwards − Calculation are compared and the error is quantified, which confirms the
capability of the low-fidelity kinematic model of condensing the mechanical phenomenon
of the crash to its essence and reproduce, to a certain degree and with reduced calculation
costs, the vehicle trajectory as in the real crash event.

The validation of the solution space calculation uses as input constraints that describe
the same kinematic behavior as the analyzed crash test, i.e. θztend

, RDL, RKE and
GVP , as well as the vehicle characteristics of the test and a design space for the RDC.
As presented in Section 5.1 a set of upper and lower limits of the RDC is the outcome
of the solution space calculator. The comparison is carried out at both, full-vehicle
and load-path level. At the full-vehicle level, the RDC extracted from the crash, FxL ,
FyL , Yeq are compared against the upper and lower limits that describe the solution
space, F̂xFV , F̌xFV , F̂yFV , F̌yFV , Ŷeq, Y̌eq. At the load-path level, the longitudinal and
transversal forces for each load-path j (FxL and FyL), are compared against the solution
space F̂ xLPj , F̂ yLPj , F̌ xLPj , F̌ yLPj . The fact that the RDC from the crash lie inside
the solution space establishes the capacity of the solution space calculator to find RDCs
that correspond to a given kinematic behavior at both levels.

The validation procedures were conducted using data from an internal BMW Small
Overlap test following the IIHS protocol. The vehicle tested is a sedan with the char-
acteristics described in Table 7.1. The intrinsic characteristics: A-Pillar position, APx,
APy, the frontal structure length or longitudinal distance from the A-Pillar to the bar-
rier, sL, and the barrier position By as well as the load-path positions LPx, LPy, are
expressed using a standard global coordinate system where the front wheel axis is located
at x=0. The extrinsic vehicle characteristic, total mass Mv was measured directly from
the vehicle. The center of gravity position, CGx, was derived from the weight distribu-
tion of the front and rear axles, while CGy is assumed to be exactly at the middle of the
vehicle, implying CGy=0. Finally the rotational inertia around the z axis Izz was esti-
mated using a FE model. The force levels are presented in a normalized format, taking
as reference the maximum total force in the Fx time series and represented by FN .
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Table 7.1 Vehicle characteristics

Characteristic Variable Value
Intrinsic
A-Pillar position APx, APy 567, -774 mm
Barrier position Bx, By -792, -457 mm
Distance A-P to the barrier sL 1360 mm
LP position Wheel-Firewall-Rocker LPx1, LPy1 567, -774 mm
LP position Shotgun LPx2, LPy2 567, -758 mm
LP position Bumper beam-front rail LPx3, LPy3 567, -421 mm
LP position Sub-frame LPx4, LPy4 567, -422 mm
Extrinsic
Vehicle Total Mass Mv 1800 kg
Rotational Inertia around z axis Izz 3340740 kg mm2

Center of Gravity position CGx, CGy 1415.24, 0.0 mm

7.1. Kinematic Model

The validation of the low-fidelity kinematic model starts with the extraction of the func-
tional properties or RDC in the form of force-displacement curves and the reconstruction
of the vehicle trajectory and kinematic DOFs (ux, uy, θz). These signals are further used
to calculate the kinematic parameters that are then compared against the results from
the kinematic model.

7.1.1. Trajectory Reconstruction

The trajectory reconstruction uses the information produced by two sensors located at
the vehicle’s CG: the accelerations and rotational velocities. The normalized raw data is
shown in Figure 7.2(a,b). As presented in Section 3.1.1, the transformation of the signals
from local-sensor coordinate system to the global coordinate system is carried out by
using the simultaneous orthogonal rotations theorem. At each time point available, the
coordinate system of the sensor is rotated by integrating in time the local rotational
velocity vector θ̇L = [θ̇xL , θ̇yL , θ̇zL ]. Likewise, the acceleration vector is rotated using the
same rotational matrix used for the rotational velocity, üL = [üxL , üyL , üazL ]. The global
signals are presented in Figure 7.2(c,d), which show the dominance of the üxL and üyL
accelerations and θ̇zL rotational velocity, justifying the 2-D planar motion simplification
used in the analysis.

After obtaining their global representation, the signals are integrated to obtain the
correspondent velocities and displacements. The DOFs: ux, uy and θz obtained by the
trajectory reconstruction are presented in Figure 7.12. These displacements and rotation
of the CG are used afterwards as described in Sections 3.1 and 4.1.2 to obtain the
resistance-to-deformation characteristics, represented at the full-vehicle level by FxL(s),
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üzL

(a) Local acceleration (sensor)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
-RN

RN

Time (s)

R
ot
at
io
na

l
V
el
oc
it
y
(r
ad

/s
)

θ̇xL

θ̇yL

θ̇zL

(b) Local rotational velocity (sensor)

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
-AN

AN

Time (s)

A
cc
el
er
at
io
n
(m

/s
2
)
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Figure 7.2 Time series of the sensor acceleration, normalized by AN , (a) and sensor rotational
Velocity, normalized by RN , (b) and global acceleration (c) and global rotational velocity signals (d)

FyL(s), and Yeq(s) and at the load-path level by FxLPj
(sj) and FyLPj

(sj), which are used
in a subsequent step as input for the low-fidelity kinematic model. Additionally, the ux,
uy and θz extracted from the test are used as reference to calculate the error with the
DOFs obtained from the kinematic model.

7.1.2. Force Time Series Analysis

A state-of-the-art force-measuring barrier was used in this hardware test. The force-
measuring barrier has 60 cells, 12 along the vertical direction and 5 along the horizontal
direction which are capable of measuring normal and transversal forces. In a later step
using the positions of the load-paths in the vehicle structure it is determined which group
of cells contributes to the total force of each load-path. The time series of the sum of
the force along the longitudinal, FxG , and transversal, FyG , global axis are presented in
Figure 7.4. It can be observed that the dominant component is the force acting along
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Figure 7.3 Time series of the global longitudinal, ux and transversal uy displacements (a) and
rotation around z axis, θz (b)

the longitudinal axis, FxG , which coincides also with the observations made regarding
the acceleration measurements presented previously. For the first 20 ms, FxG and FyG

increase in a similar manner. On one side, after reaching a local maximum, FyG starts to
decrease until 85 ms when the second local maximum is reached. On the other side, FxG

continues to increase until 30ms where a significant drop in the force level is observed.
Afterwards, the FxG increases reaching a maximum at 55ms and observing a relatively
constant force level until 80 ms when the signal decays. The curve characteristics observed
in the time series are directly related to the topology of the structure and load-paths,
i.e. position of components and orientation. The transformation from the time to space
representation provides more insight on this spatial-force-level correlation. In the next
section, these force-time series in combination with the previously obtained displacements
and rotations are used to recreate the RDC, i.e. force-displacement and force-application-
point-displacement curves.

7.1.3. Kinematic Analysis

The objective of the kinematic analysis is to use the reconstructed trajectory in the
form of the DOFs ux, uy, and θz to calculate the kinematic parameters: rest kinetic
energy, RKE, glance-off value, GVP , rest deformation length, sL. To achieve this, the
correspondent position vectors, displacements and rotations are calculated according
to the methodology presented in Section 3.2. The values of the kinematic parameters
obtained at the end of crash, tend, are presented in Table 7.2, while the time series
representation is presented in Figure 7.12. The crash is classified as a deformation mode
since a minimum deformation length of sLtend

or rest deformation length of, RDL, 160mm
is reached before the vehicle has reached a GVP=1 as observed in Figure 7.12(b,c). The
vehicle reaches its RDL at 112ms and from then on starts the rebound phase, which also
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Figure 7.4 Time series of the global longitudinal FxG and transversal FyG forces

can be understood as the deformation velocity ds%/dt reaching zero. The kinetic energy
at the end of the crash, RKE, reaches a value of 13%. This value, in context of the data
analysis performed using the available IIHS tests presented in Figure 5.11, finds itself
at the lower end of RKE values. The structural rating Good and a safety distance of
DSG=31% of this crash test positions this vehicle in the industry standard range. The
relatively high energy absorption indicates the need of structural components capable
of delivering such performance which in many cases translates into additional mass in
the structure, opening the possibility for further optimization. In the next sections, the
position vectors describing the trajectory of the load-paths are used to calculate the local
deformation lengths and the projection regions onto the barrier. The deformation lengths
are used in the next section to characterize the resistance-to-deformation characteristics
at the full-vehicle and load level.

Table 7.2 Kinematic parameters

Kinematic quantity Value
Crash End 112ms
Rest Kinetic Energy 13 %
Total Vehicle Rotation 2.6◦

Glance-off 0.65
Rest Deformation Length 160mm

7.1.4. Extraction of Resistance-to-Deformation Characteristics

Using the force-time series presented in Figure 7.4 and calculating the shortening of
the deformation length, s, at the full-vehicle level, the force signal is mapped to the
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Figure 7.5 Kinematic parameters: rest kinetic energy, RKE (a), glance-off value, GVP (b), rest
deformation length, sL (c)

displacement space. The result of the mapping for the transversal and longitudinal forces
is shown in Figure 7.6(a). As stated before, the mapping allows for the interpretation of
the force levels with the components in the structure that produce them. Figure 7.6(b)
shows a side view of the vehicle structure to scale. The characteristic of the force curve
observed previously is also present in its displacement-space representation. The initial
increase of the force levels until 400mm is related to the deformation of the components
positioned in front of the wheel, e.g. bumper and support-frame. From 400mm to 600mm
the barrier contacts the wheel and pushes it towards the rocker and firewall structures.
From 600mm onwards the force levels are dominated by the interaction of the barrier,
wheel and rocker-firewall structures. The maximum force level observed in FxL can be
explained by the rupture load of the wheel.
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Figure 7.6 Full-vehicle longitudinal and transversal forces: FxL , FyL (a) and undeformed vehicle
structure side view (b)

At the full-vehicle level a key simplification is the consideration of an equivalent point
of application of longitudinal force, Yeq, which is also a function of the local longitudinal
deformation. This implies that the different components across the structure and along
the transversal axis produce different load-levels and combined with different positions
along the y axis, produce a variable lever arm for the longitudinal forces. As stated
previously, the lever arm of the transversal forces is considered directly as the local lon-
gitudinal distance between the barrier and the rigid portion of the vehicle. Figure 7.7(a)
shows the normalized Yeq extracted by the test using the 60 cells available in the barrier
and relative positions to the vehicle. A Yeq=1 implies that the point of application of
the transversal force occurs at the most inwards possible location, i.e. 25% of the vehicle
with relation to the vehicle centerline, which also corresponds to By at the barrier’s side
at the beginning of the crash. In contrast, Yeq=0 means that the longitudinal force is
applied at the most outwards possible location in the structure having contact with the
barrier. The Yeq is expressed in the local coordinate system of the vehicle. Comparing
the curve characteristic with the structure shown in Figure 7.7(b), it can be observed
that at the beginning of the crash and due to the topology of the structure Yeq is approx-
imately 0.8. The contour and styling of the front of the vehicle dictates where space is
available for structural components. For the first 400mm the application of the force is
dominated by the bumper, sub-frame and support-frame. When the deformation reaches
the wheel area at around 500mm, Yeq moves outwards reaching a value of ca. 0.3. In the
last phase of the crash at around s=1200mm, the application of the force moves to the
most outwards point of the structure, coinciding with the location of the A-Pillar and
Rocker, where the force level produced by such components becomes dominant.
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Figure 7.7 Full-vehicle normalized equivalent point of application of longitudinal force: Yeq (a) and
vehicle structure top view (b)

The forces and equivalent point of application can be further decomposed in their
load-path representation. Similarly to the full-vehicle representation, Figure 7.8 shows
the longitudinal and transversal forces mapped to the displacement space for each load-
path. The conclusions of the analysis of the component location load-level done at the
full-vehicle level hold also for the load-path RDC. The decomposition makes clear that
the Wheel-Firewall-Rocker load-path is dominant, indicating force-levels double as high
in both directions FxLP1

and FyLP1
in any of the other load-paths. Two distinct phases

are observable, the first one from 0-650mm and the second one from 650mm onwards.
The first phase is not active until 400mm and then corresponds to the bending of the
contact of the support-frame, its contact with the wheel and the displacement of the wheel
towards the BIW. This first phase only presents significant force levels in the longitudinal
direction since the point of contact with the barrier corresponds to the flat surface of the
barrier. The second phase corresponds to the wheel compression and eventual rupture
due to the contact of the barrier and the rocker and firewall. Due to the kinematic
of the wheel, the second phase is where a significant force-level can be observed in the
transversal direction, which implies that the wheel moves inwards and rotates so that it
has the possibility to contact the barrier at its curved surface.

The first increase of the force levels of the second load-path, coincide with the geo-
metrical location of the shotgun. In a second increase, the wheel arches region is active.
This load-path is dominated by its longitudinal forces. The outwards position of the
components of the load-path limits the interaction with the curves surface of the barrier,
producing mostly FxLP2

force-levels.
The third load-path, i.e. bumper beam-front rail dominates the total longitudinal and

transversal forces for the first 500mm of deformation. The fact that both FxLP3
and

FyLP2
have similar force levels along the deformation length implies that the point of
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Figure 7.8 Load-path longitudinal and transversal forces: wheel-firewall-rocker(a), shotgun(b),
bumper beam-front rail (c), sub-frame(d)

contact with the barrier is first in the curved surface of the barrier and second close to
the 45◦ location where the normal of the barrier surface produces equally larger forces for
both directions. The maximum force reached by the load-path represents ca. one third
of the force-levels reached by the wheel-firewall-rocker load path. The significance of a
front-loaded load-path becomes evident when the objective is to maximize the negative
moments Mz that rotate the vehicle away from the barrier to produce a glance-off mode.
The most forward location of the load-path is where the lever arm for the transversal
forces is at its maximum, therefore maximizing the mentioned Mz. However, there is
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typically not enough construction space available at the frontal part of this load-path
since its y position is dictated by the position of the front-rail. Locating the front-
rail more outwards would increase the overlap with the barrier at its curved surface and
consequently also increase the transversal forces, but imply an additional set of challenges
for other requirements of the vehicle and the packaging and interference of the wheel space
needed for steering and for providing an acceptable turning circle.

The load-path composed by the sub-frame structures is for this vehicle test and topol-
ogy the one reaching the lowest force-levels. A first increase occurs in the first 400mm,
analogously to the third load-path, FxLP4

and FyLP4
provide similar levels of force. After-

wards, the load-path becomes inactive only to observe an increase towards the end of the
crash due to the compression of the remaining suspension and sub-frame components by
the barrier and BIW. In a development exercise this load-path has the most potential to
increase its load-levels and improve the vehicle kinematics reaching also a more efficient
structural design.

After extracting the resistance-to-deformation characteristics and by using the vehicle
characteristics presented in Table 7.1, the complete set of input parameters is ready to
recreate the vehicle’s behavior by means of the low-fidelity kinematic model.

7.1.5. Forwards Calculation

The objective of the low-fidelity kinematic model is to produce as output a vehicle tra-
jectory defined by the DOFs ux, uy, θz representing the displacements and rotation of
the CG of the vehicle. This objective is achieved through the use of the vehicle charac-
teristics and a set of resistance-to-deformation characteristics, either at the full-vehicle or
load-path-level, as input and the solution of the non-linear equation of motion presented
in Eq. (4.3). The DOFs are used in a post-processing step to calculate the kinematic
parameters. In this section, both outputs, the DOFs and the kinematic parameters from
the reference crash test are compared to the output of the low-fidelity kinematic model
to quantify its error and sensitivity to the parameters used for the simplification of the
phenomenon.

