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Sammanfattning 

Bilindustrin står idag inför en stor utmaning att förbättra energieffektiviteten hos sina 
bilar. En viktig del, och ett av de mest effektiva sätten, är att minska bilens vikt och på 
detta sätt minska bränsleförbrukningen. En stor del av bilens vikt kan tillräknas 
karossen som även ger bilen dess passiva säkerhet och styvhet. Höga strukturella krav 
möjliggör en stor potentiell viktminskning om nya sofistikerade konstruktionsmaterial 
används. Kolfiberkompositer anses av många vara den enda realistiska vägen för att 
lyckas nå de uppsatta viktskraven. Dock ställer bilindustrin nya krav på kompositerna 
vad gäller produktionstakt och kostnadskrav. Erfarenheter och kompetens inom 
högvolymsproduktion av vikts- och kostnadseffektiva kompositer är en bristvara. 
Därför måste metoder och konstruktionsriktlinjer tas fram som stöd för 
utvecklingsprocessen av morgondagens karosser. Detta för att minska riskerna och 
säkra de tekniska och finansiella resultaten i det arbetet. 

I denna doktorsavhandling presenteras en övergripande metod som stöd för att 
utveckla strategier och ge riktlinjer i den kritiska konceptfasen av arbete med att 
utveckla kolfiberkompositkarosser. Initialt definieras den mest gynnsamma 
materialdiversifieringen samt den mest kostnads- och viktseffektiva delningen av 
kompositstruturen baserat på de valda processerna. Därefter analyseras fördelarna 
med en ytterligare delning av strukturen beroende på deras komplexitet och dess 
effekter på tillverkningskostnaderna. I en differentiell design blir fogningen kritisk och 
detta analyseras för att utreda möjligheten att maximera det i fogarna adderade 
materialets strukturella bidrag. Vikt- och kostnadsfördelar vägs mot varandra för att 
ge möjligheten att definiera en balans mellan dessa två mål, men också för att 
förtydliga deras inbördes beroende. Ett stort skäl till detta är den nära relation mellan 
materialval, design och tillverkningsprocess för den slutliga komposit strukturens 
prestanda. Av den anledningen fokuseras en del av detta arbete på effekterna av 
produktionsoptimering och hur det påverkar viktsoptimeringen. Slutligen undersöks 
möjligheten att använda dagens draperingssimuleringsverktyg för att analysera 
detaljers komplexitet i relation till material- och processval samt delning av strukturer 
för förbättrad produktionsekonomi. 

I de bifogade artiklarna beskrivs metoderna och hur de kan integreras i 
utvecklingsarbetet, exemplifierat i parameter och fallstudier. Olika typer av 
materialsystem och tillverkningsprocesser är inbegripna och resultaten visar att 
högpresterande materialsystem är mycket konkurrenskraftiga trots sämre 
industrialiseringspotential och långsammare cykeltider. Vikten av att maximalt 
utnyttja materialens prestanda är centralare än att öka processeffektiviteten. 
Dessutom är strävan efter integral design i vissa fall en felaktig strategi, trots att det 
ses som en av kompositers styrkor. Att dela upp strukturen i flertalet detaljer, 
beroende på storlek och komplexitet samt material och processval är av stor vikt för 
kostnaden av den slutgiltiga produkten. Denna avhandling förtydligar vikten av att 
balansera process och strukturell optimering för att en optimal kostnad- och 
viktsbalans.  
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Abstract 

The automotive industry is facing a great challenge - reducing its impact on the 

environment. One important element of success will be to decrease the structural 

weight of vehicle body structures, and consequently the fuel consumption or battery 

power required. Carbon fibre composites are regarded by many as the only real option 

as traditional engineering materials are now running out of potential for further 

weight reduction.  However, the automotive industry lacks experience in working with 

structural composites and the development of a composite automotive body structure 

must have methods to support and to guide the conceptual work in order to secure 

the necessary financial and technical results. 

In this doctoral thesis a framework is presented which will provide guidelines for the 

conceptual phase of the development of an automotive body structure. The 

framework is initiated by defining ideal material diversity, as well as initial partition of 

the body structure based on process and material selection. Then, a further analysis 

of the structures is made in order to evaluate whether a more cost efficient solution 

can be found by further dividing the structure. Such a differential design approach is 

analysed in the third part of the work, studying both the financial and structural effects 

of such partitioning. In order to increase the understanding of the intimate 

relationship between design, material and manufacturing process, the balancing of 

manufacturing constraints and structural optimization is addressed. Finally, drape 

simulation tools are used to assess the geometric complexity of composite structures 

in order to further quantify suitable split lines in cases of differential design approach. 

The methodology is sequentially presented in the papers appended including case and 

parameter studies. Different carbon fibre composite material systems and processes 

are compared and evaluated in the work. The results show that a high-performance 

material system with continuous fibres is both more cost and performance effective 

as compared to industrialised, discontinuous fibre composites. Also that cycle times 

are sometimes less important than competitive feedstock costs for a manufacturing 

process. Further analysis shows the importance of balancing the design for 

manufacturing and the structural weight optimization of the structures in order to 

reach a cost and weight effective design. When restricting composite design freedom 

with manufacturing constraints, the great benefits of structural composites disappear 

and with this both weight and cost effectiveness. 
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1 Background 

The automotive industry is facing a great challenge to drastically reduce energy 

consumption and lower emissions from their vehicles. The car segment accounts for 

12% of total CO2 emissions within the European Union(EU) [1]. In order to reduce the 

negative impact of cars on the global warming, the EU has proposed new emission 

legislation. An upper limit of 70 g/km CO2 emission compared to the current 130g/km 

is anticipated by 2025, approved legislation shown in Figure 1.1. It is also proposed 

that these targets should be based on footprint i.e. size of vehicle, instead of weight 

to increase incentives for lightweight solutions i.e. a heavier car is not allowed higher 

emissions. If the legislation is not complied with, heavy financial penalties will follow. 

 

 

Figure 1.1: The regulations for passenger cars emissions of CO2, various global 

markets (reproduced from ICCT.org [5] ) 
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Reduction of mass has been found to be the most efficient emission-reducing, non-

engine technology for the automotive industry [2]. A reduction of the weight of the 

vehicle by 10% reduces fuel consumption by 7% [3], or improves the range of battery-

powered electric vehicles. By reducing the weight of the body structure, subsequent 

weight reductions of related systems such as engine, brakes etc. can follow which will 

further reduce the overall weight of the vehicle - often referred to as the positive 

weight spiral. However, for decades the trend in the automotive industry has been the 

opposite and the weight of an average car has increased by approximately 10 kg per 

annum. This development is a result of continuous demand for increased performance 

and higher safety levels as well as more equipment integrated into our cars.  

Body structure is the single heaviest component in the vehicle, accounting for 20-25% 

of the overall vehicle weight [4]. It is consequently the subject of great interest when 

attempting to reduce overall vehicle weight. It is also the main load-carrying structure, 

providing overall vehicle properties, governing handling and, more importantly, the 

passive safety of the vehicle. Today, most automotive companies have steel intensive 

mixed material body structures. As seen in Figure 3.1, a body structure is a puzzle of 

different grades of steel combined with aluminium and magnesium to secure 

performance while maintaining high annual volumes at a reasonable cost. A steel 

intensive body structure provides a combination of excellent mechanical properties, 

rapid manufacturing processes and low material costs and has therefore become 

extremely suitable for high volume manufacturing. 

