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ABSTRACT 
Global warming and peak oil are drawing attention to new types of energy technologies. Since 
transportation is one of the main contributors to carbon emissions and one of the biggest 
consumers of oil, new technologies to propel vehicles are being introduced. For the automotive 
industry, where the Internal Combustion Engine (ICE) has had complete dominance for some 
hundred years, the transition to new powertrains will be challenging for the entire operation. 
 
These new powertrain vehicles must not only be developed and tested, which is an enormous 
challenge in itself; they must also be manufactured with the same efficiency as ICE vehicles in 
order to reach a competitive price. There is great uncertainty regarding which powertrain 
solution will become the next paradigm, or even if there will be a new propulsion paradigm as 
dominant as the ICE. This, in combination with the fact that these new powertrain vehicles will 
initially be produced in relatively small volumes, probably calls for them to be produced in 
current manufacturing facilities mixed with ICE vehicles. This challenge is the foundation for 
this research. 
 
In order to manage the manufacturing challenges related to the introduction of new powertrain 
vehicles, both theoretical and empirical data have been analysed in this research. The empirical 
data is taken mainly from interviews, the author’s own observations and workshops with Volvo 
Cars and SAAB Automobile. 
 
In order to produce new powertrain vehicles in existing facilities, flexibility are identified as 
central components in this research. However, the flexibility needs to be achieved without 
affecting the efficiency of the manufacturing system. To achieve flexible automotive final 
assembly, four key flexibilities are identified in this research: 
 

 Mix Flexibility  
 New Product Flexibility  
 Modification Flexibility 
 Volume Flexibility 

 
To achieve these flexibilities, three key factors are identified and investigated in this research:  
 

 Mixed Model Assembly 
 Modularity 
 Platform Strategy 

 
This research describes these key factors’ relationship with one another, as well as their 
relationship to the key flexibilities. This research describes how the key factors are used to 
achieve flexibility in current final assembly, and how they can be used in future automotive 
final assembly. This is presented as a relationship model to combine flexibility and efficiency 
in automotive final assembly. 
 
A first step towards a stringent automotive product architecture-platform-vehicle structure is 
presented, along with key factors that are important in a successful automotive platform 
strategy. Guidelines are also described for how new powertrain vehicles should be designed in 
order to achieve as efficient final assembly as possible. 
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1 INTRODUCTION 
 
In this chapter, general trends in the automotive industry are presented, along with how the 
automotive market is predicted to change in the coming decade. It begins with a description 
of some major forces influencing this change, followed by the objective, delimitations and 
limitations of this research project. 
 

1.1 CHALLENGES FOR THE AUTOMOTIVE INDUSTRY IN THE COMING DECADE 
The awareness of global warming and peak oil has drawn governments and customer attention 
towards alternative energy sources [1]. There is great uncertainty regarding what kinds of 
vehicles and powertrains to manufacture, since the demands from customers and authorities 
are changing more rapidly [2, 3, 4]. The only consensus regarding powertrains seems to be 
that there will be a transition period with many different powertrains simultaneously on the 
market, to include the traditional Internal Combustion Engine (ICE), the hybrid, and battery 
electric and fuel cell vehicles [2]. At the same time, the adoption of Mass Customisation is 
ongoing; customers are requiring unique products, but expect the same quality and price as 
mass-produced products. For these reasons, developing a new vehicle model has become 
increasingly risky over the last decade.  
 
The desire for individualisation and uniqueness has escalated in the last decade; the number of 
different vehicle models per manufacturer seems ever-increasing, a development likely to 
continue. The lifecycles of each vehicle model have also decreased rapidly in the two last 
decades [5]. Meanwhile, sales volumes in the western world are stagnating [6]. These factors 
have caused the sales volume per vehicle model to drop, resulting in a higher development 
cost per unit. At the same time, development costs for certain components have increased 
dramatically. As governments and customers demand lower emissions and safer vehicles, 
manufacturers have had to develop, for example: urea injection systems, more advanced 
batteries, lightweight materials, and stronger steel materials. While all these components have 
a very high development cost, at the same time it is difficult for manufacturers to get 
customers to pay extra for these features [7]. Stronger roll-over protection (stronger steel 
materials) and lower NOx emissions (urea injection system) are often demands to compete on 
the market, rather than contribute to customer value. In contrast, GPS- and entertainment 
systems in vehicles are also associated with development costs. However, it is very easy for 
the automotive manufacturers to charge extra costs to the customers for these specific 
features. To be able to stay competitive, automotive manufacturers have been forced to spread 
development costs over different vehicle models [5, 7, 8].  
 
In the automotive industry, the ICE has had complete dominance for the last hundred years. 
This means that the entire automotive industry is built up around this specific technology. 
Therefore, the transition towards new powertrain vehicles implies a huge challenge for the 
entire organisation and operation of automotive manufacturers [9]. The new powertrain 
vehicles are likely to have initially low sales volumes. Therefore, the most efficient way for 
smaller manufacturers will probably be to produce these vehicles in existing manufacturing 
facilities, something that will be very challenging for the manufacturing system. Since there 
are great differences in the basic layout between different powertrain solutions, the 
manufacturing system needs to be very flexible, at the same time as the efficiency must 
remain. This calls for new solutions in the manufacturing system that are efficient, flexible 
and “future proof”. “Future proof” in this sense means that whatever adjustment and 
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investments are made, they are ready for the coming mix of powertrains (whatever 
distribution they might have) and the next powertrain paradigm (whatever it will be). 
 

1.2 AUTOMOTIVE MANUFACTURING 
The current automotive manufacturing process is divided into three separate sections: A-, B- 
and C-plant. In the A-plant (body shop), sheet metal pieces are welded together to form the 
basic metal structure (body in white) of the vehicle. The sheet metal forming might also take 
place in the A-plant, but can also be supplied to the factory. In the B-plant (paint shop), the 
basic metal structue is treated with different varnishes and coatings to give the vehicle a 
certain colour and to protect the metal against corrosion. In the C-plant (final assembly), 
interior and exterior components, chassis and powertrain are assembled to the basic metal 
structure; examples include seats, windshields, wheels and engine. 
 
Some manufacturers have all these three functions within the same facility, while others have 
the different process steps in separate facilities or outsourced to suppliers. However, all major 
automotive manufacturers have the three different process steps described above; this has 
been the basic layout in the automotive industry for many years. This approach is very much 
connected with the fact that metals (mostly steel) are the dominating material in the structure 
of the vehicle. As new materials such as composites are developed, they have the potential to 
replace metal and thus alter this plant division. 
 

1.3 FACECAR 
This research is conducted within the Swedish research project FACECAR, which is an 
abbreviation for Flexible Assembly for Considerable Environmental improvements of CARs. 
FACECAR “aims at improving competitiveness and sustainability of the Swedish vehicle 
industry by accommodation of a large range of different vehicle models in one assembly line. 
The purpose is to create conditions in the vehicle assembly line that promote a fast shift from 
conventional power train manufacturing to environmental friendly power trains.” The project 
encompasses nine partners: AB Volvo, Linköping University, the University of Skövde, SP, 
Innovatum, JMAC, ETC and DELFOi, Volvo Cars and SAAB Automobile AB. The project 
started in late 2009 and will last until the beginning of 2012. This project is funded by a 
partnership between the Swedish government and automotive industry called FFI. The aim of 
FFI is the joint funding of research, innovation and development concentrating on Climate & 
Environment and Safety. FFI is part of the Swedish innovation agency VINNOVA. 
 

1.4 THE MAIN OBJECTIVE 
Today’s automotive industry faces big challenges related to the transition towards new 
powertrain vehicles. It is important to identify what challenges will have the largest impact on 
automotive manufacturing, and what can be done to cope with these challenges. 
 

1.4.1 OBJECTIVE 

The main objective is to explore manufacturing challenges associated with the introduction of 
new powertrain vehicles, as well as some key factors to cope with these challenges. 
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1.4.2 RESEARCH QUESTIONS 
The main objective has been divided into three research questions: 
 
RQ1 What challenges associated with the introduction of new powertrain vehicles are the  
 automotive industry likely to face in the coming decade? 
 
RQ2 How do these challenges affect automotive manufacturing? 

 
RQ3 What are the key factors to cope with these challenges in final assembly? 
 

1.5 DELIMITATIONS 
This research is focused on final assembly in the automotive industry. Therefore, most of the 
suggestions are mainly applicable on that specific part of the automotive manufacturing 
process. 
 

1.6 RESEARCH LIMITATIONS 
The empirical findings are mostly valid for the Swedish Automotive industry, and the 
solutions primarily adapted to their specific needs. Thus, some of the findings might not be 
suitable for automotive manufacturers with other business structures than those found in 
Sweden. 
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2 METHODOLOGY 
 
In this chapter the basic methodology behind this research is explained. The scientific 
approach, how theory and empirical studies was combined, how the research was designed, 
the quality of the research and how the appended papers are connected to the research 
questions are described. 
 

2.1 SCIENTIFIC APPROACH 
The objective in this research basically considers how to achieve flexibility and efficiency in 
final assembly system in the automotive industry. However, the research focuses on a 
structural level of the assembly system, not the assembly operations in detail. The research 
also takes into consideration the market demand, how to create customer value and some 
limitations in the supply of natural resources. Therefore this research does not study a narrow 
delimited problem area, the conclusions are instead drawn from studying many parts of the 
assembling process of the vehicles and how the design of the vehicles affect the assembly 
process. 
 
Arbnor and Bjerke (1997) has defined three different approaches to research: analytical, 
system and actors [10]. 
 
The analytical approach is based on positivism with the overall idea that science can be used 
to predict future phenomena with the intention to control them. In this approach often general 
laws are sought, often starting with formulating a hypothesis which can, through research, be 
proven or falsified [10]. 
 
The system approach involves the idea that several components are linked together and with 
mutual relations affecting each other. Hence, findings do not come from studying the 
components in themselves, but from how they interact with each other. The studies system 
can be opened or closed; referring to if the studied system is influenced by the surrounding 
world [10]. 
 
The actors approach is built upon the basic principle that the ambiguity and variability of 
reality is a result of the interaction of the researcher and his search for dialectic connections. 
This approach is defining that reality, and also knowledge, is dependent upon individual 
conception of the surrounding world [10]. 
 
Since automotive final assembly is a very large and complex system and the research also 
takes the markets effect on the final assembly into consideration, the author believes that the 
system approach was the most suitable for this research. The analytical approach was 
considered too narrow for the project problems. The actors approach was considered too 
complex to use on such as large system as automotive final assembly. 
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2.2 COMBINING THEORY AND EMPIRICAL STUDIES 
In this research both theoretical and empirical findings are used to answer the research 
questions. Patel and Davidsson (2003) have defined two approaches to describe the 
relationship between theory and empirical data: deductive and inductive. Inductive approach 
means that empirical data is first collected, hypotheses are formed and from these data, theory 
are developed [11]. 
 
In the deductive approach the answer to the research question is developed by theoretical 
consideration. In this approach the hypothesis is based on theoretical findings, this means that 
theory decides what information is suitable and how to interpret it in order to validate the 
hypotheses [11]. 
 
In practice research is often a mix of inductive and deductive approach. In example, the 
researcher starts with theoretical studies and forms a hypothesis, and then the researcher goes 
out in the reality to validate the hypothesis and then develops a more general methodology 
from it. 
 
This research started with theoretical studies in order to find different areas of interests that 
could contribute to answer the research questions. These solutions were then verified by early 
empirical findings. The solutions were presented to the project board and to the involved 
companies in order for them to verify that the research was on the right track, this is described 
as the Confirmation step in Figure 2-1. 
 
The identified areas of interests were then studied further in theory and then verified and 
supplemented in empirical studies. Some areas of interest were looped several times between 
empirical and theoretical studies. During the research of the original areas of interest new 
areas of interests where identified. These new areas of interests where studied again in theory 
and then complemented and verified both in theory and empirically. This is described in 
Figure 2-1. 
 
As the final step in this process, all the findings were presented at project board meetings and 
on workshops with the involved companies. This was done as a final confirmation that the 
findings could be presented as results from the research project FACECAR. This is described 
as the second Confirmation step in Figure 2-1. 
 
 

 
 

Figure 2-1: The relationship between theory and empirical data in this resarch 
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2.3 RESEARCH DESIGN 
The purpose of the empirical findings in this research is to create an understanding of how the 
challenges related to the introduction of new powertrain vehicles; and what parts of the final 
assembly process will be most affected. If complex event should be studied, case studies are 
often appropriate because they are designed to study several aspects related to a certain 
phenomenon or event [12]. In this research two different assembly plants has been studied. 
The plants are very different but since the same approach and the same answer to the research 
questions has been sought, the author considers this the cases at these two assembly plants has 
been parts of the same basic case-study. This is referred to as a multiple case study by Yin 
(2009) [13].  
 
In this research two manufacturing facilities in Sweden were studied. Volvo:s Torslanda plant 
and SAAB:s Trollhättan plant. These two plants were chosen for a number of reasons: they 
were both participants in the research project FACECAR, they are both producing several 
different vehicle models within the same plant and they both manufacture cars. The contacts 
with the interviewees were mediated through company representatives involved in the 
research project FACECAR. 
 
All the empirical data in this research were collected between November 2009 and April 
2011. The empirical findings consist of interviews, own observations and by studying internal 
documents. The first purpose was to understand the current process of final assembly of cars. 
How flexibility is achieved today and what drawbacks that are related to high flexibility were 
important to identify at an early stage. From this initial phase it was obvious that there was a 
strong connection between the flexibility and efficiency in final assembly and product design. 
Therefore the research scope was broaden to also incorporate some parts of the product 
development process in the automotive industry. The next series of empirical data collection 
focused on the introduction of future vehicles, how they should affect the current final 
assembly and how they should be designed to maximize assembly efficiency. 
 

2.3.1 UNIT OF ANALYSIS 

According to Yin (2009) a case study can be an individual, an event or a situation. One 
important part of defining a case study is to define the unit of analysis. The unit of analysis is 
important to define since it affects the way the initial research questions have been posed [13]. 
 
In this research the flexibility and efficiency of the entire final assembly is studied. The 
research has not been limited to a certain part of the assembly or the term flexibility has not 
been limited to cover just one dimension. In order to be able to answer the research questions 
the entire final assembly system needed to be studied. Instead of focusing on one particular 
area, for this research, the focus is on the connection between every part of the final assembly 
system: the assembly personnel, the machinery, component handling etc. Therefore the author 
has chosen the final assembly system as the unit of analysis. The limitation of the unit of 
analysis is that it only studies the final assembly line in its current context, in a certain plant 
and with a certain number of suppliers. 
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2.3.2 COLLECTING THE EMPIRICAL DATA 

The empirical findings from the case study at Volvo and SAAB were collected from three 
different sources: interviews, observations and analysis of internal documents. 
 
Most of the findings in this research are from interviews. The interviews were not tape 
recorded since it was concluded that transcribing the interviews would claim too much time in 
contrast to the benefits of using tape recordings. Most of the interview was performed alone 
by the author while he was taking notes and making sketches. The respondents were 
manufacturing experts and experts on the relationship between product design and assembly. 
All the interviews were semi-structured and ranged from 30 min to 4 hours, the author had 
some basic question and topics that he wanted to discuss prepared for every interview. A lot 
of the findings in this research are from follow up questions or from reasoning about a certain 
problem. After each interview, the interview guide was complemented with the follow up 
question and discussion topics, these new questions and topics were then used in later and 
follow up interviews. 
 
The second data source consisted observations in the final assembly of Volvo and SAAB. The 
observations were done by the author himself and the studies system were in its original 
context. By Yins (2009) definition, the observations were direct and contextual [13]. The 
author believes that the observations have been performed without affecting the assembly 
system. 
 