As presented in Algorithm (2), for the solution of the kinematic model, the lumped
mass matrix LM is constructed using the information from Table 7.1. The RHS of the
equation is set up accordingly to the initial position of CG and load-paths defined in
the vehicle characteristics. The force-displacement and point of application of force-
displacement curves extracted from the test, are defined as piecewise-linear interpolators
so that for each deformation length a force-level is available. In the next sections, the
low-fidelity model is used to calculate the vehicle trajectory using the full-vehicle and
load-path level RDC and the outcome is compared with the reference test. The kinematic
model is calculated to a maximum of 150ms using a constant time step, dt. Additionally,
aspects are considered such as, the effect of the time step size on the accuracy and
computational cost, which will become relevant in the use of the solution space calculator.
The sensitivity to variations of the RDC as well as the smoothness of the curves are also
analyzed.
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7.1.6. Kinematic Model at the Full-Vehicle Level

At the full-vehicle level, the RDC are represented by the longitudinal force, FxL(s),
transversal force, FyL(s), and equivalent point of application of longitudinal force Yeq(s).
The LHS expresses the inertial effects of the masses and inertias and the accelerations,
which are directly the time derivatives of the displacements and rotations of the CG.
The three RDC are expressed as functions of the deformation, s, of a single load-path,
which is in turn dependent on the displacements and rotations of the CG. The solution
of the non-linear equation of motion requires a numerical integration scheme. An explicit
central difference scheme is selected, which is sensitive to the time step size, dt. The first
quantities to compare are the DOFs and Figure 7.12 presents the displacements, uxkm

and uykm , and rotation θzkm obtained from using a dt = 1e−4. A visual inspection of
the curves makes clear that the characteristics of the reference curves, uxref

, uyref and
θzref are captured from the results achieved from the kinematic model. On one side, the
displacement curves uxkm

and uykm show a relatively low deviation w.r.t. the references
at ca. 80ms. On the other side, the curve characteristic of the rotation shows an initial
negative rotation reaching a minimum at ca. 50ms and then increases until reaching a
maximum positive value at 150ms of ca. 6◦. The larger deviation of the rotation produced
by the kinematic model, θzkm , is present in the form of a larger rotational velocity than
seen in the reference from 60ms to 100ms. Considering the relative magnitudes involved
in the crash test, the deviations with respect to the reference curve are acceptable.
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Figure 7.9 Reference test (ref) and kinematic model (km) time series of the global longitudinal, ux

and transversal uy displacements (a) and rotation around z axis, θz (b)

The two key factors to determine the optimum dt are the sensitivity of the output and
the computational cost. To carry out this analysis, the first aspect to be compared to
the reference are the kinematic parameters including the end time of the crash. A total
of 4 time step sizes of [1e−3,1e−4,1e−5,1e−6]s is considered. The decrease in time step
size implies a linear increase of the iterations needed to reach the given simulation time
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of 150ms. The results reported in Table 7.3 aid in the selection of a time step size whose
further decrease does not produce a significant change in the outcome of the kinematic
model. This table enables an analysis of the convergence of the results w.r.t. time step
size. In order to prevent unnecessary computational costs, selecting a smaller time step
size beyond the point of convergence is avoided.

Table 7.3 Kinematic Parameters Comparison: Reference Crash Test v. Kinematic Model

Kinematic
Parameter

Reference KM: dt =
1e−3s

KM: dt =
1e−4s

KM: dt =
1e−5s

KM: dt =
1e−6s

tend (ms) 112 114 113 113 113
θz (Deg.) 2.6 2.92 2.78 2.76 2.75
sL (mm) 160 142 141 141 141
GVP 0.65 0.69 0.67 0.67 0.67
RKE (%) 13 13.3 13.2 13.2 13.2

Independent from the time step, all results produced by the kinematic model present
the same kinematic mode as the reference test. The results obtained for the end time of
the crash, tend, observe a maximum deviation of 2ms, which is in the context of the crash
event an acceptable outcome. The other kinematic parameters presented in Table 7.3 are
taken for tend. Considering the conclusions drawn from the inspection of Figure 7.12(b),
the maximum deviation of the total rotation, θz, is less than 1 degree. Meanwhile, the
larger deviations are observed in the rest deformation length, sL, with a maximum of
19mm. The IIHS rating defines the limit of 150mm for the lower hinge pillar intrusion
to achieve a Good structural rating. Which means that the deviation of sL represents
only 13% of this quantity defining the structural rating. The next kinematic parameter
reported is the glance-off value, GVP . This parameter has a maximum deviation of 0.04
with respect to the reference test. Finally, the rest kinetic energy RKE, which is in itself
a quantity dependent on rotational and translational velocities, presents a deviation of
max. 3%. Additionally to the results summarized in Table 7.3, Figure 7.10 provides a
graphical representation of the kinematic parameters in its time series form. The curve
characteristics of RKEkm, GVPkm

and sLkm
coincide with the reference curves. The

relative absence of oscillations of the curves, specially for the RKEkm, GVPkm
provides

an insight into the filtering properties of the kinematic model in contrast to the oscillatory
nature of the signals obtained from the sensor tests.

In order to conclude with the selection of the optimal time step, the relative error of
the kinematic parameters with respect to the number of iterations that this time step
implies is depicted in Figure 7.11. Even if from the absolute values presented in Table 7.3,
it was concluded that the low-fidelity kinematic model produced acceptable results, an
inspection of the relative errors assists in the selection of an optimum time step. For
a time step dt ≥ 1e−4s which corresponds to 1500 iterations, the resultant kinematic
parameters do not change more than 2% with respect to the values obtained from using
the smallest time step of 1e−6s. For this reason dt = 1e−4s is selected as time step for
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Figure 7.10 Reference test (ref) and kinematic model (km) kinematic parameters: rest kinetic
energy, RKE (a), glance-off value, GVP (b), rest deformation length, sL (c)

all further applications of the kinematic model.
The quantity with the largest relative error is sL with almost 12%. In contrast to the

other kinematic parameters, this quantity does not decrease with a reduced time step.
The relative error of RKE, GVP , sL and θz decreases when the time step is also decreased.
Even though the absolute errors produced by the kinematic model are acceptable, the
fact that the relative errors decrease but do not converge towards zero confirms the fact
that the assumptions of the low-fidelity model defined in Section 4.1.1 are enough to
produce meaningful results but in essence define a slightly different problem than the
real crash phenomenon.

The quantities extracted from the reference test offer the possibility to compare the
results with the kinematic model. However the signals obtained from the measuring
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Figure 7.11 Relative error of kinematic parameters vs. iterations at kinematic model at the
full-vehicle level

devices, e.g. sensors and force cells from the barrier, as in any other measurement can be
affected by measurement errors and deficiencies in the calibrations and general wear of
the sensors. These defective inputs can also result into deficiencies in the results produced
by the kinematic model. In order to study the sensitivity of the kinematic parameters
to changes in the input RDC the following study is conducted. The original RDC, i.e.
FxL(s), FyL(s) and Yeq(s) are scaled by ± 5%, which is more than the error expected
from state-of-the-art devices, i.e. ± 2%. The space between the minimum and maximum
of the three RDC curves is sampled independently and using a uniform pdf with a total
of 500 sets of curves. The histograms of the obtained kinematic parameters are shown
in Figure 7.12.

The variation of ± 5% introduced in the RDC provides a symmetrical deviation from
the original results for RKEkmorg , GVPkmorg

, sLkmorg
, θzkmorg

. The variation of RKE is
± 0.1%, while for sL is ± 10mm. The rotation changes by ± 0.7◦. Lastly, the GVP has
a variation of ± 0.02 with respect to the original kinematic model calculation. The size
of these variations becomes relevant when defining the set of constraints for the solution
space calculation. Constraints with a resolution smaller than the one introduced by the
± 5% in the RDC cannot be considered insignificant since they lie inside the scatter
produced by the possible measurement error of the input parameters.

The previously introduced filtering nature of the kinematic model can be explained by
the fact that the DOFs are the outcome of a numerical time integration. This implies that
slightly different acceleration signals can produce similar outcomes at the DOFs level,
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Figure 7.12 Kinematic parameter sensitivity to input: rest kinetic energy, RKE (a), glance-off value,
GVP (b), rest deformation length, sL (c), total rotation, θz (d)

meaning that RDC with high frequency oscillations and their correspondent smoothed
representations can produce kinematic parameters with relatively small deviations. The
motivation behind the smoothing of the RDC lies in the fact that a curve with high
frequency oscillations requires a larger amount of points to be described. A smoother
signal can be represented by less points in a piecewise-linear form. The benefits of this
information efficiency become clear in the steps required for the solution space calculation.
A larger number of points to describe the curve also implies a larger amount of sample
points to characterize the space and therefore greater computational costs. Considering
this, to quantify the effect of smoothing the curves of the RDC a set of filters is applied
and the effect on the kinematic response is analyzed. The filtering of the curves is
defined in the deformation spaces and a moving average to a given window size specified
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in millimeters is applied. The window sizes analyzed are 5, 10, 20, 30, 40, and 50mm.
These filters are applied to the original RDC curves and filtered curves are shown in
Figure 7.13.
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Figure 7.13 Full-vehicle longitudinal FxL (a), transversal forces FyL (b) and normalized equivalent
point of application of longitudinal force, Yeq (c) for filters: 0mm, 5mm, 10mm, 20mm, 30mm, 40mm
and 50mm

The effect of the filtering of the longitudinal force, FxL is particularly evident be-
tween 800mm and 1200mm. The dominant load-path at this deformation level is the
wheel-firewall-rocker. The complex mechanics of the barrier, wheel, and BIW contact
and rupture of the wheel can also be represented as observed in Figure 7.13(a) by a
monotonically increasing force signal. Similarly, the effects of the filter are evident in
the FyL curve from 600mm to 1200mm. Regarding the equivalent point of application
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of longitudinal force, Yeq, the signal filtering at the early phase of the curve, i.e. from 0
to 200mm, assists with the simplification of the highly oscillating signal produced by the
relatively low forces and changing lever arm taking place at the most frontal part of the
structure.

Similarly to the selection of the optimal time step, the selection of the window size
for the filter considers two aspects. On one side, the larger the window size the less
amount of points are needed for the calculation of the solution space. Moreover, the
filter size should be large enough to filter the high frequency oscillation in the curve.
On the other side, the results obtained from the use of filtered RDC should not present
a significant deviation from the original results. Considering these aspects, only the
filters with window size f≥40mm eliminate the effects of the oscillations. To consider the
second aspect, the DOFs and kinematic parameters obtained from the different filters
are presented in Figure 7.14.

As expected from the smoothing nature of the low-fidelity kinematic model, no ob-
servable difference is present in either the DOFs, ux, uy and θz, nor in the kinematic
parameters, RKE, GVP and sL. The next step in selecting the window’s size is to quan-
tify the relative error introduced to the kinematic parameters at tend by the application
of the filter. Figure 7.15 presents the relative error as a function of the window size of
the filter. RKE observes a stable 2% error independent of the window size. However for
GVP , sL and θz, the relative error remains flat until a window size of 50mm is reached.
The highest increase comes from GVP where the relative error jumps from less than 4%
for a window size of 40mm to an error larger than 6% using a filter of 50mm.

Taking into account the smoothing effect in the input curves as well as the relative
error in the kinematic parameters for each one of the filter sizes, a 40mm window size
is selected. This window size offers the largest possible decrease of points needed to
characterize the curve, acceptable smoothing effects and no significant deviations in the
output of the kinematic model. The 40mm window size is also enough to represent
specially the components in the structure and their correspondent force-levels. The use
of a larger window size would not only decrease the accuracy of the kinematic model but
also hinder the capability of mapping the force-level to specific components. A similar
study at the load-path level is also conducted to study the effect of the filtering, where
it is confirmed that the features and characteristics of the load-path’s force-displacement
curves are still present after applying the filter.
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Figure 7.14 Kinematic model and reference longitudinal, ux (a), and transversal displacements, uy

(b), rotation, θz (c), rest kinetic energy, RKE (d), glance-off value GVP (e), rest deformation length sL
(f) for filters: 0, 5, 10, 20, 30, 40, and 50mm
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Figure 7.15 Relative error of kinematic parameters vs. filter size in mm at kinematic model at the
full-vehicle level

7.1.7. Kinematic Model at the Load-path Level

In the previous section, the low-fidelity kinematic model results where compared to those
of a reference crash test. The RDC were defined at the full-vehicle level with one lon-
gitudinal, Fx, and one transversal, Fy, force as well as curve for the equivalent point of
application of longitudinal force, Yeq. The main differences at the load-level with respect
to the load-path level is the decomposition of the total forces into load-paths and the
lack of a Yeq. This means that the total longitudinal and transversal forces are simply
the sum over all the load-paths while the moment is calculated using the lever arm as a
function of the position of the load-path along the y instead of using an equivalent point
of application for the total longitudinal force. Therefore, a different rotational response
relatively to the full-vehicle approach is expected.

Similarly to the comparison made at the full-vehicle level, the kinematic model at the
load-path level is calculated using the original longitudinal, FxLPj

(sj), and transversal,
FyLPj

(sj) curves and also the filtered curves using the selected 40mm window size. The
original curves and their filtered representation are shown in Figure 7.16. The effect
of the decomposition and filtering of the force-displacement curves is most evident in
the wheel load-path. As observed in the full-vehicle presentation the 40mm window size
minimizes the high frequency oscillations. The wheel load-path characteristic is reduced
to first a relatively high force-level increase from 600mm to 700mm explained by the
response before rupture from the compression of the wheel. The second phase contains
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a relatively lower force-level increase from 700mm until 1200mm which is related to the
pressuring of the remaining block, i.e. knuckle and wheel remains, towards the rocker
and firewall. The rest of this load-path characteristic as well as the other load-paths
remain relatively unaffected by the filter.
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Figure 7.16 Load-path longitudinal and transversal forces: wheel-firewall-rocker(a), shotgun(b),
bumper beam-front rail (c), sub-frame(d) with filter size 40mm

The results of the kinematic model at the full-vehicle, FV , and load-path level LP with
and without the 40mm filter as well as the reference test are shown in Figure 7.17. A slight
offset in the response of the displacement ux, the rotation, θz and the rest deformation
length sL is observed between the FV and LP approaches. The deviation becomes
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observable in θz at ca. 40ms, while the different response for ux and sL becomes apparent
after 90ms. The θzLP with and without filter presents a larger negative rotation from
40ms to 80ms than the θzFV which takes it closer to the reference θzref . No significant
deviation between FV and LP is observed for uy, RKE and GVP . Furthermore, in all
of the DOFs and kinematic parameters no observable difference is present between the
response from the filtered and original RDC, confirming the convenience of selecting
40mm as a window size.

An objective quantification of the deviation of the kinematic parameters and the effect
of the filter at the LP level is presented in Table 7.4. The relative errors (R.E.) with
respect to the reference are not significantly different for both the kinematic model using
the filtered and original RDC. The deviations between the LP and FV are larger
than the ones produced by the use of the filter. The load-path level approach produces
relatively lower errors for sL, GVP , RKE and tend than the full-vehicle level. The highest
gain is present in sL, where the FV approach produced a relative error of almost 12%,
meanwhile the LP approach produced an error of only 4%. However, an increase in the
relative error of θz is present at the LP level. Nonetheless, this relatively higher error
still remains a difference of less than 1 degree in absolute terms.

Table 7.4 Kinematic Parameters @ Load-path level and relative errors using a filter size of 0mm and
40mm

K. Parameter KM:LP
nofilter

KM:LP
40mm

R.E.
KM:LP
nofilter

R.E.
KM:LP
40mm

tend 112ms 112ms 0% 0%
RKE 12.8% 12.7% 1% 2%
θz 2.2◦ 2.2◦ 15% 14%
GVP 0.66 0.67 2% 2%
sL 155mm 154mm 3% 4%

After this comparison, the effectiveness of the low-fidelity kinematic model is con-
firmed. The error introduced by the simplification of the model is characterized and the
sensitivity to the input is analyzed for both the full-vehicle and load-path levels. This
validation procedure of the kinematic model serves as corner stone for the second vali-
dation phase where the kinematic model is used to find the necessary RDC to achieve
the same kinematic as the one observed in the test.
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Figure 7.17 Kinematic model and reference longitudinal, ux (a), and transversal displacements, uy

(b), rotation, θz (c), rest kinetic energy, RKE (d), glance-off value GVP (e), rest deformation length sL
(f) for filters: 0, 5, 10, 20, 30, 40, and 50mm; at full-vehicle (FV) and load-path (LP) levels
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7.2. Backwards calculation & Solution Space

In the previous section it is established that within an acceptable range of error, the
low-fidelity kinematic model is capable of reproducing the kinematic behavior of a crash
test given a set of vehicle characteristics such as total mass, rotational inertia, position of
CG, load-path location and relative position of the barrier as well as a set of RDC at the
full-vehicle and load-path levels. The kinematic parameters of the forwards calculation
were compared to the values from the reference test. Nonetheless, the identification of
functional properties such as the RDC so that a given kinematic response is achieved
is a more relevant task in the crashworthiness design than reproducing the result of an
already existing vehicle. The methodology describing the backwards calculation for the
solution space is introduced and validated in this section. In the case of an existing
crash, both the kinematics and RDC of the vehicle are known. Therefore, the problem
statement for the validation of the solution space calculation is defined as the search for
the solution space that contains the RDC measured in the test and whose kinematic
response matches to the one observed in the test. A set of constraints upon RKE, θz,
GVP , sL, and tend are defined so that the values from the test exist inside the upper and
lower limits of the constraints. As defined in Section 5.1 the solution space calculation
is first carried out at the full-vehicle level and in a second step at the load-path level.
The success of the validation procedure is measured by comparing the solution space for
RDC to the measured characteristics from the test.

