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Sammanfattning 

Bilindustrin står idag inför den stora utmaningen att minska miljöpåverkan 
från sina bilar. En viktig del i detta arbete är att minska den strukturella vikten 
hos bilen och på detta sätt minska bränsleförbrukningen alternativet behovet 
av tunga och dyra batterier. Kolfiberkompositer anses av många vara den enda 
realistiska vägen för att lyckas med detta då dagens konstruktionsmaterial inte 
har möjligheten att tillräckligt minska vikten av dagens bilkarosser. Samtidigt 
råder det en kompetensbrist inom bilindustrin vad gäller konstruera och 
tillverka strukturella kompositer för högvolymsproduktion. För att underlätta 
detta möjliga teknikskifte måste metoder och verktyg tas fram som stöd för 
utvecklingsprocessen av morgondagens karosser. Detta för att säkra de 
tekniska och finansiella resultaten i det arbetet. 

I denna licentiatavhandling presenteras ett övergripande system för att 
utveckla strategier och ge rådgivning i konceptfaserna av arbete med att 
utveckla kolfiberkompositkarosser. Initialt föreslås två huvudstrategier, att 
definiera den mest gynnsamma materialdiversifieringen samt den mest 
kostnads- och viktseffektiva delning av kompositstruturen. 

I de bifogade artiklarna beskrivs metoderna och hur de kan integreras i 
utvecklings arbetet. Papper A och B inkluderar även parameter och fallstudier. 
Olika typer av kolfiberkompositer både väl industrialiserade och 
högpresterande materialsystem och tillverkningsprocesser är inbegripna. 
Resultaten visar att högpresterande material system är mycket 
konkurrenskraftiga trots sämre industrialiseringspotential och långsammare 
cykeltider. Vikten av att maximalt utnyttja materialens prestanda är viktigare 
än att öka processeffektiviteten. Dessutom visar resultaten att, tvärt emot vad 
som brukar benämnas som en av styrkorna med kompositer, så är en strävan 
efter så integral och stor struktur som möjligt i vissa fall en felaktig strategi. 
Att dela upp strukturerna i lämpliga detaljstorlekar, beroende på detaljens 
storlek och komplexitet samt material och process är av stor vikt för kostnaden 
av den slutgiltiga produkten.  
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Abstract 

The automotive industry stands in front of a great challenge, to decrease its 
impact on the environment. One important part in succeeding with this is to 
decrease the structural weight of the body structure and by that the fuel 
consumption or the required battery power. Carbon fibre composites are by 
many seen as the only real option when traditional engineering materials are 
running out of potential for further weight reduction.  However, the 
automotive industry lacks experience working with structural composites and 
the methods for high volume composite manufacturing are immature. The 
development of a composite automotive body structure, therefore, needs 
methods to support and guide the conceptual work to improve the financial 
and technical results. 

In this thesis a framework is presented which will provide guidelines for the 
conceptual phase of the development of an automotive body structure. The 
framework follows two main paths, one to strive for the ideal material 
diversity, which also defines an initial partition of the body structure based on 
the process and material selection. Secondly, a further analysis of the 
structures are made to evaluate if a more cost and weight efficient solution can 
be found by a more differential design and by that define the ideal part size. 

In the case and parameter studies performed, different carbon fibre composite 
material systems and processes are compared and evaluated. The results show 
that high performance material system with continuous fibres becomes both 
more cost and performance effective compared to industrialised discontinuous 
fibre composites. But also that cycle times, sometimes, are less important than 
a competitive feedstock cost for a manufacturing process. When further 
analysing the manufacturing design of the structures it is seen that further 
partition(s) can become cost effective if the size and complexity is large 
enough. 
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1. Background 

More than ever before, the automotive industry today focuses on reducing the 
emissions from their products. Anticipated legislations and an increased 
demand for more energy efficient vehicles have made this necessary. To 
succeed with this task the structural weight of the vehicle must be reduced, but 
the engineering materials used today have a limited weight-decrease potential. 
Carbon fibre composites are therefore, by many, seen as the only realistic 
option to achieve this weight loss. Or more directly expressed by Peter 
Mertens, R&D manager at Volvo Cars, when saying 

 “There is no way around carbon fibre in the body structure...” 