The third data source consisted of information from internal documents from the companies. 
The type of documents that the author was given access to varied a lot between the two 
companies. These documents have mostly been used to develop questions for the interviews 
and to pinpoint interesting parts of the assembly process for observations. 
 

2.3.3 ANALYSIS OF THE EMPIRICAL DATA 

The empirical data is analysed with the purpose of creating meaning of the data [12]. This 
analysis is vastly different depending on if its qualitative or quantitative data that is to be 
analysed. The empirical data collected in this research is only of qualitative character. 
Analysing qualitative data is the most problematic part of case studies [13]. Therefore it might 
be suitable to use some sort of framework for this analysis. Miles and Huberman (1994) 
suggest three different activities in the analysis of data: 

 Data reduction: This process focused on reducing the data into a workable and 
graspable amount. This can be done by: selecting, focusing, simplifying, abstracting 
and transform the data that appears in transcription and notes. 

 Data Display: This process focused on compressing and organising the different 
versions of the data 

 Conclusion drawing and verification 
 
This activities should be performed parallel and iteratively [14]. 
 
In this research the amount of empirical data where not so extensive that it needed to be 
reduced. However, some parts of the material needed to be simplified in order to fully 
understand the context. Another aspect that needed to be processed was the differences in 
terminology between the two different manufacturers. In some cases the different companies 
used different expressions that the author later found described the same thing. In other cases, 
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the same expression was used to describe two different things. One example is the term 
“platform” which has one actual meaning at Volvo and a different one at SAAB, even in 
theory there are no stringent definition of this concept. Therefore the data needed to be 
structured so that it could be compared. 
 
After the reduction phase different parts of the interview notes were pasted, based on their 
content, into different documents that handled affiliated areas. The parts of the interview notes 
that did not have an obvious affiliation were kept in the original document for later iterations. 
 

2.3.4 VALIDITY 

Validity can be described as how good the results of the research corresponds with the reality 
[12]. Reliability can be described as the possibility to repeat the study and achieve the same 
results [12, 13]. Validity is divided by Yin (2009) into internal and external validity [13]. All 
these three factors are important to take into consideration to achieve a good research [12, 13]. 
 
INTERNAL VALIDITY 
Internal validity describes to what degree the results in the research is in correlation with the 
reality [12]. All the material (notes + sketches) from the interviews and observations were 
structured into a document. This document was then sent to the interviewees and 
manufacturing experts to be validated, to ensure that nothing had been perceived wrongly. If 
there were some parts of interest that were missing (compared to findings from other 
material), the material were complemented by question via telephone or e-mail. After the 
analysis the conclusions and results were once again sent out to all the respondents in order 
validate the material. 
 
EXTERNAL VALIDITY 
External validity describes whether the results from the research can be generalized beyond 
the immediate case study. Problems with external validity is one of the major drawbacks with 
a single case study [13]. 
 
Even though this research has been performed on just two final assembly systems, the author 
has strived to generalize the results as far as possible. All the presented results or suggestions 
in this research are applicable to both Volvo and SAAB. Since these two companies never 
have been in the same company alliance, and hence has not been part of the same 
manufacturing strategy, most of the results should be applicable to other automotive assembly 
systems. 
 

2.3.5 RELIABILITY 

Reliability describes the ability to repeat the research and get the same results [13]. When the 
majority of the results of the research are based in interviews there are always concerns 
regarding reliability. When analysing qualitative data there is also concerns regarding 
reliability. This is much associated with the fact that the interviewee and the person 
interpreting the qualitative data are probably “contaminating” the responses and the 
conclusions. Therefore it is important that the researcher is trying to be as objective as 
possible in both the interview situation and when interpreting data. 
 
In this research the author has tried to formulate himself in the exact same way and to not use 
leading questions independent of how the respondents were. The interview guidelines were 
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used to ensure this. The data analysing has done by the author in cooperation with the co-
authors of the appended publications in order to get an as objective evaluation as possible. 
The interview guidelines can be made available for other researchers. The interview notes 
contain classified (by the interviews companies) information and can therefore not be 
distributed. Therefore the research cannot be repeated unless a researcher re-performs the 
interviews. However, the assembly lines studied in this research is under constant 
development, and some of the respondents has earned new positions or left the studied 
companies. 
 

2.3.6 THE APPENDED PAPERS IN RELATION TO THE RESEARCH QUESTIONS 

Paper I was the start of this research. The aim of paper I was to address all the three research 
questions and some key factors to cope with the found challenges on a fundamental level in 
order to lay the foundation for the research. One of the identified key factors in paper I was 
platform strategy. Both the board of the research project and the authors of Paper II felt that 
platform strategy was important to address in a dedicated paper. The project board together 
with the authors of paper III decided to research what automotive assemblies that are affected 
by the introduction of new powertrain vehicles, and suggest some possible solutions to these 
problems. In order to identify the critical assembly stations findings from paper I and II where 
combined with new empirical findings. Paper I addresses all three research question, while 
paper II is focused on research question II. Paper III addresses research question II and III. All 
the findings from these three papers have then been synthesised in this licentiate thesis. This 
is described in Figure 2-2. 
 
 

 
 

Figure 2-2: The research questions in relation to the appended papers and the licentiate 
thesis 
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3 THEORETICAL FRAME OF REFERENCE 
 
This chapter explains important theory for this research. The different areas addressed in this 
chapter are, in chronological order: Flexibility, Mixed Model Assembly, Modularity and 
Platform Strategy.  
 

3.1 FLEXIBILITY 
Manufacturing flexibility is a complex and multi-dimensional concept [15]. It is defined as 
the ability of a manufacturing system to cope with changing circumstances [16] or instability 
caused by the environment [17, 18]. The importance of flexibility in manufacturing firms is 
ever increasing and has more or less become a norm. With flexibility, companies are able to 
produce superior-quality, customer-oriented products at a low cost and with a faster response 
to dynamically changing market conditions [19]. Gerwin (1993) has identified the ability to 
offer wide varieties of technologically superior products aimed at special market niches as the 
only way to respond to low-cost standardised products from abroad. The only way to produce 
these kinds of products at a competitive price is through a flexible manufacturing system [20]. 
By decreasing set-up times, small batch manufacturing can be as economical as large-scale 
manufacturing (often referred to as mass production), enabling a manufacturing organisation 
to shift focus from standardised products towards more customer-customised products [21]. 
 

3.1.1 FLEXIBILITY IN RELATION TO OTHER SIMILAR CONCEPTS 

Flexible Manufacturing Systems (FMS) was the first paradigm in the pursuit of flexibility. 
The introduction of this concept was made possible by innovation such as CNC, PLC, 
robotics and so forth, which allowed an increase in the level of automation. These systems 
were very flexible within the range they had originally been designed to fit. If drastic product 
changes are needed the FMS might be required to produce articles outside of its original 
product range. This would require rebuilding the FMS, something that is always costly and 
takes long time [22]. 
 
The limitations of the FMS led to the development of Reconfigurable Manufacturing Systems 
(RMS) in the nineties. The RMS did not pursue the general flexibility of the FMS; instead, it 
focused on the possibility to rebuild the system to fit different products with minimized effort. 
By combining a well-established set of machinery, the investment cost and reusability were 
increased [23]. 
 
Holonic Manufacturing Systems (HMS) is another manufacturing paradigm. In a HMS, each 
machine has autonomy and cooperativeness, meaning that the machinery can control and 
execute its own plans and can work in cooperation with other machines [24].  
 
There are also many other manufacturing paradigms such as: Evolvable Production Systems, 
Bionic Manufacturing Systems and Agile Manufacturing Systems. All of these are examples 
of how a manufacturing system should be configured to achieve flexibility, and describe 
different approaches to achieve flexibility by configuring hardware and software. The 
research in this thesis, however, is more focused on how to achieve flexibility in a current and 
large manufacturing system where humans still play a very important roll. Therefore, the term 
"flexibility" is sufficiently adequate for this research.  
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3.1.2 DIFFERENT TYPES OF FLEXIBILITIES 

In order to better understand and measure the different dimensions of flexibility, different 
authors have established different types of flexibility. Gupta and Goyal (1989) have complied 
11 different flexibilities: 
 

 Machine flexibility: deals with the variety of operations that a machine can perform 
without incurring high costs or wasting too much time for switching between different 
operations. Machine flexibility facilitates small batch manufacturing which in turn 
leads to lower inventory costs, higher equipment utilisation, ability to produce 
complex parts, and improved product quality. 

 Material handling flexibility: is defined as the ability of a material handling system 
to move different part types effectively through the manufacturing facility. This 
includes: loading and unloading parts, inter-machine transportation and storage of 
parts under various conditions. Material handling flexibility might increase machine 
availability and reduce throughput times. 

 Operation flexibility: is the ability of a part to be manufactured through different 
manufacturing methods. Operation flexibility enhances ease of scheduling of parts in 
real time and increases machine availability, especially when machines are unreliable. 

 Process flexibility: is defined as a manufacturing system’s ability to produce different 
part types without major setups. Process flexibility is useful in reducing batch sizes, 
and hence, costs associated with inventory. It can also minimise the need for duplicate 
machines by facilitating sharing of machinery. This flexibility is sometimes referred to 
as Mix Flexibility. 

 Routing Flexibility: refers to as the ability of a manufacturing system to produce a 
part by alternate routes through the system. This flexibility gives a manufacturing 
system the ability to continue to produce a given set of products, although at lower 
rate, in the event of a machine breakdown. 

 Volume flexibility: is the ability of a manufacturing system to operate profitably over 
different overall output levels, thus allowing the factory to adjust manufacturing 
within a wide output volume range. 

 Expansion flexibility: is the extent of overall effort needed to increase the capacity 
and capability of a manufacturing system when needed. Expansion flexibility may 
help shorten implementation time and reduce costs for new products, variations of 
existing products or added capacity. 

 Program flexibility: is the ability of the system to run virtually unattended for long 
enough periods. Program flexibility reduces the throughput time via reducing set-up 
times, improving inspection and gauging, and better fixtures and tools. 

 Production flexibility: is the range of products that the manufacturing system can 
produce without adding major equipment. This flexibility is dependent on several 
factors such as variety and versatility of available machines, flexibility of material 
handling systems, and the factory information and control system. 

 Market flexibility: is defined as the ease with which the manufacturing system can 
adapt to changing market demands. Market flexibility allows the firm to respond to 
changes without seriously affecting the business and to enable the firm to out-
manoeuvre its less flexible competitors. [17] 

 
Koste and Malhotra (2000) have studied flexibility extensively within the automotive 
industry, and have concluded that there are five types of flexibility most relevant there, [25], 
these are described in Table 3-1. 
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Table 3-1: Flexibilities considered important for the automotive industry 

adapted from Koste and Malhotra (2000) 

 

Dimension Definition 
Transition 
penalties 

Performance 
outcome 

Machine 
Flexibility 

The number of different 
operations a machine can 
execute without losses in output 
or due to setup times 

Changeover time, 
changeover cost, 
scheduling efforts 

Quality, 
efficiency, 
productivity, 
product costs 

Labour 
Flexibility 

The number of different 
operations a worker can execute 
without high transition losses 

Transfer time, 
transfer cost, 
scheduling efforts 

Quality, 
efficiency, 
productivity, 
product costs 

Mix 
Flexibility 

The number of different 
products which can be produced 
without incurring high transition 
penalties or large changes in 
performance output 

Changeover time, 
changeover cost, 
scheduling efforts 

Quality, 
efficiency, 
productivity, 
product costs 

New 
Product 
Flexibility 

The number of new products 
that can be introduced into 
manufacturing without losses 
due to transition periods and 
changes in output 

Development 
time, development 
cost 

Quality, 
efficiency, 
productivity 

Modification 
Flexibility 

The number of product 
modifications that can be 
performed without 
manufacturing losses due to 
transition periods and changes 
in output 

Modification time, 
modification cost 

Quality, 
efficiency, 
productivity 

 
When comparing Koste and Malhotra's (2000) 5 flexibilities to Gupta and Goyal's (1989) 11 
there are some similarities and differences. In general, the definition by Gupta and Goyal is 
more widely considered than the one by Koste and Malhotra. For instance, the Gupta and 
Goyal definition focuses on logistics (Material Handling Flexibility) and marketing 
(Marketing Flexibility), whereas the Koste and Malhotra definition only focuses on 
manufacturing. The two different breakdowns of the concept of flexibility are compared in 
Table 3-2. 
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Table 3-2: Comparison of the concept of flexibility defined by Koste and Malhotra 
(2000) and Gupta and Goyal (1989) 

 
Koste and Malhotra  Gupta and Goyal 

Machine Flexibility = Machine Flexibility 

Labour Flexibility = No Counterpart 

Mix Flexibility = Process Flexibility 

New Product Flexibility = Expansion/Production Flexibility 

Modification = Expansion/Production Flexibility 

No Counterpart = Material Handling flexibility 

No Counterpart = Operation Flexibility 

No Counterpart = Routing Flexibility 

No Counterpart = Volume Flexibility 

No Counterpart = Program Flexibility 

No Counterpart = Market Flexibility 
 

3.2 MIXED MODEL ASSEMBLY 
Assembly lines are a type of manufacturing system in which parts are added to a product 
sequentially by using a transportation system (usually a conveyor belt) that moves the product 
through different manufacturing units, called assembly stations. Assembly lines are 
traditionally applied to mass-produced standardised products. Typical examples of industries 
using the assembly line to a large extent are automotive and electronics. Assembly lines 
producing a single type of product, often called dedicated assembly lines, were the norm in 
the early days of industrialisation. Today, multi-skilled workers and automated tool swaps 
have enabled the implementation of Mixed Model Assembly (MMA) [26]. The MMA line is a 
flexible type of assembly line where a variety of products with the same basic design can be 
built concurrently [26, 27, 28]. This enables manufacturers to better utilise tooling and 
personnel, but it also provides the ability to swiftly respond to changing market demands by 
adjusting the mix of products, instead of rebuilding assembly lines to facilitate an unexpected 
high demand for a certain product. This gives the MMA line great mix flexibility and is 
therefore very common in Just-in-Time environments [29], such as the automotive industry. 
 
An efficient MMA line involves the same challenges as a traditional assembly line: 
determining the line cycle time, the number and sequence of stations on the line, and 
balancing the line. The MMA line also involves issues related to differences in workload [29, 
30, 31]. Most assembly lines have the flexibility to adjust and adapt to workload differences 
without slowing down the assembly line. If, however, products with relatively high workload 
are successively sequenced, line stoppage or incomplete work may be the result. Figure 3-1 
describes a MMA line where the two products (A and B) have the same workload.  
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Figure 3-1: Two products with the same workload in an MMA 

 
Figure 3-2 describes an MMA line where product B has a higher workload but the cycle time 
is designed to fit the workload of product A. This might result in quality problems such as 
incomplete or incorrect assemblies due to the level of stress experienced by the operator. 
 

 
 

Figure 3-2: Two products with different workload in an MMA with the cycle time 
designed for the low workload product 

 
These problems could be solved by simply adjusting the cycle time of the MMA line to fit the 
product with the highest workload. Figure 3-3 describes an MMA line where product B has a 
higher workload and the cycle time is designed to fit the workload of product B. This would 
however cause balancing losses, resulting in low utilisation, cutting the profit for the 
manufacturer [30]. These balancing losses are labled as Manufacturing Capacity Waste in 
Figure 3-3. 
 

