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ADITYA KULKARNI
ANIRUDH MOSALE VISHWANATH
Department of Industrial and Materials Science
Division of Production Engineering
Chalmers University of Technology

Abstract
Industries emitted a record 36.2 billion tons of CO2e emissions in 2022, highlighting
the need for sustainable products and manufacturing processes. In view of this,
the study was aimed at enhancing the sustainability of automotive Body In White
(BIW) structures by exploring alternative designs.

Hence, this thesis aims to investigate and provide insights into the feasibility and
advantages, if any, of transitioning from presently used materials and manufacturing
process at Zeekr, to an alternative option for sustainable component development.
The study enlists comparative solutions to enhance sustainability in BIW struc-
tures, with a central focus on mitigating CO2 emissions. The core proposal involves
redesigning of existing automotive body structure components using alternative ma-
terials and suitable manufacturing processes.

The thesis is divided into two phases; Phase 1 and Phase 2. Phase 1 begins with
theoretical calculations and Euro NCAP-based and RCAR load cases, followed by
Computer Aided Drawing (CAD) in Catia V5, Computer Aided Engineering (CAE)
simulations (in Ansys, Abaqus and LS-Dyna), and finally Life Cycle Inventory (LCI)
analysis. These were carried out for two existing simplified geometries of body struc-
ture components; side sill/ rocker and front crash box. The aim here was to better
understand the affecting parameters and their effects on predefined performance
standards. This serves as a stepping stone for Phase 2.

In Phase 2, we strategically re-designed the front Crash Management System (CMS)
to reduce CO2 impact while maintaining structural performance, guided by Phase
1 insights.CAE simulations were employed to refine the designs, allowing for a thor-
ough assessment of materials and manufacturing processes. Through Life Cycle
Assessment (in OpenLCA), resulting CO2e emissions from current and re-designed
parts were studied and the better option among the two was recommended for pos-
sible vehicle integration.

Keywords: sustainability, body structure designs, steel, aluminium, biw, manufac-
turing processes, life cycle assessment.
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1
Introduction

1.1 Background

In 2022, energy-consuming industries released a record high 36.2 billion tons ofCO2-
emissions [1]. Though the vehicles with an electrical motor themselves are more
eco-friendly in the user phase with zero tailpipeCO2 emissions than an internal
combustion engine [2], it is now important to ensure the material and manufac-
turing processes involved in producing these vehicles are sustainable too. This is
required to make the whole product's life cycle sustainable.

Zeekr Technology Europe (Zeekr), is now interested in studying and improving the
sustainability of BIW designs. The goal was to achieve this through alterations
in manufacturing processes, using appropriate materials and utilising green energy
[4]. This would then involve a comparative analysis of current BIW concepts be-
ing used to the proposed concepts, to choose the more sustainable one, thereby
improving the environmental impact of the whole product. Body structures today
are often made of di�erent materials (e.g., steel, aluminium, FRP) and these parts
are typically produced by stamping, casting, extrusion and many more. A combina-
tion of these materials and processes can make the vehicle both lighter and stronger.

Zeekr has already developed parts from steel (PHS or Press Hardened Steel) and
aluminium (6063 T7 & 7003 T6) which, in this thesis, are referred to as `current
parts'. However, there is now an opportunity to explore alternative materials and
consider other manufacturing processes while maintaining the desired performance.
This exploration could potentially lead to a decrease in the product's overall contri-
bution to environmental impact.

This thesis intends to propose an alternative solution, hereafter referred to as the
`redesigned parts', which entails utilizing a di�erent material and/ or manufactur-
ing process for the current part. The redesigned part will incorporate the chosen
material and manufacturing technique, which will then be carefully modelled and
evaluated against relevant load cases (load cases required to understand the be-
haviour of the parts selected). These load cases will be assessed through theoretical
calculations followed by 3D CAD of the part i.e., the redesigned part. To gauge its
overall performance, the redesigned part will be subjected to CAE simulation under
the speci�ed load cases. This analysis seeks to ascertain whether the redesigned part
can e�ectively substitute the current part. Subsequently, the environmental impacts

1



1. Introduction

of both the current and redesigned parts will be examined to determine which has
a lesser environmental impact.

1.2 Aim

The aim was to study and compare the environmental impact of BIW concepts (i.e.
various designs) by redesigning a current part with alternative materials and man-
ufacturing processes. Following thorough modelling, calculations, simulation and
Life Cycle Assessment (LCA), the objective was to recommend and comment on the
part that has lower CO2e emissions and which is the most suitable for the vehicle
with respect to the desired performance parameters.

1.3 Research questions

When an alternative material and process is being considered to replace a part, there
will be design changes which need to be incorporated. This is because of the ma-
terial's intrinsic properties like its strength, �owability, ductility and more. These
parameters form the basis for the �rst research question;

1. How can the current parts be redesigned when di�erent materials and processes
are considered?

Following the re-design, it is necessary to perform CAE simulations on the redesigned
part to evaluate the performance under load cases to assess whether it can match
(or possibly outperform) the current part. Referring to performance, the evaluation
typically includes maintaining the existing part's load-bearing capacity, as well as
examining the stresses and tensions induced in the part. Several parameters, such
as thickness, weight, and material composition, o�er �exibility for adjustment and
optimization. This inquisition leads to the second research question;

2. What essential parameters must be met to retain the same performance of the
current part?

Upon evaluating the performance characteristics of the redesigned part and con�rm-
ing its suitability to the current part, an examination of several parameters such as
thickness, weight, and material composition becomes imperative to understand the
environmental impacts of the two parts. This analysis aims to determine which part
(or component) is more sustainable and could be seamlessly incorporated into the
vehicle. This investigation leads us to the �nal question of the thesis;

3. Which attributes a�ect the CO2e emissions of these two parts, i.e. re-designed
or current and why?

2



1. Introduction

1.4 Delimitations

1. For cradle-to-gate LCA, emission from ore mining until raw material (coil or
ingots/ billets) will be estimated using standard dataset values.

2. For LCA and LCI, only CO2e emission will be the main focus under the
Midpoint impact category (ReCiPe 2016). The same will be calculated for the
�nal result and recommendations will be based on this.

3. The complete car body is not part of the thesis; be it for alternate material or
process recommendation, performance analysis or LCA.

