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Abstract 
Load carrying brackets in the engine room of Scania's busses are almost exclusively manufactured 

through bending of sheet metal. It is believed that pressing, rather than bending, could result in 

lighter components. Lighter components mean less weight for the bus to transport and could, for 

example, result in allowing additional passengers on the bus. 

The problem definition included producing guidelines regarding the two manufacturing methods of 

sheet metal: bending and pressing. The guidelines were designed to aid, mainly novice, design 

engineers in early stages of component development. Existing components were FEM-analysed and 

redesigned to investigate the potential weight reduction for using pressing rather than bending. 

Lastly, on the topic of weight reduction, the potential of using carbon fibre reinforced polymer for 

load carrying components, such as brackets, was evaluated. The information for the guidelines and 

the evaluation of carbon fibre reinforced polymers were gathered through a series of study visits and 

a literary review. 

The guidelines were presented as a document, comprised of general considerations and rules of 

thumb. They are to be stored as a living document, continuously complemented and updated. The 

hope is to reduce the amount of unnecessary feedback from suppliers, and help designing cost-

efficient components. The result from the modelling showed that weight reduction was possible by 

redesigning the investigated parts for pressing rather than bending. It was concluded that the most 

prominent weight reduction was achieved for components where removal of a limiting weld was 

successful. Further investigations should be conducted on a wider variety of parts to make the 

results more reliable. As for the carbon fibre reinforced polymers, the investigation indicates that a 

mere substitution of material is not cost-efficient for several reasons. To successfully implement use 

of carbon fibre reinforced polymers, larger and innovative solutions that utilises all the favourable 

properties of the material is required. Further studies should hence be initiated, with the focus of 

combining multiple purpose designs. 

  



Sammanfattning 
Lastbärande komponenter i motorrummet på Scanias bussar tillverkas huvudsakligen genom 

bockning av stålplåt. Pressning, istället för bockning, skulle kunna resultera i lättare komponenter. 

Lättare komponenter innebär längre totalvikt vilken kan resultera i att, till exempel, fler passagerare 

tillåts på bussen. 

Problemdefinitionen inkluderar framtagningen av riktlinjer vid design av komponenter som skall 

tillverkas genom någon av de två tillverkningsmetoderna: kantbockning och pressning av stålplåt. Vi 

tog fram riktlinjerna för att stödja, framför allt nya, konstruktörer i det tidiga stadiet av 

konceptframtagning. FEM-analys och omkonstruktion har genomförts på redan existerande 

komponenter för att undersöka potentiell viktminskning till följd avpressning av stålplåt istället för 

att kantbocka. Till sist har potentialen hos kolfiberkomposit som alternativt material för att få lättare 

lastbärande komponenter, så som stag, utvärderat. Informationen till riktlinjerna och utvärderingen 

av kolfiberkompositer har samlats in under ett antal studiebesök och genom en litteraturstudie.  

Vi har sammanställt riktlinjerna som ett dokument, där de presenteras som generella beaktanden och 

tumregler. Tanken är att detta dokument ska vara levande och ska kontinuerligt kompletteras samt 

uppdateras. Förhoppningen är att bland annat minska mängden irrelevant feedback från 

leverantörer, och främja framtagningen av kostnadseffektiva komponenter. Resultatet från 

modelleringen visar att viktminskning var möjlig genom omkonstruktion av de undersökta 

komponenterna. En slutsats kan dras att den mest betydande viktminskningen gjordes på de 

komponenter där en begränsande svets kunde tas bort. Framtida undersökningar borde göras på en 

större variation av komponenter för att göra resultaten mer trovärdiga. Utvärderingen rörande 

kolfiberkomposit visar att ett simpelt byte av material är, av flera anledningar, inte kosteffektivt. 

Större och mer innovativa lösningar måste implementeras för att ett byte av material ska vara 

görbart. Djupare undersökningar borde därför initieras, med fokus på att kombinera lösningar för 

flera ändamål.  
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1 Introduction 
The department of Bus Development at Scania constantly strives towards more cost-efficient and lighter 

solutions. Small weight reductions could mean significant improvements, such as allowing additional 

passengers on the bus. Load carrying components, or brackets, constitutes an important role in the 

bus’s engine room. The brackets are almost exclusively manufactured through bending and welding 

of sheet metal. Bending is a simple but limited method, and the subsequent welding impairs the 

material properties and limits the strength of the components. With regards to the production 

volume of these components, it seems bending is the best choice of manufacturing method. For 

higher volumes, pressing sheet metal is often more cost-efficient, due to the speed and ability to 

automate the majority of the process. The definitions of bending and pressing can be seen in chapter 

3.2. The method of pressing sheet metal also enables more complex geometries and thus makes it 

possible to eliminate welding of the components. Pressing rather than bending could result in lighter 

components, and therefore possibly compensate for the additional costs that pressing causes for 

smaller production volumes. Another way of reducing the weight of these components is to 

consider completely different materials than conventional steel or aluminium. A lot of composite 

materials possess favourable material properties, such as high strength-to-weight ratio. Utilizing the 

properties of such materials could possibly result in lighter components. 

1.1 Problem definition and goals 

On behalf of the group Gas Exchange, a study was conducted to investigate whether alternative 

manufacturing methods or materials could yield lighter brackets, but still be cost-efficient. 

Guidelines were developed for designing these components, with respect to the manufacturing 

methods of pressing and bending. It was also investigated whether the use of composite materials 

could pose as a material candidate in the future. With respect to the assignment given and the 

background to the topic, the problem definition was defined as to: 

• Form guidelines for designing components using the two different manufacturing methods: 

bending and pressing. 

• Investigate potential weight reduction using pressing rather than bending. 

• Investigate the potential usage of composite materials or the use of composite materials for 

reinforcing metal. 

During the design of a new component, the design engineer's initial solution usually receives product 

critique from the supplier. This results in a lot of communication, both in and outside of the 

company. Figure 1 describes the flow of product critique within Scania and between the supplier, 

during the start-up of a newly designed component. 

 

Figure 1: Flow of product critique. 
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The goals regarding the guidelines was not only to serve as a support for, mainly novice, designers. 

They should help designers make smart and cost-efficient design choices and in turn minimise the 

product critique and unnecessary communication as well as time wasted during the start-up of a new 

component. It should also help the designer to distinguish the differences between designing a 

component for bending versus pressing. The investigation of whether pressing could reduce the 

weight compared to bending should result in helping decide which of the two alternatives are more 

suitable. Depending on weight reduction, complexity of the part, production volume or economic 

efficiency, the user is supposed to receive motivation to choose manufacturing method. The second 

part also included investigating and discussing ways of increasing the production volume for press 

bent components, to make pressing the better alternative. Furthermore, the results of the first two 

topics were to be incorporated into Scania’s design guidelines. The goal of the last topic was to do a 

pre-study on composite materials and their applicability to the extent that a conclusion could be 

drawn on whether the subject should be researched further. 

1.2 Project limitations 

This work was carried out by two students, Christoffer Sandberg and Linus Gillberg, as a master 

thesis project. Because of the time frame of the project, the following limitations were determined in 

order to make the project feasible:  

• The number of materials to be studied were limited in the early stages of the literature study, 

to aluminium and steel, as these are the most common metals for this application. 

• Relevant methods of manufacturing for each material were also limited. The methods 

chosen to study was bending and pressing, as this was stated in the initial problem 

description.  

• Contact and study visits at suppliers was limited and suppliers was limited to those residing 

in Sweden. 

• The number of components to be designed will be limited based on available time. 

• Composite material will be studied to the extent that an understanding of its relevance for 

the area of use can be formed.  

All in all, this is a very holistic work, looking at several aspects of manufacturing for a specific 

category of components. Each of the topics analysed are small parts of a bigger picture, as the goal 

of this project is to aid the design engineer in the process of developing a component. This is the 

reason basic research is performed on each of these topics, as a too detailed research of each topic 

would not satisfy the goals of the project due to time restrictions. 
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2 Method 
With the problem definition as a starting point, a literary review concerning the suitable materials, 

steel and aluminium, as well as the methods of manufacturing bending and pressing. A literature 

review concerning composite materials was also conducted, with the purpose of determining its 

usefulness in load carrying designs and to evaluate if further research into the area should be done. 

To get a more first-hand experience of how different methods of manufacturing work, several study 

visits, comprised of interviews and production line walkthroughs, were conducted. In order to get as 

much relevant information as possible, these visits were scheduled towards the end of the literary 

review. The purpose of these visits was to benefit from the knowledge that suppliers possess in 

order to complement and verify theory found in literature. A visualisation of the methodology used 

can be seen in Figure 2. 

 

Figure 2: Methodology used during the project. 

Based on the literary review and the information from suppliers, with use of the CAD-tool CATIA, 

press bended brackets was redesigned and modelled into pressed parts. These parts were then FEM-

analysed in CATIA’s associated calculation tool GAS to verify, or dispute, that the same level of 

strength had been achieved.  