A weight decrease of 10% reduces the fuel consumption with 7% [1] and a 
carbon fibre composite body structure has the potential of decreasing the 
weight of the body structure with over 50%. For decades, however, the trend 
in the automotive industry has been the opposite. Figure 1.1 shows that the 
weight of an average car has increased with 10 kg per annum. This 
development is a result of increased performance and safety requirements, but 
also, due to that more equipment is expected to be integrated in the car. Cost 
effective manufacturing processes has made this possible without major price 
raises. Steel solutions have been in favoured, where the combination of rapid 
manufacturing processes and low feedstock costs has proven to be a winning 
concept.  
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Figure 1.1: The weight development of the cars in the automotive industry 

over recent time (courtesy of Volvo Cars Group) 

In the automotive industry composites materials have mostly been used for 
semi structural or cosmetic parts. The material systems used have, with rare 
exceptions, been glass fibre in the form of sheet moulding compound (SMC), 
injection moulding thermoplastics or glass moulding thermoplastics (GMT) -
all with low fibre volume fractions. Freedom of design and higher part 
integration has given composites a cost advantage over metallic options in 
these applications. Parallel to the automotive industry, sporting goods as well 
as the military and racing industry has used carbon fibre composite in 
structural parts due to its unsurpassed weight specific properties and high tech 
image. They have been able to do so thanks to cost insensitive clients 
appreciating these characteristics. In contrast to these industries the 
automotive industry must be able to introduce carbon fibre composites to 
reduce the structural weight and at the same time create a feasible business 
cases for these expensive material systems. The challenge grows since the 
automotive industry has limited experience of working with structural 
composite materials. For some OEM’s, however, this technology shift will 
come easier thanks to long term strategies of implementing structural 
composites. For others, the potentially rapid transition from a steel to a carbon 
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fibre body structure will be both challenging and entail technical and financial 
risks. As illustrated in Figure 1.2, composite materials offers a variety of 
mixed materials with tailored properties, but all the possible options also 
complicates the decision making considering which materials and processes to 
use. Methods and support functions are therefore required to minimise the 
risks and improve the outcome of this technology shift. 

 

 

Figure 1.2: Visual description of the increased complexity of material design, 

material system and process choices moving from isotropic steel to 

anisotropic carbon fibre composite. 

The holistic framework proposed in this thesis is developed to provide an ideal 
material selection and design philosophy for a carbon fibre composite body 
structure, to ease the potential technology shift and to minimise the financial 
and technical risks. First, in the conceptual approach presented in paper A, a 
weight and cost objective material and process selection is proposed. The 
methodology defines a suitable material diversity for the complete body 
structure and an initial partition of the same. Secondly, the work in paper B 
analyses the cost and weight effectiveness of either an integral or differential 
design. The work in this thesis covers areas such composite material 
performance and manufacturing, automotive body structure architecture, 
material and process selection as well as cost modelling. 
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2. Brief history and state of the art 

Staut-Scarab [2] is claimed to be the first car to use composites materials in 
the body structure, more precise glass fibre reinforced plastic (GFRP). The car 
was developed in 1945 for a small series and was designed by William Stout 
in cooperation with Owens Corning, who also developed the GFRP body 
panels and chassis. In 1953, both GM and Kaiser Willys launched car models 
with GFRP semi structural body parts, such as the Chevrolet Corvette shown 
in Figure 2.1 and the Kaiser Darrin. The Corvette has after that continued to 
use glass fibre composite body panels and today it also uses carbon fibre 
material system in more structural parts [3].  

 

 

Figure 2.1:  Corvette body structure parts. 

The corvette was initially made from 46 composite part assembled by 
adhesive bonding. The assembly was initially challenging as the pieces were 
hand made with low accuracy which led to a labour intensive post treatment of 
sanding and filling gaps. In 1972, the manufacturing of  the corvette GFRP 
parts were transferred from hand lay-up to SMC which lead to higher quality 



 

12 
 

and better tolerances [3]. The first high volume car with composite body 
structure was the Pontiac Fier. It was introduced in 1984 and over 370 000 
cars were sold over a short number of years, with a highest annual volume of 
137 000 cars/year [3]. 

The use of carbon fibre reinforced plastic (CFRP) and monocoque body 
architecture was first introduced in the F1 circus by McLaren in 1981 [4]. Far 
from low cycle times and high volume production, it took up to 3000 hours 
and 100 people to complete the first monocoque called mono cell. Later, in 
1993 McLaren also made the first CFRP body structure for a road car, but it 
was still manufactured in low volumes and very labour intensive. Today there 
are several examples of sports and luxury cars with structural and non-
structural CFRP parts. 