4. CMS sub-assembly (and by extension, its components) is symmetric about ZX
and XY planes (Section 2.2).

5. A uniform cross-section for the bumper beam is assumed, excluding all slots,
cutouts, and notches in the initial modelling. However, any features that could
a�ect structural integrity are included.

6. Design For Manufacturing (DFM) was not part of the scope. However, a
pragmatic design approach was always employed.

7. All references to the manufacturing process and data sourcing for LCA and LCI
in this thesis pertain speci�cally to eastern China datasets, from ore mining
to �nished goods.

8. The steel stamped sill is an assembly of `�at plate' and `C Section', spot-welded
together along the �anges.

9. For CAE simulations, steel-stamped components such as sills, crash boxes, or
bumper beams are modelled without spot welds/ conventional welds. Further-
more, the type of welding considered for LCA will be arc welding (but separate
for aluminium and steel).

10. When discussing steel, its primary manufacturing process is stamping, speci�-
cally direct hot stamping. For aluminium, the concurrent manufacturing pro-
cess is extrusion.

11. The use of sheet metal inherently necessitates a welding process. Zeekr's
portfolio includes sheet metal gauges ranging from 1.8mm to 4.2mm, which
imposes certain design limitations.

1.5 Use of generative AI

This thesis employs the advantages of AI tools as permitted by Chalmers under
`Regulations for the use of AI tools in thesis work' [69]. The extent of use of AI in
this thesis was limited to;

ˆ Paraphrasing: employed to reduce the length of sentences and/ or change
sentence structure.

ˆ Rephrasing: employed when authors wished to borrow or cite a statement,
hypothesis, or theory from other literature works.

ˆ Rewording: employed when a synonym was deemed necessary rather than
using two or three words.

Two AI tools were used for the above purpose: ChatGPT [70] & Perplexity.ai [71].
Generated texts were always critically reviewed before accepting into the thesis.

3
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2
Theory

This section provides insights into the theory required to understand the thesis bet-
ter.

2.1 BIW structures

BIW are sheet metal components like pillars, rockers, roof panels, hoods and so on
that are joined together through welding, brazing or through fasteners before the
vehicle body goes to the paint shop. BIW structure of a car amounts to almost
one-third of the car's total weight[41]. There are many kinds of BIW structures and
some of them are; unibody, monocoque, frame structure, and space frame design.

The car referred to in this thesis is assumed to have a `hybrid unibody structure'.
A unibody structure is that which carries the engine and chassis and therefore is
considered a consolidated unity of the body. These structures are often made of
stamped steel and extruded aluminium parts which are spot welded or fastened to-
gether.

BIW structures are engineered to enhance crashworthiness by absorbing and dissi-
pating energy during a collision, thereby preserving the integrity of the passenger
compartment and ensuring the protection of occupants. For a car's body structure
to be crash-worthy, it has to satisfy a few requirements [20];

ˆ The body structure should be sti� & deformable to absorb kinetic energy.
ˆ The side structures and door should be e�ciently designed to minimise intru-

sion.
ˆ The structure should possess su�cient bending and torsional sti�ness for e�-

cient ride and handling.
ˆ Minimise high-frequency vibrations that give rise to harshness[20].

The BIW structure that was the main focus of this thesis was the CMS.CMS is
a structural assembly which serves the purpose of absorbing energy at the onset of
the crash and guides the remaining crash force to the surrounding body structure at
low and high-speed crashes, but the damage cannot be avoided during a high-speed
crash. The component can avoid damages to the vehicle, thus avoiding the disinte-
gration of the body structure and ensuring the survival of the occupant[36]. CMS
consists of two parts: a bumper beam and a pair of crash boxes.
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In light of this, other structural components had to be studied, to better understand
the crash management system. These components were the crash box, bumper beam
and sill.

Crash boxis a structural component designed to collapse, absorbing energy during a
crash, this helps in protecting the occupant and reducing the amount of damage to
the surrounding structural components during a low-speed crash. In a high-speed
crash, the crash box absorbs energy before the crash force is taken up by the front
rail to reduce the crush impact[52]. Crash boxes sometimes include a trigger, which
is an intentionally designed deformation that helps in the e�cient collapse during a
crash, thereby leading to e�cient energy absorption. The `bead' type of trigger is
the one which is usually incorporated in the design as it provides the most e�cient
crash energy absorption[57] and the same was used in this thesis.

Bumper beamis a crucial structural component of a passenger car's bumper system,
serving multiple functions. It absorbs and dissipates impact energy during collisions
through bending resistance in low-speed impacts and deformation in high-speed im-
pacts. The bumper beam also protects critical components such as the body, hood,
engine, fuel system, cooling system, and safety-related elements like parking lights
during collisions.

Side sill or rocker or simply `sill' is a reinforcing member present on the lower right
and the left of the car's door openings to ensure rigidity and also act as a crash
structure. A sill usually has an open hollow cross-section, with an upper and a
lower �ange. A conventional way of designing a sill is to have an inner and outer
sill, usually produced by press hardening of steel with a uniform thickness, positioned
face to face and spot welded together at the upper and lower �anges. Reinforce-
ments may also be added to further improve the rigidity[51].

Figure 2.1: Illustration of CMS, crash box, bumper & sill on BIW
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2.2 Materials data and manufacturing processes

Understanding the properties, behaviour, and characteristics of materials is essential
for making informed decisions throughout the design process of this thesis.

Throughout this thesis, data from Table 2.1 was used wherever necessary. The ma-
terials shown below will be used in CAE simulations and theoretical calculations in
the following chapters.

Table 2.1: Material matrix
(� are materials used currently by the stakeholder;
 are explored material

options)

Material and grade E,
GPa

� , kg
m3 � y,

MPa
� u,

MPa

Steel (PHS),Usibor 1500[28][29]� 200 7850 1050 1553

DP800[46]
 200 7850 620 800

Aluminium, 7003 T-6[32]� 70 2900 310 390

Aluminium, 6063 T-7� 68 2700 190 230

Aluminium, 6063 T-6[31]
 68 2700 200 260

Aluminium, 7108 T-6[30]
 69 2900 290 350

PHS is often available in the form of sheets. `Press hardening' process is a hot
forming process that employs steel sheets to be formed into complex shapes that
have ultra-high strength, by heating the blanks to1000� C, hot forming it and then
rapidly quenching it to � 200� C. This facilitates down-gauging (usage of thinner
sheets) to reduce weight whilst supporting the aim of achieving high crashworthi-
ness.