 
 

Figure 3-3: Two products with different workload in an MMA with the cycle time 
designed for the high workload product 

 

3.3 MODULARITY 
Modularity has been in focus in recent years as a mean for increasing the competitiveness of 
industrial companies, and is considered to bridge the advantages of standardisation and 
rationalisation with customisation and flexibility. Over time, the meaning of the term 
"module" has changed; originating from the German architect Walter Gropius, a module was 
first defined by its physical presence. Gropius designed concepts to build houses in a rational 
and standardised way. The building where divided into blocks (modules) as part of a building 
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block design. Each block was divided by its function: kitchen, living room, bed room etc. The 
blocks were produced in a standardised way and could be put together to fit the customer's 
needs. This definition has evolved and is defined today by structure and functionality. A more 
recent definition for modularity in manufacturing by Sako and Warburton (1999) is “the 
ability to pre-combine a large number of components into modules”. These modules can then 
be assembled off-line and subsequently brought into the main assembly line, to be 
incorporated into a small and simple series of tasks [32].  
 
The basic idea with modularity is that a great variety of products can be produced by combing 
a limited number of modules. This approach balances standardisation and rationalisation with 
customisation and flexibility [33]. Miller and Elgård (1998) have identified three basic drivers 
behind the wish for modularity: 
 

 Creation of variety 
 Utilisation of similarities 
 Reduction of complexities 

 
The creation of variety is achieved by combining modules into different variants that are 
requested by the customer. Anderson & Pine (1997) have identified “useless external variety” 
and “internal variety” as undesired. Useless external variety is defined as choices of which the 
customer has no interest. Internal variety is variation in manufacturing processes, materials 
and solutions, which generates costs, but does not yield any customer value [34]. 
 
The utilisation of similarities are achieved by: avoiding work by not reinventing the wheel, 
working faster and better by learning effects and supporting tools, reducing risks by using 
well-known solutions, and reducing internal variety [33]. 
 
Modularity reduces complexity by facilitating: break down in independent problems, work in 
parallel, distribution of tasks, better planning, and separate testing. Also, by encapsulation and 
creation of structures, humans can more easily grasp, understand and manipulate the product 
in development. In the design of complex products, the designer has to asses and select 
between a great variety of solutions based upon a broad range of information – often 
exceeding the cognitive capacity of the human mind. By breaking down the product, and 
hence the problem, into modules the amount of information is divided, and hence easier to 
grasp [33]. 
 

3.4 PLATFORM STRATEGY 
As customers demand an increasing number of unique products, manufacturing companies 
need to provide greater product variety. This might, however, result in additional product 
complexity and higher development costs. One approach to reduce product complexity and 
development costs is through the use of a platform strategy [35]. A platform is described by 
Meyer (1997) as “a set of common components, modules, or parts from which a stream of 
derivative products can be efficiently developed and launched” [36]. There are, however, 
many other variations of this basic definition [5, 37, 38, 39]. Some authors also include 
common processes as an important part of a platform strategy [35, 40]. Robertson and Ulrich 
have identified the benefit of a platform strategy as follows: “by sharing components and 
production processes across a platform of products, companies can develop differentiated 
products efficiently, increase the flexibility and responsiveness of their manufacturing 
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processes, and take market share away from competitors that develop only one product at a 
time” [41].  
 
Platform strategy offers many advantages, but there are also some possible disadvantages. 
Increasing the degree of communality in a product family can lead to loss of competitiveness 
related to product performance [35]. Another potential disadvantage of platforms is 
cannibalisation as described by Cook (1997). If components are shared between high and low-
end products from the same manufacturer they might compete with each other, causing loss of 
potential sales for one of the brands. Another possible disadvantage is that a new innovative 
product and technical solutions might be hampered since investment and switchover costs 
might be too high [42]. 
 
One solution to overcome the disadvantages associated with platforms is to embed flexibility 
into the product platform. By building flexibility into the product platform itself, variants with 
sufficient distinctiveness can be produced based on the same platform. Also, new 
technologies can be easily implemented to the platform with reduced investments in facilities, 
tooling and labour training. A flexible platform also facilitates the manufacturing company's 
ability to respond to changing market demands [35]. 
 
Implementing flexibility throughout the entire platform can be very costly and inefficient. 
Therefore, it is important to identify what parts of the platform are highly sensitive to product 
performance attributes, and add flexibility to just those elements [35]. An example is that 
while a streamline production process is often preferred, the customer seldom notices in 
which order a product is assembled, whereas sharing the smallest component between high 
and low-brand products might draw the customers attention, causing cannibalisation and 
brand corrosion. 
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4 COMBINING FLEXIBILITY WITH EFFICIENT 

MANUFACTURING IN THE AUTOMOTIVE INDUSTRY 
 
This chapter is a mix of theoretical and empirical findings and results. Since the material in 
this thesis is so closely tied together, it is structured in terms of subject, rather than by 
theoretical and empirical findings and results. 
 

4.1 FLEXIBILITY IN THE AUTOMOTIVE INDUSTRY 
Flexibility is not new to the automotive industry. General Motors (GM) demonstrated the 
importance of product flexibility in the automotive industry about hundred years ago. While 
Ford was producing a single vehicle model, GM decided to produce a range of vehicle models 
to fit “every purse and purpose”, a strategy which led to GM overtaking Ford’s position as 
industry leader. However, it is important to note GM, although offering different vehicles to 
the customers and flexibility in terms of customer option, never achieved manufacturing 
flexibility as defined in this research [43]. According to Robert Wolf, program manager for 
International Automotive Components North America, as late as 1997 “flexible 
manufacturing was unknown in the automotive world” [44]. However, there are examples that 
flexibility has been interesting for the automotive industry before 1997. In Transforming 
Automotive Assembly from 1997, both Kinutani from Mazda and Wilhelm from Volkswagen 
describe their companies as striving towards more flexible manufacturing [45, 46]. In the 
article “Ford’s Flexible Future” (2005), Plant Manager Louis Bacigalupo describes how Ford 
is able to reuse much of their tooling when changing vehicle models by improving the tooling 
and the system, instead of tearing out the old equipment and replacing it with new. This will 
decrease downtime associated with vehicle model change, and Ford will be able to more 
quickly adjust to changes in demand [47]. Flexibility is also efficient for better utilisation of 
manufacturing resources, which have been a concern in the automotive industry over the last 
decades [4]. 
 
DaimlerChrysler established their Flexible Manufacturing Strategy in 2002. The aim was to 
enable DaimlerChrysler to build lower volume vehicles and take advantage of market niches 
[48]. Niche vehicles are the most profitable vehicles per sold unit, and will therefore become 
more important to automotive manufacturers in the future [2]. One part of DaimlerChrysler 
Flexible Manufacturing Strategy was to be able to shift manufacturing volumes quickly 
between different vehicle models within a single plant, or among multiple plants [48]. This is 
made possible by a standardised Bill of Process (BOP), which is one of the cornerstones in the 
DaimlerChrysler Flexible Manufacturing Strategy [49]. The BOP defines in what order a 
vehicle is assembled, for example if the dashboard is mounted before the front seats or vice 
versa. Multinational automotive companies often have a generic BOP that is used when 
designing new vehicles. If a vehicle is to be produced in a plant that was not designed to fit 
the generic BOP, the vehicle might have to be redesigned to fit this certain plant, making it 
difficult to move or transfer manufacturing to another plant. The BOP is further described in 
section 4.4.10. 
 
It was considered a priority to identify what types of flexibilities were most important for the 
purpose of this research. Since Koste and Malhotra (2000) have identified five key 
flexibilities for automotive manufacturing, their definition was chosen as a foundation. Koste 
and Malhotra’s definition of flexibility is also more focused on the manufacturing process 
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compared to Gupta and Goyal (1989). The five flexibilities defined by Koste and Malhotra 
(2000) are: machine flexibility, labour flexibility, mix flexibility, new product flexibility, and 
modification flexibility. It is assumed for the purposes of this research that labour and 
machine flexibility are means to achieve mix, new product, and modification flexibility. 
Therefore, labour  and machine flexibility are not further addressed in this research. Finally, 
volume flexibility as discussed in Gupta and Goyal (1989) was viewed as another key 
flexibility for this research. In summary, the four flexibilities to be addressed are: 
 

 Mix Flexibility 
 New Product Flexibility  
 Modification Flexibility 
 Volume Flexibility 

 

4.2 MAINTAINING MANUFACTURING EFFICIENCY IN A FLUCTUATING MARKET 
Interviews with manufacturing experts from Volvo and SAAB indicate that virtually all 
western car manufacturers previously produced their vehicle models in a dedicated assembly 
line. The main reason was that it was considered the most efficient way, a heritage from 
Henry Ford’s assembly line. Another “benefit” is that when a new vehicle model was 
introduced the assembly line of the replaced vehicle model could be stopped and torn down 
without affecting the manufacturing of other vehicle models. The capacity of the assembly 
line was often dimensioned to fit the maximum market demand (based on forecasts); this is 
illustrated in Figure 4-1. The drawback with this approach is that after a few years (or even 
months) the demand is often declining for the vehicle model. A manufacturing system that is 
over-dimensioned suffers from manufacturing capacity waste as described in Figure 4-1, 
resulting in low system utilization and hence cutting the profit for this specific vehicle. If the 
vehicle model is a big disappointment (in terms of sales volume) it might be difficult to reach 
profit for this specific vehicle model, due to heavy investments in manufacturing tooling. 
Investment in tooling is critical in this case; once an investment has been made, it is almost 
impossible to downsize the investment and get some of the invested capital back. Therefore, 
investment in tooling can be considered fixed in this example, meaning that the total capital 
cost is the same regardless of how many vehicles are produced with this specific tooling. 
However, the tooling cost per produced vehicle can be decreased by producing more vehicles. 
Investment in personnel is more flexible, since it might be possible to restructure the 
personnel and hence reduce the total personnel cost for an assembly line. 
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Figure 4-1: Dedicated assembly line dimensioned to fit maximum demand 

 
As competition became fiercer and Japanese automotive manufacturers began to take larger 
market shares, western automotive manufacturers realised that they had to become more 
efficient. Since a part of the total efficiency is associated with manufacturing, one goal was to 
achieve higher system utilisation. Instead of dimensioning the assembly line capacity to fit 
maximum demand, the capacity of the line is dimensioned slightly below the minimum 
forecasted demand. Peaks in demand are handled by temporary efforts, such as extra 
personnel and extra shifts. By working with continuous improvement, the assembly line 
output can be increased to fit the forecasted demand shortly after the vehicle model 
introduction phase, as described in Figure 4-2. The temporary extra efforts are of course 
costly. Extra personnel lead to impaired efficiency, since the assembly line is designed and 
optimised for a lower output and hence number of assembly personnel. It might also result in 
higher wages, since extra personnel are often forced to work at night or on weekends. To 
operate an assembly line at an output too far above the capacity it was designed for is very 
wearing on the equipment; this often results in increased maintenance costs. Another 
drawback is that a vehicle that is a huge success (in terms of sales volume) might not be able 
to be produced in the numbers demanded by the market. These drawbacks, however, are 
considered affordable compared to the costs associated with low utilisation from an over-
dimensioned assembly line. 
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Figure 4-2: Dedicated assembly line dimensioned to maximise utilisation 

 
A problem with a system of dedicated assembly lines is that they are very sensitive to 
changing market demands. Figure 4-3 describes a manufacturing system with three different 
vehicle models (A, B, C) that are manufactured in three different dedicated assembly lines. In 
Figure 4-3 the demand for vehicles A and B is decreasing while it is increasing for C. This 
causes low utilisation in lines A and B and a demand that is costly or even impossible to 
satisfy in line C. This state is labelled as 1b in Figure 4-3. 
 

 
 

Figure 4-3: A system of three dedicated assembly lines and their response to changing 
market demands 

 

4.2.1 MIXED MODEL ASSEMBLY 

The increase in market fluctuation, and the fact that the vehicles required more on-line 
assembly time and more advanced assembly tooling, led to the introduction of Mixed Model 
Assembly (MMA) lines in the automotive industry. As Figure 4-4 shows: combining different 
vehicles in different stages of their lifecycles results in a much smoother output. The total 
manufacturing system's need for extra resources and risk of low system utilisation is 
minimised. Hence, the efficiency of the manufacturing system is increased. 
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Figure 4-4: Mixed Model Assembly Line dimensioned to maximise utilisation 

 
Vehicles in a MMA line are usually clustered by their sizes. For example, a manufacturer 
manufactures five different vehicles models: A,B, C, D, and E. A is the smallest in size and E 
the largest. In this case, the vehicles would probably be arranged in one A-B-C and one D-E 
MMA line, or one A-B and one C-D-E MMA line. The choice between these two options is 
based on different factors such as forecasted sales volume, the construction of the specific 
vehicles etc. Some reasons for clustering vehicles in terms of their size:  
 

 Combining large and small vehicles requires common process equipment to be 
designed to fit both small and large vehicles. However, all common equipment must 
be designed to fit the largest vehicle in terms of geometrical dimensions and 
durability. Therefore, it will be over-dimensioned (and hence costly) for smaller 
vehicles. Examples are carriers and lifters. 

 When designing a material stand in an assembly line, the stand should be as close as 
possible to the vehicle in order to minimise losses associated with the assembly 
personnel walking to fetch material. However, there is ergonomic legislation regarding 
the minimum distance between a stand and the assembly line. Mixing wide and small 
vehicles will cause the material stand to be designed to fit the wide vehicle due to the 
legislation, resulting in losses due to extra walking for the personnel when assembling 
small vehicles. 

 When designing an assembly line, one goal is to build the line as short as possible and 
still fit the desired output within a certain assembly station cycle time. This is because 



Combining Flexibility and Efficiency in Automotive Assembly- 
Preparing for New Powertrain Vehicles 

 

24 

a longer line requires more factory floor, longer product carrier systems etc., which 
makes investment costs higher. To keep the line as short as possible, one approach is 
to stack the vehicles as close as possible to one another in the material flow. There 
needs to be a certain longitudinal distance between the vehicles for assembly 
personnel to reach every part of the vehicle. If long and short vehicles are mixed, the 
distance between the vehicles will be designed for the long vehicle, hence creating an 
unnecessarily large gap between two short vehicles. This might cause an extension of 
the assembly line. 

 Large and small vehicles might have differences in workload which results in 
balancing losses, described in more detail in Section 4.2.3. 

 

Figure 4-5 shows a MMA line and how it can cope with changing market demands. The first 
change in demand, which caused problems in Figure 4-3, is absorbed within the MMA line. 
This keeps the utilisation and output at an optimal level (state 2b in Figure 4-5). This division 
of vehicles might cause problems if the demand for small vehicles (A and B in Figure 4-5) is 
increasing as a group instead of for a specific vehicle (state 2c in Figure 4-5) or decreasing 
(state 2d in Figure 4-5) compared to state 2b in Figure 4-5. This causes an excess of demand 
or a waste in manufacturing capacity. This was the case during the financial crisis in late 
2008, when demand for large vehicles took a serious downturn. This caused problems 
associated with low utilisation in factories producing large vehicles, while factories producing 
smaller vehicles had a much smaller downturn. This system of one MMA line is more flexible 
and efficient than the system of dedicated assembly lines described in Figure 4-3. However, in 
certain unfortunate demand scenarios the MMA system still suffers from low efficiency. 
 

 
 

Figure 4-5: A system of one MMA line and its response to changing market demands 

 

4.2.2 INTRODUCING A BALANCING VEHICLE INTO A SYSTEM OF MIXED MODEL ASSEMBLY 

LINES 

In order to prevent the potential problems described in Figure 4-5, two (or several) MMA 
lines can be integrated to work together. This is achieved by having one (or several) vehicle 
models as a “balance vehicle”. The balance vehicle is produced in two or more MMA lines 
with the purpose to transfer output shortage and surplus between different MMA lines. The 
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balance vehicle is often chosen as the vehicle with the median size (compared to the other 
vehicles in the mix) and the vehicle with the highest forecasted sales volumes. Usually, these 
two factors interact since the vehicles with the highest sales volumes are often the most 
average in terms of pricing and size. The median size factor is due to the same factors 
mentioned in the clustering of vehicles in Section 4.2.1. The vehicles with the highest sales 
volume are chosen, since the larger the sales volume of the balancing vehicle, the larger the 
production volume that can be transferred between different MMA lines. 
 