Before the redesign and FEM analysis process was started, a selection of different existing 

components was chosen, evaluated and categorized. This was necessary to achieve usable results, 

since the characteristics of the existing components vary. The complexity and requirements of the 

component affect the level of effectiveness in the design transition between press bended and 

pressed. The complexity varies with the number of bends and bend directions. If a component is 

welded, it has a negative impact on the materials properties. Therefore, components of varying 

complexity as well as components with and without welds were chosen. 
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A FEM-analysis was then conducted for each of the selected parts, the results of which act as a basis 

for conclusions drawn regarding possible weight reduction. The methodology of the modelling 

process can be seen in Figure 3 below. 

 

Figure 3: Methodology during modelling. 

Once a component was chosen for redesign, an iterative approach was used where the maximum 

load before failure was iteratively reached. The failure load was then applied to the new component 

to see if similar or better results were achieved. A more thorough explanation of the modelling will 

follow in chapter 5. 

With the result of these investigations, guidelines for design of the load carrying component were 

defined. These should act to help the designers design components with the chosen method of 

manufacturing in mind.  

The information collected has been studied critically and we tried to be look at from different 

perspectives in order to exclude any strong personal opinions and to reveal, if companies had any 

underlying economic interests. Used literature references are presented throughout the text and are 

given in square brackets. 
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3 Manufacturing of sheet metal components 
Sheet metal is a widely used form of material that is used for a variety of different applications. Sheet 

metal is, basically, metal that has been rolled into thin sheets. Manufacturing a component from 

sheet metal is a versatile and often cost-efficient alternative. During this project, information was 

gathered to help answer the questions stated in the problem definition. The purpose of these 

investigations was to learn about the processes relevant to the discussed methods of sheet metal 

forming and in turn, to be able to form the resulting guidelines. The information gathered from 

both literary reviews and study visits is presented in this chapter. 

To understand the concept of designing sheet metal components, as well as to be able to follow the 

work done, a few material properties and characteristics should be known to the reader. When 

manufacturing load carrying components out of sheet metal, the sheets are cut to shape and 

plastically formed into desired shape by applying force to the material. The desired material 

properties for these kinds of applications includes: 

• High yield and tensile strength 

• High Young modulus value 

• High level of formability 

• High cost-efficiency. 

As the guidelines are to serve the design process of load carrying components in the engine room, 

the temperatures are well above room temperature. The temperature of the exhaust gas is around 

350 °C. Pipes and components carrying the gas are therefore very hot, but the temperature quickly 

drops, when at a short distance from these components. Because of the elevated temperatures, 

components in the engine room must be able to withstand temperatures of at least 100 °C. 

3.1 Common sheet metal materials 

When choosing a material, two of the most prominent things to consider is the material properties 

and how the usage of the material impacts the environment. However, this report will not put any 

effort on the latter. In Table 1, some relevant mechanical properties of two of the most commonly 

used materials in sheet metal, steel and aluminium, is summarized. 

Table 1: Mechanical properties for relevant metals (Ingarao, Di Lorenzo & Micari, 2011). 

 Tensile strength 

σts [MPa] 

Young modulus 

E [GPa] 

Density 

ρ[kg/dm3] 

Specific strength     

σts / ρ [106Nmm/kg] 

Steel 300-1200 210 7,8 38-153 

Aluminium 150-680 70 2,8 52-243 

As seen in Table 1, steel is high performing when it comes to strength whereas aluminium has a 

lower strength while offering low density. If one studies each material’s specific strength it can be 

argued that each material can offer similar positive effects but differently. Steel can for example 

offer weight reduction, while maintaining high performance in strength, by lowering the thickness 

whereas aluminium can offer increase in strength, while maintaining its low weight, by increasing its 

thickness. In order for aluminium to reach the same level of strength as steel, its thickness should be 

roughly one and a half times more than its steel equivalent (Ingarao, Di Lorenzo, & Micari, 2011) 
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meaning, a steel sheet with a 3 mm thickness would have roughly the same strength as an aluminium 

sheet with a thickness of four and a half millimetres.  

Steel 

The most common engineering material used today is steel (Agrawal, 2007). Steel is also the material 

most commonly used for the load carrying parts that are relevant for this thesis. The main 

constituents in steel are iron and carbon. Different alloys are achieved by adding other alloying 

elements such as chromium, copper and nickel (Vitos et al.  2011). When new structural material is 

introduced on the market, steel is often the material used as a standard to compare to. Steel has 

been, and remains, the most cost-effective material used in industry (Bhadeshia & Honeycombe, 

2006). Steel, with its numerous alloys, can withstand temperatures ranging from 650 °C down to -

196 °C, and applied stresses ranging from 100 to 5000 MPa (Weng, Dong & Gan, 2011). Even 

though numerous kinds of steel exist, they are usually grouped into four different categories, carbon 

steel, alloy steel, tool steel and stainless steel. Carbon steel is vastly the most common steel 

produced. Carbon steel is plain steel with a carbon content ranging from less than one percent up to 

two percent. High-carbon steel is harder and more brittle while low-carbon steel is softer and more 

mouldable. Alloy steels contain, apart from iron and carbon, one or more other elements. Alloy 

steels tend to be tougher, harder, more durable and stronger compared to carbon steels. Tool steels 

are a sub-type of alloy steel that are even harder to make them more resistive to wear. Tool steels are 

also usually subject to hardening, heating followed by rapid cooling, to make them tougher. Stainless 

steel is also a type of alloy where chromium and/or nickel is added to make the steel more resistant 

to corrosion (Woodford, 2017). When working with cold forming, low-carbon and low-alloy steels 

are more suitable (Schuler, 1998).  

Steel is divided into different property classes depending on their mechanical properties. The names 

of the classes may vary but the categorization is always the same. A list of some of these classes can 

be seen in Figure 4. 
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Figure 4: List of steel classes and their tensile properties (Scania, 2017). 

When working with sheet metal, the most commonly used steels are classes 32 and 35, with class 35 

being the most common, (Gustavsson, 2017). 

Aluminium 

The second most used industrial metal today, second only to steel, is aluminium (Lumley, 2011). 

What makes aluminium such a widely-used material is its many good qualities. Aluminium is very 

lightweight, having a density of 2,8*103 [kg/m3], as compared to steels density of 7,8*103 [kg/m3], 

see Table 1. The tensile strength of pure aluminium is roughly 90 MPa but can by cold working 

reach up to about 180 MPa. Heat treatable aluminium alloys can reach tensile strengths of 570 MPa 

or even higher. As seen in Table 1, aluminium has a specific strength of around 52-243 

[106Nmm/kg] which places it roughly at the same level as steel. Aluminium is relatively easy to melt 

and cast in order to process it in numerous different fabrication and forming processes. Pure 

aluminium is relatively soft and it does not exhibit much strain hardening while deforming, this 

makes aluminium an extremely formable material. However, for aluminium to reach higher grades 

of strength it needs to be alloyed, which in turn lowers its formability (Hirsch, 2011). Because of a 

thin oxide film forming around the metal, aluminium also has a good corrosion resistance. 

Aluminium is also a fair conductor of electricity and by alloying with boron it can be made even 

better (Woodford, 2017). Figure 5 shows some different aluminium alloys. 

Tensile properties 
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Figure 5: List of aluminium alloys and their tensile properties. 

Aluminium is also more expensive than steel. An aluminum structure would cost roughly 80% more 

than the same design in steel (Field, Kirchain, & Roth, 2007). 

As mentioned in the introduction to chapter 2, for aluminium to reach strengths that could rival that 

of steel, aluminium needs to have a sheet thickness of roughly one and a half that of its steel 

equivalent. The room in which the affected components are placed is very limited and an increase in 

overall volume of the components is not desirable. Partly due to this, as well as the higher price, 

aluminium is not applicable enough for the types of components studied at in this report and is 

therefore dismissed for further investigation. 

3.2 The two manufacturing methods: bending and pressing 

3.2.1 Bending 

One of the most common manufacturing methods for producing parts in sheet metal, such as 

brackets, hinges, braces and angles, is making flanges using bending. In the automobile and aircraft 

industry, bending of sheet metal is frequently used. Bending, like its name implies, is a type of 

manufacturing method that bends sheet metal using plastic deformation around a linear bending 

axis. Figure 6and Figure 7 shows simple illustrations of a press bended part and the bending process 

as well as some relevant attributes.  

Tensile properties 
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Figure 6: Simple illustration of press bended part (Manufacturingguide, 2017). 

 

Figure 7: Simple illustration of bending. 