In 2013, BMW launched the BWM i3 which would be the first high volume 
carbon fibre body structure with an ambitious annual sales volume of over 
30 000 cars/year [5]. BMW showed their intentions and also their belief in 
carbon fibre composites when they made a joint venture with the carbon fibre 
manufacturer SGL [6]. The joint venture was made to secure carbon fibre 
availability and to lower the feedstock cost of the expensive fibre. 
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3. Automotive development project 

The automotive development process is often project based and the size and 
complexity of the projects are dependent of the project scope. The scope can 
either be a model update, a so called face lift of a current model, or a complete 
redesign i.e. a new platform or body structure starting the work from a blank 
sheet. The latter is the most demanding project for the organisation requiring 
large financial efforts and recourses. 

3.1. Development phases 
A redesign project, with the financial risks involved, demands a well-
developed process and straight forward methods to support the project. The 
automotive industry often refers to the Product Evolution Process (PEP) [7]. 
Each OEM has their views on the content but the general picture is more or 
less the same. The Volvo Cars version is described in Figure 3.1. and can 
roughly be divided into four phases. During the strategy and concept phase the 
prerequisites for the car are decided, the material systems and process are 
selected and the conceptual design is made. In the industrialisation phase the 
detailed design is completed and product is put into production. Finally, the 
car enters the maintenance phase where production is running and changes and 
optimisations are handled. The development work is often divided between 
different areas of expertise such as chassis, powertrain, body structure etc. 

 

Figure 3.1: Development phases for Volvo Cars, strategy and concept is 

included in what PEP defines as concept phase. 

The main part of the resources for a project are allocated in the concept phases 
[8], while the financial investments increases during the final parts of a 
project, during the industrialisation and the maintenance phase. 
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3.2. Concept phases 
Despite that the cost for the project is the greatest at the end, the concept phase 
is the most critical phase for the financial and technical success of the project. 
The relation between the production cost and the concept phase is well 
described by Rush et al [9] in figure 3.2, and the development of an 
automotive body structure is no exception. 

 

Figure 3.2: Cost commitment curve [9] (courtesy of Roy Rajkamar). 

The concept phase is where important questions are raised and where critical 
decisions are made considering architecture and design, what materials to use, 
which manufacturing processes to install and how to assemble the parts. The 
choices made here will influence the whole outcome of the project. How great 
this impact is has been discussed, but it is said that up to 80% [9], [10] of the 
final cost of a product can be accounted for decisions made during the concept 
phase. The concept phase itself only consumes around 10% of the project 
budget [11]. This is also the part of the project where changes are the least 
expensive or better described by the rule of ten by Ehrelnspiel et al [12]; 
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“From practical experience, the “Rule of Ten” was formulated, which conveys 
the idea of the exponential growth of costs over the life phases of the product. 
The later the changes are made, the more expensive they get. For example, a 
technical change that costs 1 $ at the task clarification stage will cost 10 $ 
during designing, 100$ at the production planning stage, 1 000$ if made 
during production, and 10 000$ after shipping!” [12]  

Not expressed and difficult to assess, these described relations must 
reasonably also count for the performance and by that the weight of the final 
product. That implies that up to 80% of the product weight e.g. the body 
structure weight, is governed by the choices made in the concept phase. If 
weight reductions are needed later on in the project, these will come at a high 
cost. Therefore to conclude, the concept phase involves both financial and 
technical risks which must be avoided or at least minimised. 
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4. Composite body structure 

4.1. Requirements 
To create a sustainable business case for a carbon fibre composite body 
structure all cost reduction potential needs to be exploited and the focus must 
be on the concept phase for the reasons mentioned above. The concept phase 
is initiated by defining the prerequisites for the car and from those the body 
structure requirements can be extracted. They are a combination of 
performance requirements, legislations, styling and subsystem requirements 
and sums up to over a hundred in most cases. These requirements must be the 
basis for a successful material and process selections. 

The body structure requirements can be divided into two categories: geometric 
requirements and requirements related to the mechanical and physical 
performance of the structure and the included materials. Geometric 
requirements, such as visual angles, wheel positioning, driver position etc. are 
visualised in Figure 4.1a, in the so called CV-specification. In this thesis, the 
geometric requirements define the design space for the body structure, 
exemplified by the design space analysis shown in Figure 4.1a. The result 
reveals that the available design space does not differ much from the present 
steel body structure. The possibility for a complete re-design of the body 
structure architecture, i.e. the global design, to suite a composite design is 
therefore limited. Instead, other variables and strategies must be explored to 
design a cost effective carbon fibre body structure. Two such strategic areas 
are proposed in this thesis. 