The parts considered in this thesis, are either manufactured by the process of ex-
trusion or stamping.

ˆ Stamping of metal is a process where a sheet metal is formed into a desired
shape with the help of a punch and die. The sheet metal is pressed against
the die with a punch to form the desired shape.

ˆ Extrusion is a process where a metal is heated to a high temperature and
forced through a die with a speci�c cross-section under high pressure.
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2.3 Crash tests and load cases

After designing and manufacturing a vehicle and its components, it is essential to
validate their compliance with safety standards and requirements through crash
testing, speci�cally impact testing in various scenarios.

Notably, many organisations conduct and provide results for the said impact test
cases. Out of the many, this thesis will draw insights based on two reputed crash
impact testing organisations: Euro NCAP and RCAR.

The European New Car Assessment Programme (Euro NCAP), is a voluntary vehicle
safety rating system. Euro NCAP provides European consumers with information
regarding the safety of passenger vehicles[15]. Out of 3 main tests for occupant
safety, this thesis focuses on the side impact tests.

Another organisation which performs crash tests is the RCAR. RCAR is an inter-
national association of automotive research centres that research repair procedures
and processes, safety features and any new upcoming technology. RCAR's front
impact test is focused in this thesis.

From these crash test results, a study of loads and forces can be undertaken. Con-
versely, loads and forces can also be determined from these tests. The two load cases
that were the major focus of this study were the buckling load case and the 3-point
bending load case. These load cases originate from two of the major impact tests:
the frontal impact and the lateral or side pole impact. The following sub-section
will deal with the attributes that were considered for calculating and considering
these loads, and by extension, their respective impact test cases.

2.3.1 Front impact crash test

On frontal impact, the BIW structures such as the CMS, experience buckling loads.
A structure is said to undergo buckling when an axial load is applied to the struc-
ture. A detailed description, types of buckling and the use-case for this thesis are
brie�y explained in Section 2.4.

RCAR de�nes case setup for a frontal crash test at low speeds of 15kmph with +/-
1kmph, 16 kmph becomes the max speed the test can be run at to cover tolerance,
to understand the e�ects of the crash on the structure of the vehicles and to learn
how the energy absorbing members are deformed[58]. This thesis employs RCAR's
case setup and standards for CMS's load case setup.

2.3.2 Side or lateral impact test

The side pole impact test mimics a 3-point bending test with the sill acting as a
beam and the pole acting as a point-load roller which applies the bending load at the
centre of the sill. As the sill (or the beam) is �xed between the A and C pillars, it
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can be assumed that the sill is 'simply supported' at these ends. The loads that are
generated under 3-point bending cases are compressive and tensile.A more detailed
explanation of bending and its load cases can be found in Section 2.4.

This thesis employs EuroNCAP's `side pole impact test' case setups and standards
for sill's load case setup. Euro NCAP side impact test is performed with a de-
formable barrier and a side pole.

During the side pole impact test, the car moves sideways at 32 km/h against a rigid,
narrow pole, simulating a collision with a roadside object like a pole or tree. This
test is crucial for assessing occupant protection, as the high forces involved cause
localized deformation and deep penetration into the vehicle (intrusion)[34].

This test is particularly crucial for Battery Electric Vehicles (BEVs) as batteries are
placed between two sills and hence, studying intrusion becomes paramount, so that
the cells do not get damaged and cause a risk of �re.

2.4 Crash mechanics

Crash mechanics encompasses the study of how vehicles behave during collisions,
including the deformation of vehicle components, energy absorption, and the impact
on occupants. This thesis does not delve into the latter topic but will discuss mainly
on deformation and energy absorption of body structure components.

This thesis delves into the realm of crash mechanics within the context of BIW de-
sign; particularly de�ection/ bending/ intrusion and buckling.

Calculations and simulations of crash mechanics mainly involve the application of
force and the measurement of de�ection. All these quantities are vector quantities,
meaning they have both magnitude and direction. This imperatively calls for an
understanding of the magnitude and direction of forces.

The literature study of bending and buckling supplements the understanding of the
magnitude, while the direction is frequently determined by the real-life application
of components. Therefore, for direction references, the following Figure 2.2 serves as
the datum, representing the global coordinate system (GCS) in relation to Zeekr's
3D CAD models. Henceforth, all mentions of coordinate systems, planes, axes and
directions will be in reference to Figure 2.2.
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Figure 2.2: Global coordinate system

When a force or load is applied to an object, it induces deformation, which can be
categorized as either elastic or plastic. This thesis focuses on plastic deformation,
necessitating an examination of the types of deformation induced by various loads
and forces in di�erent BIW structures mentioned above. Accordingly, this study
includes two essential types of forces: buckling forces in crash boxes and bending
forces (compressive and tensile) in sills and bumpers.

Buckling in crash box

Buckling occurs when external forces on a column reach a threshold value, initi-
ating a new deformation mode before the original one, resulting in a switch to this
new deformation type. As a geometry- and material-dependent phenomenon[43],
understanding buckling is essential for comprehending crash box behaviour. This
study employs the 'rectangular column buckling' theory, as the crash boxes under
investigation have a rectangular cross-section.

There are two possible ways a column can buckle,
ˆ Global/ Euler's buckling: where the deformation is concentrated in one point,

and the column fails by bending[43].
ˆ Local buckling: fails by local deformation, in which wrinkles are formed and

buckles progressively one after another[43].

In a square/ rectangular column, three types of buckling might occur; Stable type,
Unstable type 1 and Unstable type 2. For e�cient energy absorption during buck-
ling, a stable type of buckling is preferred and this thesis employs a stable type of
buckling (the column is crushed by forming multiple buckles[44]). The image below
shows the di�erent types of buckling modes respectively.
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Figure 2.3: 3 types of buckling in a square column[44]

In theory, it is complex to mathematically determine the maximum load-bearing
capacity of an axially compressed thin wall column because of the local instabilities
that are present in the column which precedes the collapse of the column[39].

The stress at which the column locally buckles is the critical stress of that structure.
When the critical stress value is smaller than the yield stress of the material, the
collapse is dictated by the geometry of the column. However, if the critical stress is
higher than the yield stress of the material, the collapse is dictated by the material
properties. Hence, there is a need to opt for the right geometry-material combina-
tion which will ensure proper energy absorption[39].