In figure 6, s represents the thickness of the metal sheet, V is the width of the vee die, h illustrates 

the minimum length of the flange, α the bend angle and R the bend radius. The bending operation 

consists of a sheet metal part first being placed between a male punch (2) and a female die (1), as 

seen in Figure 6. The punch is then lowered onto the sheet metal which forces it to form in 

accordance to the punch and die pair. The tensile stress and the compressive stress induced from 

bending work in consensus with each other in such a way that the tensile stress lessens starting from 

the outside of the bend and becomes zero at the neutral axis, whereas the compressive stress starts 

at the neutral axis and increases towards the inside of the bend. The material properties of the 

chosen material, as well as the operating parameters, influence the success and accuracy of the 

bending process. When bending, the material keeps some of its original elasticity since the materials 

elastic limit can be exceeded during the bending process, while its yield stress limit cannot. Because 

of this, when unloading, some elastic recovery will occur in the middle of the bend. While the 

material is being shaped, it will form depending on the tool shape but once the load is taken off, the 

material will try to revert to its original shape. This phenomenon is called spring back and will be 
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discussed in further detail in chapter 3.2.3. A range of different machines can be used during the 

bending of sheet metal, hand benders, hydraulic benders or fully computerized CNC benders 

(Hingole, 2015). 

3.2.2 Sheet metal pressing 

Sheet metal pressing, is a broad term and includes processes such as bending, flanging, embossing, 

blanking, punching and drawing. Pressing is a three-dimensional forming method of manufacturing 

that applies high pressures to sheet metals or other materials to make components with a specific 

form and mechanical properties. The most common presses are either hydraulic or mechanical and 

the method offers high strength parts, even in thin sheet metals. The press is supplied with sheet 

metal either manually with prepared blanks or directly from a coil. The latter is often used for 

progressive pressing operations, as seen in Figure 8. After being fed to the press, the sheet is pressed 

on a die, consisting of a female (mould) part and a male (punch) part. The work piece is put through 

high pressure, which forces the work piece to form according to the mould. 

 

Figure 8: Simple illustration of a pressing process (Manufacturingguide, 2017). 

(1) Refers to the sheet metal piece being progressively pressed and (2) refers to the die pair. The 

operations used in pressing are in their core relatively simple and has a low work intensity which 

leads to mechanization, automation and high productivity, thus usually being easy to achieve. Forms 

that are generally hard to achieve with other methods of manufacture, such as a three-walled corner, 

can be achieved with pressing by utilizing drawing of components. The cost for components done 

with pressing can often be kept relatively low because the method generally has a high use of 

material, the work pieces are light, have good stiffness and strength as well as a low energy 

consumption during forming. However, depending on the complexity of the part, the die cost can 

become high. Depending on the component design, the pressing mould and tool used during 

pressing usually have a relatively complex structure, long lead time and high production cost. Each 

newly designed product usually requires a new tool and mould to be made. This in turn means that 
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pressing is more commonly used for mass production in order to distribute the cost of mould and 

tool over a larger number of components, which means that this method of manufacturing is less 

applicable to unique components and components with relatively small batch sizes.  

The process of producing dies for manufacturing can, apart from being costly, also be time 

consuming, both of which are major factors in the production as a whole. By using a developed 

cost-effective way of rapidly producing pressing dies with additive manufacturing one can reduce 

both the time and cost of producing the dies (Kuo & Li, 2016). The time-consuming die 

manufacturing process will cause a long initial lead time. The die process also means design changes 

will be difficult and costly since hard tooling is very inflexible. The production process is usually 

divided into five steps:  

• Product design – The product is designed and drawn with the help of CAD-tools. 

• Process design – A process plan for the pressing is made. 

• Die design – The die is designed in order to give the component its desired shape. 

• Die production – The die pair is manufactured. 

• Component production – The component is manufactured in accordance to the process 

plan with the help of the pressing mould and the pressing tool. 

The only part of the production process that design engineers are a part of is the first step, the 

product design. Regardless, having a more holistic view of the process makes it possible to limit 

mistakes and lower the final cost of a component (Booker & Swift, 2013). 

Like other methods of manufacturing, pressing depends highly on how the material used acts when 

being processed. Material used for pressing should have high formability. A materials formability, or 

the metallurgical term ductility, is a measure of a materials ability to adapt itself to being bent, 

stretched and drawn without fracture. Material with good formability refers, among others, to its 

manageability, high yield strength, high product quality and long press mould life. From the 

perspective of its contents, however, only two factors are at play, forming limit and forming quality. 

The forming limit refers to the maximum degree of deformation a material can withstand during the 

forming process. The main indicators of quality of moulded parts are dimensional accuracy, 

variation in thickness, surface roughness, and the physical and mechanical properties of the material 

after forming(Hu, Ma, Liu, & Zhu, 2013). 

3.2.3 Relevant properties and operations 

A components manufacturability 

One important aspect to consider when designing a component is if it will be possible to 

manufacture said component based on the chosen method of manufacturing. Manufacturability 

refers the degree of whether a component is possible to manufacture or not.  A component’s design 

will not matter if it’s not manufacturable, or manufacturable at an unnecessarily high price, even if 

the component’s design suits its function well. Having a component’s manufacturability in mind 

when first starting the design face could have a high impact on the total cost of a component. 

Decisions made during the start of the design phase account for a significant portion of the total 

production cost of a component (Ramama & Rao, 2005). Design changes later in the manufacturing 

process can be very time consuming and expensive. 
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One relatively easy and effective way of determining if a component is manufacturable or not is to 

“unfold” the design to see if any of the material overlap in the blank stage. An example of this can 

be seen in Figure 9. 

 

Figure 9: Example of unfolding. The left component cannot be manufactured since its blank will overlap with 

itself. 

The components in Figure 9 only serve to show how unfolding can be useful and no consideration 

has been taken as to whether or not the left component is manufacturable in other aspects has been 

made. 

Blanking operations 

Blanking is the process of producing the blanks. A blank is the flat and cut out piece of sheet metal, 

that acts as the starting point that eventually becomes the finished part. Performing blanking 

operations is more common for bending, as pressing often produces its blanks during operation 

(progressive sheet metal pressing). The most common processes during blanking includes: 

• Laser cutting 

• Punching 

• Embossing 

• Nesting 

 

Laser cutting is an established method, amongst other, for cutting blanks out of larger sheets of 

metal. It is used for both pressed and press bent components, with the exception of parts produced 

directly from coil, which is common when pressing. Laser cutting is a fast and precise method that 

has little effects on the material. Some burr, as well as a thin layer of oxide, emerges along the cut in 

the metal. Depending on the choice of after treatment, these might have to be removed beforehand. 

It is also necessary to leave a “framework” or an empty “shell” in order to be able to remove scrap 

material properly. Due to this, it is not possible to place components edge-to-edge and therefore 

some scrap will always occur when laser cutting. Blanks that are to be laser cut should always have 

round edges, to avoid that the laser stays in one place for too long, which is also the case for cutting 

holes with small diameters. This could cause the material to melt and cause defect blanks. Having all 

corners round also ensures that it is easier and safer to handle blank. 
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A punching tool consists of a punch and a die. It is used to make holes of different shapes and exists 

in a series of different varieties, both standard and custom. Punching is performed in either a 

dedicated or combi machine, where the latter is capable of both laser cutting and punching. 

Strengthening geometries, such as beads, can, to some extent, be embossed with punching or combi 

machines. Either small, complete geometries are punched with a customised tool, or the geometry is 

punched gradually with a standard tool. Strengthening geometries are described further down in this 

chapter. 

In order to reduce cost of a component, it can also be beneficial to consider designing a component 

is such a way that once the blanks are made, as little waste material as possible is produced. This can 

be done by trying to place a component on a piece of sheet metal and try to interlace them as much 

as possible. See Figure 10 for a rough example. 

 

Figure 10: Placement on sheet, nesting. 

The price of the material in between each blank in Figure 10 will be part of the total price for the 

complete parts. This is not something that a designer must do while designing a component but 

considering it could potentially lower material costs. 

 

Welding 

The process of bending is often applied to components with geometries that require welding, see 

Figure 12 for example. Welding is an efficient and precise method of joining edges, parts or surfaces 

together. Nowadays, most welding is automated, ensuring consistent quality throughout the welds. 

Welding does however compromise the load carrying properties of the material. As Figure 11shows, 

the weld is slightly harder than the original metal. Nonetheless, the neighbouring material, also called 

heat affected zone, is weakened. Because of this, the placement of welds should be thoroughly 

considered, not oversized and not be made unnecessarily long. 
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Figure 11: Hardness of material close to weld (Gliner, 2011). 

Using the method of pressing, could make it possible to avoid welding completely and thus avoid 

weakening the material. This could make it possible to minimize material and therefore the overall 

weight.  

 

Figure 12: Example of edge to be welded. 

Welding can also lead to distortions in the material, meaning the material bends slightly because of 

the weld. To limit this, welding should preferable be done symmetrically. Welding should also be 

kept to a minimum to limit the distortion in the material as well as limiting the change in material 

properties. Distortion effects the position of any feature on the part of the component where the 

distortion occurs which in turn can put the features outside the given tolerances. By using guide 

holes and guide pins it is possible to increase the tolerance of features when welding components 

together, see Figure 13. 
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Figure 13: Example of guide holes and pins. 