 

Figure 1.2: The automotive material selection for the new Volvo cars SPA body 

structure, (courtesy of Volvo Cars Group). 



Mårtensson, Per 

12 

However, today’s body structure is reaching its limits as concerns weight efficiency 

and further weight reductions are difficult without reducing the performance of the 

vehicle. Aluminium-intensive design, as well as polymer composites solutions, are 

therefore receiving great attention in order to further reduce weight. Many see the 

integration of carbon fibre composites as the only realistic option to succeed with the 

weight loss required for the legislation anticipated by 2025. Or more explicitly 

expressed by Peter Mertens, R&D Manager at Volvo Cars: 

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

By using sophisticated materials, such as carbon fibre composites, a weight reduction 

of over 50% [6] is achievable. 

 

1.1 Composites in the automotive industry 

Composite materials are not new to the automotive industry, however they have 

mostly been used for semi-structural and cosmetic interior as well as exterior parts or 

in low volume luxury and sports vehicles. The material systems and processes used for 

high volume applications 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 and non-

continuous fibres. Freedom of design and high part integration has given composites 

advantages over metallic options in these applications. 

The Staut-Scarab [7] is claimed to be the first car to use composite materials in its body 

structure, more precisely 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 and manufactured the GFRP body panels and 

chassis. In the 1950s several cars with composites structures were launched, in East 

Germany the Zwickau (1955) [8] followed by the famous Trabant, used Duroplast in 

their body panels, a composite material based on phenolic resin reinforced with cotton 

fibres. This was actually a recycled material with used cotton from the Soviet and resin 

made of waste from the dyeing industry. In 1953, both GM and Kaiser Willys also 

launched car models with GFRP semi structural body parts, such as the Chevrolet 

Corvette shown in Figure 2.1 and the Kaiser Darrin.  
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Figure 1.3:  Corvette body structure parts [7]. 

 

The corvette was initially made from 46 composite part assembled by adhesive 

bonding. The assembly was challenging as the pieces were hand made with low 

accuracy which led to a labour intensive post treatment of sanding and filling gaps. 

During the 1960s, low volume cars continued to emerge, for example the Lotus Elise, 

with parts made in hand layup GFRP. Though the labour intensive production system 

allowed only for limited annual volumes. In 1972, automation of the composite 

manufacturing and the corvette’s SMC parts was initiated by GM which led to higher 

quality and improved tolerances. The Corvette has continued to use glass fibre 

composite body panels ever since and today it also uses carbon fibre-based SMC in 

more structural parts [9].  

However, the first high volume car with composite body structure was, probably, the 

Pontiac Fier which was introduced in 1984. Over 370 000 cars were sold over a brief 

span of years, with the highest annual volume of 137 000 cars/year [10].  

When carbon fibre became commercially available in 1966, [11] it was exclusively used 

in military and aerospace applications. In the automotive sector the first use of carbon 

fibre composites was in 1981 with the Formula 1 car the McLaren MP4/1, designed 

with a carbon fibre composite monocoque. Far from high volume production, it took 

up to 3 000 hours and 100 people to complete the first monocoque. In 1993 McLaren 

also made the first carbon fibre body structure for a public road vehicle, still 

manufactured in low volumes and very labour intensively. Today there are several 

examples of sports and luxury cars with structural and non-structural carbon fibre 
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composite parts. Although, it was first when BMW launched its model i3 in 2013 with 

an ambitious annual sales volume of over 30 000 cars/year [12] that a carbon fibre 

body structure was considered in high volume scenarios. The i3 had a carbon fibre 

composite life module attached to an aluminium platform. The i3 was followed by the 

i8, an electrical super sports car, based on the same design and process philosophies. 

In the early part of 2015, BMW took carbon fibre composite into their standard series 

in the 7 series [13] with the CarbonCore body architecture seen in Figure 2.2. This time 

the carbon fibre structures were part of a mixed material body structure architecture, 

including composites, different grades of steel and aluminium structures. BMW’s 

belief in, and dedication to, carbon fibre composites is not seen in their automotive 

body structures only but also in their business strategies establishing a joint venture 

with the carbon fibre manufacturer SGL to secure availability [14] and most likely to 

reduce material costs. 

 

 

Figure 1.4: BMW new 7 Series carbon core body structure (Courtesy of BMW AG). 

 

1.2 Challenges for automotive composites 

The objective of introducing carbon fibre composites into the body structure of a 

vehicle is to reduce weight so as to improve energy efficiency. As previously indicated, 

reduction of mass potential is considerable when using carbon fibre composites, 

consequently the greatest hurdle lies not in merely achieving a significant mass 

reduction, it lies in the new technical and financial challenges that will arise when 

carbon fibre composite structures are introduced into the high volume automotive 

sector. Since commercialisation in 1966, carbon fibre has been an exclusive and 

expensive engineering material. Consequently financial appreciation for lightweight 
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design must be great in order to allow for carbon fibre composites to be used. While, 

the aerospace industry, which uses carbon fibre extensively, can calculate up to 

€370/kg [15] or higher per saved kilogram in their structures, the automotive 

industry’s financial appreciation is as low as €1.6-6.4/kg [16], [17], due to low fuel 

prices and customer value. Material costs were observed as an issue for aerospace 

composite parts as early as in 1991 by Gutowski et al [18], nevertheless they were 

overshadowed by investment and labour cost in low volume manufacturing.  It was 

later, when focusing on high volume manufacturing for the automotive industry, Fuchs 

et al [4] defined material cost as the greatest drawback of carbon fibre composites. 

High automation and large annual volumes decreased the impact of investments and 

labour cost and made material costs stand out. Consequently despite great lightweight 

potential, the challenge is to achieve the weight reduction with a feasible business 

application. Such applications demand new approaches to composite design and 

manufacturing. 

Furthermore the nature of composite material, with its vast range of material systems 

and process variations, makes the initial material and process selection as well as the 

conceptual design phase much more complicated. Bader et al [19] studied composite 

materials and process selection for a generic composite component based on cost and 

weight and raised an important questions; is it cost effective to pay for lower weight 

in contrast to more effective production? With the high cost of carbon fibre parts, this 

question becomes very relevant. However due to high material costs, material 

utilization is a potentially greater problem than manufacturing efficiency. Initial 

material and process selection influences many of these aspects, choices here can 

restrict later design and weight reduction potential by limiting structural design 

potential, influencing material utilization and process efficiency. 

If material selection requires revisiting so do design philosophies. The inclination of 

composite designers to strive for integral design solutions to minimise weight and 

assembly operations is an aspect of global design that could be questioned in high 

volume applications. Apostolopoulos et al [20] examined the cost and weight effects 

in the design of an aircraft fuselage with multiple parts either identical or structurally 

optimised also including an integral design. The authors expressed, among other 

things, the benefits of less risk and lower complexity when manufacturing smaller 

parts, although the modular design became heavier and more expensive. For the 

automotive industry such issues will be critical and there might be a greater 

acceptance for a less weight reducing, but more cost effective, solution. Ideal size of 

parts and how a structure is assembled are crucial for the business case and 

manufacturing optimization. 
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On local design level, in structural optimization, the challenge of balancing 

manufacturing aspects and weight reduction remains. Manufacturing constraints will 

limit the weight reduction potential of the composite, although they will also increase 

the industrial relevance of the results and therefore are especially important for 

composites in conceptual design work as stressed by Sörenssen et al [21]. Park et al 

[22] included both mechanical performance and manufacturing cost in the design 

optimization process of a composite plate in an attempt to show the potential of such 

balanced optimization. A wider framework was proposed by Kaufmann et al [23] 

designing a composite wing panel optimizing its weight and cost for the ideal life cycle 

cost of the structure. 