Figure 4-6 describes a system where two MMA lines are connected by using a balancing 
vehicle, in this case Vehicle C. State 3c in Figure 4-6 represents the same demand that caused 
problems in 2c in Figure 4-5. In this case, the balancing vehicle can transfer the excess 
demand in the first MMA line to the second MMA line. In State 3d in Figure 4-6 the entire 
assembly of the balance vehicle is transferred to the first MMA line, due to the same change 
in demand that caused low utilisation in State 2d in Figure 4-5. The introduction of a 
balancing vehicle allows both MMA lines to operate at optimal output during otherwise 
difficult changes in market demand. This system of two connected MMA lines is both more 
flexible and efficient than the MMA line described in Figure 4-5. 
 

 
 

Figure 4-6: A system of two MMA lines and their response to changing market demand 

 
In Automotive Engineering International, Ponticel (2005) describes how BMW merged its 
two dedicated lines in the Spartanburg plant. The Z3 and X5 vehicle models where produced 
in dedicated lines until the manufacturing of the Z3 ended in 2002. When the manufacturing 
of the replacement to the Z3, the Z4, commenced, BMW spent huge investment and shut 
down the entire assembly for 56 days to create a MMA to fit both the Z4 and the X5. Besides 
savings due to increased efficiencies in terms of common equipment and processes, 
incorporating new vehicle models into the assembly line was facilitated [50]. 
 
In June 2002, the Vauxhall plant in Ellesmere Port was rebuild to accommodate both the 
Astra and the Vectra in the same final assembly line [51]. H. Kinutani (1997) describes 
Mazda and how their MMA line enables them to cope with changes in market and customer 
needs very quickly. The main driver for this development seems to be the general shift in the 
automotive industry towards diversified, upgraded and higher quality products [46, 50]. 
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Empirical findings show that SAAB has been using MMA since 2004, when the 9-5 (1997-
2010) was merged into the assembly lines for the 9-3 (2002-present). To enable this merge, 
the 9-5 design had to undergo a review. The 9-5 had a much higher workload on the final 
assembly line and also a different Bill of Process (BOP) compared to the 9-3, BOP is further 
described in section 4.4.10. Most of the higher workload of the 9-5 was moved to sub 
assembly lines by increasing the degree of modularity in the 9-5 design, avoiding to large 
workload differences on the final assembly line, this approach is further discussed in section 
4.3. The differences in workload that couldn’t be incorporated into modules were handled 
with sequencing of the vehicles on the final assembly line. Sequencing is further described in 
section 4.2.4. Some differences in the BOP between the 9-3 and the 9-5 were solved by the 
construction review, but not all of them, since this would excessively affect the fundamental 
design of the 9-5. Two examples were that separate stations for dashboard and sunroof 
mounting had to be built for the 9-5, creating balancing problems and higher tooling cost. The 
merging of the two assembly lines led to better personnel utilisation, both for line operators as 
well as for the supporting and management levels. The continuous improvement work also 
benefitted from this merge, since it was easier to focus on one final assembly unit. 
 
Volvo merged its two final assembly lines at Torslanda in 1998 when manufacturing of the 
new S80 (1998-2006) commenced. The shortening lifecycles of vehicle models called for 
more reuse and better utilisation of manufacturing equipment, which in turn led to the merger 
of Torslanda’s two assembly lines. 
 

4.2.3 MANAGING WORKLOAD DIFFERENCES IN MIXED MODEL ASSEMBLY 
As with MMA in any environment, differences in workload are a problem in automotive 
MMA. The differences in workload are mainly connected to the number of components that 
are to be assembled on the vehicle in the final assembly. While the number of components is 
relatively constant between different vehicle models and between new and older vehicle 
models, the differentiation is associated with customer options. A vehicle with all available 
extra features has a much higher workload than a standard one. Other examples are the so-
called cross country or all-road vehicles, which are often variants of other vehicle models, 
such as the Volvo XC70 and the SAAB 9-3X. These vehicles have a number of extra 
components such as a cardan shaft, skid plates and extra plastic fenders compared to their 
standard siblings (V70 and 9-3). 
 
In Figure 4-7 a Volvo V70 is compared to its cross country sibling XC70. A typical example 
of a component that causes difference in workload is the plastic fenders situated above the 
wheelhouse of the XC70. Assembling these fenders will cause a difference in workload 
compared to the V70 since this vehicle has no such component. For instance, in one assembly 
station the wheels are mounted on the vehicle, and the operator is responsible for assembling 
both the front and rear wheels within the defined cycle time. The operation time for 
assembling two vehicles is the same regardless if it is a V70 or an XC70. The XC70 is often 
equipped with larger wheels, but since common interfaces are used the operation time for 
assembling different types of wheels is constant. However, if the operator in the wheel 
assembly station is also responsible for assembling the plastic fender of the XC70, he needs 
extra time to complete the assembly tasks of the XC70 compared to the V70. This would be a 
typical example of a workload difference in a certain assembly station. 
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Figure 4-7: Volvo V70 compared to Volvo XC70 

 
There are also workload differences associated with different vehicle models in terms of size. 
The Volvo XC90 has the option to feature an extra seat row as well as having an extra 
heating, ventilation, and air conditioning unit (HVAC) for the rear seat passengers. Both of 
these features are unique for the XC90 within the Volvo product family and give the XC90 a 
higher workload compared to other Volvo vehicle models. 
 
Korkmazel and Meral (2001) suggest sequencing as a solution to differences in workload in a 
MMA [31]. Empirical findings show that Volvo and SAAB uses both modularity, sequencing 
and dedicated assembly stations to handle some workload differences, as discussed further in 
section 6.2. Both Mazda and GM have used modularity in order to achieve even workload on 
their MMA lines [46, 51]. Therefore, three possible ways to handle the challenges with 
different workloads on the final MMA line are identified: 
 

 Sequencing 
 Dedicated assembly stations 
 Modularity 

 

4.2.4 SEQUENCING IN MIXED MODEL ASSEMBLY 

In sequencing, high workload products are preceded and followed by products with low 
workload, in order for the assembly station to build a short time buffer before the high 
workload product and then be able to catch up after it [31]. The cycle time is dimensioned 
somewhere between the low workload product and high workload product; exactly where 
depends on the mix of products. If a majority of the products has a low workload, the cycle 
time is slightly above the cycle time of the low workload product. Conversely, if a majority of 
the products has a high workload, the cycle time is slightly below the cycle time of the high 
workload product. Figure 4-8 describes a MMA line with a low (A) and a high (B) workload 
product where the products are sequenced in order for the assembly personnel to catch up 
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after the high workload products. This is made possible by the gap in time between the cycle 
time and the workload of product A. In this case, the mix of products A and B is 50-50; 
therefore, the cycle time is just between the two products' workloads. 
 

 
 

Figure 4-8: MMA line showing products with different workloads solved with 
sequencing 

 
Sequencing enables the manufacturing system to achieve high utilisation for low workload 
products and still manufacture high workload products without penalties in quality. Being 
able to efficiently sequence vehicles in a MMA has a very large impact on the overall 
performance of the MMA line [27]. The sequencing is carried out through constraints, for 
example, the system cannot produce excessively high workload products consecutively, or 
that two products with a certain feature assembled in a bottleneck station cannot be produced 
consecutively. 
 
Empirical findings show that both Volvo Cars and SAAB Automobile are currently working 
with sequencing in order to balance differences in workload. When using sequencing, high 
workload products are balanced against low workload products (each high workload product 
is preceded and followed by a low workload product) so that the assembly personnel can gain 
a short time buffer before, and catch up after, a high workload product. For example, the 
SAAB 9-3X (high workload, explained in Section 4.2.3) is sequenced together with vehicles 
with lower workload, such as a standard-equipped 9-3. 
 
The extra HVAC in the XC90 (explained in 4.2.3) is managed by workload sequencing; since 
the assembly station that mounts the extra HVAC gets an extra task with the XC90, two 
XC90s cannot be assembled consecutively. The extra seat row is managed by a dedicated 
assembly station, explained in 4.2.5. 
 

4.2.5 DEDICATED ASSEMBLY STATIONS IN MIXED MODEL ASSEMBLY 

One approach to handle workload differences found empirically is to have dedicated assembly 
stations on the assembly line. These dedicated assembly stations manage the assembly 
operations associated with the higher workload of certain products. This approach allows the 
differences in workload to be managed on a few stations instead of affecting the entire 
assembly line. However, since the products with lower workload just pass by these stations 
they become idle from time to time. This results in low utilisation, and hence a negative effect 
on the manufacturing system's efficiency. 
 
Empirical findings suggest that dedicated assembly stations are not only associated with 
differences in workload. The Bill of Process (BOP) defines in what order a vehicle is 
assembled, described further in Section 4.4.10. Producing vehicle models with different BOPs 
can create model-dedicated assembly stations. An example is to have vehicles with the 
exhaust pipe mounted before the rear axis is mounted mixed with vehicles with the exhaust 
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pipe mounted after the rear axis is mounted, resulting in two distinct exhaust assembly 
stations. This would represent two different vehicle designs, where one has the exhaust pipe 
above the rear axis, and the other below it. The result of this would be reduced utilisation of 
the exhaust assembly stations. 
 
The optional extra seat row of the Volvo XC90 (explained in 4.2.3) is currently mounted into 
the vehicle in a dedicated assembly station. Hence, other vehicles without this feature just 
pass through this assembly station, giving the station relatively low utilisation. Personnel 
utilisation is solved by assigning the assembly operators side tasks, which are to be performed 
while the station is idle. Tool utilisation, however, is difficult to increase. In the case of the 
XC90, this differentiation creates customer value: the extra seats, and can therefore be 
justified. 
 
Dedicated assembly stations are also associated with the hardpoints (HPs) of the assembled 
components. HPs denote points used in manufacturing, such as support points, attach points 
and positioning points, described further in Section 4.4.10. Different HPs can demand 
dedicated tooling and assembly processes for different components, resulting in dedicated 
assembly stations. Therefore, automotive manufacturers strive to have common HPs for every 
vehicle manufactured in the same MMA line, or even better throughout their entire vehicle 
model program. However, common HPs between different vehicle models are not always 
feasible; one example where this might be difficult is in the ceiling module. The ceiling 
module is basically the textile inner roof of the vehicle, often including interior lights. The 
size of the ceiling module is very dependent on the size and geometry of the vehicle it is 
intended for. The HPs of the ceiling module need to be designed so that the module can be 
properly fixed and attached. Therefore, it might be impossible to have common ceiling 
module HPs for a large estate car and a small sedan. This is currently solved through 
dedicated assembly stations or with flexible tooling. 
 

4.3 MODULARITY IN THE AUTOMOTIVE INDUSTRY 
Modularity is widely used in today's automotive industry. Pandremenos (2009) describes the 
difference between the development of modularity in western and Japanese auto industries. In 
most cases, western companies focus on Modularity in Production (MIP) in order to outsource 
manufacturing. Their biggest challenge is to deal with the conflict regarding if the module 
should be designed to maximize production efficiency or if it should be designed to facilitate 
efficient product development. The Japanese companies, in contrast, strive towards in-house 
MIP seeking to relate in-house MIP and Modularity in Design (MID) with the main criteria of 
functionality and conformance quality of modules, assembled on in-house sub-assembly lines. 
[52]. Empirical findings show that typical modules used in current automotive final assembly 
are: 
 

 Dashboard 
 Engine module (engine, gearbox, clutch, turbo etc.) 
 Rear suspension unit (brake disks, brake clippers, link-rods, suspension etc.) 
 Body wiring harness (wiring that connects all the electronic equipment in a car) 
 Seats 

 
Both empirical and theoretical findings suggest that modularity has been used to manage 
differences in workload on the final assembly. By using modularity, the differences in 
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workload can often be transferred from final assembly to be absorbed by sub assembly lines. 
Since the sub assembly lines are less complex they can absorb these differences with a smaller 
effect on the manufacturing system. This approach is schematically described in Figure 4-9. 
 

 
 

Figure 4-9: MMA line where differences in workload are managed by incorporating 
certain operations into modules 

 
Kinutani (1997) describes that when Mazda started their work with a new MMA line, they 
tried to let sub assembly lines absorb differences in workload between different vehicle 
models instead of the main assembly line as extensively as possible. One key factor 
facilitating this was modularisation [46]. 
 
In 2002, when GM merged its assembly of the Astra and Vectra into one MMA line, one of 
the biggest challenges was differences in workload. The Vectra contained 45 minutes more 
workload compared to the Astra, and the two vehicles had absolutely no major components in 
common. The solution to this problem was a complete review of the construction of the Astra, 
increasing its modularity. Originally it incorporated just 25 modules, whereas the new Vectra 
incorporated 115 [51]. This vast difference in number of modules caused the Astra to have a 
much higher workload in final assembly compared to the Vectra. By increasing the modules 
in the Astra, this difference could be reduced. Another advantage of modularity is that it 
significantly reduces the line-side storage problem, which facilitates the ability of a final 
assembly line to incorporate different vehicles [46, 51]. 
 
According to Hoek et al (2000) the SMART car can be considered the state-of-the-art of 
automotive modularity. By using a rigid integral body frame/safety cell (called “TRIDION”) 
to which flexible body modules such as doors, front and rear panels and the optional glass 
roof can be attached, the customers are given the impression of a high level of customisation 
[53]. Due to the modularisation, the variations in the manufacturing are kept to a minimum, 
and lead times are low since the modules are made to stock [53, 54]. 
 
Empirical findings from Volvo Cars and SAAB Automobile show that both companies have 
implemented increased modularity in the past years. This is mainly due to the increased 
complexity in the vehicles, making it difficult to assemble everything on the main assembly 
line. Another drive for modularity is the increased customer customisation. By incorporating 
the variations into modules, the same assembly operation can be used on the final assembly 
line without the customer customisation affecting the performance of the final assembly line. 
Typical examples are the engine module (the engine and support systems), dashboard and 
seats. In all of these cases, the customer has a lot of options, for example: turbo (engine 
module), GPS unit (dashboard) and programmable electrically-controlled seats. Another 
problem with many customer options is that all the components require excessive storage 
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space. One way of handling this is to increase the level of modularisation. By doing so, many 
assemblies are moved away from the final assembly line, and hence the components and the 
need for storing them in connection to the final assembly line. 
 
Empirical findings suggest that modularity can also be used in the process of balancing the 
assembly line. One example is the cardan shaft module that consists of many components, 
usually completely assembled to module and brought to the final assembly line. By removing 
some assemblies from the module, assembly personnel can complete the assembly on the final 
assembly line when the cardan shaft station is idle (i.e. when vehicles with two-wheel drive 
pass through). By changing the number of assemblies that are made on the sub assembly line 
versus on the final assembly line, the manufacturer can adjust to differences in demand, in this 
case for all-wheel drive vehicles, and still attain high personnel utilisation. However, the 
utilisation of the tools associated with the assembly of the cardan shaft onto the vehicle is 
dependent on the actual demand for this specific feature. 
 

4.4 PRODUCT PLATFORM STRATEGY IN THE AUTOMOTIVE INDUSTRY 
Platforms and a platform strategy in the automotive industry are frequently discussed in 
literature. Like most of today’s industries, the automotive industry wants to offer a variety of 
products based on a well-designed product platform [55]. Even within the automotive industry 
itself, there are no stringent definitions of platform or architecture [5, 7, 40, 56, 57]. The 
definition varies from manufacturer to manufacturer, and even within a manufacturer over 
time [56]. Nor is there a stringent definition for the relationship between the definitions of 
platform and architecture, and these terms are often used to describe the same thing, 
especially in automotive publications [58, 59, 60]. However, in most cases architecture seems 
to be the level above platform [7, 56]. The original platform definition is very literal, 
originating from a shared floorpan, the block upon which the car is built, and hence the term 
“platform”. This has, however, evolved into more flexible definitions [61]. An example of a 
more flexible definition is  that a platform is defined by its production process [40]. 
Depending on how the platform is defined, it accounts for 60-80% of the total development 
cost of a vehicle [40, 45]. 
 