The guide holes and guide pins ensure that the components that are to be welded together are 

positioned correctly. 

Springback of sheet metal bends 

When a piece of sheet metal is deformed, both using bending and pressing, the final geometry will 

be slightly altered once the forming is complete and the tools are removed. This phenomenon is 

known as springback. The cause of springback lies in the fact that the internal stress state left in a 

component once the tools are removed are not in equilibrium. However, the internal stress state is 

self-equilibrated which will cause elastic deformation to occur (Ingarao & Di Lorenzo, 2010). The 

springback of a component will influence the accuracy of the finished dimensions. This can make it 

difficult for manufacturers to meet the tolerances given by the designers due to uncertainties in the 

amount of springback. There are numerous different attributes, from both the process parameters 

and the material properties, which influence how much a bend will springback(Chatti & Hermi, 

2011). Process parameters that affect the springback include, but is not limited to, lubrication 

condition, the force at which the blank is held down, material thickness, die shape and blank size. 

Material properties that influence the springback are, but not limited to, yield strength, Young’s 

modulus and Bauschinger effect, the Bauschinger effect is when the overall stress and strain of a 

material changes because of microscopic stress distribution in the material (Gau & Kinzel, 2001). 

Strengthening geometries 

One way to reduce weight, and therefore cost, of a sheet metal component is reducing its thickness. 

However, in doing so the component’s strength and stiffness is usually negatively affected. There are 

a few techniques that circumvent this issue by deforming the sheet metal by for example, stretching, 

folding or stamping the component into strengthening and/or stiffening geometries.  

Using beads on flat surfaces of a sheet metal plate will increase its stiffness. The placement and the 

geometry of the beads will determine the stiffness gained. The placement is usually done by utilizing 

past experience and therefore lacks optimization. Figure 14 shows a simple example of beads. 
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Figure 14: Example of sheet metal with one and two beads. 

Other restrictions on the optimal placement is the available technology, which in turn effect the 

overall manufacturing costs. Some technology makes it possible to freely place beads, even ones 

who overlap each other, while with other this is impossible. A sheet metal component manufactured 

by pressing for example can have intersecting beads, see Figure 15 for an example (Fusano, 

Priarone, Avalle, & De Filippi, 2011). 

 

Figure 15: Example of an x-bead. 

Tests done on a rigid sheet metal container show that, more beads with less space between them, 

that are wider, deeper and with higher metal thickness will yield the lowest max displacement and 

stress. Figure 16 shows the different measurements in a bead (Zhou, Li, Tang, & Zhang, 2010). 

 

Figure 16: Cross-section of a bead (Zhou, Li, Tang, & Zhang, 2010). 

The depth of the bead should not exceed three times the material thickness (Zhou, Li, Tang, & 

Zhang, 2010). 

The usage of ribs, also known as beaks, is a way to increase the stiffness of a bend or a flange. Ribs 

needs to be centred on the bend it is placed on. More ribs on the same bend offer more stiffness. If 

two or more ribs are placed on the same bend, they need to be symmetrically placed around the 
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centre of the bend, otherwise springback can occur unsymmetrical. See Figure 17 for an example of 

a rib. 

 

 

Figure 17: Example of a rib. 

The distance between height and depth of a rib should be twice that of the material thickness while 

the width should be equal to the material thickness. 

3.3 Designing components for bending 

When designing components in sheet metal that should be manufactured by bending, it is beneficial 

to be aware of which design features are preferred and which are to be avoided. There are 

geometries that are impossible to manufacture with this method as well as geometries and strategic 

choices that ensures a cost-efficient and manufacturable component. Following these tips to an 

extent as large as possible results in a cost-efficient and easily manufactured component. These 

preferences, or design tips, ranges between general and specific. After literature studies, discussions 

and study visits, the general tips were categorised accordingly: 

• Preferred designs - ensures smooth and efficient manufacturing, providing nice and clean 

components and at the same time avoiding difficult or hard-to-manufacture features. 

• Features to consider - keeping some things in mind might help the design of manufacturable 

components. 

The following guidelines are a compilation from study visits and literary reviews. The applicability of 

each guideline depends on the component, and in some cases the desired solution is not possible 

and has to be solved in another way. The impact of not following a design tip is different for each 

tip. It will however result in a less cost-efficient component as it compromises the simplicity of 

manufacturing the component. 

Preferred designs 

Following these general tips to the largest possible extent helps to ensure a smooth manufacturing 

process of the component and is a starting point for new designs. 

• To minimise the number of tools required to manufacture a component, the radius for all 

bends should be the same. A rule of thumb is choosing an inside bend radius corresponding 

to the material thickness. This is true for most thicknesses and material classes. In the Scania 
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document STD 755, the minimum recommended radii for different material thicknesses are 

presented. Since using different radii within the same component requires more tools, the 

price of the component will increase. 

• If it is not crucial for the properties of the component, very large radii should be achieved 

through bump bending. Bump bending is the process of creating a series of open bends 

close to each other. This eliminates the need for large customized tools or rolling the sheet 

metal. If customized tools are required, the cost of the component increases. 

• Flanges that are to be bent should not have very inclined edges or large radii, see Figure 18. 

This causes the blank to slide during the bending operation. Sharp corners will make 

bending of the flange easier. 

 

Figure 18: Illustration of flange with inclind edge and preferred design. 

• The edge of a flange that is to be bent should be straight and parallel to the bend line, see 

Figure 21. This aids in fixing the part correctly for the bend. A more difficult edge to fix will 

require a special fixture to meet the required tolerances which in turn makes the component 

more expensive. 

 

Figure 19: Simple illustration of straight versus round flange edge. 

• Placing two bends, in opposite directions, within the minimum flange length could result in 

the need for a customized tool, a Z-bend punch and die, see Figure 20.  
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• Two bends in the same direction, resulting in a U-shape, see Figure 20, are often difficult to 

achieve. Deep U-shapes are unfavourable, but can to some extent be manufactured with L-

tools. 

 

Figure 20: Illustration of a U- and a Z-bend respectively. 

• For bends located close to an edge, bend reliefs and corner reliefs are to be used. A bend 

relief is a small pocket cut next to a flange to avoid tearing in the neighbouring edge and 

dislocation of the part, see Figure 21. The relief should be at least two material thicknesses 

wide and the depth of the relief should be at least the sum of the material thickness and the 

bend radius. An alternative to using bend reliefs is to place the bend at least one radius 

outside from the edge. 

 

Figure 21: Simple illustration of flange without versus with bend relief. 

• The minimum diameter of punched or laser cut holes should be equal to one material 

thickness. Having holes smaller than one material thickness will shorten the life of the sheet 

metal as well as that of the punch. Higher punching force will be required and there will be 

excessive burr. Laser cutting holes too small could cause melting of the material being cut. 

• The distance between two holes should be equal to at least two material thicknesses. 

Punching holes too close to each other could result in deformation of the material between 

the holes. Keeping a fair amount of distance between holes also acts to ensure the strength 

of the metal. Laser cutting holes too close could result in the material sticking together as the 

laser acts as sort of a weld if the cut is too narrow.  

• The distance between a hole and an edge should be equal to at least the material thickness 

but preferably one and a half times the material thickness. Punching a hole too close to an 

edge could result in deformation of the edge. Having a hole too close to an edge also 

decreases the strength of the metal. 
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• All corners of the blank should always be rounded. This is to keep operators and assemble 

personnel from injuring themselves on sharp edges. 

• Holes should not be placed closer than half of the width of the vee die, to ensure no 

distortion occurs in the hole. The alternative is to manufacture the hole after the bending 

process. As this would require additional production steps, the result will be a more 

expensive component. See Figure 22for an example of a distorted hole. 

 

Figure 22: Illustration of a distorted hole. 

• Avoid designs with short flanges. The length of a flange must extend over the edges of the 

vee die, which is half of the measurement V of Figure 7. For 3 mm thick sheet metal 

component this usually corresponds approximately to 15 mm. 

Features to consider 

• When press braking flanges, some springback will always occur. The springback increases 

with increasing material thickness and bends angled lower than 90°. Bends with a narrower 

angle than this are therefore less accurate and tolerances for geometries on the flange are 

more difficult to achieve resulting in a more expensive component. 

• Pressing one or several ribs into the bend during the process reduces the springback and 

stiffens the bend. The ribs must be equally distributed over the bend, as the bend would 

otherwise springback unevenly. 

• A smaller bend radius increases the precision of the bend, but also increases the stress in the 

bend. 

• When bending flanges, the edges of the bend will always be distorted, or ricked. For narrow 

angles the rick increases, see Figure 23 for example. Keep this in mind and refrain from 

placing strict tolerances on edges perpendicular to a bend. If a flat edge is required, milling 

or a similar process is required after the bend is made. 

 

Figure 23: Example of a ricked bend. 
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• To minimise manual errors during production, consider making components symmetrical. 

By doing this it becomes impossible to turn the part upside down. Alternatively, make the 

component very asymmetrical, making it obvious how to position the part. 