Figure 4.1: a) Legislations and requirements on passenger space, wheel 

placement, visual angles etc. (courtesy of Volvo Cars Group)  a) Design space 

study of a Volvo V40. The grey area symbolises the steel body structure of the 

car and the yellow area the space that could be used for the body structure. 
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4.2. Material diversity 
In automotive industry the “right material at the right place” strategy is 
something material suppliers and OEMs have worked intensely with during 
many years. The aim has been to improve the business case as well as to 
answer to increased legislations and performance requirements. The steel 
industry has developed a number of new steel qualities, made them producible 
and in the end allowed for a high material diversity in the optimisation of the 
body structure. As seen in Figure 4.2, an automotive body structure is today a 
puzzle of different steel grades combined with aluminium and magnesium to 
secure the performance. 

 

Figure 4.2: The automotive material selection for the new Volvo cars SPA 

body structure, (courtesy of Volvo Cars Group). 

The initial requirements are the key to an ideal material diversity. As 
mentioned in chapter 1, working with composites the number of plausible 
material combinations increases even further with the potential of tailoring the 
structural properties for these requirements. If a high material diversity 
strategy was implemented, both financial and technical benefits could be 
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gained. But, such a strategy is not common in industries where carbon fibre 
composite are implemented. The aerospace industry, as one example, avoids 
all material mixes to minimise stiffness transitions and hotspots [13]. For the 
automotive industry, where multiple stiffness and geometry transition already 
are created by the global design, this is a strategy to consider. 

4.3. Part size 
Secondly, the benefits of an integral or differential design are important to 
analyse in order to create an effective manufacturing design strategy. Today, 
as shown in Figure 4.3, a steel body structure consists of more than 300 parts 
manufactured by steel stamping and assembled mainly by welding. The 
number of parts is thus great since manufacturing constraints force the 
designers to create small steel parts to build up larger more complex 
structures. The process is cost effective with low feedstock cost and rapid 
processing. A composite body structure, on the other hand, can theoretically 
be manufactured as one integral structure even though it might not be the most 
cost effective solution. The aerospace research has investigated the impact on 
manufacturing cost of a composite fuselage when dividing it [14], analysing 
the effect on lay-up and labour cost. Though, further research needs to be 
performed in order to develop design philosophies for a composite automotive 
body structure. Aspects as incurred weight, assembly cost, impact on 
structural design and performance due to a partitioning of the structure must 
be investigated. Also, the effect of material system selection and processes 
used on the design solutions need to be understood. 

 

Figure 4.3: a) Body structure part split Volvo V40 body structure consists of 

350 parts. b) Light concept project part split, body structure consists of 26 

parts (courtesy of Volvo Cars Group). 



 

19 
 

5. Structural composites material systems 

5.1. Composite materials 
A composite material is a combination of two or more materials combined 
into a homogenous structure. The combination is made to take advantage of 
the constituent materials strengths and to suppress their weaknesses. When 
discussing composites one often implicitly mean polymer composites which is 
a material system consisting of a polymer resin and fibres. The fibre is the 
load carrying member while the resin supports and protects the fibre. All 
composite materials, independently of fibre fractions, are more or less load 
carrying but can be divided into the sub groups semi-structural composites and 
structural composites. The first is used in parts ranging from cosmetic 
applications to semi structural parts as e.g. for automotive applications that is 
typically injection moulded thermoplastic components and sheet moulding 
compound (SMC). The common characteristics for these types of composites 
are low fibre volume fraction and low structural properties. Structural 
composites, on the other hand, are load carrying structures with high fibre 
content. There exists both structural discontinuous (DFC) and continuous fibre 
composites (CFC). 

 
Figure 5.1: examples of CFC and DCF composite systems. 

 
The difference, shown in figure 5.1 is that DFC are more or less isotropic with 
short fibres randomly mixed in the polymer resin. CFC is laminate systems 
based on long fibres in specific directions thereby providing a possibility of 
tailoring the mechanical properties and characteristics, both in and out of plan. 