Muffatto (1999) has investigated four Japanese automotive manufacturers’ definitions of a 
platform. The definitions are divided into narrow, broad and flexible. 
 

 The narrow platform definition consists of a common front floor and underfloor, 
engine compartment, and suspension (with axels) [40]. 

 The broad platform definition is defined as a common front floor and underfloor, 
engine compartment, suspensions, engine, transmission, fuel tank and exhaust system 
[40]. 

 The flexible platform definition allows different vehicle lengths, and thereby greater 
product flexibility. Instead of being defined by certain components, the platform is 
defined by the fact that the same stamping dies can be used, though with small 
modifications. The other important factor is that the same manufacturing lines can be 
used for every vehicle derived from the platform without major changes [40]. To 
define a platform in terms of manufacturing process rather than product development 
might be more interesting for some automotive manufacturers, according to Wilhelm 
(1997).  
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4.4.1 THE VOLKSWAGEN PLATFORM STRATEGY 

Volkswagen (VW) is often considered the leader of the platform race, both in terms of sales 
volume per platform [62], and in the development of the concept [56, 61]. VW has, however, 
changed their platform strategy over the years. In 1997, VW announced its new platform 
strategy with the goal to reduce its 17 platforms down to 4. This was to be achieved by 
sharing the floor group, drive system, running gear and the unseen part of the cockpit 
throughout its different brands (Volkswagen, Audi, Seat and Skoda). 
 
After having problems with brand differentiation in 2001 (further described in Section 4.4.9), 
VW replaced its original platform strategy with a “joint production system” [63]. The 4 
platforms were to be replaced by 11 key modules by 2005. This was to allow more flexible 
development of new vehicle models to make their brands more distinct and differentiated. 
Some of the key modules were engines, transmissions, brakes, axels and fuel systems [56, 
63]. Another driver for these changes was the fact that common stamping tools were no 
longer essential to save costs [63]. 
 
In 2007, VW announced their 4 architecture strategy [59, 60]. Besides the brands previously 
included in the platform strategy, this set of architectures also included the brands Porsche, 
Lamborghini, Bentley and Bugatti [64]. The different architectures focus on different car 
market segments based on the powertrain architecture. The MHB architecture has a rear 
engine layout and is intended for mini (or city) cars. The MQB architecture, which is 
estimated to be the largest in terms of volume, once fully implemented will feature all of 
VW’s front-transverse engine, front-wheel drive vehicle models, ranging in size from the VW 
Polo to Passat or equivalent. Reportedly, the first architecture is to cover three different 
market segments. This will be made possible by the flexibility within the architecture that 
allows VW to vary wheelbase, track width and seating position. 
 
For VW’s largest luxury cars, the MLB architectures will feature cars such as the Audi A4, 
A5 and A6, VW Phaeton and Bentley Continental GT. The MLB has its engine front-
longitudinally mounted. The fourth architecture is currently under development, and is 
intended for mid-engine sports cars. This architecture will probably feature the coming 
Porsche Boxter and Cayman and the Audi R4. It might also be used to fit coming 
Lamborghini and Bugatti models [59, 60, 64]. 
 

4.4.2 HONDA'S 6TH
 GENERATION ACCORD 

When Honda launched its fifth-generation Accord in 1994, it faced big difficulties. In an 
attempt to build a car that would fit all of Honda’s major sales markets, that is the US, Japan 
and Europe, the all-new Accord was launched. However, initial reports from sales staff 
indicated that the Accord was perceived as too cramped by the American market, while not 
stylish enough for the Japanese market. In fear that the company’s most important car might 
come up short in both these important markets, Honda ordered a costly restyle of the Accord 
before it hit the market. This restyle resulted in a 12% increase in sales in the US when the 
facelift version debuted in 1996. However, the Accord was still a big flop in Japan. Honda 
had realised years before that making its most important car successful outside the US was 
crucial for the long-term success of the company. But designing a different car for each 
market was out of the question, because of Honda’s limited budget (compared to giants like 
GM) in research and development (R&D). 
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When Honda launched its sixth-generation Accord in the US, Japan and Europe, there were 
actually three distinctively different vehicles. The US Accord had about 11 cm extra in track 
width and more than 15 cm in extra wheelbase in comparison with its Japanese sibling. This is 
in fact a bigger difference size-wise than between the 2010 Audi A6 and A8. To be able to 
shorten or lengthen a platform was not a main concern, as this had been done by several 
different automotive manufacturers before. The ability to vary the width posed a much bigger 
challenge; many engineers thought that it was impossible without costly restructuring of the 
platform. By moving the fuel tank back between the rear tires, the Honda engineers were able 
to design a more flexible inner subframe on the car, on which a series of special brackets 
could be used to attach the wheels. Honda developed three different brackets, one for the US, 
one for Japan and one for Europe, which allowed them to easily and cheaply alter the position 
of the wheels, without having to rebuild the vehicle from the bottom-up. This flexible 
platform resulted in three distinctively marked, adapted Accords at a development cost that 
was 20% lower than the cost of the single “one for all markets” Accord launched in 1994 
[65]. 
 

4.4.3 GM’S EPSILON PLATFORM 

In 2001, GM announced its Epsilon vehicle architecture which debuted in the Opel Vectra in 
2002. This architecture was predicted to house vehicles under the Opel, Chevrolet, Pontiac 
and SAAB brands, and everything from mid-sized all-wheel drive Sport Utility Vehicles 
(SUV) to convertibles. As the architecture was fully implemented, it covered price segments 
ranging from € 18,800 to € 44,500. GM, which has had previous disappointments when trying 
to develop one car for all markets, is with the development of the Epsilon instead aiming to 
produce different vehicles adapted to certain markets. To enable this, the flexibility of the 
Epsilon, in terms of size and powertrain architecture, is very important. The wheelbase can be 
varied more than 15 cm and the track width by 7.5 cm. The architecture can be fitted with a 
span of powertrains, ranging from smaller 4-cylinder front-wheel drives to the all-wheel drive 
V6. Having this flexible architecture enables GM to develop niche vehicles that would 
otherwise be too costly. 
 
GM defines the architecture as the vehicle’s foundation, or in this case its mass and 
dimensional limits and drive wheel positioning (front, rear or all-wheel drive). The Bill of 
Process (BOP), which describes in which order different parts of a vehicle are assembled, is 
also very central in GM’s platform strategy. When comparing the Opel Vectra and the SAAB 
9-3, components with significant similarities should be somewhere around 50%, which would 
be considered relatively low. GM considers it more important to have a plug and play system 
between the vehicle and components, so that for example different brakes can be fitted to the 
vehicle depending on its size [66]. 
 

4.4.4 TOYOTA’S MC ARCHITECTURE 

In 2006, Toyota launched its new global architecture strategy with the introduction of its 
RAV4 model. The RAV4 was the first Toyota to be built on its global architecture, known as 
MC. This architecture, which can be viewed as the mother of all Toyota vehicle platforms, is 
an extremely flexible set of body-structure geometries, Hardpoints, common components and 
manufacturing processes. This new architecture gives Toyota the ability to gain huge 
economies of scale over its global manufacturing system [7]. James and Jeffrey (2006) 
reported that Toyota vehicle models: Camry, Sienna (minivan) and Avalon, all of which have 
different sizes and appearances, share the same platform. However, on this platform, 
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everything is customised, from underbody and engine module to interior design. In fact, the 
different vehicles do not share one single piece of sheet metal [67]. 
 

4.4.5 PSA GROUP PLATFORM 

The French PSA Peugeot Citroën Group (PSA) has long considered platform sharing an 
essential element of its strategy. The PSA platform strategy is focused around 51 common 
systems, including engines, transmissions, steering, climate control systems, seat frames, 
brakes, radio, navigation and other telematics systems. The Group is also looking for savings 
linked to the manufacturing process. By using a common platform approach, they have 
managed to achieve manufacturing synergies by changing the manufacturing process so that a 
single plant can manufacture both Peugeot and Citroën vehicle models [39]. 
 

4.4.6 PLATFORMS IN THE SWEDISH AUTOMOTIVE INDUSTRY 

Empirical findings from both SAAB Automobile and Volvo Cars have described their history 
as independent companies and as part of a multinational automotive group, GM and Ford 
respectively. Because of this, they have built vehicles around common group plat-
forms/architectures with common components. This has reduced development costs, but has 
also resulted in their manufacturing facilities being modified to handle some specific technical 
solutions related to the group platforms/architectures and generic BOP. However, when the 
companies were incorporated into their respectively automotive group, there was a transition 
time when their own as well as group-developed platforms were manufactured 
simultaneously. To facilitate this, the manufacturing system had to be adapted to handle 
different platform designs. Resulting in costs associated with design changes of the assembly 
line, and low utilization due to differences in BOP between vehicles based on different 
platforms in the same MMA line, described further in section 4.4.10. 
 

4.4.7 HOW MANY VEHICLES CAN BE DERIVED FROM EACH PLATFORM? 

Muffatto (1999) claims that an average of three different vehicles can be derived from each 
platform. However, this article was published in 1999, whereas Just Auto’s Platform report 
from 2008 shows that the platform leader Volkswagen is producing far more than three 
vehicles from its A5 platform. This is also the case for Toyota with its MC architecture. Just 
within the Volkswagen brand, there are more than seven vehicles based on the A5 platform 
[62]. This would be in line with Muffato’s (1999) suggestion that “the overall trend is to 
reduce the number of platforms” in combination with the fact that costumers are increasingly 
expecting customised vehicles [2]. 
 
Applying a flexible platform definition can reduce the number of platforms to a very large 
extent [40]. In the late 1990s the Volkswagen Group, which had around 17 platforms, reduced 
that number to 4, permitting a market increase in unit numbers per platform [45]. Mahmoud-
Jouini and Lenfle (2010) have studied a European automotive manufacturer that in 1998 
started working with just 4 platforms. Volkswagen’s new platform strategy also focuses on 4 
different platforms. The platform that probably will be the largest in manufacturing volume, 
MQB, will be used in cars ranging from the Polo to the Passat [60]. This suggests that this 
MQB architecture has a very flexible definition, due to the big geometrical difference of the 
Polo and the Passat. Mahmoud-Jouini and Lenfle (2010) found that as a result of the 
European automotive manufacturer platform strategy, product development lead time was 
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reduced by 17%, and the number of vehicle models tripled, moving from one new vehicle 
model each two and a half years to one vehicle model each nine months. 
 

4.4.8 BENEFITS OF A PLATFORM STRATEGY 

As governments and customers demand more energy-efficient vehicles, reduced emissions 
and higher safety, development costs in the automotive industry have escalated. To stay 
competitive, the automotive manufacturers’ response has been to spread out these costs, 
which is perhaps the main driver for a platform strategy [7, 45]. Other potential benefits from 
a platform strategy are: 

 reduced manufacturing costs [8, 35, 40, 45] 
 reduced development time and cost [8, 35, 40, 45] 
 reduced investment costs [35, 40, 45] 
 reduced system complexity [8] 
 better learning across projects and improved ability to update products [8, 35, 40, 45] 
 cost reduction through using resources on a world scale [45] 
 facilitated manufacturing transfer between different plants [45] 
 increased plant utilisation (higher productivity due to a reduction in the number of 

differences) [45] 
 
All these factors will help automotive manufacturers to be more flexible, both in terms of 
manufacturing and product development, something that will become more important as 
product lifecycles decrease and the market becomes more fluctuating. A platform strategy can 
permit an automotive manufacturer to develop a greater number of distinct products. By using 
a platform as a base for a new product instead of developing it independently, development 
can be cheaper, faster and with lower risk, because they can piggyback on existing 
development work and components already in manufacturing [68]. 
 
A platform strategy can help automotive manufacturers to take advantage of market niches to 
a higher degree, something that will be important for profitability in the future [2]. Mahmoud-
Jouini and Lenfle (2010) state that the Platcar company (a pseudonym for a car manufacturer 
in this research) has in six years reduced its lead time for development of new vehicle models 
from 260 to 215 a week (17%) using a platform strategy. Mazda claims to have reduced 
engineering expenses per unit by 10-50%, depending on the vehicle program, through joint 
product development with Ford [38]. 
 

4.4.9 POTENTIAL PROBLEMS ASSOCIATED WITH PLATFORM STRATEGY 

One of the basic ideas behind a platform strategy is to have as many common components in 
as many vehicles as possible to distribute development costs, but there are some issues 
associated with this approach. The most obvious one might be that mistakes related to a 
specific platform are likely to spread across all the vehicles derived from it. This might cause 
big costs due to recalls and modifications, and bad quality image [8]. This was the case when 
Toyota, otherwise considered as a benchmark in terms of quality, was forced to recall 4.5 
million vehicles worldwide in 2010 due to problems with the accelerator pedal. Since the 
accelerator pedal unit was integrated into Toyotas platform/component sharing strategy, the 
recall included many different vehicle models. This problem, together with the earlier recalls 
concerning issues in which accelerator pedals could get stuck under floor mats, was estimated 
to cost Toyota approximately $2 billion [69]. 
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Another, not so obvious issue with platform sharing is loss of brand differentiation. VW was 
battling with brand differentiation in the beginning of 2000. As part commonality peaked at 
around 70%, the customers saw no reason to pay more for the top-of-the-line Audi when it 
was almost technically identical to its cheaper siblings from Seat and Skoda. This caused the 
sales of Audi to only increase 2.3% in 2000, whereas Seat and Skoda increased with 
respectively 6.9% and 13% [56]. 
 
GM experienced similar difficulties with its platform strategy in the mid-1980s and early 
1990s. Their strategy led to “all of its midsize cars being labelled as drab cookie-cutter 
“lookalikes”, a phenomenon that is sometimes referred to as “badge engineering”, and created 
an image that took GM several years to live down [56]. Too much component sharing and too 
rigid a platform strategy might also create issues within a single brand. Ford developed a 
platform that was intended to be the foundation for the European-market Mondeo, US-
focused Contour and Mystique, and trans-Atlantic Cougar. Not only did the platform 
development have numerous delays and cost overruns; all the vehicle models (except the 
Cougar) sold below expectations. The explanation was that the different vehicle models were 
not tailored enough for the intended markets [70]. 
 
Mahmoud-Jouini and Lenfle (2010) describe some of the major challenges related to platform 
strategy as the difficulties in balancing between parts communality, saving manufacturing 
costs, and the diversification of different vehicles based on the same platform, in order to 
attract different types of customers. 
 
Brand Corrosion is the term used to describe the problems that can arise when merging a 
mass-produced vehicle brand with a more luxury one. Platform sharing is seen as one of the 
greater evils in this problem [71]. In an article by Štrach and Everetts (2006), three cases are 
described: Ford’s acquisition of Jaguar, the merger between Daimler (with the brand 
Mercedes-Benz (MB)) and Chrysler and GM’s acquisition of SAAB. 
 
MB and Chrysler shared very few components due to the fact that the gap between the brands 
was considered too big. Hence, the quality issues that plagued MB where considered to be 
more related to common purchasing and shared development than to a common platform 
strategy [71]. 
 