The column's maximum stress-bearing capacity is also in�uenced by the material
properties and the geometry. Another aspect of columns under buckling is their
maximum load-bearing capacity.

Bending of beams

The concept of bending of beams is crucial to understanding the behaviour of the
sill and the bumper beam under loading.

There are shear forces and bending moments which are set up in the beam under
the in�uence of load, and due to this, the beam undergoes deformation. The defor-
mation of the beam is resisted by the material of the beam, this resistance or stress
caused by bending moments is called bending stresses[50].

From Table 2.2, consider sections AB and CD, perpendicular to the beam's axis.
When the beam bends, layer AC becomes A'C', shortening, while layer BD becomes
B'D', elongating. Between layers AC and BD is a neutral layer that neither shortens
nor expands, maintaining the same length as NN and N'N'[50].
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Beam cross section before bending Beam cross section after bending

Table 2.2: Cross section of a beam before and after bending

The layers above the neutral layer have shortened and are under compression, while
the layer below has elongated and is under tension. The topmost layer (AC) experi-
ences the most compressive stress, and the bottom-most layer (BD) experiences the
maximum tensile stress. The tensile or compressive stress experienced by each layer
depends on its distance from the neutral layer, according to the theory of simple
bending[50].

It is important to understand the type of beam being dealt with. Each beam has its
support conditions and these a�ect how the forces and moments are being formed
under load. For this thesis, the sill and the bumper are considered to be simply
supported beams. These concepts form a basis for how to approach and calculate
the stresses and de�ection for the bending of a beam.

2.5 Framework of life cycle assessment study

LCA is the concept of intuitively understanding a product's life cycle. Baumann and
Tillman (2012), the literature around which the LCA study of this thesis is based,
states that a product's life cycle is followed from its `cradle' where raw materials
are extracted from natural resources through production and use to its `grave', the
disposal. However, in this thesis, the approach is limited to a cradle-to-gate, life
cycle from resource extraction (cradle) to Zeekr factory's out gate of Zeekr.

Typical LCA methodology encompasses a thorough, multi-step process, including
goal and scope de�nition, inventory analysis, impact assessment, and interpretation,
as shown in the Figure 2.4 [49].

Figure 2.4: Typical LCA methodology
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A. Goal and scope de�nition

To conduct an LCA study, the project's goal and scope have to be de�ned. Ac-
cording to ISO standard 14041:1998, the goal statement should specify the intended
application of the LCA study, the motivation behind it, and the targeted audience
[53].

De�ning the scope of a study encompassed de�ning system boundaries, choice of
impact categories, functional unit, method of impact assessment and type of LCA.
The main components of goal and scope de�nitions are;

ˆ Flow chart and system boundary:
A �owchart of the system under study will aid in understanding the processes
and products involved.

ˆ Functional unit:
A functional unit serves as a reference unit to compare di�erent products and
processes in a comparative study.

B. Life cycle inventory

LCI is the data-collection component of an LCA study. Broadly speaking, LCI en-
deavours to take account of everything involved in the product or service, tracking
all the inputs and outputs such as raw materials, energy, water, and emissions. Dur-
ing the inventory analysis, a system model was built according to the de�ned goal
and scope. This model represented the �ow of technical systems within a system
boundary.

The LCI approach in this thesis involved the following three generic steps:
ˆ Construction of �ow model according to the system boundaries de�ned in the

goal and scope.
ˆ Data collection for all the activities such as raw materials, energy associated

with the activities, products, emissions to water and air, and solid waste.
ˆ Calculation of the amount of resource used and pollutant emitted in reference

to the functional unit.

The results from inventory analysis were the mass and energy balance of the sys-
tem. Environmentally relevant �ows were considered, ignoring the ones that are not
harmful to the environment like water vapour and surplus heat emitted.

C. Life cycle impact assessment

In every LCA study, the phase addressing environmental impacts is called life cycle
impact analysis (LCIA). During LCIA, data from the LCI is used to calculate envi-
ronmental loads relative to the functional unit.
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These loads are translated into inventory results to understand environmental im-
pacts. The LCIA quanti�es and transforms inventory data into more environmen-
tally relevant information, focusing on environmental impacts rather than just emis-
sions and resource use.

The major elements that were addressed and considered during LCIA were,
ˆ Classi�cation: it is where the inventory parameters are sorted according to

the type of environmental impacts they contribute to.
ˆ Characterisation: it involves calculating the relative contributions of emissions

and resource consumption to each type of environmental impact. This step
characterizes resource consumption and emission contributions for each impact
type[43].

To de�ne and understand these impact categories, the ReCiPe 2016 method was
followed through this thesis (illustrated in Figure 2.5). This method translates the
inventory data to several impact scores through prede�ned characterisation factors.

Figure 2.5: Impact categories from ReCiPe 2016

With the LCIA method in place, it then becomes imperative to choose one among
the three `cultural perspectives' [55]. The `Hierarchist perspective' was chosen for
this thesis as the stakeholder's requirement was a framework that strikes a balance
between environmental protection and economic/ social development, whilst aiming
for fair global outcomes for both current and future generations.
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Finally, OpenLCA, which is a free open source software is used for performing LCA
study. The software makes use of a database called Eco-invent, a trusted database
used by most of the LCA practitioners as it provides access to transparent data,
making it easy to understand the sources of environmental impact and enabling
informed decision making[56].

The `Ecoinvent' database was employed as it contains over 17,000 unique datasets
[54]. These datasets encompass a broad range of products, services, and processes,
spanning from building materials to food, and from resource extraction to waste
management. Widely regarded as the largest, most consistent, and transparent
database available, it is highly used in the industry.

The datasets in Ecoinvent are primarily divided into;
ˆ GLO (Global)- Where the values of inputs and outputs for a particular process

are normalized and weighted w.r.t global average,
ˆ RER (Rest of Europe)- Where the values of inputs and outputs for a particular

process are normalized and weighted w.r.t European market average and
ˆ ROW (Rest Of the World)- Which is the di�erence of normalized and weighted

average between GLO and RER.

Most datasets are averaged for Europe (RER), and where this isn't the case, a
Global (GLO) average is used. As delineated under Delimitations, all cradle-to-gate
manufacturing activities occur in China. Therefore, datasets from the Rest of the
World (ROW) were used whenever possible. If normalized data was unavailable for
ROW and RER, GLO datasets were used.