The continuous fibre textiles can come in different shapes; weaves, 
stitched materials, braids and uni-directional fabrics. These fabrics can 
be used in the lay-up stage to design the mechanical properties of the 
structure.  
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Many different fibres can be used in these composite structures: glass, carbon 
and armide fibres as well as different natural fibres such as hemp and flax etc. 
The two most commonly used fibres are glass and carbon fibre, for both CFC 
and DFC. Glass fibre has great mechanical properties to a low cost and several 
different fibre qualities exist. Glass fibre has a Young’s modulus similar to 
aluminium (70GPa) but depending on quality the strength can vary. Carbon 
fibres have compared to other engineering materials nearly unsurpassed 
weight specific mechanical properties and by that a great potential to design 
light weight and high performing structures. The fibre comes with on great 
drawback, it is expensive and has therefore only been used in areas and 
industries where weight and performance have been rewarded and the high 
cost accepted. Carbon fibres also come in different qualities: High strength 
(HS), intermediate modulus (IM) and high modulus (HM) are common. In this 
thesis the focus is on carbon fibre composites since it is the only material, 
today, which can sufficiently decrease the structural weight of the automotive 
body structure. 
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6. Composite manufacturing 

The different manufacturing processes for composite materials are numerous 
and both thermoplastic and thermoset processes exist. Still they can roughly 
be divided into two types depending on the raw materials used; Prepreg based 
processes, where the fibres are pre-impregnated by the resin and in the process 
only formed and consolidated/cured. Resin injection processes, where dry 
fibres are placed in the tool and the polymer resin is injected into the tool 
impregnating the fibre and the structure is consolidated. In this thesis, focus is 
on structural composites i.e. structures with high fibre volume content, and 
processes with high annual volume capacity. Composite high volume 
manufacturing is an immature industry under constant development and the 
processes considered in this work are of conceptual nature. Three different 
manufacturing processes are included; Resin transfer moulding (RTM); 
Thermoplastic compression moulding (CM) and advanced sheet moulding 
compound (ASMC). High strength (HS) carbon fibres are considered for all 
material systems and processes included in the studies. Used. 

6.1. RTM 
The RTM process uses dry fibre textiles and thermosets, usually epoxy resins, 
to create the structural component. The continuous fibre textiles are pre-
stacked and placed in the tool before the tool is closed and the resin is 
injected. The resin impregnates the dry fibre stack and the structure is cured 
under heat. It is, compared to prepreg system based processes, a more 
complicated manufacturing process but by using materials from earlier in the 
value chain a lower feedstock cost is achieved. 

6.2. Thermoplastic compression moulding 
Thermoplastic compression moulding is based on a prepreg material system 
consisting of continuous fibres impregnated with thermoplastic resin and 
delivered as sheets. These are stacked into the defined lay-up before being 
heated to a temperature above the matrix melting temperature. The heated 
stack is thereafter moved to a press, where moulded into the right shape using 
a cold or only slightly heated tool. The thermoplastic based processes has a 
great advantage, since the resin does not need to cure, instead it is just 
transferred from molten to a solid state and the process can therefore be 



 

22 
 

extremely rapid. The high cost for thermoplastic prepreg systems is a 
drawback. 

6.3. Advanced sheet moulding compound 

Advanced SMC uses a prepreg system made out of shopped carbon fibres and 
thermoset resin, often vinyl ester, mixed into a moulding compound, i.e. a 
DFC. The material is placed into a heated tool where it is compression 
moulded into the desired shape and allowed to cure. DFC systems has several 
process advantages such as the ability to manufacture highly complex 
geometries without complicated cutting and draping operations; no structural 
laminate design and lay-up operations are needed. The latter is also one of the 
DFC greatest drawbacks, to not fully take advantage of the high performance 
materials used. 

6.4. High volume manufacturing 

The long cycle time of most processes used for manufacturing of structural 
composites makes it unsuitable for high volume production unless parallel 
production lines are accepted. Unfortunately, this is not in line with the 
manufacturing practise for automotive body structures. For the cost model in 
this thesis three conceptual high volume manufacturing lines designed; one for 
each process included RTM; CM; and ASMC. The lines are considered fully 
automated and based on information from the industry all three provides a 
potential design for near future production. Figure 6.1 shows the steps of the 
part manufacturing and the following assembly process for the processes 
considered in this thesis. The assembly method is as important as the part 
manufacturing in the high volume automotive scenario. The state of the art 
method for composite assembly, spot curing, is considered in the cost model. 
Spot curing was developed to enable continuous flow through the assembly 
line without stops related to the curing of the adhesive and is used in BMW i3 
production. The assembly process assumes a single line assembly as is the 
practise in automotive industry. The output from the body shop assembly line 
controls the annual volume wherefore the speed is essential. 
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Figure 6.1: Manufacturing and assembly processes for RTM, ASMC and 

compression moulding (CM) presented with included steps. 