3.4 Designing components for pressing 

The method of pressing offers a lot more design freedom, compared to bending. This allows for 

more complex shapes, such as free formed surfaces and a series of different strengthening 

geometries. Being aware of the possibilities regarding pressing and what design features are 

preferred is beneficial.  

The following guidelines are a compilation from study visits and literary reviews. The applicability of 

each guideline depends on the component, and in some cases the desired solution is not possible 

and has to be solved in another way. The impact of not following a design guideline is different for 

each guideline. It will however result in a less cost-efficient component as it compromises the 

simplicity of manufacturing the component. 

Preferred designs 

• Avoid having sharp three-edged corners by placing large radii in corners. The radius where 

the three corners meet is the most crucial and should increase with increased depth. Having 

a too small radius will risk tearing of the material. 

• Drawn three edged corners can be hard to predict. Avoid having tough tolerances on such 

corners. 

• Holes needs to be processed from above. Since pressing machines operates up and down, 

holes need to be machined from above as no force will come from the side. Alternative is to 

process holes after. 

• The minimum diameter of punched holes should be equal to one material thickness. Having 

holes smaller than the material thickness will lessen the life of the sheet metal as well as the 

punch. Higher punching force will be required and there will be excessive burr.  

• The distance between two holes should be equal to at least two times the material 

thicknesses. Punching holes too close to each other could result in deformation of the 

material between the holes. Keeping a fair amount of distance between holes also acts to 

ensure the strength of the metal. 

• The distance between a hole and an edge should be equal to at least one material thicknesses 

but preferably one and a half times the material thickness. Punching a hole too close to an 

edge could result in deformation of the edge. Having a hole too close to an edge also 

decreases the strength of the metal. 

• When pressing using sheet metal from a coil, components need to have areas in which to 

fasten the component to the moving strip of coil. Components are separated from the coil in 

the last stage of the process. 

Features to consider 

• Instead of having large radii in corners, consider using chamfers. Chamfers will help increase 

the stiffness of the corner as well as reduce the risk of tearing the material. 

• Consider using draft angles to allow smooth processing of the component. Draft angles 

need to be 90° or higher. If the angle is lower than 90° the component will not be 

manufacturable. 
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• Pressing one or several ribs into the bend during the process reduces the springback and 

stiffens the bend. The ribs should be equally distributed over the bend, as the bend would 

otherwise springback unevenly. 

• If holes or cut outs are placed in highly vulnerable areas, consider using collars. Collars 

around holes or an edge increases the stiffness around the pierced area and reduces the risk 

of failure. Minimum height of collar should be the bend radius. 

• In order to increase the strength around a flared hole add coining and/or embossing around 

the hole. This also help maintaining a parts flatness around the hole. 

3.5 General considerations for both manufacturing methods 

After the literary review and the study visits, a few topics were reoccurring as to be considered for 

both bending and pressing during a design process. The topics were tolerances and standard 

elements and product transparency, which are all described below. The costs related to each of the 

two methods were investigated too. 

3.5.1 Tolerances and standard elements 

According to suppliers, tolerances are often too strict and not always placed in the most efficient 

way. This might in some cases result in over processing, which could result in an unnecessarily high 

cost for a given component. Specifying which tolerances are important and which ones are less 

important makes it easier for suppliers to know what to focus on as compared to having general 

tolerances throughout the whole component. The following guidelines were formulated, considering 

tolerances: 

• For hole patterns or pairs, consider having one or several holes bigger than necessary. This 

will allow for less strict tolerances for placing the holes and thus an easier-to-manufacture 

component. 

• For hole patterns, consider what to use as placements reference and what to set the 

reference to. Let the patterns have strict tolerances within themselves rather than each hole 

being specified to the reference individually. Consider using local references. 

• References over a long distance, especially past bends and other geometries are hard to 

achieve and therefore costly. Small deviations in the angle of a bend increases the deviations 

of dimensions along the flange. 

Avoid reinventing standard parts. For distances between parts that are to be welded, or screwed 

together, consider using standard dimensions for pipes and profiles. If the dimensions of the 

profiles are not crucial, this is an option much cheaper. The same goes for other standard elements, 

such as screws of specific lengths. Consider choosing a screw of standard length to avoid 

unnecessary costs. 

• Try making multi-purpose parts. Consider whether small changes to the geometry or the 

hole pattern could allow the component to have several instances in the same vehicle. This 

will help increase the volume of the part which in turn could decrease the cost per part. 

• For instances of right and left components, consider mirroring the part to allow using the 

same blank for both. For pressing, it is ideal to produce right and left components 

simultaneously, as they are often of same size and production volume. This will help increase 

the volume of the part which in turn could decrease the cost per part. 
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• Consider the available standard dimensions of metal sheets and coils as having blanks just 

outside standard measurements will result in additional costs. This is especially true when 

metal sheets are used, the most standard sheet measurements include, 3000x1500, 

2500x1250 and 2000x1000 mm and sheet thickness standards include 1,5; 2; 2,5; 3; 4; 5 and 

6 mm. 

3.5.2 Product transparency 

The relationship and transparency that exists with the suppliers is important in order to produce the 

best and most cost-efficient component possible. Transparency refers to the degree of openness 

between designer and supplier. Suppliers should be given as much relevant information about a 

component as possible. This will enable suppliers to clearly understand the purpose of different 

design choices. It is easier for the supplier to give relevant product critique if the purpose of a 

component is clear. An overview with a few neighbouring components could very well be sufficient 

for this task. As previously mentioned, while it is important to specify what parts of the design are 

crucial, it is also beneficial to specify where the supplier has freedom to change aspects of the design 

in order to make the component more manufacturable as well as cheaper. Having insufficient 

information about the component could also result in suppliers giving product critique to a design 

feature that has to be designed in a specific way, which could have been avoided if more information 

was supplied. Time spent trying to alter designs that are required limits the time spent on other 

issues. If enough relevant product critique can be given, the resulting component will become 

cheaper and will better serve its purpose.  

3.5.3 Cost of components 

Estimating the production cost of a specific component is not simple and it requires both 

knowledge of processes and experience. Which method is the most cost-efficient very much 

depends on the production volume. There are however other differences and benefits with each of 

the two manufacturing methods. The costs related to the two methods are more or less the same, 

but are distributed differently. The main costs of manufacturing sheet metal components can be 

divided into: 

• material cost 

• processing cost 

• tool cost. 

Material cost consist of all the material used, including scrap. Processing cost for the part is based on 

the press rate. The major difference in the cost between the two methods is the pressing tool, which 

is often big and complex. In addition, the pressing tools are often heavy and bulky, making them 

costly and time consuming to set up. The method of pressing is however more receptive to 

automation than bending and usually has a lower takt time. This reduces the cost of labor and 

machining cost. These are the factors that makes pressing the more suitable method for higher 

production volumes. The tool cost can be divided into die production cost, the cost of designing, 

constructing and maintenance, the cost for the material of the die and the auxiliary tooling cost 

(Tang, Li, & Zheng, 2001). Equation (1) shows a simple equation to determine the total cost per 

component Cc, based on material cost for the blank Cm, processing cost Cp and the cost of the die Cd 

(Cooper, Rossie, & Gutowski, 2017). 
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𝑪𝒄 = 𝑪𝒎 +
𝑪𝒅+𝑪𝒑

𝒏
     (1) 

Equation (1) shows the impact of having a high die cost has on the cost per component. The break-

even of the production volume is usually around 10 000 units per year. This is to make the 

production of dies and press mould economically viable as compared using bending(Booker & 

Swift, 2013),(Svensson, 2017), (Gustavsson, 2017). 

In order to minimize the cost of a component it is important to consider component cost early in 

the design stage. Due to the increasingly high cost of making changes in later stages of a products 

life cycle it important to identify and eliminate costly designs and features early (Booker & Swift, 

2013). 

Bending is generally a cheap manufacturing method when working with small batches of 

components. Small changes in design, such as a longer flange or an extra hole, can also relatively 

easy be incorporated into an already existing component without need of major changes in 

production. Pressing is more cost-efficient for higher volumes, but it also has a set of other benefits. 

The possibilities of creating free formed surfaces enables for more complex designs and 

strengthening geometries, which could result in lighter, and therefore cheaper, components. 

Reducing weight reduces the overall cost in two ways: the reduction of the material itself and the 

weight reduction of the bus. As the bus becomes lighter, it transports less weight, which means 

reduced costs in the form of lower emissions as well as allowing the customer to transport more 

weight. The average cost saved per weight of a heavy truck is roughly 300 SEK/kg (Scania, 2017). 

This number is somewhat lower for bus as buses generally are not fully loaded. This number is 

calculated using the operating cost for the customer, the cost if a component breaks, material and 

production cost for the supplier as well as other potential cost for society such as environmental 

effects.  