All these considerations and research areas must be addressed when approaching the 

field of high volume automotive composites. The intimate interaction between 

material selection, structural design and manufacturing process cannot be emphasized 

enough, and has been by many authors such as Wakeman et al [24]and Gandhi et al 

[25]. Initially, a holistic approach is required to allow for novel design solutions suitable 

for high volume manufacturing to be developed, considering cost and weight in 

parallel to minimise risks and thus improving the outcome of the introduction of 

carbon fibre composites into the automotive industry.  
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2 Aims and scope 

The overall objective of this thesis is to enhance the understanding of design and 

manufacturing of high volume structural composites, with a focus on carbon fibres and 

the automotive industry. The strengths and shortcomings of different design 

philosophies and the optimization of cost and weight performance are covered. One 

part of the problem is to define cost drivers and assess their impact on performance 

and manufacturing optimization in order to develop new design philosophies. By 

visualising and deciphering trade-offs between design, manufacturing and structural 

optimization, the objective is to reduce the technical and financial risks of this 

conceptual design work on a holistic level. 

First, the initial material and process selection is analyzed and designed to suite 

composite materials and an automotive body structure. Whether the initial processes 

selection provides a first partitioning of the body structure based on mechanical 

requirements weighing in both cost and weight is then studied. Then, the quest for a 

cost and weight effective part size is undertaken by analyzing both integral and 

differential design philosophies. The influence of geometric complexity on integral and 

differential design philosophies is considered. Addressing differential design also 

demands an analysis of joining philosophies. The impact of design and manufacturing 

constraints are sought by looking at their effects on different designs and their overall 

impact on cost and weight efficiency. The scope of this thesis covers areas such as 

composite material systems and manufacturing processes, structural design, design 

for manufacturability, material and process selection and cost modelling focusing 

primarily on the conceptual phase of the development process, always maintaining a 

holistic approach.  

Despite the focus on the automotive industry and a complete body structure, the 

fundamental issues and philosophies here are relevant to high volume composite 

design and manufacturing in general. 
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3 The automotive development process 

The automotive development process is often project based and the size and 

complexity of projects are dependent on project scope. The scope varies between 

model update, known as a face lift for a current model, a new model on an existing 

platform or a complete redesign i.e. a new platform or body structure starting from a 

blank sheet. The latter is the most challenging and also the type of project that involves 

the most risks for the organization as considerable financial inputs and resources are 

necessary. 

The automotive industrial project description often refers to the Product Evolution 

Process (PEP) [26]. Each OEM have their own 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 determined, the material systems and process are 

selected and the conceptual design is made. In the industrialisation phase the detailed 

design is completed and the product is put into production. Finally, the car enters the 

maintenance phase where production is running and changes and optimizations are 

handled. Development work is often divided between product systems such as chassis, 

powertrain, body structure etc. In this thesis the focus is on the strategy and concept 

phases described in Figure 2.1, below referred to as the concept phase. 

 

 

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

in what PEP defines as concept phase. 

 

3.1 Concept phase 

During the concept phase important questions are raised and critical decisions are 

made considering design, the materials to use, the manufacturing processes and how 

to assemble the parts. Choices made here which will influence the outcome of the 

project and it is claimed that up to 80% [27], [28] of the final cost of a product can be 

traced back to decisions made during the concept phase. The relationship between 

the production cost and the concept phase is well described by Rush et al [27], shown 
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in Figure 3.2. The main part of the resources for a project are allocated in the concept 

phases [29], while the financial load increases during the final parts of a project, the 

industrialisation and the maintenance phase. Despite the fact 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 concept phase itself only consumes 

around 10% of the project budget [30].  

 

 

Figure 3.2: Cost commitment curve [27] (courtesy of Roy Rajkamar). 

 

Unexpressed and difficult to assess, these relationships must reasonably also be 

responsible for the performance, and in that the weight, of the final product. Which 

would imply that up to 80% of the product weight e.g. the body structure weight, is 

governed by the choices made in the concept phase. The cost of change increases 

drastically over the duration of the development project. If weight reductions are 

required later on these will come with a high price tag. Consequently, the decisions 

and paths chosen in this phase become crucial for the final results, both cost and 

weight, of the project. 
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4 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. Despite the fact that there are 

numerous different composite materials systems, composites often implicitly refers to 

polymer-based composites which is a materials system consisting of a polymer resin 

and fibres. The fibre is the load carrying member while the resin supports and protects 

the fibre as well as transferring loads between the fibres. Different fibres can be used 

in polymer composite e.g. glass, carbon or aramid fibres as well as different natural 

fibres such as hemp or flax etc. [31], mechanical properties exemplified in Table 4.1.  

Table 4.1: Example of different reinforcement fibres and their mechanical 

properties [31], [32]. 

FIBRE STRENGTH YOUNG’S 

MODULUS 

ELONGATION 

TO BREAK 

DENSITY 

CARBON FIBRE [MPa] [GPa] [%] [g/cm3] 

HS 4900 230 2.13 1.80 

IM 5490 295 1.87 1.81 

HM 3885 644 0.60 1.94 

GLASS FIBRE     

E GLASS 3440 72 4.7 2.59 

ARAMID FIBRE     

KEVLAR 29 2700 83 4.0 1.44 

KEVLAR 49 4100 131 2.8 1.44 

HEMP FIBRE 370-800 17-70 1.6 1.54 

 

Glass and carbon fibre are most commonly used in the industry. Glass fibres, with a 

Young’s modulus similar to aluminium (70GPa), exists in different grades of strength 

and provides a good combination of low cost and high material properties. Carbon 

fibres also comes in different grades: high strength (HS), intermediate modulus (IM) 

and high modulus (HM) are common and the grades varies in strength and stiffness, 

mechanical properties shown in Table 4.1. Both thermoplastic e.g. poly propene, poly 
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amid etc. and thermoset e.g. epoxies, polyesters, vinyl esters etc. resins are used for 

structural applications. 

The most common fibre-reinforced composites are competitive engineering materials, 

carbon fibre composites in particular. Compared to other engineering materials, 

carbon fibre composites possess almost unsurpassed weight specific mechanical 

properties, as seen in Figure 4.1. Their greatest drawback, as described in the 

introduction, is their cost being very expensive at around 20$/kg [33], [34].  

 

 

Figure 4.1: Composite, metals, alloys and injection moulded plastics material 

families’ weight specific properties (courtesy of CES EduPack software, Granta 

Design Limited, Cambridge, UK, 2016 (www.grantadesign.com)). 