7.2.1. Full-Vehicle Level

At the full vehicle level, the reference kinematics are characterized by the set of con-
straints presented in Table 7.5. An upper and lower limit based on the reference values
observed in the test and a symmetrical offset around it are defined for tend and the kine-
matic parameters, RKE, θz, GVP , sL. These constraints only represent the values of the
kinematic parameters at tend, but as it will be observed in this section, this is enough to
have a comparable characteristic of the time series. For this reason no explicit criterion
along the duration of the crash but only the value at tend is defined as constraint. The
reference values are considered as the values obtained from the kinematic model at the
full-vehicle level using a dt = 1e−4s and a filter size of 40mm, (Table 7.3) and a ± 10%
symmetrical offset. By using the results of the kinematic model as reference, the error
introduced by the solution space calculator is analyzed independently from the error
introduced from using the low-fidelity model itself.

As previously stated, the use of filtered RDC allows for the reduction of the number
of points needed to represent the curve characteristics. Consequently, a discretization of
s=[0, 100, 300, 400, 500, 600, 650, 700, 750, 1100, 1250, 1400, 1600]mm was selected in
order to minimize the number of variables involved in the solution space calculation and
at the same time to be able to represent the curve characteristics. This discretization is
used to define the design bounds of FxL , FyL , and Yeq.

The design bounds of the full-vehicle longitudinal and transversal forces, F̂xFVL
, F̌xFVL

and F̂yFVL
, F̌yFVL

, as well as ŶeqFVL
, Y̌eqFVL

are defined by considering the structural
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Table 7.5 Constraints defined upon relevant kinematic quantities that represent the kinematics of the
reference test

Kinematic quantity Constraint
Rest Kinetic Energy 11.8% ≤ RKE ≤ 14.5%
Total Vehicle Rotation 2.5◦ ≤ θz ≤ 3.05◦

Glance-off 0.60 ≤ GVP ≤ 0.74
Rest Deformation Length 127mm ≤ sL ≤ 156mm
End of Crash 101ms ≤ tend ≤ 124ms

topology and the curve characteristics described in Section 7.1.4. The Figure 7.18(a)
shows that the lower limits of the design bounds of the longitudinal force, F̌xFVL

are
divided into 3 phases. The first phase, an ascending slope from 0 to 300mm represents
the minimum force levels expected from the contact of the most forward structures. The
next phase, from 300mm to 700mm, is represented by a plateau describing the minimum
force expected from the deformation of the bumper, sub-frame, support-frame and first
section of the shotgun. For the third phase, from 700mm onwards, a minimum force
for the wheel-structure interaction is defined. On a similar fashion, the upper limits of
the design bounds for F̂xFVL

are selected also adding an additional force-level plateau
between 500mm and 600mm. The force level in this region are mainly defined by the
interaction of the barrier, supporting-frame, and wheel. A drop in the force levels due
to the translation of the wheel towards the structure is also explicitly defined in F̂xFVL

at 650mm. The design bounds of the transversal force, F̂yFVL
and F̌yFVL

, have a similar
characteristic as the longitudinal counterpart with the exception that the upper and
lower bounds of the first and last phases are defined as constant. The design bounds of
equivalent point of application of the longitudinal force, ŶeqFVL

, Y̌eqFVL
, also present two

distinct phases, namely before and after the wheel area with a transition at 650mm.
Once the constraints and design bounds are defined, the solution space calculation

is started. The three phases, exploration, consolidation, and expansion are conducted.
The Figure 7.18 presents the results of the exploration phase. This phase identifies
curve sets that exist within the design bounds that fulfill the constraints set upon the
kinematic parameters regardless of the dependency of the variables or the success rate
of the subspace itself. In other terms, the regions outside the exploration-phase solution
space do not contain curves that satisfy the constraints. The upper and lower limits of
the exploration phase are designated as F̂xFVS0

and F̌xFVS0
for the longitudinal forces,

F̂yFVS0
and F̌yFVS0

for the transversal, and ŶeqFVS0
and Y̌eqFVS0

for the equivalent point
of application of force. The inspection of Figure 7.18(a) results in the identification of
several regions without any feasible designs for the longitudinal force. At the first phase,
a minimum value for F̌xFVS0

at 500mm becomes evident. Additionally, the minimum
force-level is increased relative to the lower design bound for the wheel region from
750mm onwards. From the perspective of the upper limit of the exploration solution
space, the first phase follows closely the upper limit design bound. However, at the
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wheel region a clear maximum force-level, which is lower than the upper design bound in
this section, emerges. To recapitulate, the exploration phase indicates that a minimum
force level is needed at the support-frame and wheel regions, and at the same time a
maximum force-level at the wheel region must be achieved in order to be able to fulfill
the constraints. Considering the transversal forces, the upper limit of the exploration
solution space, F̂yFVS0

, shows a decreased force-level with respect to the design bound.
The lower limit F̌yFVS0

follows closely the design bound in the first phase but produces an
increased minimum for the wheel-region. Lastly, only the lower limit of Y̌eqFVS0

presents
a significant deviation from the design bounds. Once again, at the wheel region, an
equivalent point of application of force larger than the design bound is required to fulfill
the constraints.

The exploration-phase solution space shows the necessary minimum and maximum
values required to define a space with a success rate, SR>0. As a matter of fact, the
success rate of the exploration solution space shown in the Figure 7.18 reaches 6%. With
these initial conditions, the consolidation phase begins. For each consolidation iteration
20,000 samples are evaluated. The explicit objective of this phase is to find a solution
space with a minimum of success rate of 95%. Therefore, after the sampling of the active
space in each iteration, the regions without feasible designs are discarded. Figure 7.18
also shows the solution space at iteration 5, 500, and 1500. It can be observed from
F̂xFVC5

, F̌xFVC5
, F̂yFVC5

, F̌yFVC5
, ŶeqFVC5

, and Y̌eqFVC5
that already in an early stage of

a consolidation process, regions of significant size are discarded. The effect of the rapid
consolidation and the reduction of the solution space size is shown in Figure 7.19(a) and
(b) respectively. A total of 2631 iterations are required to achieve the targeted total
success rate SRTotal.

The iterations shown in Figure 7.18(a) concerning the consolidation of the longitudinal
force solution space show a considerable increase relative to the exploration phase limits
in the force-levels of the lower limits of F̌xFVC

from 300mm to 700mm. In contrast, the
upper limit for this same region F̂xFVC

decays relatively less in the first iterations. On
the wheel region, both upper and lower limits depart from the values obtained in the
exploration phase. With regard to the transversal forces, a similar effect is present in
Figure 7.18(b), where a significant increase of the lower limit takes place at the early phase
of deformation. As with the longitudinal force, both upper and lower limits of F̂yFVC

and
F̌yFVC

deviate from the exploration phase limits. However, the reduction of the upper
limit specially at 750mm is considerably larger than the increase that the lower limits
exhibits. For ŶeqFVC

and Y̌eqFVC
the first iterations do not show a considerable effect in

the deformation region from 0mm to 300mm. Nonetheless, ŶeqFVC
shows a substantial

decrease from 400mm to 600mm indicating that an equivalent point of application of force
which exists more inwards in the structure, specially in the early deformation stages would
produce a different kinematic than the reference. Furthermore, at the wheel region, the
lower limit, Y̌eqFVC

, must be increased, i.e. application point moved inwards, to increase
the SR.
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Figure 7.18 Design space limits L, exploration solution space at full-vehicle level for: F̂xFVS0
and

F̌xFVS0
longitudinal forces, F̂yFVS0

and F̌yFVS0
transversal and ŶeqFVS0

and Y̌eqFVS0
; and iteration 5

(C5), 500 (C500), and 1500 (C1500) of the consolidation solution space

The total success rate SRTotal and its decomposition into each constraint as a function
of the number of iterations are depicted in Figure 7.19(a). The consolidation and evolu-
tion of SRTotal can be understood as two periods with different consolidation velocities.
The first period from 0 to 1500 iterations present an average consolidation velocity of
0.43% each 10 iterations. While the second phase from 1500 to 2631 has an average
consolidation velocity of 0.22%, half as fast as the first phase. Being SRTotal the result
of the evaluation of the different constraints, it is also relevant to analyze their individual
effects. The constraint that reaches a stable behavior the fastest is the RKE. At iter-
ation 1000 it has already a RKESR>95%. Since the kinetic energy is a combination of
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Figure 7.19 Total and constraint success rate (a) and solution space size (b) vs. solution space
consolidation iteration

several translational and rotational quantities, also several combinations exist to reach a
desired range. This constraint is followed by θz, which reaches θzSR>95% 500 iterations
later. The sL and GVP constraints present a similar consolidation speed, being the de-
formation length constraint the slowest in reaching sLSR

>95%. On the other side, the
solution space size also presents two phases with different reduction velocities. In the
first 1000 iterations the solution space shrinks to less than half the original size, while it
takes the rest 1631 iterations to again be reduced to half of the size. This effect coincides
with the observations from Figure 7.18 where the difference between the first iterations
are more noticeable than the difference between the last ones.

After reaching the target success rate, the consolidated solution space is taken as start
point for the expansion phase. Figure 7.20 shows the reference FxL , FyL and Yeq as
well as the consolidated solution space limits, F̂xFVC

, F̌xFVC
, F̂yFVC

, F̌yFVC
and ŶeqFVC

,
Y̌eqFVC

and the final expanded limits, F̂xFVE
, F̌xFVE

, F̂yFVE
, F̌yFVE

and ŶeqFVE
, Y̌eqFVE

.
Figure 7.20(c) makes evident that the expanded version of the solution space is con-
siderably larger than the consolidated version for ŶeqFVE

and Y̌eqFVE
. In this case, the

additional computational cost of conducting an expansion phase shows its benefits. Fig-
ure 7.18(c) already indicated the possibility of finding feasible designs at the deformation
region above 1200mm with a Y̌eqFVE

closer to 0. During the consolidation iterations this
region was discarded but then recuperated in the expansion phase. Apart from this, only
marginal gains are made for the expanded versions of the longitudinal and transversal
forces.

In this application and to evaluate the efficacy of the method, the solution space should
yield to RDC that coincide with the reference curves. An inspection of Figure 7.20 points
to the conclusion that even if the reference curves are not completely enclosed by the
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expanded solution space along the complete deformation space, the curve characteristics
obtained from the solution space capture well the characteristics of the reference curves.
The longitudinal forces solution spaces capture well the local minimum present at 650mm
as well as the local maximum at 500mm. The largest deviations are present in the wheel
region, where even though the increasing nature of the force levels is present in the
solution space, the maximum forces do not fully coincide. Eventually, a reference curve
with a filter with a larger window size could take out the oscillations that generate the
difference to the solution space. However, as seen previously, the filtering of the RDC has
also its limits when maintaining the accuracy of the output of the low-fidelity kinematic
model. Concerning the transversal forces, the effect of the selected discretization of the
deformation space also becomes evident. The maximum value of the first phase of FyL

is achieved when s is ca. 350mm. Yet, the two nearest points in the s vector are 50mm
apart. Therefore, this local maximum cannot be captured entirely. At the wheel region,
the oscillations issue seen in the longitudinal forces is also present. This time, the solution
space overestimates the forces needed in this region while at the same time capturing the
increasing nature of the reference curve. The largest deviation takes place in the early
section of Y̌eqFVE

. A local minimum at ca. s=75mm is not captured by the solution
space. A possible solution for such issues is to increase the number of samples used in
each consolidation iteration to increase the probability of also detecting such feasible
designs.

Even though the constraint fulfillment guarantees that the kinematic parameters should
lie within a certain range, it is also important to confirm that the curve characteristics
of the kinematics produced by RDC within the design space also coincide with the ref-
erences. Figure 7.21 shows the complete set of reference kinematic outputs including the
DOFs and kinematic parameters as well as the kinematic response obtained from sam-
pling the expanded solution space. The comparison is done explicitly from the results of
the kinematic model and not to the reference hardware test to isolate the error produced
by the solution space calculation from the error introduced by the kinematic model itself.
For every curve, the differences are not significant and the curve characteristic in the ref-
erence kinematic model is also present in the samples from the expanded solution space.
Only for GVP and θz an observable difference exist for the time range from 30ms to
80ms. Both kinematic parameters are functions of the moment applied at the CG. The
deviations observed in the early deformation stages for Yeq affect the moment calculation
directly and are therefore a possible cause for the difference in the time series.

As final check of the quality of the solution space calculation, the space within the
upper and lower limits is sampled and the distribution of the scatter of the kinematic
parameters at tend is presented in Figure 7.22. The distributions show that as expected
that at least 95% of the data is contained in the range defined by the constraint for
each kinematic parameter. Nonetheless, in cases such as sL an observable portion of
the distribution exists outside the constraint range, specially towards the lower limit of
the constraint. Signifying that a portion of the samples inside the solution space would
still yield unfeasible solutions. However, by means of the introduced solution space
methodology, this portion of unfeasible designs can be quantified and reduced. In this
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section, the solution space calculation was validated at the full-vehicle level, in the next
section the validation at the load-path level is carried out.
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Figure 7.21 Kinematic model (km) and reference (ref) sampled solution space longitudinal, ux (a),
transversal displacements, uy (b), total rotation, θz (c), rest kinetic energy, RKE (d), glance-off value
GVP (e), rest deformation length sL (f)
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ǦVPC ĜVPC

GVPkm

F
re
q
u
en
cy

GVPkm

(b) Glance-off value

100 110 120 130 140 150 160 170
0

20

40

60

80

100

120

140

160

180

200
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Figure 7.22 Kinematic parameter constraint check: rest kinetic energy, RKE (a), glance-off value,
GVP (b), rest deformation length, sL (c), total rotation, θz (d)

Systems Engineering Based Crashworthiness Design for the Small Overlap Load Case 167



Iván Cuevas Salazar

7.2.2. Load-path Level

The solution space obtained from the calculation at the full-vehicle level, i.e. F̂xFV ,
F̌xFV , F̂yFV , F̌yFV , Ŷeq and Y̌eq, is used as constraints for the solution space calculation
at the load-path level. As stated in Section 5.1.2, the methodology takes advantage of
the possibility of property matching among the levels. The sum of the transversal and
longitudinal forces of the j load-paths, FxLPj

, FyLPj
, must be equal to the total force

at the full-vehicle level. At the same time, the position of the load-level together with
its position across the structure must yield to the equivalent point of application of the
longitudinal force. By evaluating these three constraints for each deformation level in
the RDC, the exploration, consolidation, and expansion phases are carried out using
the same vehicle characteristics as for the reference case. The same discretization of the
deformation vector s as the one in the full-vehicle calculation is used at the load-path
level. To evaluate the quality of the solution space, the transversal and longitudinal forces
for each load-path used in Section 7.1.7 to validate the kinematic model, are compared
against the obtained upper and lower limits.

The results obtained by the solution space calculation are shown in Figures 7.23 and
7.24 for the longitudinal and transversal forces correspondingly. As in the full-vehicle
level, the design bounds, F̂xLPjL

and F̌xLPjL
are selected for each load-path. As before the

wheel-firewall-rocker load-path is dominant. This is also reflected in the selection of the
upper and lower design bounds selected for this load-path. Considering the longitudinal
force and at the first and second deformation phases, a relatively high and constant load-
level is selected as upper design bound. Nonetheless, the expected drop in the force-levels
at 650mm caused by the topology of the structure and suspension of the vehicle is also
characterized. The deformation phase related to the wheel area includes the definition
of a lower bound whose role is to assure that a minimum force level is considered from
the wheel-structure interaction. The transversal upper and lower design bounds of the
wheel load-path also follow a similar logic with the exception that only the wheel-region
has a significant upper bound while the first deformation stages are only characterized
by a relatively low upper bound.