  



 

24 
 

7. Integrated material and process selection 

Material selection is often made based on traditions as well as old experiences 
and know-how which can be explained by the economic theory of path 
dependency [15]. The result is that the ideal solution is not always chosen; 
instead traditional solutions more related to the company history, core 
business, and knowledge within the organisation are favoured. Major 
technology shifts, however, often comes when the competence and experience 
is still limited, which increases the risks of making wrong decisions during the 
concept phase. A well formulated material and process selection method is 
one way to limit unwanted costs or low performance later on in the project. 
Jahan et al [16] reviewed the major material selection, or screening, methods 
and described how the selection differed depending on method used. The 
authors divided the methods into five different categories, as described in 
Figure 7.1, with the categories cost per unit property method and chart 
methods as the most elementary. These methods are also the most suitable for 
the concept phase with limited demands on detailed design and information. 

 

Figure 7.1: The different categories of material screening methods according 

to Jahan et al [16]. 

Ashby’s material selection philosophy [17], a chart method, uses the charts in 
order to visualise the performance of different material groups in relation to 
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objectives such as cost and weight, exemplified in Figure 7.2a and b. This 
approach gives a great overview of the material options and a first base for 
material screening. 

a    

b  
Figure 7.2: Material charts based on the Ashby philosophy a) Young’s 

modulus and density relation for different material groups. b) Strength and 

cost relation for different material groups. (with data courtesy of Granta 

Design Ltd, Cambridge), UK [18]. 
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Chart methods normally only treats one objective at a time. In reality most 
choices comes with compromises and multi-objective problems e.g. objective 
to minimise both cost and weight, are common especially in material 
selection.  Ashby’s methodology can be extended to consider also multi 
objective selections [19] and the problem is solved with an objective function, 
a penalty function, together with an exchange constant. If the objective is to 
minimise cost and weight of a product the objective function (P) can take the 
form 

P=C+α*w, (1) 

where C is the product cost and w is the weight of the product. α is the 
exchange value, expressing the financial appreciation of a weight reduction, 
often called the value of weight. The preferred solution is the one minimising 
the function P. Such an approach has been used in the multi objective 
optimisation by Kaufmann et al [20] for the structural design of an aircraft 
structure focusing on minimising the direct operational cost (DOC). The 
solutions to such a multi objective problem can be presented in a scattered 
chart with the value of weight superimposed as shown in Figure 7.3. The 
preferred solution is found along the dotted line and the value of weight 
provides the angle of the slope for the line. 

 

Figure 7.3: Multi objective material selection chart, with different solutions 

and their ability to decrease weight on one hand and cost on the other. The 

dotted line represents a line with the angle of -1/ α surface along which a 

preferred solution is found. 
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In multi objective material selection the preferred solutions are found by 
comparing e.g. materials weight and cost specifics. But, the geometry of a 
structure also influences the final performance. For that purpose material 
performance indices have been developed to provide an objective estimate for 
a materials performance in different generic shapes [17]. Table 7.1 shows 
some examples of such indices, which are often used in the first step of the 
material selection, in the concept phase where no detailed designs are 
available enabling accurate analysis. However, the more information that is 
provided to define the material indices the better the material selection 
becomes. Correct cost estimations and a clear understanding of the material 
properties and performance are therefore important. 