 

4.1 Composite material systems 

Both discontinuous (DFC) and continuous fibre composites (CFC) are available, the 

difference, shown in Figure 3.2. DFC becomes more or less isotropic in thicker and 

quasi isotropic in thinner structures, with chopped fibres randomly mixed in the 

polymer resin. CFC, on the other hand, form material systems with continuous fibres 

creating laminar structures with distinct anisotropic properties, shown in Figure 4.2 a. 

The continuous fibres come in either tapes or fabrics, for example weaves, stitched 

materials, braids or unidirectional fabric mats.  
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The final mechanical properties becomes a mix of the resin and the fibre properties, 

dependent of what fibre angles are used in the structure, the stacking sequence and 

the amount of fibre i.e. the fibre volume fraction (vf) in the laminate.  

 

  

Figure 4.2: examples of a) lamina b) unidirectional CFC lamina and laminate 

stack, c) DCF composite systems. 

 

These characteristics allows continuous fibre composites to be tailored to the desired 

properties i.e. structurally designed for specific load cases and requirements. The 

Young’s modulus (E) of the laminate in the direction of the fibres (1), shown in Figure 

4.1 a, can be estimated e.g. by applying the Rule of Mixtures;  
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where Ef is the Young’s modulus of the fibre and Er the Young’s modulus of the resin. 

In the opposite direction (2), perpendicular to the fibres, the following equation gives 

the Young’s modulus; 
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The difference is great, while E1 is governed by the fibre modulus, E2 is governed by the 

properties of the resin. As described in Figure 4.2b, the laminate is built up by multiple 

lamina and each lamina position allows for an individual fibre angle which permits 

tailored properties of the laminate. Furthermore, fibres in one direction make limited 

contribution to the other directions in the laminate. As a rule of thumb, the ten 

percent rule, [35] used in the aerospace industry says that a fibre at 45º or greater 

only contributes 10% of a similar fibre in 1 direction, according to Figure 4.2a having 

direction 2 at 90º. However, a +/- 45º laminate is the optimal for torsional stiffness.  
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Consequently, the potential to tailor-make properties when considering CFC increases 

parallel with the complexity of the design work. Exemplified in Figure 4.3, three 

different laminates provide the same weight and tensile stiffness but completely 

different bending stiffness. In order to maximise performance of composite structures, 

these characteristics must be exploited. 

 

 

Figure 4.3: Example of different structural laminate layups; same fibre volume, fibre 

content and geometric thickness provides same tensile stiffness but different bending 

stiffness. 
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5 Composite Manufacturing Processes 

There are numerous manufacturing processes for polymer composites, for both 

thermoplastic and thermoset resins. Simplified, they can be divided into two main 

categories depending on the materials system used.  

• Liquid composite moulding (LCM), Figure 5.1a, uses dry reinforcements which 

are preformed before being placed in the tool. The resin is injected into the tool 

impregnating the fibre and then the resin cures, consolidating the structure. 

Both DFC and CFC fabrics can be used, but mainly thermoset resins. 

• Compression moulding processes, described in Figure 5.1b, utilizes a 

fibre/resin pre mixture which could either be a DFC or a CFC system. DCF, 

referred to as bulk or sheet moulding compounds, are placed in tool 

compression and moulded into desired shape. CFC prepreg plies of fibre or 

weave are stacked into laminates and placed in the tool and then compressed 

and consolidated. There are thermoplastic and thermoset resins variants of this 

process. 

 

Figure 5.1: the two different approaches for composite manufacturing 

somewhat simplified. a) LCM, b) Compression moulding process. 

 

The choice of composite material system, as well as manufacturing process, greatly 

influences the final properties of the structure. Liquid composite moulding processes 

are often more cost effective using virgin materials, fibre and resin, purchased at lower 

levels in the value chain. As a result the manufacturing process becomes more complex 

and requires longer cycle times. Compression moulding processes on the contrary are 
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rapid and require simpler tools and therefore less investment. These material systems, 

however, consequently become more expensive since the pre-impregnation of the 

fibres increases the value of the material system. 

In this thesis, the focus is on structural composites i.e. composite structures with high 

fibre volume content, and processes with high annual volume capacity and 

automation potential. Three different manufacturing processes are covered; Resin 

transfer moulding (RTM); Thermoplastic compression moulding (TCM) and Advanced 

Sheet Moulding Compound (ASMC). 

• RTM, a LCM process, uses dry fibre textile together with thermoset resin, often 

epoxy or vinyl ester, to create the structural component. Cycle times down to 5 

minutes are becoming an industrial standard but are dependent on the size and 

complexity of the part [36]. 

 

• TCM, a compression moulding process, is based on a thermoplastic pre-

impregnated fibre system, often in sheets of weave. The sheets, lamina, are 

stacked into the desired lay-up and a preform is made or the preheated stack is 

directly placed in the tool, and moulded into the right shape and cooled down. 

TCM is a rapid process with consolidation phase of around 1 minute [37]. 

 

• ASMC, a compression moulding process, uses a chopped carbon fibre prepreg 

system based on thermoset resin mixed into a moulding compound, i.e. a DFC 

system. The material is placed into a heated tool where it is compressed into 

the desired shape and allowed to cure. Cycle times of less than 5 minutes are 

possible [38]. 

 

The overall operational steps for each of the manufacturing processes above are 

described in Figure 5.2. Despite the distinct differences in the material system used, 

the manufacturing operations for the processes remain similar. 

 

 

Figure 5.2: Overall operational steps in composite manufacturing process. 
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• Storage - Material storage is required to be temperature and environment- 

controlled. Fibres, fabrics and prepregs are mostly stored on rolls while resin is 

kept in cans before use. Due to high annual volumes, no freezers are necessary 

for the thermoset prepreg systems, which is normally required in 

manufacturing with low material circulation to prevent the initiation of curing. 

• Pre-operations - Pre-operations are the most complex and critical on the 

manufacturing line. In these steps the greatest differences can be observed 

between DFC and CFC. 

CFC; the fabrics or prepregs are cut into desired shaped and defined laminate 

layups are stacked according to the stacking sequence. Preforms are prepared 

often with a press step required before being placed in the tool. 

DFC; cutting operations prepare the shape or measure off the correct amount 

of material before the compression moulding step. 

• Impregnation and consolidation phase - Preforms or material batches are 

placed in the tool which is then closed. If dry fibres are used, resin is injected 

and the fibres are dampened. All material systems are then consolidated. 

- For thermoset this means that the resin cures, a chemical reaction; typical 

resins are polyesters, vinyl esters and epoxies. 

- For thermoplastic resins the consolidation phase implies that the resin from a 

heated soft state is cooled down to a solid state in the tool. Example of resins 

are, polypropylenes, polyamides etc. 

• Post-operations  

-  Milling, water cutting as well as preparation for adhesive bonding. Additional 

inserts etc. can be included in this type of operation. 

• Assembly operation - If the structure is divided, an assembly operation is 

required.  Adhesive bonding is the primary choice for composite automotive 

structures. To secure geometric stability before the adhesive is fully cured, the 

use of either simple mechanical joining or spot cure systems is common. 
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6 Material and process selection 

The ideal material and process selection is the initial step towards a cost and weight 

effective carbon body structure. However, within an organization, material and 

process selection is often not made methodically, but instead based on tradition, 

experience or know-how. Such behaviour can be explained by the economic theory of 

path dependency [39] where solutions related to the company history, core business 

and competence are favoured over the ideal solution. Major technology shifts, such as 

from metallic to composite materials, often come when competence and experience 

is still limited in an organization, which increases the risks of making incorrect 

decisions during the concept phase. A well- formulated material and process selection 

method is one way of minimizing unwanted cost or unsatisfactory performance of the 

product/structure later on in the project. The foundation for successful selection lies 

in the definition of the requirements of the structure.  