Stainless steels and corrosive resistant steels are more expensive than most common construction 

steels. For small parts, it should however be considered to use these types of steels instead of using 

surface treatments, as treatments often have a minimum price per part(Gustavsson, 2017).  
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4 Composite materials and their applicability 
For this part of the report, relevant information and knowledge regarding composite materials was 

collected. The purpose was to collect enough material to discuss its potential and applicability for 

load carrying components, such as the brackets studied in this project. To do so, the materials 

examined was limited to fibre composite materials. Its material properties and most common 

manufacturing methods were studied, to act as foundation for the discussions in section 7.5. In 

addition to the literary review, a study visit at Marström composite was conducted. Marström 

composites is a Swedish manufacturer of fibre composite components. The study visit consisted of 

interviews with production engineers and operators as well as a walk-through production. 

A composite material is defined as a system made out of two or more phases. The properties of 

these phases are designed in such way that the resulting material has superior qualities than those of 

the constituent materials acting independently. One of the phases is referred to as reinforcement, 

which makes the composite stiffer and stronger. The material encompassing the reinforcement is 

called matrix and acts as a binder between the fibres. The matrix prevents the fibres from buckling 

during compression, transfers stress between discontinuous fibres, protects the fibres from 

environmental elements and help keep the geometry of the material (Brigante, 2014). Composites 

are classified in accordance to their matrix material. The main classes of composites are cement-

matrix, polymer-matrix, metal-matrix and ceramic-matrix (Chung, 2010). Wood is an example of an 

organic composite, which can be seen as lignin reinforced with cellulose fibres. 

The purpose of this part of the work is to evaluate the potential of the usage of composite materials 

and solutions for load carrying components. Thus, limitations were set in accordance with the goals 

of this research. The topic of composite materials is big and there are a lot of different kinds of 

materials and techniques. After some research, and with request from Scania, limitations were set to 

investigate the use of carbon fibre reinforced polymers. As mentioned earlier, there are constraints 

regarding temperature, strength and costs. The latter will be somewhat neglected, as the main focus 

of these materials is to save weight. In general, composite materials are rather costly to produce, 

compared to steel or aluminium. It could however be worth it if the resulting parts are light enough 

to, for example, allow another passenger on the bus. Thus, the reduction of weight can in the long 

run favour other departments and make it possible to cut costs in other units. A lighter bus might 

even lead to the need of power is reduced to the point that a smaller and lighter engine could be 

used.  

The most common composites are polymer-matrix and cement-matrix materials. Cement-matrix 

materials are more suitable for big scale constructions, like buildings and bridges, and not very 

applicable in this case. Polymer-matrix materials on the other hand, are versatile with respect to 

shape and properties. There are also established and developed methods of manufacturing for 

polymer-matrix materials, making them cost-efficient to manufacture (compared to other composite 

materials). 
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4.1 Fibre reinforced polymers 

A common type of composites are fibre reinforced plastics (FRP), which is a polymer-matrix 
reinforced with fibres. The fibres in FRP’s may carry and transfer both compressive and tensile 
stresses (Bai & Keller, 2014). The most common fibres used in FRP’s are glass (E-glass), carbon and 
aramid and their properties are presented in 
 
Table 2. Fibres usually possess desirable properties, such as high breaking stress, high tensile 
modulus, low specific gravity and linear elastic behaviour up to failure. Of these, glass fibres are the 
most used in structural applications mainly because of their low manufacturing cost and high 
strength to weight ratio. The most common glass fibre is the E-glass fibre, and it is both stronger 
and lighter than steel but not as stiff. Carbon fibres are very strong, stiff and light, but more 
expensive to produce. Aramid fibres has high tensile strength, but not very high compressive 
strength. They also have reduced long-term strength and are sensitive to UV-radiation (Bai & Keller, 
2014). 
 
Table 2: Material properties of most commonly used fibres (Bai & Keller, 2014). 

 Tensile strength 

[MPa] 

Young’s modulus 

[GPa] 

Density 

[g/cm3] 

Fibre structure 

E-glass fibre 3500 73 2,6 Isotropic 

Carbon fibres 2600-3600 200-400 1,7-1,9 Anisotropic 

Aramid fibres 2800-3600 80-190 1,4 Anisotropic 

 

Depending on the fibres size and orientation the properties of the composite varies, as the fibres are 

usually anisotropic and load carrying along its lengthwise direction. An important aspect of a 

composite, is the volumetric ratio between the reinforcement and the matrix, which has great effect 

to the properties of the resulting material. (Brigante, 2014). Polymer matrices (plastics) are 

categorized in two; thermoplastics and thermosets. Thermoplastics melt at a certain temperature 

when heated and become solid when cooled. They are therefore formable by heating and cooling. 

Thermosets are, in contrast to thermoplastics, cured irreversibly by a chemical reaction between two 

components, a resin and a hardener. Thermosets cannot be reshaped or melted after curing, also 

referred to as polymerisation. Thermosets are the most common matrices used in FRP’s nowadays 

and the most common thermosets are unsaturated polyester, epoxy resin and vinyl ester. All of these 

matrices are however somewhat sensitive to high temperatures, see  Table 3 (Bai & Keller, 2014). 

 Table 3: Maximum exposure temperatures(Brigante, 2014). 

Thermosetting Temperature [°C] Thermoplastic Temperature [°C] 

Polyester 95 Nylon 66 140 

Vinyl esters 95 Polyurethanes 180 

Epoxy 195 Polysulfones 150 

Polyamides 315 Polyamide-imides 240 
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 As table 3 shows, there are several alternatives of polymer matrices, with different thermal 

resistance. The heat resistance of the composited themselves are necessarily not as sensitive to heat 

exposure. The bearing abilities of a composite is closely related to the glass transition temperature, 

Tg, of the matrix. For temperatures over Tg, the material starts losing its bearing abilities. During a 

study visit it appeared that a common Tg of CFRP is 125°C. Different classes of CFRP with higher 

Tg exists as well(Lindblom, 2017).  

Fibre reinforced polymers are widely spread and a popular material with a wide variety of 

applications. The first boat made out of glass fibre reinforced polymer was constructed in 1942, and 

during this period FRP started to be used in aeronautics and electrical devices. Carbon fibre and 

boron fibre were developed during the 1960s and were also utilized in aeronautic components. In 

1973, aramidic fibres were developed by DuPont, which are more commonly known as Kevlar. 

Nowadays FRPs are used in sports equipment, automotive components, aeronautics, pipes, 

containers and much more and thus, a lot of different manufacturing methods has been developed 

for FRPs. 

4.1.1 Methods of manufacturing CFRP 

As mentioned, there are several different methods of manufacturing CFRP, some more established 

than others. The most common methods of manufacturing are described in this chapter. 

Hand lay-up/contact moulding 

Hand impregnation, contact moulding or hand lay-up are all the same technique. It is the most 

primitive of all manufacturing methods, and is generally completely manual. It thus requires a lot of 

labour. It is still widely used for large products that are usually produced in small lots, such as boat 

hulls or swimming pools. Mats or fabric of the fibre reinforcement is applied to a mould and 

impregnated with resin.  

Filament winding 

During filament winding, pre-wetted or dry, fibres are winded onto a rotating body, called a 

mandrel, to form geometries in accordance to the desired shape (Brigante, 2014). It is a popular 

method of manufacturing cylindrical geometries, such as large and small diameter pipes, drive shafts 

as well as pressure vessels and tanks (Starr, o.a., 2000). This process is however somewhat limited to 

rotational shapes. The fact that the mandrel has to be removed or integrated into the part after the 

winding is complete, also limits the level complexity to the produces parts. 

Pultrusion 

This method of manufacturing is somewhat similar to extrusion, where aluminium or thermoplastics 

are forced through a mould of desired shape. During pultrusion, fibres are instead pulled through a 

mould, after being wetted in resin, see Figure 24. The wet fibres are then directed through a die, as 

they are heated to cure the matrix resin. This is often done under very specific heat and pressure 

conditions. The result is a constant profile with a specific cross section, like beams or pipes, which 

are cut to desired lengths. The fibres usually consist of mono-directional filaments, mats and fabrics 

(Brigante, 2014). 
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Figure 24: Schematic view of the pultrusion process. 

Pultrusion is a process with high automation possibilities and is thus a cost effective and quality 

consistent technique. The resulting shapes are used for different applications, usually as construction 

material. 

Resin transfer moulding 

A similar method to pressing is the resin transfer moulding (RTM). During this method fibres are 

layered on a solid mould and covered with a lid, corresponding to the mould. Resin is pumped into 

the mould and is then absorbed by the fibres which eliminates bubbles. The resin is then cured. This 

method requires the resin used to have a low viscosity to make sure fibres are properly wetted. This 

method is therefore only suitable for thermoset polymer resins. RTM enables fibre volume fractions 

as high as 65% and is more receptive to automated processes, compared to other methods (Chawla, 

2013).This method allows for geometries with high complexion and are similar to the ones that can 

be achieved with metal pressing. This method is used, amongst others, by BMW for the 

reinforcements patching of the frame for a number of the produces car models. 