Function, functional requirements, 
objective 

Objective Material indices 

Local, Stiffness, weight Weight ρ/E 

Local, Stiffness, cost Cost C*ρ/E 

Panel, stiffness, weight Weight ρ/E1/3 

Panel, stiffness, cost Cost C*ρ/E1/3 

Beam, stiffness, weight Weight ρ/E1/2 

Beam stiffness, cost Cost C*ρ/E1/2 

Toughness, weight Weight ρ/G1c 

Toughness, cost Cost C*ρ/G1c 

Table 7.1 Examples of material performance indices for minimising cost or 

weight;C=material cost, €/kg, ρ=density, kg/m
3
 ,E=Young’s modulus, GPa, 

G1c=Toughness, J/m
2
 

7.1. Material selection of composite materials 
To make a correct material selection is specifically challenging for composites 
due to the different behaviour of CFC and DCF depending of geometric 
design. DCF and CFC plates with the same tensile stiffness can for example 
have different bending stiffness. This is a result of the laminated nature of the 
CFC and can be described by plate and classic laminate theory. Plate theory 
[21] describes how the stiffness of isotropic materials in the shape of plates 
depends on the Young’s modulus of the material and the thickness and shape 
of the plate. Classic laminate theory [22] describes the stiffness of a laminated 
plate explaining the differences in in-plane and out of plain stiffness 
depending on the laminate stacking sequence. The laminates stiffness, in 
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classic laminate theory, is described by the A, B and D matrices, where D 
describes the bending stiffness for the laminate. The stiffness matrices A, B 
and D for a laminate are defined from (N= force) (M=moment) 
 

. 
 
Material selection methods do not take into account such fundamental 
variations within a material group. In order to perform a correct material 
selection for carbon fibre composite material systems and understanding these 
aspects is required and the effects must be included in the selection method. A 
method for such an objective material selection was developed and presented 
in Paper A appended in this thesis. 
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8. Cost estimation/modelling 

Cost estimation in early development phases is challenging. In combination 
with new immature technologies, such as high volume composite 
manufacturing, the complexity increases. Cost estimations and cost models 
provide very important strategic information for a company and are often well 
hidden treasures. Therefore, most commercial and available estimation 
techniques are based on statistics, historic data etc. while detailed 
manufacturing cost estimations are not public. 

8.1. Cost estimation 
In manufacturing cost model practise one distinguishes between qualitative 
and quantitative methods. Qualitative methods are based on previous products 
and relay on similarities between new and old products. Quantitative methods 
do not only relay on old data, instead they require detailed analysis of features, 
design etc. of the new product. One can further divide quantitative methods 
into parametric cost models and process cost models. The latter is also referred 
to as analytical technique [23], [24]. Parametric estimations, often used in 
early stages of product development [8] are based on experiences and 
knowhow. It often uses cost estimation relations (CER) [24] to predict the cost 
of new products. Statistical relations and historical manufacturing data are 
used to establish the cost estimations. The result from this method is much 
dependent on the quality of the in-data and the relevance of the relations 
between manufacturing of old and new products. 

Process cost estimation is instead requiring detailed knowledge of the 
manufacturing and assembly methods used. This cost estimation technique 
draws on experiences and competence related to the process and covers all 
costs related to the manufacturing of the product. The results are often seen as 
more accurate but also much more demanding since the complete 
manufacturing process needs to be considered in the cost model. 

8.2. Estimation of new technology 
Roy et al [25] has identified the challenge of making correct cost estimations 
of new technologies in the automotive industry. The cost estimations of new 
technologies should not be based on historic data and experiences. Process 
cost modelling is therefore the most suitable method for this purpose. High 
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volume composites manufacturing in the automotive industry has no 
comparison in other industries and therefore detailed analysis of the 
manufacturing processes as well as analysis of present composite 
manufacturing systems in non-automotive industries is required. 

8.3. Manufacturing and assembly cost estimation 
In this thesis cost models must consider both the part manufacturing and 
assembly line. The total part cost (Ctot), including both manufacturing and 
assembly lines, is described as 

Ctot=Cinvest +Ctot_material +Ctool +Crunning ∈assembly, manufacturing (2) 

Where:   

Cinvest = f(machines, presses, robots) 

Ctot_material = f(material utilisation and scrap) 

Ctool = f(tool cost) 

Crunning = f(electricity, service, facilities, labour, etc.) 

The initial material and process selection phase aims to estimate the part 
manufacturing cost for a structure with low complexity and a set weight 
(normally comparison is done comparing cost of a 1 kg structure). The 
analysis of integral and differential design solutions, on the other hand, 
requires a more detailed cost estimation taking into account geometry, size, 
complexity etc. A manufacturing line is designed for each of the processes 
considered in the thesis. Based on the operational time (toperation) for each 
station, the annual work time (tannual) and the annual planed volume (V), the 
specific number of annual operations available can be assessed for each station 
(nannual) 

nannual= tannual /(toperation*V)    (3) 

The annual volume planned (V) for the production governs the number of 
robots and machines required in the process and for each station. In the cost 
models, a parallel line design must be considered due to the slow cycle times 
for composites and the often high annual volumes demanded by the 
automotive industry. 
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9. Summary 

A holistic framework is suggested in this thesis to define an ideal material 
diversity and partition of a composite body structure. The steps included in the 
framework are visualised in Figure 9.1 including: 

Design space – analysis of the potential design space 

Requirement – applies the requirements onto the design space 

Material and process selection – material diversity strategy 

Integral or differential design – part size strategy 

Conceptual material process selection and partitioning – Composite body 
structure concept 

If implemented in the early concept phase, the framework, besides from 
providing a carbon fibre composite body structure concept, further intends to 
increase the understanding and competence in the organisation and by that 
minimising both financial and performance risks. 