D. Interpretation

Interpretation in LCA involves carefully analyzing and understanding the results
obtained from the LCIA process. This entails scrutinizing indicators of impact cat-
egories (such as GWP) to conclude.

Interpretation aims to o�er insights into the environmental performance of the stud-
ied system, identify areas for improvement, and support decision-making in align-
ment with the study's goals and objectives.
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3
Methodology

Overview

A mixed-method approach, as described by W. Creswell et al. (2019), entails in-
tegrating both qualitative and quantitative research methods and data in a study.
Qualitative data typically consists of open-ended responses without predetermined
answers, whereas quantitative data generally includes closed-ended answers for pre-
set questions and predetermined parameters.

Within the mixed-method approach, the convergent mixed-methods design was se-
lected. In this design, both forms of data (qualitative and quantitative) were simul-
taneously collected, aiming to integrate the information and ultimately interpret the
overall results [9].

This research methodology faces the challenge of navigating abundant, pertinent,
and standardized data. The study requires analyzing both qualitative and quantita-
tive data, making the process time-consuming and demanding. Due to the design's
complexity, a clear visual model is essential for understanding the research activities'
details and �ow.

3.1 Research design

The thesis was divided into two parts: Phase 1 and Phase 2. This separation helped
to focus on the main goal and identify important factors in Phase 1. In Phase 1,
the objective was to understand how changing the material and design attributes
a�ects the part's (sill and crash box) performance.

In Phase 2, the aim was to study, compare, and potentially enhance the current
component (i.e., CMS) through redesign, to recommend a part that reduces CO2e

emissions. Due to the comprehensive scope of this thesis, it was necessary to seg-
ment it accordingly.

The Figure 3.1 o�ers a holistic overview of the structural organization of the content
within this thesis. Phases 1 and 2, based on quantitative studies involving theoreti-
cal calculations, CAD modelling, and CAE simulations of the sill, crash box, CMS,
and LCI, also incorporate elements from literature and qualitative studies.
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Figure 3.1: Methodology overview

3.2 Parts selection and performance parameters

The primary stakeholder selected CMS as the thesis topic. Before detailed analysis,
understanding the function, features, and signi�cance of its parts was necessary.
Thus, the bumper beam and crash box of the CMS were chosen for simpli�cation
and study in Phase 1.

`Simpli�cation' involved reducing the complexity of the parts' cross-sections by �nd-
ing alternate BIW structures with similar loads and cross-sectional geometry. The
sill was identi�ed as a part with a simpler cross-section and similar load case to the
bumper beam, making it the focus of the �rst part of Phase 1. No suitable proxy
was found for the crash box, so the front crash box itself was chosen as the second
part.

Using the above information and data from Section 2.2, the matrix in Figure 3.2
was drafted which outlines the parts, materials, and manufacturing processes un-
der investigation in Phases 1 and 2. The table also highlights the `current parts'
that will serve as a baseline for comparing the performance of the `re-designed parts.'

Figure 3.2: Part, material and manufacturing process matrix w.r.t. each Phase
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Now that the part-material-manufacturing process matrix is established, perfor-
mance parameters can be presented; the key metrics or measurements that are used
to evaluate the e�ectiveness and e�ciency of the components under study.

Identifying, tracking and analyzing these performance parameters throughout the
design phases enabled us to re�ne the design and achieve the desired performance
outcomes. Table 3.1 gives an overview of parts and their respective performance
parameter(s).

It is important to note that the performance parameters discussed are solely focused
on the parts themselves, irrespective of the manufacturing process or material used.
This approach facilitates a comparison between di�erent design iterations.

Table 3.1: Part speci�c performance parameters

Relating
to

Part
name

Parameter Units Criteria (Ideal)

Phase 1 Sill Weight, msill kg msill;redesigned � msill;current

Factor Of Safety,
FOS

- � 1 � 2:5;
FOSredesigned � FOScurrent

Intrusion, � mm � redesigned � � current

Crash
box

Int. Peak load, Pmax kN Pmax ' 200

Critical stress, � cr MPa � � ultimate

Collapse stress,� max MPa � � ultimate

Phase 2 CMS Energy absorption,
We

kJ Higher the better

Int. Peak load, Pmax N Pmax ' 200

Weight, m kg mredesigned � mcurrent
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3.3 Research process

This section o�ers a complete overview of the process (or methodology) employed
for this thesis, which is grounded in the convergent mixed methods design. All parts
within Phase 1 will adhere to this procedural framework.

1. The representative parts provided by the stakeholder were `simpli�ed' to per-
form calculations, simulations and analysis to meet the objective of Phase
1.

2. Dimensional values and boundary data were gathered for these simpli�ed cur-
rent parts using Siemens Teamcentre and Catia V5.

3. Theoretical calculations were performed, as this forms the basis for generating
alternative designs.

ˆ This includes force and load calculations, determining stresses, and study-
ing intrusion/de�ection, using MATLAB scripts.

ˆ Iterations were carried out by varying various attributes of the geometry.

4. Iterations in previous steps are essentially alternative designs for the current
parts. From this, the `current part' was chosen. For each of these alternative
designs, performance parameters were calculated.

5. Finalizing among many alternatives was not easy. Hence, Multi Criteria De-
cision Analysis (MCDA)[45] was employed, to choose the best of the available
options.

ˆ NOTE: The redesigned part will now have to perform at par with the
performance parameter values of this current part.

6. 3D CAD model of the current part was constructed in Catia V5.

7. Static structural CAE simulations were performed to validate the theoretical
calculations.

8. Now, a new design was initiated with a di�erent material and iterated till the
design met the current part's performance parameters (from step 5). This was
termed as the `�nalized redesigned part'.

9. Finally, a theoretical LCI analysis was conducted on the current part to un-
derstand the e�ect of various manufacturing processes on CO2e emissions.

ˆ NOTE: A complete LCA analysis was not the scope in Phase 1. Only a
theoretical LCI study was included.

Phase 1 concludes with the achievement of the objective to understand the function-
ality, prominent and subtle attributes, and signi�cance of these two (sill and crash
box) key components.
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3.4 Phase 1 & 2: Literature and qualitative study

3.4.1 Literature study

Qualitative research involves collecting and analyzing non-numeric data, like text,
video, or audio, to understand concepts, opinions, or experiences. This is generally
done through the means of literature review, studies, observations, interviews, dis-
cussions, focus groups, surveys and such. Out of this, interviews and discussions
were employed as a part of the qualitative method, along with literature study. A
literature study is a method used to gather and synthesize data and information
that has been previously published.