The rest of the load-paths has a lower design bound defined as zero for the entirety
of the deformation space. The upper bound is the one that follows, to a certain extent
the characteristics of the reference curve. The shotgun and sub-frame load-paths present
an initial increase in the force levels and for the rest of the deformation space, they
have a constant upper bound until the load-path is no longer considered active. The
bumper-beam load-path however, has for both the longitudinal and transversal forces a
maximum value for the upper bound at 300mm. Before and after reaching this peak a
linear increase and decrease is implemented to define the load-levels of the rest of the
deformation space.
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Figure 7.23 Design space limits (L), exploration (S0), consolidation (C), and expansion (E) phases of
solution space as well as reference curves for the longitudinal F̂xLP , F̌xLP forces of the load-paths
wheel-firewall-rocker(a), shotgun(b), bumper beam-front rail (c), sub-frame(d)

The results from exploration phase F̂xLPjS0
, F̌xLPjS0

, F̂yLPjS0
and F̌yLPjS0

provide the
first indications of the location of the feasible regions. Starting with the wheel load-
path, the regions with higher force levels which are closer to the upper design bound are
discarded moving the exploration solution space towards the lower bounds. That is the
case for both longitudinal and transversal forces. In contrast, for the other load-paths in
the longitudinal forces, the solution space tends to move towards the upper design bounds.
This phenomenon is most evident for the bumper beam-front rail. The exploration
solution space is in some regions of the deformation space even above the reference
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curves. These regions, where F̌xLP3S0
overestimates the reference force-levels, coincide

with a slight underestimation of the longitudinal forces at the wheel load-path. The
shotgun and sub-frame load-paths yield solution space towards the upper bounds. On the
other side the upper and lower limits of the exploration solution space for the transversal
forces show a relatively good agreement with the reference curves. The maximum force
of the bumper load-path is particularly well characterized by F̌yLP3S0

and F̂yLP3S0
.

The consolidated solution space F̂xLPjC
, F̌xLPjC

, F̂yLPjC
and F̌yLPjC

does not deviate
significantly from the exploration phase results. Only a symmetrical reduction of the
size of the solution space is observable while the curve characteristics remain unchanged.
The expanded version F̂xLPjE

, F̌xLPjE
, F̂yLPjE

and F̌yLPjE
only offer marginal gains along

the deformation space. In contrast to the full-vehicle stage, the load-path solution space
calculation is governed by the result obtained from the exploration phase. This effect can
be explained by several factors. On one side, the number of variables to describe the RDC
at the load-path level increases from 78 at the full-vehicle level to 104. On the other side,
and due to the decomposition of the forces into load-paths the individual solution space
sizes decreases. And at the same time the number of constraints increases from 10 at
the full-vehicle level considering lower and upper limit of the kinematic parameters range
to 84 at the load-path level. Despite of these factors, the final solution space obtained
yields the selected target for the success rate and captures well the characteristics of
the force-level in the load-paths and provides an efficient method to map the full-vehicle
RDC into subsystems and components.

As a final check the expanded solution space is sampled at the load-path level and
the total sum of forces and calculation of the equivalent force application point is car-
ried out. Figure 7.25(a) shows that the sum of the forces matches to the full vehicle
RDC design space, F̂xFVE

, F̌xFVE
, F̂yFVE

and F̌yFVE
. While Figure 7.25(b) shows that

the reconstructed equivalent application point exists between ŶeqFVE
and Y̌eqFVE

. With
this, the validation of the solution space calculation is concluded. In the next section,
this validated methodology integrated into the complete Solution Space-based Iterative
Simulation Scheme is applied for the development of a vehicle structure with the target
of achieving a robust fulfillment of the structural rating targets.
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(c) Load-path 3: bumper beam-front rail
transversal forces vs. deformation space (s3)

0 200 400 600 800 1,000 1,200 1,400
0

FN

s4 (mm)

F
o
rc
e
(N

)

FyLP4

F̂yLP4L

F̌yLP4L

F̂yLP4S0

F̌yLP4S0

F̂yLP4C

F̌yLP4C

F̂yLP4E

F̌yLP4E
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Figure 7.24 Design space limits (L), exploration (S0), consolidation (C), and expansion (E) phases of
solution space as well as reference curves for the transversal F̂yLP , F̌yLP forces of the load-paths
wheel-firewall-rocker(a), shotgun(b), bumper beam-front rail (c), sub-frame(d)
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Figure 7.25 Comparison of sum of load-path and full-vehicle longitudinal and transversal forces (a)
and equivalent point of application of longitudinal force (b)
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Chapter 8

Results

After the validation of the low-fidelity kinematic model and the solution space methodol-
ogy in the previous section, in this section the probabilities of a robust target achievement
of a vehicle are increased through the redesign of its structure by applying the solution
space-based iterative simulation scheme. The SSBISS is applied to a mature structural
design where robustness deficiencies were identified. First, the load case targets for the
structural redesign are defined. Then, the performance of the base structure is analyzed
and quantified through the use of an Abaqus Explicit FEM. The kinematic response
as well as the structural rating with its correspondent DSG are reported and quanti-
fied. Next, the robustness of the performance of the vehicle is analyzed by following the
methodology described in Section 6.2. The resistance-to-deformation characteristics are
extracted at the full-vehicle and load-path level. Additionally, the relevant sources of
uncertainty are identified and characterized and the robustness index is calculated for
the relevant outputs. Once the base performance of the vehicle is completely character-
ized, areas that allow topology and RDC changes needed for the fulfillment of the new
targets are identified. Later, the RDC solution space that ensures the fulfillment of the
structural and kinematic requirements is calculated. Then, the structural changes that
lead to the fulfillment of the solution space are implemented in the FE model. Finally,
the robustness of the structural changes are characterized and studied.

8.1. Requirement Definition

The relationship between the kinematics of the vehicle during the crash, represented by
the kinematic parameters, and its structural performance expressed as the safety dis-
tance to a Good structural rating, DSG, in the Small Overlap load case is identified
and presented in Section 5.2.1. This relationship allows for the use of the solution space
methodology to find the set of RDC that produces a certain kinematic response that
lies inside regions in the kinematic parameters space that maximize the probabilities of
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obtaining a certain DSG. The cluster analysis indicates that vehicles having relatively
high kinetic energy values at the end of the crash, i.e. RKE>30%, minimize the proba-
bilities of obtaining a structural rating different than Good. It is also established that the
statistics of the vehicles analyzed showed that a relatively high value of RKE is possible
only through certain combination of vehicle rotation, θz and Glance-off value, GVP .

The primary load case target is to achieve a Good structural rating. Meaning that
the full vehicle structural target is to obtain a DSG>30% so that the performance of
the vehicle matches the industry standard. This primary target must be achieved with
the explicit consideration of the uncertainty parameters that affect the performance in
the Small Overlap load case, leading to a robust design. This primary target is mapped
to the kinematic performance, consequently defining a secondary target of achieving a
RKE>30%. This secondary target is decomposed into requirements for the load-levels
in each load-path by the calculation of a solution space for the RDC. In the next
section the base performance of the vehicle is analyzed with their correspondent possible
strategies to accommodate the necessary structural changes that lead to the ultimate
goal of achieving the primary load case target.

8.2. Base Design

The starting point for the SSBISS is in this application example a full-vehicle FE model
defined in Abaqus Explicit. The characteristics of the model are in line with the char-
acteristics of the vehicle presented in Table 7.1 used in the validation procedures. The
FE model contains the subsystems relevant for this load case. In order to generate a
baseline for the vehicle performance and to follow the principles defined in the SSBISS
a set of 10 simulations is generated with different time steps. A variation of ± 0.0001%
from the original time step is introduced to consider the numerical effects of the use of
the explicit FE model from the beginning. These numerical effects are defined in Section
6.2.1 as one of the sources of uncertainty that affect the response of the vehicle and that
are relevant in the virtual design process. Even if different FE solvers and modeling tech-
niques may yield different sensitivities to the outcome, this approach allows for a more
meaningful comparison of the effects of the other sources of uncertainty to the effects of
pure numerical variations.

8.2.1. Vehicle Kinematics

The kinematic analysis is performed for the set of 10 simulations where the numerical
uncertainty, num, is characterized. In each case a GVP<1, and therefore a deformation
kinematic mode is present. The variation of the time series of the kinematic parameters
can be observed in Figure 8.1. From 0 to 80ms the values of θz, RKE, GVP , and
sL for the simulations lie relatively close to each other. After 80ms, the total rotation,
glance-off value, and rest deformation length present an observable deviation. The kinetic
energy time series shows the least amount of variation relative to the other kinematic
parameters. Despite of these variations, the curve characteristic is conserved in every
case. This subjective appreciation of the variation in the outcome of the numerical
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uncertainty phase are later quantified by means of the robustness index at the curve and
scalar level in Section 8.2.4.
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Figure 8.1 Kinematic parameters extracted from base simulation after applying a time step variation
(num), total rotation, θz (a), rest kinetic energy, RKE (b), glance-off value GVP (c), rest deformation
length sL (d)

The values measured at tend are presented in Figure 8.2. The RKE values as observed
in their curve representation lie close to each other and have an average of 11%, relatively
far apart from the target of 30%. The GVP shows a range from 0.6 to 0.9, which indicates
that even if the base design is far from a glance-off behavior, if the right combination
of wheel kinematics and rupture takes place, the behavior can be close to the glance-off.
The total rotation θz shows that even if there are glance-off values that are close to 0,
a positive rotation indicates that the total longitudinal and transversal forces and their
correspondent moment are not enough to produce a negative rotation that moves the
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vehicle away from the barrier. The sL>0 values indicate that there is no hard contact
present between the A-Pillar and the barrier, which is also confirmed by the results
obtained from calculating the structural rating and DSG.
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Figure 8.2 Kinematic parameters extracted from base simulation: rest kinetic energy, RKEnum (a),
glance-off value, GVPnum (b), rest deformation length, sLnum (c), total rotation, θznum (d)

8.2.2. Structure Topology & Resistance-to-deformation Characteristics

To make the implementation of the structural changes possible, the first step is to extract
the longitudinal and transversal forces as a function of the deformation of the structure
at the full-vehicle and load-path levels. In the same manner as in the previous chapter,
the force levels are presented in a normalized format, taking as reference the maximum
total force in the Fx time series and represented by FN . In the case of the full-vehicle
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level the equivalent point of application of longitudinal force is also extracted. As stated
previously, the location of the components as well as the load carrying capacities result
in the different force-levels across the structure. At the full-vehicle level, Figure 8.3(a)
depicts the total longitudinal force along the structure. The minimum and maximum
values are plotted in the force-displacement diagram to represent the variation from
the simulation set. These longitudinal force signal begins with a significant load level
at 200mm and continues with a steady increase until 500mm where a drop is present.
Afterwards, the maximum force-levels in the curve are reached at ca. 850mm. A slight
decay from the maximum levels leads the way to a plateau until 1100mm where a drop
to zero in the forces indicates that the vehicle has started its global rebound phase.

0 200 400 600 800 1,000 1,200 1,400
0

180%FN

s (mm)

F
o
rc
e
(N

)

FxLnummin

FxLnummax

(a) Longitudinal forces vs. deformation space (s)

0 200 400 600 800 1,000 1,200 1,400
0

180%FN

s (mm)

F
o
rc
e
(N

)

FyLnummin

FyLnummax

(b) Transversal forces vs. deformation space (s)

0 200 400 600 800 1,000 1,200 1,400
0

0.2

0.4

0.6

0.8

1

s (mm)

Y
eq

(u
n
it
le
ss
)

YeqLnummin

YeqLnummax

(c) Equivalent point of application of longitudinal
force vs. deformation space (s)

Figure 8.3 RDC at full-vehicle level extracted from base simulation: longitudinal (a), transversal (b)
forces and Yeq(c)
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The longitudinal forces, similarly to their longitudinal counterparts present an increase
starting at 200mm but ending at 300mm. A minor decay is present in the force signal
until 500mm, where similarly to FxL the last increase takes place. The transversal forces
are maintained until the rebound phase begins. Regarding Yeq, it can be observed in
Figure 8.3(c) that two clear phases characterize the equivalent point of application of
force. The first one from 0 to 400mm has an oscillating nature with an average Yeq=0.75,
which indicates an inwards application of the force. From 600mm until the rebound
phase, Yeq drops to ca. 0.55, indicating the presence of a inwards rotating wheel, which
as it will be observed in the next subsection can cause an increased intrusion in the lower
occupant compartment.

The load-path level analysis yields as in the hardware test analysis that the wheel-
firewall-rocker is the dominant load-path. The longitudinal force of this load-path pre-
sented in Figure 8.4(a) indicates that two main components influence the characteristic
of the force-displacement curve. The first one is the supporting-frame attached sideways
to the front rail and sub-frame. The increase in force starting at 400mm and culminat-
ing with the local maximum present at 500mm is a consequence of the contact of the
barrier and the supporting-frame, its bending, contact with the tire and displacement
of the wheel backwards towards the firewall. The second one is clearly the wheel itself
and its interaction with the BIW. The difference between the maximum and minimum
forces extracted from the simulation set is larger from 800mm until the end of the crash,
which is the wheel-dominated region. These deviations are considerably larger than the
deviations observed in any other load-path. The slightly different trajectories of the
wheel introduced by the numerical variations result in different contact points with the
structure as well as different loading angles triggering different failure modes of the wheel.

The second set of significant contributors of longitudinal force are the bumper beam-
front rail and sub-frame load-paths. The bumper load-path is specially relevant in the
first deformation phase from 200mm to 600mm. After the bumper is bent and the
front structure continues to slide, the force-levels of this load-path drop. The sub-frame
contribution to the longitudinal forces is twofold. The first contribution occurs from
200mm to 600mm where the sub-frame itself and suspension rods contact the barrier.
Later at 800mm the rest block formed by the partially detached suspension rods are
compressed against the BIW. At this stage the scattered behavior introduced by the
wheel load-path is also reflected. The shotgun load-path contributes relatively less to the
longitudinal and also to the transversal forces.
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Figure 8.4 RDC extracted from base simulation: longitudinal forces for load-paths
wheel-firewall-rocker(a), shotgun(b), bumper beam-front rail (c), sub-frame(d)

The load-path transversal forces shown in Figure 8.5 indicate that the wheel-load-path
only makes significant contributions at its later stage. This means that the supporting-
frame is only contacting the flat surface of the barrier. It can also be seen that only the
wheel rotation and over-all displacement of the vehicle allow this load-path to generate
transversal forces. The bumper load-path on the other side is a reflection of its behavior
in the longitudinal direction, with a relevance limited to the first 600mm. Similarly, the
sub-frame load-path follows the characteristic of FxL and contributes to the transversal
force at early and later stages of deformation.

In most cases, the cost of introducing changes to the BIW are relatively higher due
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to the manufacturing constraints than introducing changes to other subsystems of the
vehicle that are assembled separately at a later stage. This indicates that changes to the
bumper and sub-frame load-paths are easier to implement and industrialize. That makes
both load-paths the focus of this structural design exercise.
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Figure 8.5 RDC extracted from base simulation: transversal forces for load-paths
wheel-firewall-rocker(a), shotgun(b), bumper beam-front rail (c), sub-frame(d)

8.2.3. Structural Rating and Safety Distance

The values reported for sL in the previous section are an indication of the absence of a
hard contact between the occupant compartment and the rigid barrier. Figure 8.6 shows
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the structural rating of the simulation set. A structural rating Good is always achieved.
The intrusions are relatively higher at the lower occupant compartment indicating the
possibility of an inwards-rotating wheel kinematic. The safety distance DSGnum shows a
range from 20% to 45%. Although, these results may not appear enough to justify any
changes in the structure, the explicit consideration of the other uncertainty sources will
make clear that even if in nominal conditions the primary target is achieved, different
combinations of parameters may yield to results that miss the target.
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Figure 8.6 Structure rating (a) and safety distance,DSGnum ,(b) from base simulation

8.2.4. Robustness Evaluation

The different time-steps used in the simulation set introduce a slight numerical variation
in the FE solver that is reflected in the scatter of the kinematic parameters, RDC and
intrusions. In order to characterize and quantify this variation so that the influence of
the relevant sources of uncertainty introduced in Section 6.2.1 can be effectively and
efficiently compared, the robustness index defined in Section 6.2.5 is calculated for the
kinematic parameters and a selection of variables such as velocities, forces, and intrusions.