 
Figure 9.1: Holistic method for approaching an ideal composite body 

structure. 

 

The work presented in paper A considers the issue of defining a preferred 
material diversity as well as the first partitioning of the design space based on 
the process selection. The material and process selection is created around 
traditional material selection philosophies. The method considers all 
requirements for the body structure and its potential design space and a model 
for process cost estimation is developed. The method offers a possibility to 
compare fundamentally different composite material system such as 
discontinuous and continuous fibre system. 
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Paper B addresses the issue of defining the most cost and weight effective 
part size for the composite body parts. Differential or integral design solutions 
challenges us with different advantages and a trade-off between cost and 
weight which must be defined. The cost model from paper A is further 
developed to consider aspects such as size and geometrical complexity on a 
conceptual level and enhanced with an assembly module. The objectives of 
cost and weight are maintained for this evaluation and the incurred weight by 
the assembly is addressed by a weight module. The methods are in detail 
described in the appended papers. 

Throughout the work the value of weight is used to provide a measure of the 
appreciation of decreasing weight compared to minimising cost. Such a value 
is critical in order to provide the correct advices in these matters. This value is 
continuously changing and should be treated with caution applied in these 
methods. 

9.1. Discussion and conclusions 
The main goal with this thesis work has been to develop efficient methods 
aimed for the concept phase for the development of carbon fibre body 
structures. The material and process selection, ideal part size and part 
integration has been under focus. The framework has intentionally been based 
on straight forward methods to decrease the implementation barriers. The 
work has shown that continuous fibre materials are both more cost and weight 
efficient compared to more industrialised material systems, such as ASMC. 
The advantages in mechanical performance and the possibility of tailoring the 
materials for specific purpose is more important than process efficiency. The 
results also emphasize the importance of including such fundamental 
differences between laminated anisotropic materials and more iso/quasi 
isotropic materials in the material and process selection. Furthermore, it is 
shown that cycle time, despite the focus in the automotive industry, is of less 
important than a competitive material cost. The features governing this are 
found in the cost breakdown of composite high volume manufacturing; the 
high cost of the material systems together with low investments required for 
the manufacturing and assembly create such effects. Furthermore, the results 
in Paper B question the urge to manufacture large integral composite 
structures to achieve a cost and weight effective structure. Instead it is shown 
that if the material utilisation, more precise the scrap cost, can be decreased by 
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a partition of a structure the cost efficiency of the manufacturing can be 
improved.  

9.2. Future work 
Knowledge in material and process selection and effective part size definition 
is crucial in the conceptual design of the composite body structure of the 
future. Since high volume manufacturing processes for structural composite 
are under constant development it must be continuously monitored to improve 
the results from the presented framework. This far the framework has survived 
on knowledge on basic design features. In order to increase the knowledge 
around the ideal carbon fibre body structure, global structural design and load-
case analysis will however be needed. As an example, the choice of where 
partitions of the structures should be placed will affect both cost and weight of 
the final structure. The most suitable position for division can only be found 
also considering information from the structural design.  
 
Currently only monolithic laminate material systems are considered in the 
work. It would be of great interest to further enhance the framework to also 
cover sandwich structures and multi-functional materials. Cost and weight 
benefits from such applications would be challenging to include since it is 
much dependent of other systems, both structural and non-structural. For 
example; damping and sound isolation not required if a multi-functional 
structural material is introduced providing that property. 
In the future also new models for car-owning might be developed, shifting 
from today where the purchase cost is in focus to a Life Cycle Cost (LCC) 
focus. This would create a greater interest in the complete cost of buying a car 
and the cost of owning it. In regard to cost estimations, an airplane approach 
similar as presented by Kaufmann et al [26] working with Direct Operational 
Cost, including a LCC thinking would then be appropriate to include. 
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Mårtensson enhanced the cost model and did the detailed descriptions as well 
as the implementation. Mårtensson wrote the paper with assistance from 
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