The primary sources of information for this research were the published literature
and research available through academic databases such as Chalmers Library, Google
Scholar, Scopus, and ScienceDirect. There were no restrictions on the publication
date or a �xed time frame set during the literature search. A combination of targeted
keywords, both individually and collectively, were used in the search for relevant lit-
erature which was to the likes of crash mechanics and dynamics, compression, bend-
ing and buckling, material properties, design methodology, Life Cycle Assessment,
Life Cycle Inventory, DP800, 22MnB5, Press Hardened Steel, sill, rocker, bumper
beam, Crash Management System, crash box. Each of these keywords, in combina-
tion and individually, resulted in around 1,000,000 to 6,000,000 results. All relevant
literature that was collected, referred and studied, was tracked and documented as
soft copies on personal computers in the form of �les, folders, notes and URLs.

The literature study provided this thesis with many input values for calculations,
simulations and decision-making. These inputs were standard values in the form of
the material's intrinsic properties such as density, Poisson's ratio, Young's modulus,
and crippling coe�cient. When it comes to LCA, emission factor, manufacturing
process �ow and even standard energy consumption of a stationary drilling machine
were attained with literature study.

However, the extrinsic properties such as mass, volume, the minimum and maximum
gauge of sheet metal allowed, or the output yield of a machine with the supplier and
other such stakeholder-speci�c and sensitive information cannot be attained through
literature study. Even if e�orts are made to collect component-speci�c data through
literature reviews, surveys, or studies, the results are likely to be skewed and may
be considered inconsequential by many readers. This is primarily due to the funda-
mental necessity for some inputs to be pragmatic rather than purely theoretical.

To address this conundrum, informal qualitative research, speci�cally one-on-one in-
terviews, was employed to gain an in-depth understanding of individual experiences
and perspectives on the subject matter [47]. This included interviews with super-
visors, managers, and employees at Zeekr Technology Europe, as well as feedback
from Chalmers University's teaching sta�.
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3.4.2 Qualitative study

One of the qualitative study methods is conducting interviews, which is a widely
adopted data collection and data analysis strategy employed across a diverse range
of academic and professional disciplines [47]. Qualitative interview approaches have
been categorized in various ways, with contemporary literature commonly distin-
guishing between unstructured, semi-structured, and structured interview formats
[48].

The semi-structured interview approach was selected as it combines elements of both
structured and unstructured interview formats. This hybrid approach serves as an
appropriate foundation, as it provides a set of predetermined questions while also
allowing for spontaneous exploration of relevant topics.

The following Table 3.2 gives an overview of interviews, insights and feedback from
the respective interviewees. The semi-structured interview format allowed for the
development of a thematic framework to guide the discussions, which is outlined in
Appendix A.1.

Table 3.2: List of interviews conducted

Interviewee Stakeholder
from

Query explored

CAE engineer Zeekr 1. Trigger point placement & validation

2. Design improvements & corrections in
CMS structure

Systems
engineer

Zeekr 1. Design changes in sill & crash box

2. Finalizing performance parameters

3. Benchmarking values for Phase 2 w.r.t.
performance parameters

4. Veri�cation of LCI inputs for Phase 1

CAD engineer Zeekr 1. Placement of part during design

2. Vehicle's physical attributes

3. Dimensional attributes of representative
version's sill & crash box

Product Devp.
& CAD prof.

Chalmers 1. Validation of use of Trial-and-Error
method

Structural
engineering

prof.

Chalmers 1. Validation of sill's calculation
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3.5 Phase 1: Quantitative study

The objective of Phase 1 was to understand the e�ect of attributes of sill and crash
box on their respective performance parameters. Theoretical calculations were car-
ried out in this phase to lay a stepping stone for Phase 2. This phase culminated
by studying and comparing the major contributors of emissions during the manu-
facturing of steel and aluminium sill, using LCI.

3.5.1 Sill- theoretical calculation

The process �ow and activities carried out under Phase 1 for the sill are depicted
in Figure 3.3 and elucidated further to provide a better and clear understanding.

Figure 3.3: Generic Phase 1 activities for sill

Theoretical calculations for sill are based on R.K. Bansal (2009) textbook. The
textbook deals with the strength of materials and discusses topics such as moment
of inertia, shear force, bending moment, stresses and de�ections in beams. Activi-
ties mentioned in Figure 3.3 were performed in sync with topics from R.K. Bansal
(2009). The calculations in this section were performed to determine the theoretical
value of intrusion and stresses induced (i.e. tensile, compressive and bending). The
non-standard calculation method from the referenced literature is brie�y explained
in the following sub-sub-sections.

Impact force calculations

Using three general equations of;

Work done, W;
W = F:d (3.1)

Kinetic Energy, KE;

W = Kinetic Energy =
1
2

:m:v2 (3.2)

distance, d;
d = V:t (3.3)

An equation to calculate `impact force' is generated, i.e.

Fimpact = W =
m:V
2:t

(3.4)
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Neutral axis calculations

The neutral axis (N.A.) is de�ned as `an axis within the cross-section of a beam or
shaft undergoing bending, that experiences no longitudinal stresses or strains.' [11].
Location: In symmetric, isotropic sections that are initially straight (which is in this
case), the neutral axis is located at the geometric centroid.
Importance: Calculating the neutral axis is essential, as �bres on one side of the
neutral axis experience tension while those on the opposite side undergo compres-
sion. This calculation is necessary for subsequent theoretical analyses. However, to
calculate N.A., following are required;

Calculating area of `sub-divisions'

However, to calculate the neutral axis, it is mandatory to �nd out the area of `sub-
divisions'. This was done using Eq. 3.5.

Area of rectangle; n = An = breadth� depth(in mm 2) (3.5)

Next, the distance between the bottom-most �bre (OX) and the centre of gravity
(cg) of each subdivision had to be determined.

Distance from OX to cg of each subdivison

The distance between the centroid of each subdivision and the reference axis (OX)
was denoted asYn (in mm), corresponding to the number assigned to each subdivi-
sion.

Yn = Distance from OX + cg of subdivision(n) (3.6)

Moment of inertia of each subdivision

Now, MOI of all these subsections were found about OX.
This is given by the formulaAn :Yn , whereAn is the area of the respective subsection.