The very similar method of vacuum assisted resin transfer moulding (VARTM) instead uses a single 

mould. The mould is covered with a vacuum bag and the resin is injected into the mould. As the 

vacuum increases, the resin is distributed evenly across the mould, wetting the fibres. This method is 

often quicker than the traditional RTM. The moulds are often heated to speed up the curing process 

of the resin. These methods have good geometrical control, allows somewhat complex shapes and 

ensures good surface quality (Bai & Keller, 2014). 

Autoclave forming 

An additional method is the autoclave forming. An autoclave is a pressure chamber that has the 

ability the elevate temperatures as well. In manufacturing of FRP, it is used for polymerization of the 

plastic matrix. The temperature speeds up the process of the polymerization of the resin and the 

high pressure prevents formation of vacuum between the layers. This method enables a high 

percentage of fibres in the mix, and is often used when a specific material property is sought 

(Brigante, 2014). 

4.2 Reinforcing metal with CFRP 

A method of using FRP is to strengthen existing structures, such as steel or concrete structures. FRP 

materials has been successfully used to increase the strength and stiffness of structure elements. 

Their properties make them suitable for both repairing and strengthening structures. Recent studies 

have shown that carbon fibre reinforced plastic (CFRP) is the most suitable type of FRP for the 

strengthening of steel, due to its high stiffness. This is done by using adhesive epoxy to bond CFRP 
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plates to the metal surface. The bonding allows for stress to be transferred along the length of the 

composite and lower stress concentrations. As the adhesive provides a continuous bond, shear 

stresses are transferred across the thickness of the adhesive. 

A limitation to this method is the durability of the bonding between the steel and the CFRP. Surface 

preparation is an important aspect of making a high-quality bonding. In general, high temperature 

has a negative effect on a CRFP and steel bonding system. Although carbon fibres are somewhat 

resistant to elevated temperatures, the matrix resins are usually sensitive to heat. The strength and 

stiffness of the polymer will decrease with heat, especially with temperatures above the so-called 

glass transition temperature, Tg. This has negative effect on the composite and reduces the 

mechanical properties of the CFRP. The adhesive layer itself is also sensitive to elevated 

temperatures, which leads to weakening of the bonding system between the steel and 

CFRP(Gholami, Sam, Yatim, & Tahir, 2013). 

 

Figure 25: Adhesive problems temperature (Gholami, Sam, Yatim, & Tahir, 2013). 

As Figure 25shows, the glass transition temperature of epoxy adhesives is between 40 °C and 70 °C. 

This poses a problem for this method as parts in the engine room must be able to withstand 

temperatures of at least 100°C. As Figure 25shows, the composite itself is not as sensitive to 

temperature as the resin alone. Different alternatives for adhesives with higher heat resistance are 

therefore needed for these types of applications.  
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5 Design and FEM-analysis of components 

5.1 Modelling method 

All CAD modelling made was done in Catia V5. Mainly surface modelling was utilized where 

features like radii were all tied to the thickness of the part by utilizing the ability to link values to 

given parameters in order to simplify changes in sheet thickness.  

All FEM-analysis made was done in an extension in CATIA V5 called GAS (Generative Assembly 

Structural Analysis). When applying the finite element method, the whole analyzed part body is 

divided into small elements, known as a mesh, all connected to each other. GAS is an extension of 

Generative Part Structural Analysis (GPS) which allows for the analysis of individual parts and 

assemblies. A more accurate and realistic simulation is possible, and designers does not need to 

simplify their assumptions regarding loads and restraints. 

During the modeling, steel class 28 was chosen as its one of the most commonly used. A static case 

simulation was first iteratively made in order to find at what load the stresses of a component 

reached the limiting criteria of 270 MPa. This criterion ensures a risk of failure of 50% at 100 000 

cycles (SSAB Svenskt stål AB, 2010). Once the load was found, it was applied to the newly designed 

components.  

In order to simulate clamping of the components, separate sew surfaces around each of the holes 

where clamping was to be made, as seen in Figure 26, had to be designed. This was done in order to 

simulate the head of the screw meeting the face of the component. 

 

Figure 26: Illustration of a sew surface. 

The clamp was then applied to the sewed surface. In order to simulate the weight of the component 

that was to be held by the simulated component, a load was applied to the inside of the holes where 

the upheld component would be placed. Once this was completed the simulation was made and 

evaluated. The mesh was then locally refined in highly vulnerable areas in order to raise the reliability 

of the results. An example of a locally refined mesh can be seen in Figure 27. 
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Figure 27: Illustration of a locally refined mesh. 

If a component had a weld, this was simulated in using a rigid weld feature connected to a line 

analysis connection within one part as seen in Figure 28.The nominal stress method was chosen for 

evaluating the welded areas. This method disregards the local stress-raising effect that a weld has on 

its environment. However, the stress-raising effect of the macro-geometric in the surrounding area 

of the weld is taken into consideration and elastic behaviour is assumed. This method was chosen 

over the most common evaluation methods due to its wide use and applicability (SSAB Svenskt stål 

AB, 2010). The main drawback is that it is not suitable for complex, welded structures, which was 

not the case during these investigations. In general sheet metal components of class 28 has its 

calculated yield strength reduced to roughly 100-150MPa in the neighbouring areas of the weld 

(SSAB Svenskt stål AB, 2010).135 MPa has been used as the limiting factor for the FEM-analysis. 

 

 

Figure 28: Simulation of a weld. 

Once static case simulations yielded stress results within the given criteria, 270 MPa or 135 MPa in 

areas surrounding the weld, a frequency analysis was made in order to check the eigenfrequency of 

the components. The eigenfrequency had to fall within given requirements in order to for the 

component to not self-oscillate. The critical eigenfrequency depends on type of bus, type of motor 

and where in the bus a component is placed. A general rule of thumb is if the eigenfrequency is 

above 150 Hz, the component is acceptable. 

5.2 Allowable strength design 

Allowable strength design is a design approach which incorporates a safety factor(s) applied on 

calculated strengths in order to be certain that a component will not break. The method uses 

calculated required strengths, forces such as axial forces and bending forces, by using nominal loads 
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and specific loads for all the possible load combinations. The required strength R of a component 

should then follow the following inequality, 

𝑅 ≤  𝑅𝑎      (2) 

where, 

𝑅𝑎 =
𝑅𝑛

Ω
      (3) 

where Rn is the nominal strength and Ω is the safety factor specified by the user (Yu & LaBoube, 

2010). 

The 3-3-6 principle is where the safety factor used in both x and y-direction is three and the safety 

factor in the z-direction is six. This is the principle used while modelling during this project. 

5.3 Concept designs and the associated FEM-analysis 

The components chosen for redesign can be seen in Table 4 below. Component one and two both 

have welds while components three and four do not. 

Table 4: Chosen pressed components for redesign. 

 

 

 

Component one 

 

 

 

 

Component two 
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Component three 

 

 

 

 

Component four 

 

 

Component one 

FEM-analysis of the original component indicated that the weld is the limiting factor. As seen in 

Figure 29, the stress levels surrounding the weld exceeds 135 MPa. This happens before any other 

part of the component exceeds 270 MPa. 

 

Figure 29: Original design of component one and its maximum stress levels. 

Because of this, the first redesign utilized the ability to draw three sided corners when pressing in 

order to remove the need for a weld. The sheet thickness of the first redesign was reduced by one 

millimetre, from four millimetres to three millimetres. See Figure 30 for a visualization of the first 

redesign and the load case where the maximum stress was achieved. 
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Figure 30: First redesign and its maximum stress levels. 

As seen in Figure 30, the maximum stress reached was 160 MPa. The maximum stress was low 

enough to warrant a new design. In the second design, the middle hole was widened and given a 

collar. The side wall was also removed in an effort to further reduce the weight.  

 

Figure 31: Second redesign and its maximum stress levels. 

The second design reached a maximum stress of 247 MPa, see Figure 31. Maximum stress was 

reached when loading the component in the x-direction. The frequency case simulation yielded an 

eigenfrequency of 229 Hz which falls within the minimum 150 Hz. 

Component two 

FEM-analysis of the original component indicated that, like for component one, the weld will be the 

limiting factor. As seen in Figure 32, the stress levels surrounding the weld will exceed 135 MPa. 

This again occurred before any other part of the component exceeded 270 MPa. 
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Figure 32: Original design of component two and its maximum stress levels. 

The sheet thickness was kept the same for the first redesign. The first FEM-analysis of the 

redesigned part resulted in a maximum stress of 189 MPa, see Figure 33.This was low enough to 

warrant a sheet thickness reduction by half a millimetre to a total of two and a half millimetres.  

 

Figure 33: First redesign and its maximum stress levels. 

With a sheet thickness reduction, the maximum stress reached 276 MPa, see Figure 34, which is just 

above 270 MPa. As the resulted value was very close to the desired value, it was assumed a minor 

change in design would solve the problem thus is was considered acceptable. This result was reached 

when loading in the y-direction. 
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Figure 34: Maximum stress with sheet thickness of two and a half millimetre. 