The set of 10 curves corresponding to the rest kinetic energy, glance-off value, rest
deformation length, and total rotation extracted from the simulation shown in Figure 8.1
are analyzed and the robustness index RBI is calculated at each time point using the
following settings. The reference value from which the deviation from each simulation is
calculated is defined as the mean of the complete set. Considering this base, a deviation
of ± 20% with respect to the absolute maximum in the curve is defined as allowable range,
i.e. [limlt , limut ]. While the percentage of target achievers is TAacc%=80%. Lastly, a
Gaussian distribution is selected to characterize the target distribution.

Figure 8.30(a) shows that the rest kinetic energy percentage for the entirety of its time
series has a RBI closer to 1. This confirms the observations made from Figure 8.30(b).
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The glance-off value shows also a RBI closer to 1 that tends to decay after 112ms. The
rest deformation length is also consistently reaching a value of 1 with a slight decay
starting at 100ms. The kinematic parameter with the most significant decay in its RBI

is the total rotation. As it is expected, in the early stages of the crash, where the
numerical effects have not gained significance and caused any bifurcation points in the
behavior, RBI is close to 1. The decay for this kinematic parameter starts at ca. 50ms
and by the end of the simulation at 114ms we have a RBI of ca. 0.49. Meaning that, as
in the case of the other kinematic parameters, the samples distribution is always more
compact than the target, i.e. the signal is considered robust. However, the rotation at
the end of the simulation reached half the robustness levels observed at the beginning of
the simulation. Because the rotations are the result of the total moment applied to the
structure, differences in the transversal and longitudinal forces as well as the different
lever arms caused by differences in the wheel kinematics, the behavior of this kinematic
parameter is understandable.
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Figure 8.7 Kinematic parameters robustness index extracted from base simulation: rest kinetic
energy, RKE (a), glance-off value, GVP (b), rest deformation length, sL (c), total rotation, θz (d)
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Additionally to the time series representation of RBI , a scalar representation of the
robustness of a selection of relevant variables is presented in Figure 8.8. For the cal-
culation of the robustness index of the intrusion values, tend, local x and y velocities,
total moment Mz, global and load-path forces and kinematic parameters the base setting
defined to calculate the RBI for quantities without specific targets is applied. For the
kinematic parameters, tend and velocities, the values are taken at the end of crash. For
the forces and moments, the values at the maximum deviation points are used. The
scalar intrusions are taken directly to calculate their robustness indexes.
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Figure 8.8 Robustness Index for the numerical robustness analysis of the base simulation

The effect of the numerical variations of the FE solver that are present in the output
are expected to be negligible, since they are always present in the simulation iterations
and are in most cases unavoidable. Considering this, Figure 8.8 only shows 5 quantities
with RBI<0. The intrusion points, steering column, rocker panel, and lower hinge pillar
have RBI values of -0.22, -0.087 and -0.018 respectively. The steering column being the
intrusion point with the lowest robustness indicates that the modeling of this particular
subsystem is sensitive to small numerical variations introduced by the different time
steps and should be improved to increase the robustness of the results. The other two
robustness indexes are close enough to zero but also are affected by local deformation at
the area of the measurement.

The next quantity to present a negative RBI is the total moment with a value of
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-0.059. The reasons for this behavior mentioned earlier are also backed by the fact that
the fifth quantity observing a non-robust behavior is the transversal force of the sub-
frame load-path. Even if the deviations of the wheel load-path are also noticeable, the
relatively lower force-levels and their deviation in the sub-frame load-path yield a worse
RBI .

With this assessment, the response and robustness of the base model are quantified.
In the next subsections, the influence of the other sources of uncertainty is reported and
compared against this baseline.

8.2.5. Vehicle Configuration Uncertainty

The exact configuration of the vehicles acquired by the IIHS to conduct the crash tests
is not known a priori. In many cases, the optional equipment available for a certain
vehicle is irrelevant for the crash performance. However, considering the nature of the
Small Overlap test, where the initial contact with the barrier only accounts for 25%
of the vehicle’s width, the suspension components and specially the wheel and brake
size become relevant. The influence of different wheel sizes stated in Section 6.2.1 is
considered explicitly in this phase of the robustness analysis. The base model included a
wheel size of 18 inches, which is the base wheel for this vehicle. Nonetheless, an optional
17 inches wheel is also available for this model. As a consequence, a set of 10 additional
simulations, with the same time-step variation as before, is conducted with the smaller
wheel size. The robustness index of the kinematic parameters for the configuration
uncertainty phase, con, is presented in Figure 8.9.

The RBI time series of the glance-off value and total rotation for the numerical un-
certainty analysis present a clear tendency to decay towards the end of the simulation.
This effect is maximized at the configuration phase. Both parameters present RBI values
closer to 1 until ca. 60ms. At this point in time, a decay starts and stabilizes until ca.
100ms when the RBI of both parameters reach a value of 0.25. This value indicates that
the samples distribution still meets the prescribed TAacc% within the acceptable range,
but shows clearly that once the wheel-structure interaction becomes dominant, the rota-
tion and glance-off are affected. On the other side, the kinetic energy and deformation
length robustness indexes remain similar to the previous phase and for the complete du-
ration of the simulation reaching values closer to 1. A comparison between the absolute
values of the parameters is carried out in Section 8.2.8.

The calculation of the RBI of the selected quantities for this phase is shown in Fig-
ure 8.10. The quantities with negative robustness indexes identified in the previous
phase are also present in the configuration uncertainty analysis. Two new intrusion
points, namely the hinge pillar and upper dash, with negative RBI join the three intru-
sion points from the numerical phase. The steering column decreased its RBI from -0.22
to -0.63, which confirms the need for a more stable modeling.
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Figure 8.9 Kinematic parameters robustness index for configuration uncertainty analysis extracted
from base simulation: rest kinetic energy, RKE (a), glance-off value, GVP (b), rest deformation length,
sL (c), total rotation, θz (d)

The total moment, Mz also worsened its robustness index. The effect of the small
wheel size is to produce variations in the wheel trajectory and the contact point with the
structure due to the fact that it has more space to rotate and has larger displacements.
This effect is detected with the worsening of the RBI of the total moment. Addition-
ally, the wheel load-path and its transversal force exhibit a RBI=-0.82, establishing the
decrease of the robustness of the model by the inclusion of the small wheel. The only
kinematic parameter presenting a negative RBI for the values taken at tend is the glance-
off value. In contrast to the time series analysis where all of the values are collected at
the same time point, the RBIGVP

=-0.18.
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Figure 8.10 Robustness Index for the configuration uncertainty analysis of the base simulation

8.2.6. Test Conditions Uncertainty

The uncertainty assessment of the test conditions includes the three relevant parameters
identified in Section 6.2.2, namely the deviations from the nominal velocity, weight, and
initial relative position of the barrier. To determine the optimum number of samples and
the quality of the probability mapping, two aspects are considered. First, the maximum
deviation from the input pdf with respect to the samples-reconstructed pdf for each
parameter. Second, the maximum cross-correlation among the samples. Both metrics
are evaluated for different sample sizes from 10 to 50. While the first parameter makes
sure that the output distribution resembles the input, the second one minimizes the
dependency of the variables.

The overall maximum deviation from input distribution, considering the three param-
eters as shown in Figure 8.11(a), makes evident that increasing the sample size, the
minimum, average and maximum deviations decrease. The largest improvement is made
from a sample size increase from 10 to 30. Afterwards, the reduction in the error is rela-
tively less. Figure 8.11(b) shows the maximum Spearman correlation coefficient present
among the samples. From 20 to 50 samples the max. coefficient is in average 0.05,
meaning that the selected OLHC sampling scheme is effective in producing a samples set
without auto-correlation.
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(a) Max. deviation from input distribution (b) Maximum cross-correlation coefficient

(c) Pareto front cross-correlation vs. max. deviation from input
distribution for samples size 10, 30 and 50

Figure 8.11 Samples quality evaluation: max. deviation from input distribution (a), maximum
cross-correlation coefficient (b) vs. number of samples, pareto front cross-correlation vs. max.
deviation from input distribution (c)

The Pareto front presented in Figure 8.11(c) shows the combination of both metrics. It
is observed that neither a low maximum error nor a low correlation coefficient guarantees
that the other metric is also low. Therefore, the Pareto front identification, and from
there the minimum resultant error, i.e. the Euclidean distance considering both metrics,
is selected for a given number of samples. Being the samples size of 50 the one offering
the lowest deviation from input distribution and lowest combined error, it is selected for
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this phase sampling.
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Figure 8.12 Samples quality evaluation: input-output distribution: mass deviation (a), velocity
deviation (b), barrier position deviation (c) from nominal values

A set of 50 samples for the three parameters is created using the correspondent pdf of
each parameter. The pdf reconstructed from the samples as well as their correspondent
input distributions are shown in Figures 8.12. The reconstructed mass deviation pdf
slightly overestimates the probability of having a delta larger than 15kg. Meanwhile,
the deviation in the barrier position offers a good coverage of the extreme behaviors.
Lastly, the unsymmetrical input pdf of the velocity deviation is well characterized by
the samples. With this selection of sample size and having analyzed the characterization
of the input pdfs, the robustness of the results produced by this set of 50 simulations
considering the test conditions uncertainty, tes, is analyzed.

The combination of different, barrier positions, masses and velocities produce a scatter
in the kinematic parameters. This scatter is observable in the form of the decay of the
RBI for the time series of the glance-off value and rotation presented in Figures 8.13(b,d).
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In contrast to the configuration phase where the RBI had an accelerated decay and later
stabilizes, for both kinematic parameters the decay starts at ca. 40ms, before the wheel
is active, and continues steadily until the end of the simulation. The minimum value
reached for both values is RBI<0.2. While a decay in the RBI is also observable in
the rest deformation length, this decay is considerably lower than the one observed in
the other two parameters. The rest kinetic energy is stable with values closer to 1
along the time series as in the other two previous phases. The analysis of the RBI

of the scalar values shown in Figure 8.14 indicates that the number of variables with
negative robustness indexes has increased with respect to the other two uncertainty
analysis phases. As before, the intrusion points, upper hinge pillar, upper dash, steering
column, rocker panel, and lower hinge pillar present a non-acceptable robustness value.
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(c) Rest deformation length
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(d) Total rotation

Figure 8.13 Kinematic parameters robustness index for test uncertainty analysis extracted from base
simulation: rest kinetic energy, RKE (a), glance-off value, GVP (b), rest deformation length, sL (c),
total rotation, θz (d)
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Figure 8.14 Robustness Index for the test uncertainty analysis of the base simulation

The effects of the different barrier positions, masses and velocities that affect the
deformation modes and load-levels of the components in the structure become evident
when analyzing the RBI of the load-path forces. The total transversal force as well as
the sub-frame and wheel load paths present RBI of -0.5. The longitudinal force levels
are affected in a similar way, i.e. the total force and the sub-frame and wheel load-paths.
The different test conditions influence mainly how the suspension and wheel react. This
effect is also noticeable in the RBI of the rotation, glance-off and deformation length at
tend, with values of -0.14, -0.22 and -0.07, respectively. This means that the effect of the
test conditions uncertainty is higher than that of the other two cases.

8.2.7. Component Properties Uncertainty

The variability in the component properties is characterized in this section by a total
of 7 variables. The fact that the suspension components are directly involved in the
Small Overlap crash test makes this load-case distinct to the rest of the frontal load-
cases. Therefore, these 7 variables describe parameters directly related to the wheel,
suspension, and components that influence the wheel kinematics. Two of them describe
the aleatory variability of the properties of the wheel and tire assembly. One variable
affects directly the properties of the tire by varying its wall thickness. The second variable
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affects the rupture of the wheel itself by varying the thickness of the rim bed. A uniform
distribution within a range of ± 10% from the nominal value is used to characterize these
parameters. Next, 4 parameters are used to describe the failure forces of the joints of the
push-rod, lower control arm, and tie-rod. The failure forces are defined at the sub-frame
side for the three joints and the tie-rod. The failure of the tie-rod at the steering gear
side is also defined. The last variable defines the wall-thickness of the seam weld of the
support-frame. Even if the support-frame is not explicitly a part of the suspension, it
influences the wheel kinematics when it contacts the barrier, bends and pushes the wheel
backwards towards the BIW. The variation of the last 5 parameters was characterized by
a truncated Gaussian distribution with limits at ± 10% of the nominal properties. After
defining the component properties uncertainty and following the same methodology as
in the previous sections, a sample size of 100 is selected to produce the next simulation
set.
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(d) Total rotation

Figure 8.15 Kinematic parameters robustness index for component uncertainty analysis extracted
from base simulation: rest kinetic energy, RKE (a), glance-off value, GVP (b), rest deformation length,
sL (c), total rotation, θz (d)
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The robustness analysis of the time series of the kinematic parameters contributes to
the confirmation of the trend identified in the other studies. Figure 8.15 shows that
the kinetic energy is stable with RBI≈1 and the rest deformation length presents a
slight decay towards the end of the simulation. In this phase however, the glance-off
value almost reaches a RBI=0 at the end of the simulation, while the total rotation is
RBI≈0.1. As expected, the decay in RBI starts at ca. 60ms when the wheel kinematics
relevance begins.

With respect to the RBI of the rest of the scalar values, the first 5 intrusion points
present a negative robustness index. Additionally, the left instrument panel also presents
a marginally unacceptable RBI=-0.033. In contrast to the test sources of uncertainty, the
component phase produces a negative RBI only for the transversal force of the wheel load-
path, longitudinal force of the sub-frame and marginally also for the total longitudinal
force. For the scalar representation of the kinematic parameters only the glance-off has
an unacceptable RBI=-0.21. Although the over-all robustness of the model considering
the uncertainty from the suspension components properties can be considered higher
than the robustness considering the test conditions; the relevant kinematic parameters
are still negatively affected.
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Figure 8.16 Robustness Index for the component uncertainty analysis of the base simulation
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8.2.8. Aggregated Uncertainty

In this last uncertainty and robustness analysis, the parameters from the numerical,
configuration, test conditions, and component properties phases are combined in order to
evaluate the robustness of the vehicle with respect to a so-called aggregated uncertainty.
In real life the different uncertainty sources act in the crash event at the same time. With
this uncertainty aggregation, the combined effects of all of the parameters can also be
analyzed and quantified. The total amount of variables considered rises to 12. In order
to properly characterize and minimize the auto-correlation and deviation from the input
distributions a sample size of 200 simulations is used.

The RBI time series shown in Figure 8.17(b) shows that the robustness index of the
glance-off value reaches the negative region at the end of the simulation. This trend
identified from the previous phases consummates into an unacceptable robustness for
GVP at the end of the simulation. The decay in the robustness of the total rotation
is slightly worsened by the aggregation of the sources of uncertainty but the robustness
value is still in the positive region. The rest kinetic energy and rest deformation length
show no changes from the previous phase.

The results of the robustness analysis of the selected scalar parameters considering the
aggregated uncertainty are presented in Figure 8.18. All of the intrusion points but the
footrest and brake pedal present a negative RBI in the aggregated uncertainty phase.
However, both of them present values closer to zero. Moreover, the total moment, total
transversal and longitudinal forces as well as the wheel-firewall-rocker load-path also
exhibit RBI<0. From the perspective of the kinematic parameters at tend, both the
glance-off value and rotation present unacceptable RBIs.

Figure 8.30 presents in a boxplot representation the variability of the output param-
eters. This enables the comparison of the effect that each source of uncertainty has on
the kinematic parameters and safety rating. As it was observed from the calculation of
the robustness indexes for each uncertainty phase, rest kinetic energy remains relatively
unchanged. The configuration uncertainty slightly shifts the box plot to smaller values
with respect to the numeric phase, being then RKEcon<10%. The test, component and
aggregated uncertainties only differ by the size of the range, but the average value re-
mains unchanged relative to the numeric phase, i.e. 10%. This indicates that even if the
different sources of variation affect the response of the vehicle, they are not enough to
significantly change the kinetic energy at the end of the crash.