Jaguar was acquired by Ford in 1989. The company was reasonably profitable, with around 
50,000 cars sold annually, but Jaguar struggled with quality issues. The cooperation with Ford 
resulted in slightly better quality reviews. However, the Jaguar brand was diluted by: reducing 
English suppliers in favour of world-wide ones; adapting the vehicle model program to attract 
a wider customer base (by introducing saloon vehicles and diesel engines); and by developing 
downmarket vehicle models, for example the X-type which is believed by some to have 
ruined the Jaguar brand. An initial increase in sales and a dramatic drop in product price (in 
1960 the least expensive Jaguar was sold at one-third of the price of the least expensive 
Ferrari, while in 2004 the Jaguar X-type was priced at less than one-fifth of the least 
expensive Ferrari) has corroded Jaguar’s former exclusivity, which is one important factor for 
premium brands [71]. 
 
GM acquired SAAB in two steps, 50% in 1990 and the other 50% in 2000. SAAB came out 
of the 1980s as a strong brand in the increasingly important and profitable high-end car 
market. In 1987, SAAB set an all-time high producing 134,112 cars, but the company was 
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struggling with profitability. GM hoped to change this by incorporating the small Swedish 
company into its massive world-wide organisation. GM’s first idea was to create “a new 
BMW”, and hence increase the profit per car. That decision was later revised. Instead, GM 
aimed to ramp up manufacturing from 100,000 (sold in 1990) to a target of 250,000 annually. 
This caused SAAB to develop its cars, as much as possible, around existing components and 
technologies from other GM brands. This, in combination with reduced R&D expenditure, 
caused SAAB models to be perceived as less sporty and unique, two of the strongest attributes 
for the SAAB brand, and hence causing corrosion of the brand [71]. 
 

4.4.10 KEY FACTORS IN A PLATFORM STRATEGY FOR THE AUTOMOTIVE INDUSTRY 

Through a literature review, in combination with empirical findings, some key factors in a 
successful automotive platform strategy were identified. Six different platform approaches 
were studied, as well as the important factors in these platform strategies. The factors 
identified were: 
 

 Bill of Process (BOP) 
 Hardpoints (HPs) 
 Wheelbase (WB) 
 Track Width (TW) 
 Powertrain Architecture (PTA) 
 Drive Wheels Positioning (DWP) 

 
The different platforms and the factors mentioned in the source are described in Table 4-1. 
“Explicit” means that the term is mentioned explicitly or explained in other phrasing (with the 
same meaning) in the source describing the platform strategy. “Implicit” means that it has 
been concluded that the factor is within the platform definition. For example, in the sources 
describing Volkswagen's (VW) four architecture strategy it is stated that the VW Polo and 
VW Passat will be produced based on the same architecture; therefore, it is concluded that the 
wheelbase and the track width are variable within this architecture, since the Passat and Polo 
have vastly different track width and wheelbase. 
 

Table 4-1: Platform strategies and their content 

BOP = Bill of Process, HPs = Hardpoints, WB = Wheelbase, TW = Track Width, PTA = 
Powertrain Architecture, DWP = Drive Wheels Positioning 

 
 BOP HPs WB TW PTA DWP 

Muffato's Flexible Def Implicit Implicit Explicit    

VW's 4 Architectures   Implicit Implicit Explicit  

Honda's 6th Accord   Explicit Explicit   

GM's Epsilon Explicit Implicit Explicit Explicit Explicit Explicit 

Toyota's MC Architecture Implicit Implicit Implicit Implicit   

PSA Platform Strategy Implicit Implicit     
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BOP 
BOP is an acronym for Bill of Process and describes in which order different parts of a 
vehicle are assembled, for example if the front seats are mounted before or after the 
dashboard. The BOP affects the entire layout of the factory, and is very central for efficient 
manufacturing of different vehicles in one assembly line. Manufacturing vehicle models with 
different BOPs in Mixed Model Assembly lines will create double assembly stations for 
deviant operation sequences, which in turn will lead to low tool utilisation and balancing 
losses.  
 
HARDPOINTS 
Hardpoints (HPs) is a term for factors that are used in the manufacturing of the vehicle. There 
is no stringent definition for this term. One of the most important HPs is the reference system 
(REF); the vehicles have one (main reference system) as well as every module. The main 
reference system is used to define the vehicle's position in automated stations. The module 
REFs are used to properly align a module toward tooling, in for example the chassis pallet, or 
towards the vehicle. In order to share components between different vehicles, the module 
reference system has to be the same. Changing the module REF system would cause costly re-
construction of both tooling and vehicle models. 
 
HPs also consist of handling points. These points are used to fixture and transport different 
modules, but are not necessarily used after manufacturing. The handling points for the entire 
vehicle are called Body Handling Points and are used during most of the final assembly. 
Vehicles with different Body Handling Points would require dedicated or flexible carriers to 
be produced in the same assembly line. The handling points of the modules are reflected in 
tooling that is used for example in lifting heavy modules, or in modules that are mounted onto 
the vehicle with automation. 
 
Another important HP is fixating points. These are when a module needs to be attached with 
bolting or other fixturing elements. For instance: in the marriage, the chassis and the body 
need to be attached to each other. This is done by attaching several bolts from beneath up 
thorough the chassis and the body, and is often accomplished with either a set of robots or an 
automated dedicated bolting tool. If two vehicles have the same HPs, the same robot program 
or dedicated bolting tool can be used.  
The HPs can break the entire process of moving manufacturing; this was the case when 
Chrysler tried to move the manufacturing of its successful PT Cruiser to the underutilised 
Neon subcompact plant. The HPs of the PT Cruiser were not designed for the Neon factory, 
making the transfer impossible, even though Chrysler considered the Neon and the PT Cruiser 
to be based on the same platform [56]. 
 
Figure 4-10 describes two different sunroof designs. Sunroof A is intended for a smaller 
vehicle compared to Sunroof B. Version 1 of the two sunroofs has differently placed 
Hardpoints (HP); both da and dc, and db and dd in Figure 4-10 are different from each other. 
Therefore, Sunroofs A and B require separate sets of dedicated equipment or flexible 
equipment for handling, fixturing and assembly. By implementing a design change, i.e. 
Version 2 of the two sunroofs, common HPs for Sunroofs A and B are achieved, as seen in 
the comparison of d1 and d2 in Figure 4-10. The part of the product that the customer 
perceives (grey area) is intact; however, the change of HPs allows the same process 
equipment to be used during final assembly. 
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Figure 4-10: Sunroofs of different sizes and how they can be redesigned to achieve 
common hardpoints 

 
WHEELBASE 
The Wheelbase (WB) of the vehicle is the distance between the centre of the front and rear 
wheel pair, see Figure 4-11. Within a vehicle platform, the WB is usually altered in two 
different ways. One way is to insert a metal extension between the middle and rear floor in the 
vehicle, not only increasing the distance between the front and rear wheel pair, but also 
increasing external dimensions of the vehicle; this is referred to as a Heelkick (HK), see 
Figure 4-11. The other option is to slide one of the wheel pairs, most often the rear, thereby 
increasing the WB while the external dimensions of the vehicle are kept constant. Sliding can 
be achieved in two ways. The frame holding the wheel module can be designed to allow 
different positions for the wheels in relation to the frame. The frame, however, has the same 
positioning in relation to the vehicle. The other alternative is to have different hole patterns 
for the frame, making it possible to attach the frame to the vehicle in different positions.  
 

 
 

Figure 4-11: Describing Wheelbase (WB), Heelkick (HK) and Track width (TW) 
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TRACK WIDTH 
Track width (TW) describes the distance between the wheels perpendicular to the travelling 
direction of the vehicle, see Figure 4-11. The easiest way to alter the track width is to change 
the type of rims, or more precisely, their offset. The displacement achieved by this, however, 
is very limited. A bigger TW change would require replacing the link rods. With this change, 
a substantial change in TW can be achieved; however, since the entire geometry of the wheel 
suspension is altered, the handling of the car is affected. In order to achieve a big change in 
TW without compromising the handling, the entire corner module (rim, tire, brake disk and 
suspension) has to be moved. Honda, for example, did this on its sixth-generation Accord. By 
using different brackets for different markets, the track width could be adjusted by about 
10cm without changing the geometry of the suspension [65]. 
 
POWERTRAIN ARCHITECTURE 
The Powertrain Architecture (PTA) defines how the powertrain of the vehicle is configured. 
This factor is divided into two parts: engine position and engine mount. Engine position 
describes where the centre of mass of the engine is placed relative to the front and rear axles 
of the vehicle. There are four different engine positions: front, middle-front, middle-rear and 
rear, see Figure 4-12. 
 

 
 

Figure 4-12: Different types of engine positions 

 
The engine position has an impact on the handling of the vehicle; sports cars are often built 
with middle engines, to achieve a 50-50 weight balance of the vehicle. Ultra-compact cars, on 
the other hand, might achieve the highest ratio between outer/inner volumes if they are built 
with a rear engine. There are differences in assembling a front and rear engine vehicle; two 
examples are differences in assembling fuel lines and exhaust systems. 
 
The engine mount describes if the cylinder of the engine is lined up in line (longitudinally-
mounted) or perpendicular (transversely-mounted) to the travelling direction of the car, see 
Figure 4-13. 
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Figure 4-13: Longitudinally and transversely mounted engine vehicles 

 
Longitudinal engine mounts enable larger engines to be used, for example the inline 6 or V8 
or bigger, since these engines are often too large to fit perpendicularly in the vehicle. 
Transversely mounted engines allow a more compact vehicle design. The engine mount has a 
quite limited effect on the manufacturing system. However, the engine mount is strongly 
connected to the drive wheel positioning of the vehicle. Rear-wheel vehicles most often have 
their engines in line longitudinally, and front-wheel most often perpendicularly. 
 
The engine position and the engine mount define 16 different PTAs, but only some of these 
are used in today’s automotive industry. Most common in today’s vehicles are the front 
transversely PTA. 
 
DRIVE WHEELS POSITIONING 
Drive wheels positioning (DWP) describes if the vehicle is mainly powered from its front, 
rear wheel pair or has a mechanical or electrical connection to all four wheels. Many vehicles 
today are offered with the option of two-wheel or four-wheel drive. Two-wheel drive vehicles 
are often produced on the same platform as all-wheel drive vehicles. The effect on assembly 
for front or rear-wheel drive vehicles is quite small, since today many of the bigger and/or 
premium vehicles are prepared for all-wheel drive. The differences are mostly on component 
level. The front and rear suspension looks different, depending on if they are adapted to front 
or rear-wheel drive. The rear wheel drive vehicles also require some extra components, for 
example a cardan shaft. 
 
The DWP affects the driving experience and the drivability of the vehicle. Front-wheel drive 
vehicles are considered to have more predictable driving properties, whereas rear-wheel 
drives have more sporty drive properties. Four-wheel drives are considered best in rough 
conditions, off-road or in wintertime. 
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4.4.11 DEFINING A SUCCESSFUL AUTOMOTIVE ARCHITECTURE-PLATFORM-VEHICLE 

STRUCTURE 

In order for vehicle manufacturers to satisfy the different market needs and at the same time 
have a manufacturing process that is as efficient as possible, the six key factors discussed in 
Section 4.4.10 are arranged into an architecture-platform-vehicle structure. The main 
objective of the structure is to keep factors that affect the manufacturing, without contributing 
to customer value, constant for as many vehicles as possible. Architecture is the highest level 
in the structure; vehicles sharing the same architecture will have a common BOP and 
Hardpoints. From each architecture, one or several platforms can be derived. The Powertrain 
Architecture and Drive Wheels Positioning define each platform. By varying the Wheelbase 
and the Track Width within a platform, a number of unique vehicles can be derived from each 
platform, as illustrated in Figure 4-14. 
 
 

 
 

Figure 4-14: Architecture-Platform-Vehicle structure 

 

 



Chapter 5 – The Introduction of a new Powertrain Vehicle in Current Final Assembly 
 

 
43 

5 THE INTRODUCTION OF A NEW POWERTRAIN VEHICLE IN 

CURRENT FINAL ASSEMBLY 
 
In order to identify problem areas associated with the introduction of new powertrain 
vehicles, a theoretical case study was conducted. The basic layout of this case study is that a 
concept vehicle with innovative powertrain is introduced into final assembly. By using an 
existing concept vehicle, some assemblies were identified to be critical if this vehicle were to 
be introduced into the current manufacturing system. The identified assembly stations were 
studied and discussed with manufacturing experts in order to pinpoint different types of 
problems and to propose possible solutions. 
 
For this case study, the Vision Efficient Dynamics Concept (Vision) from BMW (see Figure 
5-1) was chosen as a target vehicle to identify problem areas associated with the introduction 
of new powertrain vehicles in Mixed Model Assembly (MMA) lines dedicated for traditional 
Internal Combustion Engine (ICE) vehicles. 
 

5.1 THE NEW POWERTRAIN VEHICLE 
This vehicle was chosen for a number of reasons: 
 

 The basic powertrain layout is public and described at a sufficient level of detail. 
 It contains many powertrain solutions that are considered likely to be introduced 

within the coming 10 years. 
 It has separate propulsion for the front and rear wheel pairs, something that will 

challenge the manufacturing system. 
 Vehicles are developed from the customer expectations of the brand, and more 

importantly for this research, they are often designed to fit the company’s existing 
manufacturing system. A vehicle from a neutral manufacturer such as BMW was 
considered important in order to discover as many generic manufacturing challenges 
as possible. Neither SAAB nor Volvo has any relation to or influence over the 
technical solutions in this particular vehicle. 
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There are some fundamental differences between the Vision and traditional ICE vehicles 
which have been used to pinpoint manufacturing challenges: 
 

 The engine compartment in the front is entirely dedicated to an electric engine and its 
support systems (see nr 1 in Figure 5-1). 

 In the rear transmission tunnel there are battery packs (nr 2 in Figure 5-1) and a small 
diesel fuel tank (nr 3 in Figure 5-1) for the range extender. Running through the tunnel 
are high voltage cables, which connect the electrical system in the front and back with 
each other and with the battery in the tunnel. 

 It has all-wheel drive, but the front and rear wheel pair is not mechanically connected 
as in a traditional ICE vehicle. Instead, the wheel pairs are propelled by a separate 
electrical power source (nr 4 in Figure 5-1). 

 The rear wheel axis is far more complicated than the one in a traditional ICE vehicle. 
It incorporates an electric engine (nr 4 in Figure 5-1) for propulsion, a small diesel 
engine (nr 5 in Figure 5-1) in combination with a generator (nr 6 in Figure 5-1) to 
charge the battery (range extender), transmission (nr 7 in Figure 5-1) and support 
systems for the two engines. 

 
 

 
 

Figure 5-1: BMW Vision Efficient Dynamics Concept 
1= Front electric engine and support systems, 2= Cardan tunnel Lithium-Polymer-

Zellen battery, 3= Diesel Tank, 4= Rear electric Engine, 5= Three cylinder diesel engine, 
6= Transmission, 7= Electric generator 
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5.2 DIFFERENCES BETWEEN TRADITIONAL AND NEW POWERTRAIN VEHICLES IN 

ASSEMBLY 
Many powertrain components are unique to the Vision when compared to an ICE vehicle. 
Some of these components will replace ICE components, like the electric engine in the front, 
probably resulting in no or very small differences in workload on the final assembly line. 
Others will increase the number of total components (compared to an ICE vehicle) and hence 
the workload of the vehicle. One example of a component increasing the workload would be 
the range extender unit (consisting of a small diesel engine and generator). Other components 
might be increasing or decreasing the workload, depending on how they are designed and 
assembled. 
 
Most of the wiring in ICE vehicles is integrated into a single module, called the body wiring 
harness (BWH), in order to facilitate efficient assembly. Electric-propelled vehicles, such as 
the Vision, will also need this wiring module to support different electrical support systems in 
the vehicle. Furthermore, the Vision will also need a system of extra high voltage cables 
(HVC) to support the propulsion. The HVCs could be integrated into the body wiring harness 
or mounted onto the vehicle in separate operations. The first suggestion might cause workload 
differences in the assembly operation of the BWH; since HVCs are larger and hence more 
rigid, they might complicate or facilitate efficient assembly. If the HWCs complicate or 
facilitate the mounting, it can be solved by a sequence rule that two vehicles with HVCs 
cannot be sequenced consecutively in the MMA line. Mounting the HVCs in separate 
operations will probably cause the mounting to be incorporated into other stations where 
vehicles with HVCs have a lower workload than the ICE. This would cause some rebalancing 
as well as problems related to supplying and handling extra components in these assembly 
stations. 
 