AnYn = An :Yn (in mm 3) (3.7)

Finding the neutral axis (N.A.)

The Neutral axis for the whole section was found out by dividing the sum of mo-
ments of the subdivision by the sum of areas of these subdivisions.

The neutral axis is represented by the symbol�Y

�Y =
P n

i =1 An :Yn
P n

i =1 An
(3.8)

here `n' are subdivisions of the sill's cross section.
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Calculating moment of inertia (I XX )

MOI or simply, I XX , is calculated about the X-axis. MOI of sectional areas, about
Neutral Axis passing through their respective cg.

The formula for �nding I XX is given by;

I XX = I 0
G1 + I 0

G2 + I 0
G3 + :::: + I 0

G6 (3.9)

where;
I 0

Gn = Parallel Axis Theorem = I Gn + An :h2
n (3.10)

MOI for a rectangle is given by;

I Gn =
bn :d3

n

12
(3.11)

wherein b is breadth andd is depth of each subdivision.

An is already calculated in previous sections.hn is the distance between each sub-
division's cg and cross section's cg, which is given by the equation.

hn = Distance between cg of subdivision(n) � cg of cross section(in mm ) (3.12)

Calculating de�ection/ intrusion of sill

Intrusion is the de�ection of the beam from its original position due to the appli-
cation of load (point load in this case). The sill of a car is modelled as a simply
supported beam due to its load-bearing characteristics, and the support it receives
from the vehicle's front and rear structures.

The sill experiences bending moments and shear forces along its length, character-
istic of the behaviour of a simply supported beam under load. The formula for
de�ection of the simply supported beam is given by [12],

Ymax =
W:L3

48:E:I
(in mm ) (3.13)

where;W is the mass of vehicle (in kg),L is the length of beam (in mm),E is the
Young's modulus of material (in MPa) andI or I X X is the Moment of Inertia (in
mm4).

Bending moment calculations

Figure 3.4 depicts a free-body diagram of the sill, representing the nomenclature
and direction of loads, forces and moments. It is to be noted that these attributes
are independent of the material and cross-section of the sill.
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Figure 3.4: Free Body Diagram of sill

The reaction forces at two ends of the simply supported beam AB had to be cal-
culated, before calculating the bending moment. For a simply supported beam to
stay in equilibrium, the reaction forces have to counteract the point load. Hence
reaction forces for the beam AB are;

W = RA + RB (3.14)

where RA and RB are reaction forces at ends A and B respectively. Note that
RA = RB .

The bending moment was calculated using the following sign convention [13];
ˆ Beam is sagging, then `positive'
ˆ Beam is hogging, then `negative'

Stress calculations

When there is a point load acting on a beam, the �bres close to the load are shortened
in length, meaning they are under compression. The �bres on the far end of the load
are said to be under tension. The compression and tensile stresses are maximum
on the extreme-most �bre from the N.A. The tensile and compression forces were
found by the formula [14];

M
I

=
� max

y
(3.15)

Here,y is the distance of extreme �bre from neutral axis, essentially,�Ybottom and �Ytop

(in mm), I or I XX is the Moment of Inertia (in mm4), M is the maximum bending
moment (in Nm) and � max is either maximum tensile stress or compression stress,
depending on�Ybottom or �Ytop.

Tensile stress

� max;compression =
M: �Ytop

I XX
(in MPa ) (3.16)

Compression and bending stress

� max;compression =
M: �Ybottom

I XX
(in MPa ) (3.17)
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3.5.2 Sill- CAD modelling and CAE simulations

The data generated in the previous section will be compared with the simulated
values of this section. For this, 3D CAD modelling was carried out in Catia v5
with the aid of Siemens Teamcentre to generate various concepts (by varying gauge
thickness from 1.8 to 4.2mm), eventually to choose a `current design'.

The current design was chosen after `simplifying' the representative steel sill. The
steel sill was modelled to imitate the performance parameters of the representative
design provided by the stakeholders.

NOTE: Due to con�dentiality issues, the representative version of sill cannot be
released or displayed in this thesis. Readers are therefore requested to cooperate and
contact authors for any query.

With theoretical calculations and 3D CAD models ready for the sill, CAE simula-
tions were carried out in the Ansys workbench. The motive was to record intrusion,
and maximum principle stress (i.e. von Misses stress) and to study points of high-
stress concentration for all the concepts that were generated.

This exercise was carried out to validate the calculated values and determine whether
to use the theoretical values or the simulated ones.

Boundary conditions

Boundary conditions or constraints de�ned the behaviour at the boundaries of the
model domain and incorporated the in�uence of the outside world into the simula-
tion. The boundaries set for sill's static structural CAE simulation are demonstrated
in Figure 3.5. The blue line is an indication of �xed supports. The beam was anal-
ysed as a simply supported beam by performing a 3-point bending test. It has to
be noted that these boundary conditions were set the same for both aluminium
(redesigned) and steel (current) designs. The inner edges of the sill (in Y axis) are
treated as though the sill was rested on rollers at those points.

Figure 3.5: CAE: Boundary conditions employed for sill
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Loading direction and area

The loading direction speci�es the orientation and vector along which external forces
(loads) are applied to the model. It was de�ned using the global coordinate system
(Figure 2.2) while the loading area in CAE simulations refers to the speci�c surface
on the model where the load was applied. Figure 3.6 portrays the loading direction
and magnitude being applied on the sill. Furthermore, the highlighted area (in red)
is the area of impact or loading area.

This area was informed by the requirement that the side pole crash test is required
to have a diameter of� 254� 3mm[19]. This is particularly noteworthy because this
section of the pole is anticipated to come into contact with the sill during the crash
test. To calculate the impact area, the length of the minor arc of a circle was to be
calculated.

The formula for the length of minor arc of a circle is;

MinorarcAB = � � r �
�

180�
(3.18)

� �
254
2

�
75�

180�
= MinorarcAB = 166:25mm ' 166mm (3.19)

The loading direction (as per GCS) for steel and aluminium sill was on the outermost
�bre in;

ˆ +Y direction for LHS sill, and
ˆ -Y direction for RHS sill

Figure 3.6: CAE: Loading criteria employed for sill

By the end of this process, both calculated and simulated values were generated
for the current (steel) and the redesigned (aluminium) sill. A table was drafted for
comparative study, which will be discussed in Chapter 4.
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3.5.3 Crash box- theoretical calculations

The crash box entailed a di�erent set of calculation procedures. However, the objec-
tive of performing theoretical calculations remains the same as before; to compare
with simulated values to have a better understanding of attributes and how they
a�ect the performance parameters.