The variation of the rest deformation length shown in Figure 8.30(c) demonstrates
that the smaller wheel size generates the larger shift in the response. The average RDL
of the other phases is ca. 175mm while the smaller wheel size increases it to 300mm.
Meanwhile, the aggregated uncertainty presents the larger range with minimum and
maximum of 120mm to 260mm. The total rotation of the vehicle was the kinematic
parameter with the second worst RBI , after the glance-off values. However, considering
the absolute values of the rotation, they all lie within a range of 2 to 5 degrees. Note
that the configuration uncertainties are causing the least variation.
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Figure 8.17 Kinematic parameters robustness index for aggregated uncertainty analysis extracted
from base simulation: rest kinetic energy, RKE (a), glance-off value, GVP (b), rest deformation length,
sL (c), total rotation, θz (d)

The glance-off value is the kinematic parameter that is affected the most from the
uncertainty sources. The numeric uncertainty phase produced an average value of GVP

of 0.65. The integration of the small wheel in the model reduced the range to an average
of 0.3, taking the vehicle further away from achieving a complete glance-off. Nonetheless,
the variability introduced in the test phase was enough to produce minimum values of
ca. 0.4 while at the same time achieving in the extreme cases a GVP=1. The change
in the test conditions and the use of the base 18 inches wheel could lead with a certain
combination of parameters to a glance-off behavior. The component and aggregated
uncertainty sources pushed GVP towards the deformation mode, producing average values
of 0.5 and 0.4, respectively.

The effect of the wheel size and the varying test conditions on the kinematic parame-
ters justifies the improvement of the robustness of the structural design for this particular
vehicle. Being the kinematic parameters, in particular the RKE secondary targets, it
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is also important to analyze the effect the different sources of uncertainty have on the
structural rating and Safety Distance, DSG. The average DSG=30% of the numeric
phase considered as baseline was not enough to support the need for further improve-
ment. Nevertheless, all but the configuration uncertainty decreases the minimum DSG

observed in each simulation set. The aggregated sources of uncertainty even produce
in an extreme case a combination of parameters that yield a structural rating with a
DSG≈0. Due to the fact that in reality this combined uncertainties are present and that
the combination of parameters are produced following the realistic ranges and probability
of variation, a design that under certain conditions does not fulfill the primary target is
not acceptable. For this reason and following the solution-space-based iterative simula-
tion scheme the correspondent design improvements will be implemented virtually. The
solution space approach combined with the robustness assessment are used to produce
a structural design capable of achieving the primary and secondary targets even in the
explicit consideration of the sources of uncertainty present in the load-case.
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Figure 8.18 Robustness Index for the aggregated uncertainty analysis of the base simulation
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Figure 8.19 Kinematic parameters boxplot for numerical, component, test and aggregated robustness
analysis: rest kinetic energy, RKE (a), glance-off value, GVP (b), rest deformation length, sL (c), total
rotation, θz (d), and safety distance, DSG(e)
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8.3. Solution Space Calculation

During the robustness analysis of the base model it was established that the primary
goal of achieving a DSG of at least 30% is not achieved under the full set of uncertainty
sources. In order to increase the robustness of the model and achieve the structural target
under the explicit consideration of all of the uncertainties, a secondary target regarding
the vehicle kinematics was defined. By performing a cluster and correlation analysis of
the vehicle kinematic response and the structural rating of the vehicles presented in the
IIHS database, it was determined that to minimize the possibility of achieving anything
but a Good structural rating a RKE of at least 30% must be achieved. In essence to
achieve the primary structural target, a secondary target upon the rest kinetic energy is
defined.

As stated in Section 5.2.2, there are different combinations of translational and rota-
tional behaviors that yield a kinetic energy above 30%. However, the kinematic analysis
of the data set indicated that statistically such a high value of RKE is achievable with
a combination of negative total rotation angles and a glance-off of 1. Additionally, a
constraint set upon the rest deformation length so that it has a minimum of 10mm at
tend ensures that the glance-off is achieved before the occupant compartment has a hard
contact with the rigid barrier. This set of constraints defined upon the kinematic pa-
rameters as well as the vehicle characteristics are given as an input to the solution space
calculator to define a set of upper and lower limits for the force-displacement curves
describing the RDC at the load-path level. The fulfillment of this solution space is used
as an objective function to drive the structural design changes in the load-paths. In a
final step, a robustness analysis considering all of the sources of uncertainty is conducted
to ensure that the structural changes lead to a robust fulfillment of the primary target.

Additionally to the constraint set and vehicle characteristics, the solution space cal-
culation requires the definition of design bounds for the RDC. These design bounds
determine the search space for solutions that fulfill the constraints. Hence, a good ini-
tial estimation of the feasible regions accelerate the calculation. To achieve this, a basic
understanding of the effects the forces in the structure have on the vehicle kinematic is
essential. The current RDC of the base model are dominated by the longitudinal forces
of the wheel-firewall-rocker load-path. Furthermore, the robustness analysis showed that
the wheel behavior played a key role in the scatter of total rotation and glance-off values.
Therefore, the structural design changes should include countermeasures that at the same
time regulate the forces in the load-path so that the desired kinematic is achieved; at the
same time the relevance of the wheel behavior itself should be reduced. The first part
of this task is then to determine the changes in the force-level that lead to the desired
kinematic.

The Eq. (4.3) representing the non-linear equation of motion describing the essence
of the Small Overlap load case provides the first indications on how to determine a set
of RDC that produce higher RKE values, negative rotations and a glance-off value of
1. First, the initial kinetic energy comes from the initial velocity in the x direction.
That implies that in order to conserve as much as possible from the initial kinetic energy
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the deceleration along the x axis has to be kept to a minimum. In other words, the
transversal force in the structure has to be minimized. Second, a glance-off of 1 can be
reached by a certain combination of transversal displacement and negative rotation. The
transversal displacement is achieved by maximizing the transversal forces in the structure.
Third, the negative total rotations are the product of negative moments. This negative
moments are reached by maximizing the moment produced by the transversal force and
its correspondent longitudinal lever arm. At the same time, the positive moments caused
by the longitudinal forces and their transversal moments should be minimized.

These changes of the forces at the full-vehicle level have to be decomposed into the load-
paths and later be materialized into changes in the component of the structure. However,
certain design limitations also exist in the implementation of the structural changes. As
it is usual in a later design stage, some of the structure characteristics are fixed. For this
design exercise, no changes are allowed in the BIW. Changes in the bumper system only
allow for modifications in the wall-thickness of the components. And, the topology of
the structure can only be influenced by the integration of additional components that fit
into the existing packaging constraints.

Taking this into account, to translate the necessary changes in the force levels, the
following three strategies are proposed. First, the minimization of the longitudinal forces
of the wheel-firewall-rocker load-path. Second, the maximization of transversal forces
from the sub-frame load-path. Third, the increase in transversal forces of the sub-frame
load-path should take place at the most frontal position of the load-path maximizing
the longitudinal lever arm and consequently maximizing the negative moments needed
to fulfill the rotation and glance-off constraints.

In that respect, the design bounds of the full-vehicle and load-path level RDC are
selected. Next, the solution spaces at both levels are calculated and the RDC of the
current model are compared. This comparison determines at which deformation level
to increase or decrease the transversal or longitudinal forces. Then, these changes are
mapped to the current structure so that later, the adjustment in the force levels translate
into increase or decrease of wall-thickness or integration of additional components at the
selected positions and load-paths.

8.3.1. Full Vehicle Solution Space

The exploration, consolidation, and expansion phases defined in Section 5.1.1 were car-
ried out in combination with the vehicle characteristics of the base model and the same
discretization of the deformation spaced used in the validation procedure. The consider-
ations defined in the previous section regarding the design bounds are also implemented
obtaining the solution spaces for the longitudinal, transversal and Yeq at the full vehicle
level shown in Figure 8.20 as a result.
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Figure 8.20 Maximum and minimum RDC at full-vehicle level extracted from numerical uncertainty
analysis of base simulation and solution space for DSG ≥ 30%: longitudinal (a), transversal (b) forces,
and Yeq(c)

The maximization of the lever arm for the transversal forces leads to a much more
front-loaded distribution of the force levels. For both the longitudinal and transversal
forces, the maximum values limited by the design bounds and obtained from the solution
space, are located in the first deformation phase until 600mm. Even if the objective is
only to increase the transversal forces, the longitudinal component cannot be decoupled.
The transversal forces are the result of the interaction of the structure with the curved
surface of the barrier. At this position and dependent on the contact angle, the normal
of the surface of the barrier is capable of producing transversal as well as longitudinal
forces. At a 45◦ angle, the normal of the surface will maximize both components of the
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force. For this reason, both the transversal and longitudinal components are allowed to
present relatively high force-levels.

Figure 8.20(a) also shows that the maximum force obtained at the wheel region, is
decreased from the base model. This goes in line with the strategy to take relevance
out of the wheel load-path and at the same time decrease the longitudinal deceleration.
It can be argued that the higher longitudinal forces in the early deformation phases
act against this principle. However, as stated before, the transversal forces cannot be
decoupled from the longitudinal. Moreover, an early deceleration decreases the kinetic
energy at a phase where there is still a relatively high amount, per definition, of energy
available. Therefore, even if the loss is considerable it is subtracted from the initial
kinetic energy yielding still an acceptable rest kinetic energy at the end of the crash.
Considering this, the upper limit of the solution space for the longitudinal force in the
early stages is of most relevance. In contrast, the lower limit of the transversal force
will dictate the minimum force-level that is capable of producing a kinematic that fulfills
the constraints. It is noticeable that the upper limit and upper design bound coincide.
Meaning that the solution space calculator takes as much transversal force as possible
given the design limits.

The equivalent point of application of longitudinal forces solution space and design
bounds coincide for the entirety of the deformation levels. This indicates that the fulfill-
ment of the constraints is dominated by the forces and not Yeq. This also aligns to the
strategy of producing a design that is independent of the wheel kinematic. However, the
avoidance of an inwards rotating wheel is implicitly enforced by moving the upper limit
of Yeq at the wheel region towards the rocker.

8.3.2. Load Paths Solution Space

The full-vehicle level solution spaces obtained in the previous section are taken as in-
put for the load-path level calculation. The total force levels and Yeq are decomposed
into load-path forces yielding the results presented in Figures 8.21 and 8.22 for the
longitudinal and translational forces accordingly.

The upper design bounds of the wheel-firewall-rocker load-path are defined as constant
with the maximum force-level of the base model as reference. The solution space for this
load-path results into force levels of roughly the same magnitude as the average of the
base model for the first 600mm and a decay for the rest of the deformation space. Due
to the fact that modifications to the BIW are not considered, the solution space of the
shotgun load-path presents an average load level as the one observed in the base model
along the deformation space.

The significant changes in the load-levels take place at the bumper and specially at the
sub-frame load-paths. The longitudinal forces of the bumper system remain relatively
unchanged. However, the transversal component requires a lower limit that is higher
than the load levels of the current base model. This follows the need to increase the
transversal forces at the earliest deformation level as possible.

Being the sub-frame a subsystem that allows for the integration of additional compo-
nents, the most significant adjustments to the force levels are reserved for this load-path.
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As in the full-vehicle level a relatively high upper design bound is defined. Similarly
also to the full-vehicle level the relevant limits are the upper one for the longitudinal
component and the lower one for the transversal. Considering the selected discretization
of the deformation space, the maximum values should be reached at 200mm. In the next
section, these adjustments to the forces in the load-paths are materialized into changes
in the frontal structure of the vehicle.
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(c) Load-path 3: bumper beam-front rail
longitudinal forces vs. deformation space (s3)
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(d) Load-path 4: sub-frame longitudinal forces vs.
deformation space (s4)

Figure 8.21 Maximum and minimum longitudinal forces at load-path level extracted from numerical
uncertainty analysis of base simulation and solution space for DSG ≥ 30%: wheel-firewall-rocker(a),
shotgun(b), bumper beam-front rail (c), sub-frame(d)
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(c) Load-path 3: bumper beam-front rail
transversal forces vs. deformation space (s3)
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Figure 8.22 Maximum and minimum transversal forces at load-path level extracted from numerical
uncertainty analysis of base simulation and solution space for DSG ≥ 30%: wheel-firewall-rocker(a),
shotgun(b), bumper beam-front rail (c), sub-frame(d)

8.4. Simulation-based Design

The solution space methodology produces a set of minimum and maximum force levels
in the different load-paths of the structure; it also enables a degree of flexibility and at
the same time clear direction in the design that would not be possible otherwise. The
solution spaces indicate at which deformation levels should the force level be adjusted.
The deformation space is mapped directly to the structure topology making clear where
and how to modify the structural components. A set of countermeasures are defined and
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implemented in order to fulfill the solution space for the RDC of the structure.

8.4.1. Development of Countermeasures

The strategies defined previously to fulfill the solution spaces and achieve the secondary
and primary target are in this section translated into concrete countermeasures to change
the load-carrying capacities of the selected load-paths and sub-systems. The Figure 8.23
is used as reference to map the deformation space to the structure of the vehicle. The
changes dictated by the solution space have the first 600mm in focus. Meaning that
the components located in this region are candidates for the implementation of counter-
measures. Additionally in the case of the sub-frame load-path, a maximum force level
should be reached before 200mm. Consequently, the following structural design changes
are proposed.

0 200 400 600 800 1,000 1,200 1,400

s (mm)

Figure 8.23 Undeformed vehicle structure bottom view vs. deformation space (s)

The main adjustment concerns the sub-frame and its transversal forces. The max-
imization of transversal forces from the sub-frame load-path is achieved through the
integration of an additional component attached to the frontal portion of the sub-frame.
This sub-frame extension is positioned in the y axis such that for the expected variation
of the barrier position, it contacts the curved surface maximizing the transversal forces.
The elongation of the sub-frame and the contact with the curved surface of the barrier
does not only increase the transversal forces but also maximizes the longitudinal lever arm
needed to increase the negative moments to achieve the rotation and glance-off require-
ments. This elongation begins at ca. 200mm and is connected to the rest of the sub-frame
at 400mm to match the peak forces indicated by the solution space. The longitudinal
and transverse rigidity of the sub-frame is also increased in order to be able to cope with
the expected force increase due to the elongation. To contribute to the increment of
transversal forces, the wall-thicknesses of the bumper beam and the support-frame are
increased by 20% to improve the load carrying capacity of the components.

On the other side, the minimization of the longitudinal forces of the wheel-firewall-
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rocker load-path is achieved through the integration of a predetermined breaking point
in the rim. This notch is a stress concentrator that decreases the breaking load of the
wheel. Additionally, this predetermined breaking point also allows for a more consistent
failure of the wheel increasing the robustness of the kinematic response. With these
modifications, the FE model is again simulated and the RDC are extracted. The RDC
of the new model, here named as RKE30 are compared to the solution spaces and in a
later stage the uncertainty analysis is carried out to confirm the robustness of the new
design.

8.4.2. Solution Space Violation Check

The model with the integrated countermeasures described previously is simulated using a
variation of the time-step analogously to the procedure for the base model. The analysis
of the set of 10 simulations allows for the characterization of the sensitivity of the model
to the numeric uncertainties of the FE solver.

The kinematic analysis is carried out and the RDC are extracted. Figure 8.24 presents
the RDC of the RKE30 model in context of the solution space calculated fulfilling
the secondary kinematic targets. For both, the transversal and longitudinal forces, the
maximum force levels are within the upper and lower limits of the solution space. The
longitudinal force from the RKE30 model lies completely inside the corridor except for
the initial increase at 100mm. Considering the selected discretization of the deformation
space, a slight shift of 50mm exists in the position of the peak forces. The maximum
forces for both components take place at ca. 250mm. The largest deviation from the
corridor occurs in the transversal forces in the region from 400mm to 600mm. A more
pronounced drop in the extracted RDC contrasts with the lower limit of the solution
space. However, the effect on the fulfillment of the constraints is minor and is analyzed
in the next section. The Yeq lies completely inside the corridor and indicates no inwards
rotating wheel since the point of application of force is located outwards at the wheel
region. As a whole, the RDC at the full-vehicle level RKE30 model are dominated by
the front-loaded transversal and longitudinal forces.