5.3 MANAGING PROBLEMS ASSOCIATED WITH THE INTRODUCTION OF A NEW 

POWERTRAIN VEHICLE IN CURRENT FINAL ASSEMBLY 
There are many differences between a traditional ICE vehicle and the Vision, described in 
Sections 5.1 and 5.2. Therefore, these differences need to be taken into account in order to 
efficiently mix these two powertrain vehicles in one MMA. In this case study, three different 
means to managing the workload differences are described: sequencing, common assembly 
stations and modularity. 
 

5.3.1 SEQUENCING 

With the introduction of new powertrain vehicles into a MMA some new sequencing rules 
might have to be applied to the manufacturing system. One example could be that alternative 
powertrain vehicles can have a more advanced rear wheel suspension (often with integrated 
electric engines and generators), like in the case of the Vision. Another example is that the 
new powertrain vehicles often have a greater number of components and more rigid wiring in 
their body wiring module. Both these examples might result in sequencing rules regarding the 
number of new powertrain vehicles that are allowed to be produced consecutively, since the 
new powertrain vehicles will have a higher workload in critical assembly stations. Sequencing 
is further described in Section 4.2.4. 
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5.3.2 COMMON ASSEMBLY STATIONS 

When introducing new powertrain vehicles such as the Vision into a MMA line, assembly 
stations assembling ICE-specific components (such as exhaust pipes) could be considered 
ICE-dedicated. Examples include the exhaust pipe, cardan shaft and fuel line stations. The 
Vision has no ICE engine in the front, eliminating the need for exhaust to be transported from 
the front to the back of the vehicle. Nor does it need to have fuel transported from a tank in 
the back to an ICE in the front. Although the Vision has four-wheel drive, it has no 
mechanical connection between the wheel pairs, eliminating the need for a cardan shaft. With 
the introduction of vehicles such as the Vision, the utilisation in assembly stations related to 
the components mentioned above drive will decrease. 
 
The Vision has some components which are unique to its specific powertrain compared to 
ICE vehicles; examples include the battery placed longitudinally in the middle of the car, the 
electric engine in the front, and the electric engine and the diesel engine on the rear axis. 
Today, when producing new powertrain vehicles for small testing series, a common approach 
is not to complete the assembly of the “new” components (compared to an ICE) on the main 
final assembly line. Instead, most of the components that are in common with traditional 
vehicles, for example the body, windshields, seats etc. are assembled on the main final 
assembly line. After final assembly, the vehicles are moved into a fixed layout assembly shop 
where the powertrain-unique components are assembled. This is, however, not economically 
feasible for large-scale manufacturing. 
 
Perhaps the easiest solution would be to build new dedicated assembly stations on the MMA 
line for these components. However, this would result in costly rebuilding and probably 
extension of the final assembly line, as well as low utilisation in both the new powertrain 
component assembly stations and in the ICE-dedicated assembly stations. By considering the 
hardpoints, the BOP and the possibility to use modularisation, dedicated stations associated 
with the powertrain might be minimised. All of these factors are strongly connected to the 
design of the vehicle and therefore need to be considered at an early stage in the product 
development process. 
 
To avoid dedicated stations, the BOP of the Vision could be designed so that it is possible to 
mount the battery in the same station as ICE vehicles get their exhaust system mounted. A 
similar approach could be to mount the diesel tank of the Vision in the cardan shaft assembly 
station. Dedicated and common assembly stations are discussed in more depth in Section 
4.2.5. 
 

5.3.3 MODULARITY 

In order to fully incorporate the battery mount into an ICE dedicated assembly station, for 
example: the exhaust station, a BOP that allows this is not enough. The Hardpoints (HP) of 
the battery should be as similar as possible to the exhaust system. This would enable the same 
lifting tool and chassis pallet (the pallet upon which the chassis of a vehicle is assembled) to 
be used for both an ICE and the Vision. It might be impossible to have the exact same HPs for 
so vastly different products. However, by making them as similar as possible it might be 
possible to use flexible process equipment. 
 
Flexible process equipment, such as lifting tools that can be adjusted to fit components of 
different sizes, will yield higher utilisation and might prevent extension of the final assembly 
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line, which might otherwise be required to incorporate two sets of different assembly tools. Of 
course components that are common between the ICE and the Vision, like the ceiling, should, 
if possible, have common HPs. Having common HPs will allow the differences between the 
vehicles to be handled on sub assembly lines, as part of a modularity concept. This will 
facilitate commonality, and hence efficiency, at a high level on the final assembly line. 
 
Many new powertrain vehicles have a more complex rear axis in terms of number of major 
components. These differences should be solved as extensively as possible in a sub assembly 
line by incorporating the new components into the module, in order to minimise workload 
differences on the main assembly line.  
 

5.4 CONSEQUENCES OF THE DIFFERENT MEANS TO HANDLE DIFFERENCES IN 

WORKLOAD 
The three means to handle differences in workload in Section 5.3 all have different impact on 
the flexibility and the efficiency of the final assembly line. 
 

5.5 SEQUENCING 
If the workload differences associated with introducing new powertrain vehicles are handled 
by sequencing, more constraints will be added to the manufacturing system. The more 
constraints that are put on a system, the more the ability to change the product mix in an 
MMA is hampered. 
 

5.6 COMMON ASSEMBLY STATIONS 
Dedicated assembly stations are often associated with low utilisation. If the new powertrain 
components are handled with dedicated assembly stations, not only will it call for costly 
rebuilding and extension of the final assembly, but it will also result in very low overall 
utilisation for the final assembly line. This will have a negative impact on the profitability of 
automotive manufacturers. 
 
When introducing new powertrain vehicles into a MMA line, the BOP and Hardpoints of the 
new powertrain vehicle should be considered so that they do not create the need for dedicated 
assembly stations. Instead, they should be formed so that they can be assembled within 
stations that are currently used for ICE-related components. One example could be to design 
the BOP and Hardpoints of a BEV so that the cardan battery can be assembled in the same 
station as the exhaust pipe of an ICE vehicle. The principle of this is shown in Figure 5-2 
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Figure 5-2: ICE vehicle and battery electrical vehicle bill of process (BOP) in a common 
MMA line 

 

5.7 MODULARITY 
Modularity is a solution with least negative effect on final assembly performance, compared 
to sequencing and dedicated assembly stations. Therefore, it is suggested to utilise modularity 
to facilitate sub assembly lines to handle as much as possible of the workload differences 
associated with the introduction of new powertrain vehicles. By using this approach, 
workload differences can be handled on sub assembly lines instead of the final assembly line, 
minimizing the need for dedicated assembly stations. Sequencing rules can also be minimised 
by using modularity. Minimizing dedicated assembly stations and sequencing results in higher 
efficiency and mix flexibility on the final assembly line, but also for the entire manufacturing 
system. This requires that both ICE and new powertrain vehicles are designed to facilitate a 
high degree of modularisation and commonality. 
 
The basic principle how modularity can be used to move workload differences to  sub 
assembly lines are illustrated in Figure 5-3. 
 

 
 

Figure 5-3: MMA line where differences in workload are managed by incorporating 
certain operations into modules 
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6 SUMMARY OF THE APPENDED PAPERS 
 
This section summarises the major findings from the three appended papers. 
 

6.1 RESULTS FROM PAPER I: TO STAY COMPETITIVE IN FUTURE AUTOMOTIVE 

ASSEMBLY 
 
This paper aims to explore the major challenges for automotive manufacturing in the coming 
decade. Both current and possible future trends are described. The types of flexibility 
important to cope with these challenges, and some methods to achieve this flexibility, are 
described. Material for this paper has been obtained through a literature review, factory 
visits and interviews with manufacturing experts at both Volvo Cars and SAAB Automobile. 
 
For automotive manufacturers to stay competitive they must be agile and prepared for a 
diversity of power trains. At the same time, they must continue to increase the number of 
product variants required due to the market demand for more and more customised vehicles, a 
development that is very likely to continue [2, 3, 48]. This, in combination with the stagnating 
sales volume in traditional markets such as the USA, Europe and Japan, makes it critical to 
reach profit with smaller volumes [2, 6, 48]. This will of course challenge the entire 
organisation and operation of automotive manufacturers. This article, however,  focuses on 
the challenges for the manufacturing system, especially in final assembly, where most of the 
customisation takes place today [72]. What are the key factors to achieve a sustainable 
manufacturing system for the vehicles of tomorrow? One of the keys to being a competitive 
automotive manufacturer in the coming century will probably be flexibility [2, 3, 4, 47, 72]. 
 
In this paper, four key flexibilities for the automotive industry are identified: 
 

 Mix 
 New Product  
 Modification 
 Volume 

 
In order to achieve flexibility in the automotive industry, three key factors are identified in 
this paper: 
 

 Mixed Model Assembly (MMA) 
 Platform Strategy 
 Modularity 

 
 
MIXED MODEL ASSEMBLY 
Drivers for the introduction of a MMA identified in this paper: 
 

 More adjustable to changes in market demands 
 Facilitates diversification of vehicles 
 Better utilisation of manufacturing equipment 
 Better utilisation of manufacturing personnel 
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 Facilitates introduction of new vehicle models 
 Better utilisation of management personnel 
 Facilitates continuous improvement work since improvement efforts can be focused 

on fever assembly lines 
 
 
PLATFORM STRATEGY 
Benefits of platform strategy identified in this paper: 
 

 Reduced development and manufacturing costs [40] 
 Reduced development time [40] 
 Reduced system complexity [40] 
 Improved ability to update products [40] 
 Greater flexibility between plants (manufacturing transferring) [45] 
 Cost reduction through using resources on a world scale [45] 
 Increased manufacturing system utilisation due to higher productivity as a result of 

reduction of differences [45] 
  

 
MODULARITY 
The findings in this paper suggest that modularity is one key factor to facilitate component 
and manufacturing equipment sharing between vehicles of different size and price segments. 
Another key driver for introducing modularity is the trend of more advanced and customised 
vehicles, which makes it difficult to handle all assemblies on the final assembly line. 
Modularity is identified in this paper as a key enabler for MMA due to the fact that 
modularity: 
 

 has been used by GM [51], Mazda [46], Volvo and SAAB to reduce the differences in 
workload between different vehicle models 

 reduces the need for line-side storage, which facilitates the introduction of different 
vehicle models into a MMA [46, 51] 
  



Chapter 6 – Summary of the Appended Papers 
 

 
51 

6.2 RESULTS FROM PAPER II: SUCCESSFUL AUTOMOTIVE PLATFORM STRATEGY 
 
This paper aims to further explore the concept of platform strategy in the automotive industry. 
Benefits, potential problems and challenges related to platform strategy are explored. By 
studying platform strategies in the literature, in combination with empirical findings from 
Volvo and SAAB, key factors for a successful automotive platform strategy are identified. 
These factors are divided into a Architecture-Platform-Vehicle structure aiming to achieve 
efficient manufacturing in combination with the vehicle diversification requested by the 
customer. 
 
Competitiveness in the automotive market is ever-increasing, which challenges automotive 
manufacturers to cut their costs. Many costly features required to compete on today’s market 
are of such nature that they are difficult to get costumers to pay extra for; examples include 
more advanced batteries, urea injection systems (lowering NOx emissions) and stronger steel 
materials [7]. This development calls for component sharing between different products. 
Niche vehicles are becoming more important to reach profits; these are often developed from 
a set of technical solutions developed for a standard vehicle. This, in combination with 
component sharing, is often referred to as platform strategy in the automotive industry. There 
is no stringent definition of what a platform is in the automotive industry, and the definition 
can even vary within an automotive manufacturer over time [56]. 
 
Benefits of a platform strategy identified in this paper: 
 

 Shared development costs 
 Reduced development time 
 Facilitated component sharing 
 Reduced manufacturing costs due to communality 
 Better learning across projects 
 Improved ability to update products 

 
Potential problems with platform strategy identified in this paper: 
 

 Loss of brand/model diversification 
 Brand corrosion (brands with a certain aura get corroded by sharing components or 

development resources with more mass-produced brands) 
 Errors spread over large volumes 

 
Key factors in a successful automotive platform strategy identified in this paper: 
 

 Bill of Process 
 Hardpoints 
 Powertrain Architecture  
 Drive Wheels Positioning 
 Wheelbase 
 Track Width 

 
In order for vehicle manufacturers to satisfy different market needs, and at the same time have 
a manufacturing process that is as efficient as possible, the six key factors identified in this 
paper are arranged in an architecture-platform-vehicle structure. The main objective of the 
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structure is to keep factors that affect the manufacturing, without contributing to customer 
value, constant for as many vehicles as possible. Architecture is the highest level in the 
structure; vehicles sharing the same architecture will have a common BOP and Hardpoints. 
From each architecture, one or several platforms can be derived. The Powertrain Architecture 
and Drive Wheels positioning define each platform. By varying the Wheelbase and the Track 
Width within a platform, a number of unique vehicles can be derived from each platform, as 
shown in Figure 6-1. 
 
 

 
 

Figure 6-1: Architecture-Platform-Vehicle structure 
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6.3 RESULTS FROM PAPER III: MANUFACTURING CHALLENGES ASSOCIATED 

WITH INTRODUCTION OF NEW POWER TRAIN VEHICLES. 
 
This paper aims to explore manufacturing challenges related to differences in product 
workload for current ICE vehicles, as well as future alternative powertrain vehicles in a 
Mixed Model Assembly line for ICE vehicles. Three different approaches, and their effect on 
the flexibility and performance of the assembly line, are discussed. Also described are 
suggestions on how new powertrain vehicles should be designed in order to make the 
introduction into ICE vehicle assembly lines as smooth as possible. 
 
In this paper, three different approaches to handle workload differences are suggested: 
 

 Sequencing 
 Dedicated Assembly Stations 
 Modularity 
  

 
SEQUENCING 
If the workload differences associated with introducing new powertrain vehicles are handled 
by sequencing, more constraints will be added to the manufacturing system. The more 
constraints that are put on a system, the more the ability to change the product mix in an 
MMA is hampered. 
 
 
DEDICATED ASSEMBLY STATIONS 
Dedicated assembly stations are often associated with low utilisation. If the new powertrain 
components are handled with dedicated assembly stations, not only will it call for costly 
rebuilding and extension of the final assembly, but it will also result in very low overall 
utilisation for the final assembly line. This will have a negative impact on the profitability of 
automotive manufacturers. 
 
When introducing new powertrain vehicles into a MMA line, the BOP and Hardpoints of the 
new powertrain vehicle should be considered so that they do not create the need for dedicated 
assembly stations. Instead, they should be formed so that they can be assembled within 
stations that are currently used for ICE-related components. One example could be to design 
the BOP and Hardpoints of a BEV so that the cardan battery can be assembled in the same 
station as the exhaust pipe of an ICE vehicle. The principle of this is shown in Figure 6-2. 
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Figure 6-2: ICE vehicle and battery electrical vehicle bill of process (BOP) in a common 
MMA line 

MODULARITY 
Modularity is a solution with minimal negative effect on final assembly performance, 
especially when compared to sequencing and dedicated assembly stations. Therefore, it is 
suggested to utilise modularity and sub assembly lines to handle as much as possible of the 
workload differences associated with the introduction of new powertrain vehicles. By using 
this approach, workload differences can be handled outside the final assembly line and 
sequencing rules can be minimised, resulting in higher mix flexibility. This requires that both 
ICE and new powertrain vehicles are designed to facilitate a high degree of modularisation 
and commonality. 
  