 

6.1 Requirements 

A vehicle development project is initiated by the development of a specification list of 

the desired properties and features of the car, the prerequisites. From the 

prerequisites of the car, the body structure requirements can be extracted. They are a 

combination of requirements concerning performance, safety, legislation, subsystems 

and geometric requirements as well as manufacturing-related demands. The 

geometric requirements are related to the shape and design of the body structure. 

Demands for visual angles, wheel positioning, driver position etc. are summarized in 

what is known as a CV Specification exemplified in Figure 6.1a, often including 

geometric legislation. Together with exterior and interior design, as well as space 

requirement for subsystems, they create a design space for the body structure, 

exemplified in Figure 6.1b.  

Figure 6.1: a) Legislation and requirements concerning passenger space, wheel placement, 

visual angles etc. 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 (courtesy of Volvo Cars Group). 
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This design space provides the first ideas for the global design. Second, requirements 

concerning the materials and structures used in the body structure need to be defined. 

These are a result of performance demands on the body structure, such as stiffness, 

strength and energy absorption as well as requirements concerning the materials such 

as environmental effects, temperature resistance etc. Well- defined and quantifiable, 

these requirements form the basis for a successful material and process selection. 
 

6.2 Material selection methods 

A material selection method seeks suitable materials for a specific requirement in 

relation to an objective e.g. cost or weight. Jahan et al [40] reviewed the primary 

material selection, or screening, methods and described how selection differed 

depending on method used. The authors divided methods into five different 

categories; the cost per unit property method, the chart method, the questioner 

method, artificial intelligence methods and materials in product selection tools, 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.  

Chart methods, developed by Ashby [41] and exemplified in Figure 6.2a and b, provide 

a good overview of material options and a first basis for material screening. The charts 

are used to visualise the material properties of different material groups in relation to 

certain objectives e.g. Young’s modulus in relation to density of the material or 

strength in relation to cost.  
 

 

Figure 6.2: Material charts based on the Ashby philosophy a) Strength and cost relation for different 

material groups. a) Young’s modulus and density relation for different material groups. (with courtesy 

of Granta Design Ltd, Cambridge), UK [42]. 
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Chart methods normally only deal with one objective at a time. Although, in order to 

be able to define an initial balance between manufacturing efficiency and structural 

performance i.e. cost and weight, a multi-objective material and process selection 

must be carried out.  Ashby’s methodology can be extended to also consider multi-

objective selection [43] and the problem is solved by an objective function, a penalty 

function, together with an exchange constant. An exchange value allows the two 

objectives to be measured in the same unit, often a monetary unit, and weighs their 

importance compared to one another. If the objective is to minimize the cost and 

weight of a product, the objective function (P) can take the form 

 

� � � � � ∗ �,   (5.1) 

 

where C is the manufacturing cost, described in detail in Section 7, and w is the weight 

of the product. α is the exchange value, expressing the financial appreciation of a 

weight reduction, often referred to the value of weight. The preferred solution is found 

by minimizing the function P i.e. the ideal balance of weight and cost for the given 

case. There might be several solutions to the same problem and the results may be 

presented in a scattered chart with the exchange value superimposed as a trade-off 

surface, as shown in Figure 5.3. The preferred solution or solutions are found along 

that line. 

 

 

Figure 6.3: Multi-objective material selection chart, with different solutions and 

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

line represents a line at an angle of -1/ α, 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 in relation to material properties. However, in 

reality the geometry of a structure greatly influences the final performance of the part 

and the ability to fulfil requirements. The suitability of a materials system may vary 

depending on which geometry it is considered for e.g. a panel or a beam. For this 

purpose, material performance indices have been developed to provide an objective 

estimate of a material's performance in different generic shapes [41]. Table 5.1 shows 

some examples of such indices, often used in the first step of material selection.  

 

Table 6.1: Examples of material performance indices for minimizing cost or weight; C=material 

cost, €/kg, ρ=density, kg/m3, E=Young’s modulus, GPa, G1c=Toughness, J/m2 

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 

 

In the final event, the material and process selection is dependent on correct indata 

for material properties and manufacturing cost estimates, as well as on an 

understanding of advantages and shortcomings. Material and process selection, 

therefore, becomes specifically challenging for composites due to the vast number of 

material mixes and manufacturing processes as well as the material systems’ various 

capabilities of tailoring mechanical properties. In order to make a correct material 

selection for composite material systems these characteristics and their influence on 

both cost and weight must be assessed and included in the selection criteria. An 

enhanced discussion on material selection and composite materials is found in 

Mårtensson [44]. 
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7 Cost 

Callahan et al [45] defined cost as “…the measurement of resources that must be 

expended in order to obtain an object or complete an activity”. For manufacturing or 

part cost that is the sum of labour cost, material cost, cost of equipment, tools, 

facilities etc. and, somewhat simplified may be expressed as: 

Ctot=Cinvest +Ctot_material +Ctool +Crunning ∈assembly, manufacturing                  (7.1) 

Where:   

Cinvest = f(machines, presses, robots etc.) 

Ctot_material = f(material cost) 

Ctool = f(tool cost) 

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

The categories may be further divided into direct and indirect costs as well as recurring 

and nonrecurring costs. Direct costs can be directly related to the part which is 

manufactured e.g. direct material and labour cost. Indirect costs are overhead costs, 

such as administration i.e. financial items difficult to directly relate to a product. 

Recurring and nonrecurring costs cover either repeated costs such as material and 

labour in the manufacturing or cost only directed to a specific phase such as 

development of the product, investments etc. 

In the past costs have mostly been used as a post analysis tool and something to 

evaluate results with in order to further optimize production. Today, costs have 

increasingly become a tool for decision making, as well as an engineering tool in 

development phases in order to be able to compare different manufacturing 

processes, material systems and designs. Field et al [46] describe the importance of 

integrating cost modelling and estimates in technology strategy work and when 

comparing technologies. Relating design changes and comparing process and 

technologies to cost creates a foundation for decisions which most people can relate 

to. However, cost is an area in which few engineers feel comfortable and combined 

with a new and immature technology, such as high volume composite manufacturing, 

complexity and uncertainties grows. 

7.1 Cost estimates 

In order to be able to use cost as a decision basis in concept phases, cost models must 

be developed so as to be able to establish estimates of manufacturing cost. In addition 

to providing estimates of the final part cost, the cost modelling has the important task 

of identifying the factors that cause the greatest changes in the cost, referred to as 
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cost drivers. Porter explains in "Technology and Competitive Advantage" [47] that 

during technology shifts, for example from steel to composite materials, conditions 

will be changed and new cost drivers will appear. These cost drivers are key factors for 

successful decision making which both Curran et al [48] and Roy et al [49] identified 

and highlighted. The challenge is to make correct cost estimates of new technologies. 