The decomposition of the force levels into load-paths makes evident that the new
dominant load-path is the sub-frame. This statement applies to the longitudinal as
much as to the transversal forces. Figure 8.25(d) and Figure 8.26(d) show that the
maximum force values reach the lower limit and are close if not slightly exceeding the
upper limit of the load-path solution space. As in the full-vehicle level, the discretization
of the solution space influences the fulfillment during the first increase. Moreover, a
steeper than expected change from the force specially in the longitudinal region is also
observable. Despite of these discrepancies, the role of the sub-frame extension is evident.

One of the other design changes relates to the increase of the wall-thickness of the
bumper, which leads to a higher bending stiffness of the subsystem. The effect of this
countermeasure is observable in Figures 8.25(c) and 8.26(c). In both cases the maximum
forces of the RKE30 model are in agreement with the solution space and present an
increase with respect to the base model. However, both the transversal and longitudinal
components present a more pronounced drop in the force levels than the solution space
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prescribes.

0 200 400 600 800 1,000 1,200 1,400
0

180%FN

s (mm)

F
o
rc
e
(N

)

FxLnummin

FxLnummax

F̂xFVL

F̌xFVL

F̂xFVE

F̌xFVE

(a) Longitudinal forces vs. deformation space (s)

0 200 400 600 800 1,000 1,200 1,400
0

180%FN

s (mm)

F
o
rc
e
(N

)

FyLnummin

FyLnummax

F̂yFVL

F̌yFVL

F̂yFVE

F̌yFVE

(b) Transversal forces vs. deformation space (s)

0 200 400 600 800 1,000 1,200 1,400
0

0.2

0.4

0.6

0.8

1

s (mm)

Y
eq

(u
n
it
le
ss
)

YeqLnummin

YeqLnummax
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Figure 8.24 Maximum and minimum RDC at full-vehicle level extracted from numerical uncertainty
analysis of RKE30 simulation and solution space for DSG ≥ 30%: longitudinal (a), transversal (b)
forces, and Yeq(c)

The diminished role of the shotgun load-path becomes evident when observing the
force levels in Figures 8.25(b) and 8.26(b). In contrast, the adjustments caused by the
changes in the support-frame and wheel are noticeable in Figures 8.25(a) and 8.26(a).
The original characteristics of these curves presented the highest force levels towards the
end of the deformation space. In the RKE30 model from 200mm to 400mm, and due to
the increase in the load-carrying capacity of the support-frame, an increase is observed
in both force components. Nevertheless, the most significant change exists in the wheel
region. The maximum forces are reduced by 50% with respect to the base model. This
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indicates that the wheel assembly as a whole transmits less force to the firewall and
rocker structures.

In essence, the RKE30 model with its set of countermeasures produces a set of RDC
with good agreement with the calculated solution space. The kinematic analysis of the
new model together with the robustness evaluation is presented in the next sections to en-
sure that the primary and secondary targets are achieved with the explicit consideration
of the uncertainties.
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(a) Load-path 1: wheel-firewall-rocker
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(c) Load-path 3: bumper beam-front rail
longitudinal forces vs. deformation space (s3)
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(d) Load-path 4: sub-frame longitudinal forces vs.
deformation space (s4)

Figure 8.25 Maximum and minimum longitudinal forces at load-path level extracted from numerical
uncertainty analysis of RKE30 simulation and solution space for DSG ≥ 30%: wheel-firewall-rocker(a),
shotgun(b), bumper beam-front rail (c), sub-frame(d)
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(a) Load-path 1: wheel-firewall-rocker transversal
forces vs. deformation space (s1)
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(b) Load-path 2: shotgun transversal forces vs.
deformation space (s2)
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(c) Load-path 3: bumper beam-front rail
transversal forces vs. deformation space (s3)
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(d) Load-path 4: sub-frame transversal forces vs.
deformation space (s4)

Figure 8.26 Maximum and minimum transversal forces at load-path level extracted from numerical
uncertainty analysis of RKE30 simulation and solution space for DSG ≥ 30%: wheel-firewall-rocker(a),
shotgun(b), bumper beam-front rail (c), sub-frame(d)

8.4.3. Robustness Check

The same sampling scheme as well as variable selection and uncertainty characterization
used to evaluate the robustness of the base model is now used to analyze the performance
of the RKE30 model. As first control, the average force levels of the load-paths for each
uncertainty phase are compared to each other and against the solution space. The load-
path force levels are presented in Figures 8.27 and 8.28 for the longitudinal and transversal
components, respectively. The different sources of uncertainty affect the response of the
components in different manners. A different barrier position implies that the extension
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of the sub-frame may make contact at a different angle causing variations in the force
components. On the other side, the variation of the failure forces of the suspension
components affect the detachment times of the wheel assembly causing variations in its
trajectory and in consequence in the force levels produced.
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(a) Load-path 1: wheel-firewall-rocker
longitudinal forces vs. deformation space (s1)

0 200 400 600 800 1,000 1,200 1,400
0

140%FN

s2 (mm)
F
o
rc
e
(N

)

FxLP2num

FxLP2con

FxLP2tes

FxLP2com

FxLP2agg

F̂xLP2L

F̌xLP2L

F̂xLP2E

F̌xLP2E

(b) Load-path 2: shotgun longitudinal forces vs.
deformation space (s2)
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(c) Load-path 3: bumper beam-front rail
longitudinal forces vs. deformation space (s3)

0 200 400 600 800 1,000 1,200 1,400
0

140%FN

s4 (mm)

F
o
rc
e
(N

)

FxLP4num

FxLP4con

FxLP4tes

FxLP4com

FxLP4agg

F̂xLP4L

F̌xLP4L

F̂xLP4E

F̌xLP4E

(d) Load-path 4: sub-frame longitudinal forces vs.
deformation space (s4)

Figure 8.27 Maximum and minimum longitudinal forces at load-path level extracted from numeric
(num), configuration (con), test (tes), component (com), and aggregated (agg) uncertainty analysis of
RKE30 simulation and solution space for DSG ≥ 30%: wheel-firewall-rocker(a), shotgun(b), bumper
beam-front rail (c), sub-frame(d)

The scatter introduced by the uncertainties is mainly present in the wheel-firewall-
rocker and sub-frame load-paths, as expected. The variations in the load-levels for the
shotgun and bumper load-paths are negligible. The maximum longitudinal forces of
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the sub-frame lie within a compact range, independent of the uncertainty phase. How-
ever, two clear clusters appear when considering the maximum transversal force of this
load-path. The load levels corresponding to the numeric, configuration, and component
phases are closely packed together, while the curves belonging to the test and aggregated
uncertainties lie slightly lower in comparison. As stated previously, mainly the variation
in barrier position affects the maximum force created by the interaction of the curved
surface of the barrier and the sub-frame extension.
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(a) Load-path 1: wheel-firewall-rocker transversal
forces vs. deformation space (s1)

0 200 400 600 800 1,000 1,200 1,400
0

140%FN

s2 (mm)

F
o
rc
e
(N

)

FyLP2num

FyLP2con

FyLP2tes

FyLP2com

FyLP2agg

F̂yLP2L

F̌yLP2L

F̂yLP2E

F̌yLP2E

(b) Load-path 2: shotgun transversal forces vs.
deformation space (s2)
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(c) Load-path 3: bumper beam-front rail
transversal forces vs. deformation space (s3)
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(d) Load-path 4: sub-frame transversal forces vs.
deformation space (s4)

Figure 8.28 Maximum and minimum transversal forces at load-path level extracted from numeric
(num), configuration (con), test (tes), component (com), and aggregated (agg) uncertainty analysis of
RKE30 simulation and solution space for DSG ≥ 30%: wheel-firewall-rocker(a), shotgun(b), bumper
beam-front rail (c), sub-frame(d)
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The most noticeable deviations from the curves corresponding to the numerical un-
certainty analysis are present in the wheel load-path starting at 400mm. Before this
deformation state, only the supporting-frame is active and the countermeasures inte-
grated in the RKE30 model result in a stable curve characteristic. After 400mm, the
test and aggregated responses maintain a higher load level in contrast to the sharper
drop presented for the other sources of uncertainties. The average response for these
two phases can be explained by the introduction of the different wheel size. A smaller
wheel implies that the bending of the support-frame is dominant for a larger portion of
the deformation spaces until it reaches the wheel and displaces it backwards causing the
drop in the force levels. The effect these discrepancies to the solution space have in the
kinematics are now quantified.

Ultimately, the deviations observed in the RDC at the load-path level are explained by
the different effects introduced by the variations brought by the uncertainties and even
if the corridor is not completely fulfilled along the entirety of the deformation space, the
effect on the fulfillment of the kinematic constraints is acceptable. The time series of
the total rotation, θz, rest kinetic energy, RKE, glance-off value GVP , rest deformation
length sL for the RKE30 model considering the numerical uncertainties are shown in
Figure 8.29.

The total rotation of the vehicle has changed its characteristic completely from the
base model. The set of design changes produces a negative rotation for the entirety of
the simulation time that starts at ca. 20ms. A scatter of the curves is observable towards
100ms, however the complete simulation set presents the same curve characteristic. The
GVP now presents an accelerated increase towards 1. The 10 simulations reach the glance-
off mode before 80ms and the scatter is less than the one observed in the rotation. The
rest deformation length fulfills the sL>10mm constraints with enough space by reaching
a minimum average value of 310mm.

It was stated that the statistically secure way to achieve a RKE>30% is for the
vehicle to have a combination of negative rotations with a glance-off behavior. These
two constraints are fulfilled and consequently the secondary target of achieving at least
30% rest kinetic energy is also achieved. Figure 8.29(b) shows that the kinetic energy
decays relatively faster in the first 20ms and then presents a slower decrease until 80ms
where an average of 31% is reached. This coincides with the point where all of the 10
simulations have reached the glance-off state and it is therefore considered as the tend
of the crash. It can be concluded that at least considering the numerical uncertainties
involved in the FE solver, the countermeasures integrated in the structure lead to the
achievement of the secondary targets.

Considering that the aggregated uncertainties caused the most significant worsening
and decay of RBI , and therefore the largest variation in the kinematic parameters, the
time series of the robustness indexes of the kinematic parameters are presented in Fig-
ure 8.30. The two most affected quantities were the glance-off value and the total rotation.
The kinematic analysis conducted in the simulation set of the aggregated uncertainty
study results into a decaying RBI starting at 20ms for both kinematic parameters. In
the case of GVP the RBI at the end of the simulation reaches 0.6 and for the total ro-
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Figure 8.29 Kinematic parameters extracted from RKE30 simulation from numeric uncertainty
analysis, total rotation, θz (a), rest kinetic energy, RKE (b), glance-off value GVP (c), rest
deformation length sL (d)

tation 0.4. Both values imply an acceptable robust behavior and an improvement with
respect to the same phase of the base model.

It is also noticeable in Figure 8.30(c) that even if the absolute values are considered
stable, a decay at 80ms is present in the RBI time series of sL. As mentioned before
around this time point, the vehicles start to reach a GVP=1, which means that the sL is
fixed to the value reached at the point of glance-off. Therefore a slight delay or speedup
of the glance-off affects the RBI of sL. At the end of the simulation the RBI of the rest
deformation length reaches a value of 0.6, which is comparable to the values achieved from
the base model. Ultimately, the RBI of RKE fulfills the robustness requirements for
the entirety of the simulation time. To sum up, the robustness indexes of the kinematic
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parameters in their time series representation result in a robust behavior and present an
improvement with respect to the base model. The next step is to revisit the robustness
assessment of the scalar values.
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Figure 8.30 Kinematic parameters robustness index for aggregated uncertainty analysis extracted
from RKE30 simulation: rest kinetic energy, RKE (a), glance-off value, GVP (b), rest deformation
length, sL (c), total rotation, θz (d)

In the base model, a total of 14 quantities presented a RBI<0 at the aggregated
uncertainty phase. In the RKE30 model this amount is reduced to 6. The steering
column and left toepan intrusion points still present deficiencies with respect to the
robustness and as before the revision of the modeling of the steering column subsystem is
advisable. The brake pedal has also marginally reached a RBI<0. From the perspective
of the forces and moments in the structure, only the total moment and transversal forces
of the wheel and shotgun load-path present a non-robust behavior. Taking that into
consideration, the revision of the modeling of the rim, specially the characterization of
the material failure is advisable. From the stand point of the kinematic parameters all of
them present acceptable values of RBI>0. The kinematic parameter with the smallest
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RBI is the sL with 0.05, followed by the RKE with 32%. The total rotation and glance-
off value have RBIs of 0.6 and 0.99, respectively. This assessment also confirms that not
only the countermeasures lead to a design that achieves the secondary targets but also
that they do so while increasing the robustness with respect to the base design.
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Figure 8.31 Robustness Index for the aggregated uncertainty analysis of the RKE30 simulation

As a final assessment of the sensitivity of the RKE30 model, its primary target achieve-
ment and its robustness, the box plots of the relevant kinematic parameters and safety
distance are presented in Figure 8.32. The effect of the countermeasures is evident in
the scatter or lack thereof in the glance-off value. For the 5 uncertainty assessments, all
of the 370 simulations present a glance-off mode. This glance-off effect is achieved by
means of a negative rotation. The range of rotation at tend for all of the simulations
is -6◦ at the lower end and -5◦ at the higher end. The largest variability is the result
of the aggregated uncertainties but still only represents a delta of 1◦ in absolute values.
The rest deformation length shows in absolute values the largest variability. However, in
each of the 5 uncertainty assessments the constraint of reaching a minimum of 10mm is
comfortably reached. Once again the aggregated phase is responsible of introducing the
largest range of variation. The minimum sL reaches values slightly smaller than 250mm,
while the maximum values reach more than 450mm.

That being the case, the secondary target of RKE>30% is reached in the majority
of the simulations. The numeric and configuration phases show almost a 100% target
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achievement. Meanwhile the test and component phases present a target achievement
of ca. 75% each. The minimum values for both phases reach RKE=27%. The largest
variability of the RKE is introduced by the aggregated sources of uncertainty. The
minimum values reach in this phase 25% and at the same time 75% of the results have
a RKE>30%. Even if this is a clear improvement from the base model, the small but
yet present deviations of the RDC with respect to the solution space explain this miss
in the achievement of the secondary targets. A total fulfillment of the solution space
implies a 95% fulfillment of the constraints. Therefore, in order to increase the success
rate, adjustments have to be made in the force-levels, specially in the transversal forces
of the sub-frame load-path that present an earlier than expected drop.
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Figure 8.32 Kinematic parameters boxplot for numerical, component, test and aggregated robustness
analysis for RKE30: rest kinetic energy, RKE (a), glance-off value, GVP (b), rest deformation length,
sL (c), total rotation, θz (d))

The assessment on the primary target of achieving a safety distance larger than 30%
under all circumstances in context of the uncertainty sources is presented in Figure 8.33.
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After the explicit consideration of the numerical aspects of the FE solver, configuration,
test conditions, component and aggregated uncertainties the DSG lies within a range of
80% to 90%. This positions the design into the top three vehicles tested by the IIHS
with the highest DSG. Moreover, this DSG range is achievable with a variety of vehicle
configurations, test conditions, and component properties scatter. With that in mind,
the solution-space-based iterative simulation scheme shows through this design exercise
not only its potential to indicate a clear design direction with regards to the layout of
the structure but is also capable of achieving the vehicle primary and secondary targets
in a robust manner.
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Figure 8.33 Safety distance, DSG for the uncertainty analysis of the RKE30 model

Systems Engineering Based Crashworthiness Design for the Small Overlap Load Case 215



Iván Cuevas Salazar

Chapter 9

Discussion

The limitations of the methods presented and applied in this work, whose objective was
to accelerate the crashworthiness design so that the structural targets are achieved in a
robust manner, are presented in this chapter. This summary of critical reflections of the
issues identified has the intention to recognize under which circumstances the low-fidelity
kinematic model, solution spaces, and robustness assessments result in outcomes other
than the expected. This assessment on the effectiveness of the methodology can lead the
way to its future improvement needed to overcome the current limitations. An outlook
on complementary topics that would also enrich the methodology presented in this work
is given at the end of this chapter.