Chapter 7 – Conclusions and Discussion 
 

 
55 

7 CONCLUSIONS AND DISCUSSION 
 
In this chapter, the three research questions formulated in Section 1.4.2 are answered. Next, 
the research and its contributions are discussed. Finally, suggestions for further research are 
described. 
 
From the objective of this research, which stated “to explore manufacturing challenges 
associated with the introduction of new powertrain vehicles and some key factors to cope with 
these challenges”, three research questions where formulated. Based on the research findings, 
these questions are answered in the following section. 
 

7.1 RQ 1:  WHAT CHALLENGES ASSOCIATED WITH THE INTRODUCTION OF NEW 

POWERTRAIN VEHICLES IS THE AUTOMOTIVE INDUSTRY LIKELY TO FACE IN THE 

COMING DECADE? 
The introduction of new powertrain vehicles will challenge the entire automotive industry. 
For manufacturing, the entire system has been built up and optimised for the specific 
powertrain solution known as the Internal Combustion Engine (ICE). Therefore, the 
manufacturing system needs to evolve to fit these new powertrain vehicles, such as: Battery 
Electrical vehicles and Hybrid vehicles. However, the greatest challenge is not to redesign the 
manufacturing for a new technical solution. Instead, the great uncertainty about which 
powertrain solutions will be competitive poses the greatest concern. Also, these new 
powertrain vehicles will initially be produced in low volumes. Therefore, the most profitable 
approach will be to produce them together with traditional ICE vehicles in current facilities. 
At the same time as these adjustments to the manufacturing system are made, the 
manufacturing efficiency and level of customisation must be maintained, or even increased. 
Flexibility in the automotive industry is further described in Section 4.1. 
 

7.2 RQ 2:  HOW DO THESE CHALLENGES AFFECT AUTOMOTIVE 

MANUFACTURING? 
The challenges described in RQ1 will call for a manufacturing system that can cope with this 
uncertainty and mix of different powertrain solutions. Therefore, the manufacturing system 
needs to be flexible. A flexible system can adjust to changing market demands and maintain 
profitability in different circumstances. How to achieve this is described in Section 4.2. 
 

7.3 RQ3: WHAT ARE THE KEY FACTORS TO COPE WITH THESE CHALLENGES IN 

FINAL ASSEMBLY? 
Flexibility is a broad concept and many different types of flexibilities have been studied; from 
these, four key flexibilities for this research have been identified: 
 

 Mix flexibility 
 Volume flexibility 
 New Product flexibility 
 Modification flexibility 
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The key factors to achieve these flexibilities are: 
 

 Modularity 
 Mixed Model Assembly (MMA) 
 Platform Strategy 

 
The connection between the key flexibilities and key factors is described below. 
 

7.3.1 MIX FLEXIBILITY 

Mix flexibility is important for the automotive industry in order to follow the fluctuations in 
market demand. In this case, the mix flexibility is defined as the ability to mix different vehicle 
models; hence, MMA is the only way to achieve mix flexibility (of those key factors studied in 
this research). As described in Section 4.2.1 and 4.2.2, a MMA line can mix vehicle models 
very freely in response to market demand. The major challenge with the MMA concept is to 
reach an efficiency that is comparable to a dedicated assembly line. 
 
To realize an efficient MMA line, changeover time and cost must be minimised. This can be 
achieved by product platform strategy and/or modularity, since both these approaches 
simplify the manufacturing process at the final assembly line, and potentially without 
reducing the number of differences perceived by the customer. This is further described in 
Section 4.3. 
 

7.3.2 VOLUME FLEXIBILITY 

Volume flexibility is important in order for automotive manufacturers to be able to produce 
vehicles profitably in times of both high and low demand. The customer demand for vehicles 
can fluctuate greatly and rapidly, something that the recent financial crisis and the following 
recovery showed. One of the biggest threats against profit identified in this research is a 
manufacturing system that is over-dimensioned, causing low manufacturing equipment 
utilization. Flexible labour and designing the assembly line output very lean facilitates 
profitability in times of both high and low demand; see Section 4.2.1 for a further description. 
 
One key factor to achieve efficient volume flexibility is MMA. The MMA line allows 
fluctuation between different vehicle models to be levelled out, allowing the assembly line to 
mostly work on an optimal, and hence profitable, output level. MMA therefore facilitates 
volume flexibility. 
 
Fluctuations too large for MMA to handle internally can be partially solved by modularity. By 
increasing or decreasing the workload of modules in sub assembly lines contra the final 
assembly line, the utilisation of final assembly personnel can be kept constant over different 
output levels. Hence, the number of final assembly personnel can be kept relatively constant, 
thereby avoiding costs associated with personnel restructuring. This approach also facilitates 
an efficient ramp up if the demand increases. Since the number of personnel at the final 
assembly can be keep constant and the personnel are working with assembly without having 
to be assigned to other tasks, the assembly personnel are already in place and ready for an 
increased manufacturing output. This is further described in Section 4.3.  
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7.3.3 NEW PRODUCT FLEXIBILITY 

New product flexibility is important to facilitate smooth introduction of new vehicles. Product 
lifecycles are ever decreasing, and each manufacturer requires more distinctively different 
vehicle models on the market to maintain its market share. This will result in more frequent 
new vehicle model introduction into the manufacturing system. Therefore, the losses 
associated with this must be minimised in order for manufacturers to stay profitable. MMA 
facilitates new product flexibility since the manufacturing resources are more flexible in a 
MMA compared to the ones in a dedicated assembly line. The MMA can also absorb initial 
peaks in demand commonly associated with the introduction of new vehicles, as described in 
Section 4.2.1. 
 
Modularity facilitates new product flexibility in three ways: by enabling diversifying 
assemblies to be moved outside the final assembly line, by reusing old modules in new 
vehicles and through enabling MMA. If a new vehicle is introduced and it has a completely 
new dashboard, this dashboard can be manufactured by a supplier and brought to the final 
assembly line as an entire module, making the necessary assembly operations and tooling the 
same as for older products on the final assembly line. By reusing modules in new vehicle 
models, much of the work associated with efficient manufacturing can be “reused” for these 
new vehicles. An example is that engines are often taken from older products and 
incorporated into new vehicle models. This approach allows the engine mount station in the 
final assembly to be left unchanged in terms of tooling, balancing, personnel training etc. 
Modularity is further discussed in Section 4.3. 
 
Platform strategy facilitates new product flexibility through enabling MMA and streamlining 
the manufacturing processes. When introducing a new vehicle model, the assembly line might 
have to be redesigned and investments in new tooling might be necessary. However, if the 
new vehicle is based on a platform currently in manufacturing (with common Hardpoints and 
BOP, discussed in Section 4.4.10), much of the assembly line has already been optimised for 
that certain platform, and hence the new vehicle. Platform strategy is further described in 
Section 4.4. 
 

7.3.4 MODIFICATION FLEXIBILITY 

Modification flexibility will be important in future automotive assembly for two main reasons: 
products updates (modifications) will probably be more frequent, and uncertainty regarding 
the next paradigm in power train technology might cause fluctuations in demand for different 
powertrains. 
 
MMA facilitates modification flexibility since the manufacturing resources are more flexible in 
a MMA compared to the ones in a dedicated assembly line. Hence, the flexible equipment in a 
MMA might be able to handle modifications without costly redesign of process equipment. 
 
Modularity facilitates modification flexibility in three ways: through enabling MMA, through 
permitting modifications to be done within each vehicle module and through the ability to 
adjust the workload for each station. By modularising a vehicle modifications can be carried 
out within each module, affecting only the module sub assembly line, compared to modifying 
directly on the vehicle which affects the final assembly line. When a modification is done, the 
workload in certain final assembly stations might increase or decrease, causing work overload 
or balancing losses. By adjusting the content of workload in modules, this overload or 
balancing loss can be levelled out, further described in Section 4.3. 
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Platform strategy not only enables the use of MMA; it might also facilitate modification 
flexibility through the use of common components and manufacturing resources. If a 
modification is done on one vehicle model, all other vehicles models based on the same 
platform are likely to be able to adapt to the same type of modification. If the modification has 
been tested and the manufacturing process adapted to it, then much of the work associated 
with introducing this modification in other vehicle models based on the same platform has 
already been done, eliminating losses and risk-taking associated with this modification. This 
is further described in Section 4.4. 
 

7.3.5 THE RELATIONSHIP BETWEEN KEY FLEXIBILITIES AND KEY FACTORS 

The relationship between the different flexibilities and key factors is summarised in Figure 
7-1. Modularity facilitates Volume, New Product and Modification flexibility; this connection 
is represented by a lined arrow in Figure 7-1. Modularity is also one key enabler for Mixed 
Model Assembly; this connection is represented by a dashed arrow in Figure 7-1. Platform 
strategy facilitates new product and modification flexibility, and is also a key enabler for 
MMA. Mixed Model Assembly is the only key factor that is connected to all the key 
flexibilities. However, efficient MMA is depending on both a platform strategy and 
modularity. 
 

 
 

Figure 7-1: Relationship between the four key flexibilities and the key factors 

 

7.3.6 THE INTRODUCTION OF NEW POWERTRAIN VEHICLES 

When introducing new powertrain vehicles into an existing MMA line some factors need to 
be considered. In order to have efficient assembly, the Bill of Process (BOP) of these new 
vehicles should be designed to have, as extensively as possible, the same workload as 
traditional ICE vehicles on the final assembly line. How the BOP could be designed is shown 
in principle in Figure 7-2. The differences in these new powertrain vehicles compared to ICE 
vehicles should be handled, as far as possible, by modularity. This will facilitate flexibility 
and prevent costly rebuilding of the final assembly line. 
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Figure 7-2: ICE vehicle and battery electrical vehicle bill of process (BOP) in a common 
MMA line 

 

7.4 DISCUSSION 
It is obvious that the future of automotive manufacturing is very challenging. To this day, no 
special powertrain solution has been identified to have the potential to overtake the 
dominance of the ICE. Therefore, there will be a transition period of many different 
powertrain solutions offered simultaneously on the market. Another likely development is that 
there will be a diversification in powertrain demand between different markets. This leads to 
many challenges, but it also offers great potential. Automotive manufacturers that can supply 
every market’s demand at affordable prices have potential to gain market shares. If this is 
combined with efficient manufacturing, automotive companies will generate great profits for 
their owners.  
 
Automotive manufacturers need to produce new powertrain vehicles at affordable prices. The 
most efficient method to manufacture these vehicles will probably be to introduce them into 
current manufacturing facilities, producing a mix of ICE and new powertrain vehicles on the 
same assembly line. Therefore, efficient Mixed Model Assembly is critical, especially for 
smaller companies like Volvo Cars and SAAB. The process of increasing flexibility and 
efficiency in assembly might also lead to other advantages. By increasing flexibility, 
automotive manufacturers can offer customers a wider range of vehicle models and more 
options. By increasing manufacturing efficiency, automotive manufacturers can invest more 
money in product development, increase profit margin and/or compete with lower product 
prices. 
 
The trend in the last decades has been towards more customer-unique products, a 
development that is very likely to continue and increase. In the future, customers might be 
able to customize much more than what is possible today. The reduced price in developing 
sheet metal forming tools and the introduction of more composites and plastics in the vehicle 
body might result in smaller, more customer-customised body parts. In the future, it might 
also be possible to customize the body of the vehicle during the product’s lifecycle. To gain 
these advantages at a profitable price, modularity and platform strategy are identified as key 
factors in this thesis. It is very important that these two factors are approached with the right 
mindset. Perhaps modularity should focus on functionality to facilitate customization and the 
possibility of using modules over different vehicle models, rather than the possibility of 
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manufacturing outsourcing. Platform strategies need to be designed to maximize 
customization while maintaining efficient manufacturing. 
 
Many of the suggestions in this thesis regarding how to achieve manufacturing efficiency can 
perhaps be interpreted as actions to move the problem areas away from final assembly rather 
than addressing them. However, by moving the product variations away from the final 
assembly line they can be dealt with in much less complex manufacturing systems, and hence 
solved in an efficient manner. This facilitates optimization, and even though the efficiency in 
certain sub assembly lines might be reduced, the efficiency and the flexibility of the entire 
manufacturing system will increase. 
 

7.4.1 INDUSTRIAL CONTRIBUTION 

This research’s major contribution is that a model has been established regarding the 
connection between different types of flexibilities and some key factors, although the 
flexibilities have been defined by other authors and the key factors are in use today. The 
contribution of this research is that the flexibilities and the key factors have been analysed and 
synthesized together in order to determine the relationship between them. This research maps 
out the big picture, rather than studying the flexibilities and factors in detail. For industrial 
purposes, this model can be used as guidance on how to achieve desired flexibilities and how 
different key factors interact with one another. 
 
All the major suggestions presented in this thesis should be possible to implement within a 
few years in the automotive industry. Many of these solutions are already used to some extent 
by most automotive manufacturers, however not exactly as suggested here and not to the same 
extent. Even though changing an automotive manufacturing strategy to align with the 
suggestions in this thesis could be considered as evolving current strategies rather than 
changing the entire manufacturing strategy, these adjustments will be a big challenge. The 
automotive industry is the world’s largest manufacturing activity, and therefore even small 
changes require enormous resources. The large output rates in terms of value, the large 
investment in manufacturing equipment and the fact that the entire manufacturing system is 
designed for ICE vehicles are considered the largest challenges for implementing the 
suggestions in this research. 
 
This thesis provides some possible solutions on how to combine flexibility and efficiency in 
final assembly in the automotive industry. Other industry branches with the same basic needs 
as the automotive industry might also benefit from the findings in this research. 
 
This thesis might also be used in the product development process within the automotive 
industry in order to understand how some decisions in the development process affect the 
efficiency and the flexibility of the assembly system. Specifically, the findings related to 
platform strategy are interesting for product development activities. 
 

7.4.2 ACADEMIC CONTRIBUTION 

The model describing the relationship between different flexibilities and the key factors can 
be used as a foundation for further research. The author believes that even though the 
flexibilities and the key factors are well documented in academia, there is a gap regarding 
how they interact with one another. 
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Many of the empirical findings in this paper have been known in the automotive industry for 
some years, but have never been formulated in academic reports. Therefore, this research can 
be used as a reference for research in the automotive industry, and also in any industry 
seeking mass customization. 
 
This research has established a connection between some different flexibility and key factors. 
This can be used as a reference for other researchers who are looking to achieve certain types 
of flexibilities. The key flexibilities identified can be used as a foundation for a measurement 
tool for assessing flexibility in the automotive assembly. The proposed architecture-platform-
vehicle definition is a first step towards a stringent definition of these concepts. This 
definition fills a gap in the current academic literature. 
 

7.5 SUGGESTIONS FOR FURTHER RESEARCH 
Further research could be to identify critical stations in the final assembly, and to evaluate 
what kind of tooling is required to facilitate both ICE and new powertrain vehicles. Also, the 
hardpoints for new components, such as BEV batteries, needs to be mapped and compared to 
ICE-specific components. This is important in order to evaluate if, for instance, BEV and 
ICE-specific components can be assembled in the same assembly station, or if dedicated 
tooling or stations are required. 
 
One of the factors that is most important for efficient manufacturing is to have a common 
BOP. Further research regarding to what extent it is possible to have a common BOP between 
different powertrain solutions is needed. 
 
The key factors presented in this report could also be investigated in other industry branches. 
This could be important to test if the theories presented in this paper are valid in industrial 
environments other than automotive. Testing the key factors in other industrial environments 
might also contribute with new findings that are applicable in automotive manufacturing. 
 
Associated with the assembly of vehicles with high voltage batteries are challenges that need 
to be addressed. Where the battery should be charged, how much it should be charged and 
how to handle internal logistics for this potentially hazardous product are all challenges that 
need to be managed. 
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