Curran et al [50] also stressed the fact that in order to be able to optimize cost in the 

conceptual design phase, cost estimates must be present. 

In cost estimating practice the distinction between qualitative and quantitative 

methods must be made [51], as visualized in Figure 7.1. Qualitative methods are based 

on previous products and rely on similarities between new and old products. The 

qualitative cost estimate minimizes the demand for new data and analysis and exploits 

past data on manufacturing and part cost. Consequently these methods often are 

regarded as suitable for preliminary cost estimates, however they do demand a high 

level of similarity between new and old parts, both regarding manufacturing process 

and material systems.  

 

 

Figure 7.1: Manufacturing cost estimate techniques (reproduced from [40]) 

 

Quantitative methods, opposed to qualitative, do not only rely on old data and instead 

require detailed analysis of features, design, manufacturing process and their effects 

on the cost of the new product. Quantitative methods can be further divided into 

parametric and analytical techniques [51], [52]. Parametric estimate techniques are 

based on statistics and express cost as a function of these relationships, cost estimate 

relations (CER) to predict the cost of new products based on similar technologies to 

previous products. If CERs do not exist or are difficult to assess, the manufacturing cost 
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must be estimated by experts in the field often using knowledge and experience from 

other sectors. Such techniques are termed analytical techniques as they assess cost in 

units, operations, activities etc. related to the manufacturing of the product/part. The 

results are often regarded as more accurate but also much more demanding since the 

complete manufacturing process must be considered in the cost model.  

Since high volume composite manufacturing in the automotive industry has no real 

comparison in other industries, analytical techniques are regarded as the most 

suitable method for this cost estimation. Jahan et al [51] divided analytical cost 

estimate techniques into subgroups; activity, feature and tolerance-based approaches 

as well as breakdown approaches, shown in Figure 7.1. The breakdown approach is 

the only model that considers the complete manufacturing cost of a part and requires 

detailed analysis of all material costs, labour costs, investments etc. The approach is, 

due to its extensive demands for details, mostly recommended for later stages of 

development project. However, this cost model technique is similar to an Expert 

Judgment (EJ) approach, described by Rush et al [53] as unavoidable for the cost 

estimation of new technologies.  

 

 

Figure 7.2: Process steps in composite manufacturing for RTM, CM, ASMC processes 

 

Figure 7.2 exemplifies how composite manufacturing processes can initially be divided 

into operational blocks for the cost model. Such a detailed approach is necessary to 

develop an understanding of cost drivers, volume effects and the design impact of new 

technologies. Detailed cost modelling approaches for advanced composite structures 

have been the focus of many researchers, although most work has concentrated on 
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the aerospace industry such as Gutowski et al [18]. In the field of automotive 

composites, Fuchs et al defined important cost drivers considering process-based cost 

modelling although they excluded one important aspect, the impact of design. Despite 

not being considered, a cost driver design can and will exert great impact on the final 

cost of a composite structure. Crowley et al [54] emphasizes the importance of 

minimizing scrap in composite manufacturing, and scrap levels are generally intimately 

related to the design as one example. Farade et al [55] discusses the importance of 

assessing the impact of geometric complexity in composite, as well as injection-

moulding, manufacturing. Similar questions, material utilization, design etc. must also 

be assessed and considered in the detailed cost modelling for structural composites in 

high volume applications. 
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8 Design optimization and constraints 

Design guidelines and design philosophies will help conceptual design operations to 

create efficient designs in relation to primary objective/s. Carbon fibre composites are 

mostly used due to their superior lightweight potential and a clear focus has been on 

weight optimization in applications and in research. However, one important aspect 

of cost in modern design work is the producibility or manufacturability which indicates 

how simply a detail/part/structure can be manufactured. Design for manufacturing 

utilises tools, methods and guidelines for the purpose of highlighting key 

manufacturing and assembly factors early on in the conceptual design phase. Design 

for manufacturability was subordinated in Design for manufacturing (DFM) [56] and 

design for assembly (DFA) by Elgh et al [57] to emphasize the importance of both 

processes. Introducing manufacturability aspects in early conceptual phases allows 

manufacturing to influence the product design and enables more cost efficient 

products. 

Design philosophies must consider both global design and local design, i.e. structural 

design, challenges. To allow for the final part to be manufactured and assembled in a 

straightforward fashion, manufacturing and design constraints must be considered. 

Furthermore, despite the misconceived potential of composites in realising the most 

complex shapes, the material does require to be formed or draped into the desired 

shape, which is an additional aspect of composite design.  

All the above-mentioned parts of composite design work cannot be approached 

separately. For composites it is crucial to integrate aspects of material, design and 

manufacturing into design philosophies in order to achieve a cost and weight balanced 

design due to their intimate relationships as argued by Gandhi et al [25] and in this 

introduction. In an attempt to improve the understanding of composite design 

complexity and all these challenges, the topics stressed are discussed consecutively in 

the following sections. 

 

8.1 Global design 

The global design or architecture of a body structure is greatly restricted by the design 

space defined in the initial phase of a vehicle project. The design space governs much 

of the overall geometric shapes such as beams, plates, rods etc. Despite the sensation 

that a lot is pre-defined, important design choices remain regarding the global design 

of the body structure such as how large structural integration is, part size, and the 

number of parts. The choices will affect both design for manufacturing well as design 

for assembly, depending whether a differential design is preferred or whether a highly 

integral design is chosen. 
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Today, as shown in Figure 8.1a, a steel body structure consists of more than 300 parts, 

the greater number manufactured by steel stamping and assembled mainly by welding 

techniques. The number of parts is great since manufacturing constraints force 

engineers to design smaller parts to build up larger, more complex structures but also 

because this provides increased design freedom opportunities for selecting different 

steel qualities and thicknesses. 

 

Figure 8.1: a) Body structure part split Audi A5 (courtesy of Audi AG). b) McLaren MP12 carbon fibre 

monocoque manufactured in on an integral design (courtesy of McLaren Automotive Ltd). B) BMW 

i3 Life module 34 carbon fibre composite parts assembled (courtesy of BMW AG) 
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Composites body structures differ significantly since design freedom is greater, the 

industry is more immature and the difference in prerequisites are great for the few 

examples on the market.  Exemplified in Figure 8.1b, the body structure of a McLaren 

MP12 is manufactured in one tool demanding a complicated pre-operation and a cycle 

time of 4 hours. With an annual volume of 4000 cars/year this is feasible and 

potentially both cost and weight efficient. The opposite, a more differential design 

approach is taken in the BMW i3, Figure 8.1c using 34 carbon fibre composite parts 

with simple geometries [58] including 48 preforms. Such design allows for less 

demanding pre-operations, but also means an additional expensive assembly process. 

With an annual volume target of over 30 000 cars/year the incentive for differential 

design changes and investments becomes less of a financial burden. Important to note 

is that material and process selection are more or less the same using an RTM process 

with non-crimp fibre (NCF) mats and still the final concepts differ drastically. The 

strategic choice between an integral and differential design for composite structures 

is one important aspect of global design for high volume production. 