9.1. Characterization and Analysis of the SOF load case

The corner stone of the methodology presented in this work is the extraction of infor-
mation from a crash test, either virtual or in hardware. The accurate measurement of
the accelerations, velocities, rotations, displacements and forces is fundamental for the
kinematic analysis. In that regards, the crash event analysis scheme presented in Sec-
tion 3.1 is clearly sensitive to the input data. On one hand, the accuracy of the analysis
performed on the high-speed video footage depends on a constant camera position with
a completely perpendicular orientation in its top view that minimizes the parallax er-
rors. Even if the IIHS conducts its testing with the highest standard, the position of
the camera and perspective has changed slightly over the years. On the other hand, the
trajectory reconstruction by means of the sensor signal analysis also represents its own
set of challenges. It can be expected that the precise orientation of the sensor is not
available at every single crash test. A sensitivity study, studying the effect of the devi-
ation from the standard orientation of the sensor, could quantify the scatter expected
from these measurements. Ideally, both methodologies are combined so that the ben-
efits in accuracy from the usage of the acceleration and rotational velocity signals and
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the simplicity in the application of the video analysis help overcome the lack of precise
information concerning the sensor initial orientation. An optimization procedure can be
set up in order to find the most probable initial orientation of the sensor by minimizing
the difference in the trajectory obtained from the video analysis.

9.2. Structural Target and Safety Distance

The data extracted from the IIHS database is evidently dependent on the amount of
vehicles tested by the institute. During the time in which the analysis was conducted the
COVID-19 pandemic affected the number of vehicles tested by the IIHS in the year 2020.
The cluster and correlation analysis shown in Section 3.3 includes the data collected in
2020. However, the addition of new vehicles, specially in context of the electrification of
the automotive industry may affect the trends identified and used to derive the kinematic
constraints. Additionally, the IIHS has already implemented changes to the assessment
protocols of other load-cases. For this reason, if in the future the institute decides to
change the assessment procedures and methods to calculate the safety ratings for the
Small Overlap load case, a mapping of the new and old schemes is necessary to be able
to compare the results and identify and interpret future trends.

9.3. Low-fidelity Physics-based Kinematic Model

Due to the fact that the kinematic model is itself a simplification of a complex multi-
physics phenomenon, i.e. the crash event, deviations from the results obtained from
a hardware test or FE simulation are expected. One of the issues identified involve
the selection of load-path positions. The components in the structure are not idealized
springs but three-dimensional and complex geometries. By the selection of the position
of the load-path as a single line, the real spatiality of the geometry of the structure is
lost. This affects two aspects. First, the point of application of the force is assumed
to lie exactly in the load-path position, which in reality is a three-dimensional space.
This affects the lever arm and consequently the total rotation of the vehicle. Second,
the boundary boxes used to find the projections of the load-paths onto the barrier do
not consider that the components in the load-path could move outside the boxes due to
the deformations of the structure. This implies that the mapping of the force levels into
the load-path may be done to not exactly the same components originally belonging to
the load-path. Even if a finer discretization of the load-paths could alleviate the effect of
this issue, it loses its potential for practical applications for the design of the structure.

Another issue identified has to do with one of the main assumptions used to construct
the kinematic model, namely the assumption of a planar motion in the xy plane. The
IIHS has already witnessed some extreme cases where the longitudinal forces and their
correspondent lever arms create a large enough moment to cause the vehicle to exhibit
a more complex fully three-dimensional motion. One example of this extreme behavior
is the Jeep Wrangler 2019 with test number CEN2001. In that same direction, the rigid
body assumption only holds if the rest of the car, from the A-Pillar position backwards,
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does not present any large deformations. Additionally, the measurement of the rest
deformation length is affected directly by the selection of the location of the A-Pillar.
The position of the A-Pillar point should coincide with the point where the intrusion
measurements are taken, but the A-Pillar construction usually involves a considerably
large volume not representable by a single point. Moreover, the kinematic model does not
take into account any changes in the relative position of the center of gravity or loss of
mass during the crash. Which due to extreme deformations, detachments of components
with significant mass can be expected.

The validation procedure presented in Section 7.1 showed that the kinematic model
results were in agreement with the kinematics of the reference test. However, even if
in the application section a completely different kinematic was studied, a future vali-
dation should explicitly include other kinematic modes as well as a wider spectrum of
masses and vehicle characteristics so that the limits of the kinematic model are evident.
This comparison should also consider the uncertainty of the hardware test measurements
mentioned before.

9.4. Solution Space Calculator

The backwards calculation presented in Section 5.1.1 is computationally intensive. A
relatively high number of iterations and model evaluations is needed to achieve a useful
solution space. The implementation of a parallelization scheme was required in order to
maintain the time needed for the solution space calculation to an acceptable range. Also
in that regards, not only the model evaluation is costly but also the sample generation
can consume time and computational power to reach the minimum acceptable coverage
of the design space. Also, the outcome of the calculation is sensitive to the selected
discretization of the deformation space and to the selected design bounds. The issues
with the discretization become evident in Section 7.2 where the reconstructed RDC did
not fully lie inside the solution space. A finer discretization could improve the solution
space fulfillment but the computational cost of calculating it becomes unacceptable.

Moreover, even if the exploration phase takes out a significant portion of the unfeasi-
ble regions, after a given number of iterations the consolidation phase slows down and
the achievement of the higher success rates is often asymptotic and the solution spaces
become too small to be useful. Another sensitivity identified involves the mapping of the
RDC from the full-vehicle to the load-path level. The mapping is sensitive to the Yeq,
which is in turn sensitive concerning the magnitude of the force-levels particularly at the
beginning and end of the crash.

9.5. Data Driven Optimal Constraint Identification

The relationships between the vehicle kinematics and the safety distance presented in
Section 5.2 hold for the dataset analyzed, which is assumed to be representative of in-
dustrial cases. In that sense, a considerable amount of cases that presented a RKE<30%
also received a good safety rating with relatively higher safety distances. This indicates
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that a variety of design strategies exist within the industry and that not all vehicles are
designed with an efficiency in mind in the sense of maximizing the RKE. Complemen-
tary to the study of the relationships between the kinematics and crashworthiness, an
analysis that involves the study of the type of structures used in the vehicles, for example
the type of suspension system and their effect on crashworthiness results would also help
to establish trends and useful correlations.

9.6. Robustness Analysis

The sources of uncertainty presented in Section 6.2 may be complemented by additional
variables such as the properties of the contact between the barrier and vehicle surfaces.
Concerning the sampling scheme in a high-dimensional problem, the OLHC may not be
enough to offer an acceptable coverage of the design space. In the same direction, the
probability distribution approximation compared against the target distribution has to
have a priori information on the expected distribution for it to be meaningful. It can
be assumed with a certain degree of certainty that the output distribution resembles the
input distribution which is known for this problem statement. Therefore, the error made
by assuming a similar output distribution can be considered acceptable. In that sense,
the use of the Kolmogorov distance as quantity to characterize the robustness offers the
flexibility to compare any cdfs even if they are only represented numerically.

The robustness index analysis is a path to the identification of particularly sensitive
components. This can be achieved by the time series analysis. The moment the robust-
ness index decays is an indicative of the moment of activation of a component that could
use an improvement in the modeling. However, even if the robustness index offers an ob-
jective way to compare the behaviors of the output quantities, the limits that define the
index are completely dependent on the user input. Therefore, the definition of robustness
remains affected by the expected behavior of the model.

9.7. Solution Space-based Iterative Simulation Scheme

The implementation of a SSBISS as presented in Section 6.1 can be expanded to consider
the effect of the maximization of the fulfillment of the solution space in other load cases.
During the application procedure carried out in Section 8.2, it became evident that the
quality of the base model plays a significant role and that the base model should at least
fulfill the numeric uncertainty phase requirements. Additionally, when comparing the
effect of the different sets of uncertainties, the selected box plot visualization leaves the
outliers out. It would be valuable also to study the extreme cases.

The results of the calculation of the solution space shown in Section 8.3 display a set
of relatively high forces that were needed to achieve the secondary targets and fulfill the
kinematic constraints. The countermeasures implemented to fulfill the solution spaces
may affect negatively other load cases due to excessive stiffening of the sub-frame needed
to withstand the increased load levels caused by the extension and early contact with
the barrier. Other countermeasures involving the topology of the shotgun load-path may
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offer a new field of solutions if changes to the BIW are allowed.

9.8. Outlook

The design exercise presented in this work offered the opportunity to integrate coun-
termeasures in an already developed structure in order to improve the robustness and
achievement of the primary structural targets. The limitation of using a mature design
as a base is of course the lack of flexibility to apply major structural changes. Due to the
electrification of the vehicle platforms and the inclusion of new manufacturing technolo-
gies in the series production, it is beneficial to establish what is the optimum topology
and optimum crash mode to overcome the challenges the automotive industry currently
faces. These challenges include the significant increase of mass in the structure due to the
use of high voltage batteries to power the electric motors, the added degree of protection
that these systems require as well as the definition of the structural role such massive
components play in the vehicle platform. Additionally, to exploit the benefits of the
communality of the components across the manufacturers lineup, the vehicle structures
should be integrated in vehicle platforms that are capable to serve as a base for a variety
of vehicle types, including a wide spectrum of masses and proportions.

9.8.1. Optimal Topology

The physical quantities involved in the Small Overlap crash test were identified and
analyzed during this work. Consequently and considering the flexibility a new design
not limited by the current vehicle architectures offers, the identification of optimal front-
structure topologies becomes of special interest. In the case the design strategy is to
produce a purely rotational or purely glance-off kinematic behavior the structure should
be designed in a consistent matter so that the complete structure delivers the necessary
load levels to produce the selected kinematic.

In the case of the rotation mode, the maximization of longitudinal forces across the
structure is fundamental for achieving this kinematic mode. Additionally, the maximiza-
tion of the transversal lever arm to maximize the positive moment around the vertical
axis, supports the principles of this kinematic mode. Therefore, the load-paths located
outwards in the vehicle should maximize their longitudinal forces. From the perspective
of the glance-off kinematic mode, the first principles analysis indicated that similarly to
the design exercise presented in this work, the transversal forces should be maximized,
while at the same time minimizing the longitudinal component; simultaneously, maxi-
mizing the longitudinal lever arm to increase the negative movement that assist reaching
a glance-off value of 1. The transversal forces are a function of the contact point of
the vehicle relative to the barrier. The transversal forces can only be produced when
the load-paths contact the curved surface of the barrier. Taking that into account, the
structures that maximize the conditions needed for glance-off are the ones that have
contact with the curved section of the barrier early on in the crash and for as much time
as possible. Tangential structures to the vehicle trajectory towards the barrier, starting
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inwards and moving outwards near the A-Pillar maximize the transversal forces and de-
crease the longitudinal component at the same time. However, the main contribution of
longitudinal forces is in many cases the wheel load-path. In that case, the longitudinal
force from this load-path should be minimized either by influencing the wheel kinematic
and reducing the failure load of the wheel or by completely taking the wheel out of the
load-path by causing a detachment from the suspension. This strategy comes certainly
with its own set of challenges when trying to control the often unrestrained nature of the
wheel kinematics.

9.8.2. Optimal Kinematic Mode

As it was established in this work, a relationship exists between the vehicle kinematics and
its crashworthiness performance in the Small Overlap load case. It was also identified
that the deformations in the occupant compartment are dependent on the kinematic
parameters and not specifically in the kinematic mode of the vehicle during the test.
Meaning that if the structural targets can be achieved by both kinematic modes then,
determining the optimal mode for a vehicle with a given set of characteristics is relevant
at the early stages of the design. As in any optimization problem, the optimum depends
on the constraints and objective function of the problem. Two performance indicators are
present in the design of the vehicle structure: robustness and efficiency. As stated in this
work, the robustness can be interpreted as the fulfillment of the structural targets under
the explicit consideration of the sources of uncertainty. The efficiency can be understood
as reaching these targets with the least amount of mass possible. Both indicators can be
translated into parameters that can be defined in the kinematic model language, namely
the rest kinetic energy for the efficiency and rest deformation length for the robustness.
Taking that into consideration, an optimal kinematic mode is entirely dependent on the
prioritization of these two often contrary objectives.

9.8.3. Solution Spaces for the Component Level

The deepest level at which the solution spaces were defined in this work is the load-
path level. However, the load-path is not the deepest level of structural design; that
is in fact the component level. Using the solution space methodology presented in this
work to also define the functional properties and its correspondent solution spaces at
the component level as function of the properties of the load-path would exploit even
further the benefits of independence and parallelization of the design processes. This
can be achieved by reinterpreting the components as condensed deformation elements
such as beams that have three-dimensional load-carrying capacity properties. For each
component in the load-path the sum of their three-dimensional load-carrying capacities
should align with the solution space defined at the load-path level. The challenge of this
approach is the effective condensation of the components into beam elements and the
efficient mapping of load-carrying capacity properties.
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Chapter 10

Conclusion

The Small Overlap frontal (SOF) crash test was introduced by the Insurance Institute for
Highway Safety in 2012. The front structure design across automobile manufacturers has
considerably improved in the last decade reaching an industry average Good structural
rating with a safety distance of 30%. This suggests that the strategies to overcome the
challenges of the SOF load case are already known. Therefore, the current challenge lies in
defining the system, subsystem and component targets to achieve a competitive structural
rating in the most efficient way possible, starting in the early design phase. Following
the V-diagram of crashworthiness design, this work proposes a structural design strategy
for the SOF load case with the objective of defining, decomposing and implementing
the design targets at each structural level of the vehicle through a development process.
The resulting structural topology, i.e. the way the load-paths are placed within the
vehicle frame along with their connections as well as the load-carrying capacities and
energy absorption properties, will determine the overall crashworthiness performance of
the vehicle. Defining the required force levels for structural components in the early
phase improves the outcome of the project in terms of cost, efficiency and performance.

Starting with the available set of basic vehicle properties at the early design phase
(mass, center of gravity, rotational inertia, vehicle width, vehicle overhang, and green-
house proportions), a physics-based low-fidelity model is proposed to estimate the vehicle
kinematics. Even though the kinematics of a vehicle subjected to the loads present in a
crash is a complex phenomenon, basic physical principles can be applied to understand
the influencing factors and their effect on the resulting trajectory of the vehicle. A de-
tailed analysis of the interdependencies between the kinematic response of a vehicle and
its crash performance was carried out. Two distinctive kinematic modes are identified:
glance-off and deformation mode. For each mode, specific kinematic variables that cor-
relate with the crash performance are identified. These are used in the design phase
together with the kinematic model to assess the resulting SOF load case crashworthiness
and to determine the vehicle safety rating. Ensuring the crash performance of the vehicle
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from the early phase design requires designing with a kinematic model which is as simple
as possible and as complex as necessary to represent the crash event. Such a low-fidelity
physics-based model should overcome the lack of detailed vehicle information and in-
stead use it as leverage to further drive the vehicle design process and thus, define the
functional properties of the structure, i.e. load-carrying capacities and energy absorption
properties.

By using a low-fidelity model that links the vehicle properties and its kinematic re-
sponse, the resistance-to-deformation characteristics (RDC) are described at the load-
path and full-vehicle levels resulting in a well-defined trajectory with a predictable crash
performance. Such a forwards calculation is efficient and suitable for the early phase
design. However, the inverse problem statement, i.e. determining the RDC that pro-
duce a desired kinematic response, is of greater interest in the vehicle design. The
backwards calculation of the low-fidelity model also described as the computation of
force-displacement solution spaces allowed to efficiently search and find suitable RDC
towards a robust achievement of the structural target. The solution space approach finds
the set of force-displacement curves that fulfill the given kinematic constraints. This
enables the definition of force-level requirements for the load-paths in the structure. Sta-
tistically speaking a set of kinematic constraints exists that maximizes the probability of
fulfilling the primary structural targets, meaning obtaining a Good rating.

The Solution Space-based Iterative Simulation Scheme (SSBISS) takes the require-
ments defined in the early phase for each subsystem as objective function and determines
the level of violation of the solution space for each design proposal while explicitly con-
sidering the relevant sources of uncertainty and the variation they produce. The sources
of uncertainty are identified and characterized. The robustness of the design is quantified
through the use of a robustness index. The use of the SSBISS decreases the number of
output variables with a negative robustness index. Meaning that a design that fulfills the
solution space and that considers the sources of uncertainty explicitly in its development
achieves a more robust response. The fulfillment of the solution space and subsequently
of the kinematic constraints, enables the achievement of not only the secondary kinematic
response targets, but also the primary structural targets with the explicit consideration
of the sources of uncertainty.
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Disclaimer

The results, opinions and conclusions expressed in this work are not necessarily those of
Bayerische Motoren Werke Aktiengesellschaft.
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