The calculations in this section were performed to determine the theoretical value
of critical stress, collapse stress and max load-bearing capacity. The cross-section of
the crash box was chosen under the quantitative study using TeamCentre and Catia
v5.

When an axial load is applied to a structure, it fails locally due to buckling at a
particular stress level, this stress is called critical stress. Critical stress,� cr is given
by the formula;[39]

� cr =
k� 2E

12(1� � 2)
(
t
c
)2 (3.20)

k is elastic plate coe�cient, E is Young's Modulus of the material,� is Poisson's
ratio of the material, t is thickness of the cross section

The maximum stress-bearing capacity of the column, is called collapse stress� max ,
which is given by the formula;[39]

� max = (
kp � E � (t=c)2

(1 � � 2) � � � � y
)n � � y (3.21)

� is material strength coe�cient and is given as;

� =
� u

� y

kp is Crippling coe�cient (in this case the kp will always be 3.5 as breadth and depth
of crash box is not changing,� u is Ultimate tensile strength of the material, � y is
Yield stress of the material.

The max load bearing of the column, when the column starts complete buckling,
Pmax is given by;[20]

Pmax = 2 � [
K p � E

� � (1 � v2
]0:43 � (t1:86) � (C0:14) � (1 + � ) � (� 0:57

y ) (3.22)

where� is section aspect ratio, and given by;

� =
d
b
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3.5.4 Crash box- CAD modelling and CAE simulations

The design of the crash box was done in Catia V5, with the aid of TeamCentre. The
model used for simulation was made by simplifying the representative aluminium
crash box design provided by the stakeholder. The aluminium crash box was de-
signed as a square tube without any trigger points, to understand and imitate how
the crash box would behave under loading. This aluminium crash box was later
redesigned into a steel crash box to match the performance.

CAE simulations for the crash box were conducted using Abaqus workbench. The
aim was to record the peak load and collapse stresses and to understand how crash
boxes behave without the trigger points. Eventually, the results from the CAE
simulation were compared with the theoretical calculations. The loading direction
depends on how the crash box was placed during design. For the case of buckling
analysis, the loading direction was the positive X-axis.

Boundary conditions

Boundary conditions de�ned the behaviour at the boundaries of the model domain
and integrated the in�uence of external factors into the simulation. The boundaries
established for the crash box's static structural CAE simulation are illustrated in
Figure 3.7. The speed of the wall was 16km/h (i.e. 4444mm/s) and the weight of
the moving wall was 1000kg. These boundary conditions were derived from Euro
NCAP's frontal impact load test (refer Sub-section 2.3.1) and the loading case was
determined based on insights from qualitative study, i.e. interview.

Figure 3.7: Speed of wall in mm/s

By the end of this process, both calculated and simulated values were generated for
the current (aluminium) and the redesigned (steel) crash box. A table was drafted
for comparative study, which will be discussed in Chapter 4.
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3.5.5 Life cycle inventory analysis

As established earlier under Section 3.3, LCI analysis was performed as a �nal step
of Phase 1. It has to be noted that in this phase (1), a `less elaborate' LCA was
performed; which is often termed `Life Cycle Inventory analysis' or LCI analysis.
Essentially stopping after inventory data collection and analysis, from which the
results were directly interpreted [24].

This allowed authors to study the major contributing factors to CO2e emissions
during the manufacturing process and helped to generically understand the math
and logic involved in LCA study.

A. Goal and scope de�nition

According to ISO 14041:1998, before conducting any type of LCA, the practitioner
must [24]:

ˆ Provide a clear rationale for carrying out the study

� For Phase 1, the reason was to study the dominant attributes of sill
(aluminium and steel) production that a�ect the CO2e emissions.

ˆ Decide on the intended application of the LCA study

� To analyze which is the environmentally preferred part for integration
into the vehicle (for Phase 1).

ˆ Declare the intended audience for the LCA �ndings.

� BIW and CAD department at Zeekr Technology Europe.

The scope de�nition and modelling requirements are broadly enlisted below;

ˆ System boundary: In the schematisation of process �ows in the following �g-
ures, red arrows are input to the process, green arrows are output from the
process and grey arrows depict the material �ow path. The dotted lines rep-
resent the system boundary.

� Additionally, Figure 3.8 presents the adjusted system boundary for LCI
analysis in Phase 1. It is important to note that certain processes have
been omitted to align with the study's rationale and adhere to the des-
ignated time frame for this thesis. The same has been followed for alu-
minium sill and can be noticed in Figure 3.9.

� These exclusions were not arbitrary but rather guided by speci�c criteria;
processes with negligible mass changes or those beyond the in�uence of
stakeholders (in this case, Zeekr) were omitted from the system boundary.

ˆ Functional unit: 1 piece of steel stamped sill produced.
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Figure 3.8: System boundary for steel sill LCI analysis

Figure 3.9: System boundary for aluminium sill LCI analysis

According to ISO 14040:1997, it is essential to address and describe all assump-
tions and limitations in the goal and scope de�nition. This requirement pertains
primarily to signi�cant assumptions and does not extend to individual dataset
assumptions[24]. In line with the above standard, the following are the delimi-
tations and assumptions of LCI analysis of Phase 1:

ˆ The LCI model (of sill in aluminium and steel) will use global datasets.
ˆ All data related to inputs and outputs for various processes, ranging from en-

ergy usage to emission rates, is gathered solely from Chinese sources, such
as articles, journals, and machinery catalogues. This sourcing strategy is
informed by the fact that the manufacturing processes for the components
examined in this thesis occur entirely within China.

ˆ The Primary source of energy required to produce electricity (to run stationary
machines like CNCs, presses, etc) and run the furnace (to produce steel coil,
aluminium ingot) is bituminous coal or soft coal.

ˆ An assumption was made that Zeekr produces 50,000 cars annually, necessi-
tating the production of 100,000 sills per year (two sills per car).

B. Life cycle inventory

To meet the aim of this LCI study, the system boundary was converted into vari-
ables, i.e. parametric model to gather a clear understanding of a�ecting parameters.
Hence, Figure 3.8 transitions to Figure 3.10 for steel sill and 3.9 transitions to Figure
3.11 for aluminium sill.
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