 

8.2 Structural design 

Another aspect of composite design is the local design i.e. structural design, with the 

first important decision made in the material selection phase. While the structural 

design potential for DFC e.g. ASMC, is limited to ribs and thickness variations, CFC 

material systems can be tailored in to desired properties as described in the section 

Composite materials. Ideally, CFC can unrestrictedly use multiple layers or patches of 

unidirectional fibres or fabrics and different fibre angles to tailor the structural 

performance of a laminate. The potential of structural design allows for the weight 

optimization of the structure, not only by geometrical shape but also designing the 

final material for certain requirements i.e. structural design optimization. The field of 

optimization of composite structures is well covered, recommended detailed reading 

in e.g. Miravete [59].  

Composite optimization routine 

Finite element software with optimization routines are available and used in most 

composite industries. Hyperworks’s composite optimization routine is exemplified in 

Figure 8.2 and briefly described below, for a more comprehensive tutorial see [60]. 

The optimization routine is initiated by the user selecting the permitted fibre angles 

and the manufacturing and design constraints, as well as the load case. 
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Figure 8.2: HyperWorks composite optimization routine exemplified  

(courtesy of Altair Inc.) 

 

Phase 1 – Ply shape optimization (free sizing) 

The ply shape optimization generates a set of ply shapes through a routine referred to 

as free-sizing. The results are the ideal shape of different plies for permitted fibre 

angles, depending on how many ply shapes that can be allowed from a manufacturing 

point of view exemplified in Figure 8.3.  

 

 

Figure 8.3: Example of Free sizing ply shape routine results exemplified  

(courtesy of Altair Inc). 

 

Phase 2 – Ply sizing optimization (number of plies) 

The second phase of the routine defines the most suitable number of plies of each ply 

shape i.e. the amount of material of each fibre angle, considering defined load case 

and constraints. 

Phase 3 – Ply order optimization (stacking sequence) 

Finally the stacking sequence is optimized to fulfil manufacturing constraints, by 

changing the positioning of the plies in the stack, referred to as shuffling optimization. 
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8.3 Manufacturing constraints 

Unconstrained weight optimization will generate complex laminates, increasing the 

manufacturing cost as well as manufacturability problems as argued by Costin et Wang 

[61], [62]. Consequently, the importance of including manufacturing constraints in the 

initial optimization routine cannot be stressed enough so that industrial utilization 

realises relevant results, also expressed by Sørensen et al [21]. Well-chosen 

manufacturing constraints can limit the post-optimization changes which often result 

from working with sequential optimization i.e. first the weight objective then 

manufacturing optimization, not simultaneously. Typical manufacturing constraints to 

consider include restricting the number of plies, maximum and minimum thicknesses 

as well as thickness variations. However, Kristinsdottir et al [63] assessed the aspects 

of tolerances on fibre angles and their effects on the manufacturing cost and final 

structural performance of the composite structure. As understood, multiple 

manufacturing constraints must be considered for the design of composites parts, 

especially for high volume manufacturing. The greatest drawback of manufacturing 

constraints, especially with continuous composite materials, are that they, with few 

exceptions, increase the structural weight of the part. 

 

8.4 Cost and weight balanced design 

The manufacturing and weight optimization must be balanced for both global and local 

design so to allow for a cost balanced weight reduction. The trade-off can be defined 

by considering a similar approach as multi objective material selection as described by 

Ashby et al [64]. Weight reduction is valued in monetary units by addressing the 

financial appreciation of weight reduction for the industry. Such a penalty factor or 

exchange constant, often referred to as the value of weight, is commonly used in 

multidisciplinary optimization (MDO) to weight objectives and consequently the 

approach has been adopted by Curran et al, Kaufmann et al and Kelly et al.  

Today in the automotive industry, this exchange constant is very low, Adebesis et al 

[17] claims the value of weight in the automotive industry to be as low as $0.35-$3.5 

/kg. While the aerospace industry can relate it to lifecycle cost and customer value, 

the automotive industry’s value is more related to legal stipulations and tax on 

vehicles. Consequently the value of weight is also anticipated to rise in the automotive 

industry with the expected legislation [1]. One misconception easily made is that low 

financial appreciation for weight reduction in the automotive sector automatically 

results in an attempt to maximise manufacturing constraints. Too aggressive 

manufacturing constraints risk becoming counterproductive and eliminating the major 

advantages of composite materials i.e. the structural design and integration potential, 
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and then structural weight will rapidly increase and with that the material costs, 

exemplified in Figure 8.4.  

 

Figure 8.4: The effects on cost in relation to increased manufacturing constraints 

for carbon fibre composites. 

 

8.5 Forming of composites 

A vital part of design for manufacturability is the ability for material to realise the 

design given for the part or structure. Consequently forming simulations are important 

in order to analyse the designs for producibility in relation to the material selected. 

Forming simulations provide information on the effects of the forming on the material 

and the structures' final properties. In the automotive industry, stamping/press 

analysis is routine to use in the development phase of automotive body parts to secure 

producibility and manufacturing optimization. The material’s plasticity and elasticity 

relation is fundamental for these analyses and the aim is to investigate the process 

and its feasibility. Secondly, these simulations are assessed in order to understand the 

effects on the final part e.g. surface effects, wrinkling, buckling, springback effects etc. 

for detailed reading on metal forming see Hu et al [65]. 

For composite materials, forming analysis holds great importance both on local and 

global design level. For DCD material systems, forming is basically carried out through 

compression moulding processes and governed by rheology i.e. the flow of the 

material [66]. Design aspects such as minimum and maximum thickness as well as 

release angles in the tool and the depth of ribs are examples of potential issues. CFC 

forming is more complex and differs greatly from the forming of metals and DCF. CFC 

forming is mainly affected by the forming of the fibre reinforcement and not much by 

the resin or the final solid material. This is independent of thermoplastic or thermoset 

resin according to Boisse [67]. In most cases forming is related to the drapability of 

either a fabric or multiple plies and the interaction between the fibres or plies. The 

mechanics are greatly effected of the type of fabric, fibre layup, number of plies and 

laminate thickness etc. The deformation mechanics for forming CFC are defined as; 
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intra ply shear, ply/ply or ply/tool shear, intra ply tensile loading and 

compaction/consolidation. The forming process is important both for the quality of 

the final laminate and for the final fibre angles and fibre fractions, so considerable 

research has been devoted to this field. Several commercial software packages are 

available, for example Composite modeller, FibreSIM, Interactive drape etc. which 

exclusively use kinematic algorithms, Finite element (FE) models and provide more 

accurate results but becomes less suitable due to extensive computational times. One 

example of software using FE models is PAM-FORM from ESI. Based on detailed 

information of the structural layup the use of draping simulations is intensified in the 

later stages of the development of composite structures. For enhanced reading on 

draping and forming of composites see Long [68].  

Draping simulations are potentially a great asset also in the preliminary design phases 

providing quick analysis of the design for manufacturability and in particular the 

geometric complexity in relation to composite material selections. The geometric 

complexity is greatly related to the potential defects critical for the composite fabrics, 

such as wrinkling, thickness changes, radius effects etc. as pointed out by Crowley et 

al [54]. Initial forming simulations can therefore create a first overview of potential 

problem areas and also indicate if it might be suitable to divide structures or use 

multiple preforms to allow for more straightforward manufacturing operations. 

However, the draping analysis available exclusively focus on robotic or hand layup 

processes with their analysis considering a draping starting point, a seed point.  

 

 

 

Figure 8.5: Effects of different seed points in draping analysis (reproduced from  

[69]) 
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This approach is receptive for deviations of results based on the chosen seed point as 

argued by Knote [69] and exemplified in Figure 8.5. Such an approach therefore 

becomes highly dependent on engineering judgment and knowledge in composite 

draping, as well as on selecting the appropriate start positioning. In order to obtain 

results relevant to the industry, simulations of the forming process must be more 

adapted to highly automated preform operations which are based on one-step press 

forming. 
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9 Summary and contribution to the field 

This introduction has described the importance of understanding the relationship 

between design, material selection and manufacturing processes. Being able to 

balance their separate, as well as joint, impact on the cost and weight of the final 

structure is key for an efficient body structure. This work requires broad competence 

in field of structural composites and a systematic approach to the conceptual design 

phase - initiated by material and process selection - finding the right architecture for 

both weight and cost balance, addressing design for manufacturability as well as 

understanding the consequences on the potential weight reduction when optimizing 

manufacturing efficiency. 

This thesis proposes a holistic framework, shown in Figure 9.1, for the conceptual 

design work of carbon fibre composite body structures. Addressing problems such as 

defining an ideal material and process diversity and how to divide a composite 

structure keeping the objectives of weight and cost in focus. The value of weight is 

utilized as a measure of the financial appreciation of decreasing weight. If 

implemented correctly in the early concept phase, the framework will provide 

guidelines for designing cost and weight efficient carbon fibre structures, minimising 

both financial and technical risks. It emphasizes the importance of finding a balance 

between weight and manufacturing optimization. 

 

 

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 composite 

material mix, as well as the initial partitioning of the design space based on process 

selection. The material and process selection is created around traditional material 

selection philosophies [70]. The method considers all the requirements for the body 

structure and its potential design space and a model for process cost estimation is 

developed. Also, a method is developed offering an opportunity to compare 

fundamentally different composite material systems, such as discontinuous and 

continuous fibre systems, including the effects of tailoring structural properties. The 
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importance of such an approach is seen in the results where the utilization of the full 

potential of carbon fibre composites becomes competitive, despite a more complex 

manufacturing process.  

Paper B addresses global design philosophies and the matter of cost and weight 

effective design and ideal part size. The cost model from Paper A is enhanced to 

consider size and geometrical complexity on a conceptual level and an additional 

assembly module is included. The method follows initial partitioning based on process 

and studies whether further partitioning might be beneficial. The objectives of cost 

and weight are maintained for the analysis of when a composite structure is divided 

so as to reduce the geometric complexity of the part. The methods are described in 

detail in the appended paper and show that complex structures benefit financially 

from a differential design compared to an integral design, despite cost and weight 

incurred from the assembly operations. 

Paper C follows up on the work in Paper B and focuses on the aspect of structural 

performance when dividing a structure. The effects on structural performance are 

assessed and the impact on cost and weight is analysed using two differential design 

philosophies. A traditional approach positioning the joints in areas of low stress as well 

as thin laminates and a more daring approach attempting to utilize the additional 

material in the joints, positioning them in areas that require stiffness to reduce 

complexity. The two differential designs, as well as an integral approach, are optimized 

for minimum weight and the manufacturing cost including assembly is estimated. 

While integral design remains the lightest solution, differential designs provides 

financial benefits if the part is reasonably complex. However, more unexpectedly, the 

results show that when applying design constraints to the optimization, the 

unconventionally divided structure shows both cost and weight benefits. 

The work is continued in Paper D where both global and structural design are 

approached. The importance of manufacturing constraints and their impact on the 

final cost and weight of the structure are analysed. The effects of simplifying 

manufacturing operations by limiting the number of plies allowed in a laminate is 

studied. The work encompasses both integral and differential design philosophies and 

how crucial a well-balanced trade-off between process and structural optimisation 

becomes can be observed. It is also observed that a process-adapted solution might 

generate a heavy, expensive result despite high process efficiency. The contrary can 

be said analysing an extremely structurally-optimized part which often becomes 

expensive to manufacture.  

  



Framework for cost and weight efficient conceptual design of automotive composite body structures 

 

 

45 

Finally, in Paper E the framework is enhanced with a draping analysis to minimise 

subjective split line choice when dividing composite structures, as well as relating 

geometric complexity to material and fabric choices. Also, the potential of the 

framework to contribute to designing for a more detailed, highly-restricted design 

scope is explored. The results from a case study are compared with those from an 

expert group in order to understand the output in relationship to composite suitability.
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10 Future work 

The most challenging part of this thesis has been to maintain the holistic approach 

throughout the work. The question of global design and the initial partitioning is extra 

tricky since often this decision must be made in the earliest stages with the least 

information available. While suggesting differential design solutions, joint design and 

functionality is crucial. How to design joints to increase their contribution to structural 

performance and consequently further exploit differential design advantages is an 

interesting area for further research. Joints are often treated as a necessary evil, bit if 

they are approached with the right mind-set they can create design freedom in 

manufacturing-constrained structures. 

Since high volume manufacturing processes for structural composite are under 

constant development, continuous monitoring must be undertaken to improve results 

from the framework presented. Currently only monolithic laminate material systems 

are considered in the work, however in the future, with improved manufacturing 

processes, different and new composite materials/structures might become accessible 

to high volume manufacturing as well. 3D weaving and multi-functional materials is 

tempting in order to enhance the framework to cover sandwich structures. 

The high scrap levels seen in composite manufacturing urge on the work of efficient 

recycling of both fibre and structural scrap. Although there is extensive work already 

in this area, approaches to how to balance scrap and virgin structures in an automotive 

body structure is a potential future field of study. 

Finally, in order to enhance the engineering comprehension of composite 

manufacturability it is crucial that simplified forming simulation tools are developed 

that address laminate stacks and their forming properties in high volume processes, 

similar to steel forming analysis.  
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12 Division of work between authors 

Paper A 

P. Mårtensson, D. Zenkert and M. Åkermo together agreed on the approach. P. 

Mårtensson developed cost models and carried out the detailed descriptions. P. 

Mårtensson wrote the paper with assistance from Zenkert and Åkermo. 

Paper B  

The research scope was agreed on by P. Mårtensson, D. Zenkert and M. Åkermo. 

Mårtensson enhanced the cost model and supplied the detailed descriptions as well 

as carrying out implementation. Mårtensson. Mårtensson wrote the paper with 

assistance from Zenkert and Åkermo. 

Paper C 

Outlined by P. Mårtensson, D. Zenkert and M. Åkermo. The analysis and the following 

interpretation of the results was made by P. Mårtensson. P. Mårtensson wrote the 

paper with assistance from D. Zenkert and M. Åkermo. 

Paper D  

The research approach was established by P. Mårtensson, D. Zenkert and M. Åkermo. 

P. Mårtensson performed the study and data analysis. Mårtensson wrote the paper 

with support from Zenkert and Åkermo. 

Paper E  

P. Mårtensson, D. Zenkert and M. Åkermo agreed on an approach. The work of the 

expert group was followed by P. Mårtensson. Mårtensson enhanced the framework 

with a draping simulation after discussions with Åkermo and Zenkert and conducted 

the study. Mårtensson wrote the paper with assistance from Zenkert and Åkermo. 
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