Other than a sheet thickness reduction, the design from the first and second FEM-analysis was the 

same. The frequency case simulation yielded an eigenfrequency of 552 Hz which falls within the 

minimum 150 Hz. 

Component three 

As seen in Figure 35, maximum stress achieved in the original design is located on the upper corner 

of the rightmost flange, where the clamping is made. Maximum stress was achieved when loading in 

the y-direction.  

 

 

Figure 35: Original design of component three and its maximum stress. 

The first redesign introduced flanges along the bottom and upper edges of the component. The 

middle hole was also increased and given a flange. The sheet thickness was also reduced by one 

millimetre to a total of two millimetres. As seen in Figure 36, the first version of the redesigned 
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bracket resulted in a maximum stress of 589 MPa, which is high above the limiting 270 MPa. 

Maximum stress was achieved when the component was loaded in the y-direction. This resulted in 

high stress at the edge of the flange seen in Figure 36 below. 

 

Figure 36: First redesign, its maximum stress with its location. 

Another redesign was made where, in order to strengthen the y-direction, the upper flange was 

removed and the lower flange was increased as to cover the whole side, from the flange where the 

clamping is done all the way to the other side as seen in Figure 37. 

 

 

Figure 37: Redesign number two and its maximum stress. 

This design, with a sheet thickness of two millimetres had a max stress of 260 MPa and is therefore 

within the allowed range. The frequency case simulation yielded an eigenfrequency of 134 Hz which 

is lower than the minimum 150 Hz. 
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Component four 

Maximum stress for component four was achieved when loading in the z-direction and reached 279 

MPa. As seen in Figure 38, maximum stress is located at the bottom of the leftmost bend. 

 

Figure 38: Original design of component four and its maximum stress. 

The first redesign, with a sheet thickness reduction of one millimetre, introduced ribs in both bends, 

in an effort to strengthen the component, as well as two middle holes, each with a collar. However, 

the FEM-analysis of the first redesign resulted in an extremely high maximum stress of 1443 MPa.  

 

Figure 39: First redesign and its maximum stress. 

For the second redesign, one of the middle holes and one rib was removed as well as a sheet 

thickness increase of half a millimetre. The resulting design and its maximum stress can be seen in 

Figure 40. 

 

 

Figure 40: Second redesign and its maximum stress. 
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The maximum stress, 406 MPa, was still high above the limiting 270 MPa and an additional sheet 

thickness increase of half a millimetre was made. The resulting maximum stress can be seen in 

Figure 41. 

 

Figure 41: Maximum stress of third design with increased sheet thickness. 

Since maximum stress was reached when the component was loaded in the z-direction, the ribs in 

each of the flanges was not adding any support. In order to further support the z-direction another 

redesign was necessary. The last design incorporated drawing three edged corners in order to 

strengthen the z-direction. The sheet thickness was reduced to two and a half millimetres and a hole 

was added in the middle of the component. The resulting design and its maximum stress can be seen 

in Figure 42. 

 

Figure 42: Redesign number four and its maximum stress. 

This design had a maximum stress of 235 MPa and is therefore within the allowed range. The 

frequency case simulation yielded an eigenfrequency of 148 Hz which is slightly lower than the 

minimum 150 Hz. The result is so close to the minimum eigenfrequency that it is assumed a minor 

change in the design would likely raise the eigenfrequency over 150 Hz. 

6 Results 

6.1 Summarize of guidelines 

All the guidelines can be seen summarized in appendix 1 
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6.2 Results of modelling 

The modelling part of the project was undertaken in order to show different things a designer can 

do when working with pressing that cannot be done with bending. Below follows tables and figures 

that summarize the different redesigns done as well as the weight of each.  

Component one 

Figure 43 and Table 5 below show the design changes of component one with its corresponding 

FEM-results. 

 

Figure 43: Design comparison of component one. 

Table 5: Summarize of results from FEM-analysis of component one. 

Version Original Press#1 Press#2 

Sheet thickness [mm] 4 3 3 

Weight [g] 391 270 249 

Max stress [MPa] 141 160 247 

Max stress weld [MPa] 141 - - 

Eigenfrequency [Hz] - - 229 

Component two 

Figure 44 and Table 6 below show the design changes of component two with its corresponding 

FEM-results. 



41 

 

 

Figure 44: Design comparison of component two. 

Table 6: Summarize of results from FEM-analysis of component two. 

Version: Original Press#1 Press#2 

Sheet thickness [mm] 3 3 2,5 

Weight [g] 355 324 270 

Max stress [MPa] 171 189 276 

Max stress weld [MPa] 132 - - 

Eigenfrequency [Hz] - - 552 

Component three 

Figure 45 and Table 7 below show the design changes of component three with its corresponding 

FEM-results. 

 

Figure 45: Design comparison of component three. 
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Table 7: Summarize of results from FEM-analysis of component three. 

Version: Original Press#1 Press#2 

Sheet thickness [mm] 3 2 2 

Weight [g] 289 224 239 

Max stress [MPa] 274 589 260 

Eigenfrequency [Hz] - - 134 

Component four 

Figure 46 and Table 8 below show the design changes of component four with its corresponding 

FEM-results. 

 

Figure 46: Design comparison of component four. 

Table 8: Summarize of results from FEM-analysis of component four. 

Version: Original Press#1 Press#2 Press#3 Press#4 

Sheet thickness [mm] 3 2 2,5 3 2,5 

Weight [g] 395 227 326 392 306 

Max stress [MPa] 279 1443 406 348 235 

Eigenfrequency [Hz] - - - - 148 

Weight summarization  

The final weight of all the components can be seen in Figure 47 below. 
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Figure 47: Final weight of all the components. 

The resulting weight reduction given in grams and percentage can be seen in Table 9below. 

Table 9: Summarize of component weights and weight reductions. 

Component one Component two Component three Component four

Original weight [g] 391 355 289 395

New weight [g] 249 270 239 306

Weight reduction [g] 142 85 50 89

Weight reduction [%] 36,32 23,94 17,30 22,53  

Percentage wise, a big weight reductions was possible for each component, with the most weight 

being lost for component one and two. The common denominator for these components was the 

limiting factor being one or more welds. By utilizing the increased designer freedom that is inherent 

with pressing, it was possible to remove the need for a weld and by extension also decrease the sheet 

thickness as well as remove other design features. This makes welded component great candidates 

for redesigning into lighter ones with pressing instead of bending.  
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7 Discussion 

7.1 Applicable materials 

A study into materials that could be applicable to load carrying components looked at in this project 

was made. Early in the study it was concluded that the most applicable and used material, other than 

the already used steel, was aluminium. Aluminium offers a light weight alternative to steel with a 

density at roughly one third as compared to steel. Aluminium is also more ductile than steel but at 

the cost of less strength. However, it was concluded that aluminium would not be beneficial enough 

to warrant any changes in the material already used. As mentioned aluminium is lighter then steel 

but with limited strength. In order for a part made in aluminium to reach strength levels in the range 

of the same part made in steel, it would for a given part require a volume of roughly 50% more than 

its steel equivalent. This is undesirable since the space where the components reside is limited. Apart 

from that, aluminium is also more expensive then steel. It is in the authors opinion that these two 

points makes aluminium unfavourable to steel and that a change would be unbeneficial for 

components already designed. Aluminium could however be a candidate for components where the 

strength requirements are not as tough and where space is a less important factor. 

7.2 Applicable methods of manufacturing 

A study was also made into the applicable methods of manufacturing. Early in the project however, 

the main focus was put into comparing bending of sheet metal with pressing of sheet metal, due to 

these two methods being the most commonly used methods as of writing. Some time was put into 

investigating additive manufacturing of metal parts. However, this was deemed not applicable to the 

components at hand due to the main applicability of additive manufacturing lying in prototyping and 

unique solutions and, at the time being, not in mass production. 

When comparing cost of bending sheet metal and pressing sheet metal, a rule of thumb given from 

multiple sources is that pressing becomes economically viable at a volume of roughly 10000+. No 

effort has been made to determine when, and when not, an increase in cost could be favourably 

argued, only how big of a weight reduction could be made by changing method of manufacturing 

while maintaining the same strength. 

7.3 Guidelines 

One thing to keep in mind with the resulting guidelines is that they are not set in stone. As processes 

change some of them can become obsolete and/or irrelevant. It is important for designers to be 

aware of the processes that are used when manufacturing their components. During our study visits 

we were able get a clearer view as well as a wider perspective of the process. Experiences like these 

could benefit designers not only by helping them understand how their designs are later 

manufactured but also to strengthen relationships with suppliers. Regarding the topic of product 

transparency, having designers become more aware of the processes will most likely increase their 

willingness to include more information to suppliers in order to benefit both parties. It is also worth 

noting that not all suppliers are the same. Visiting one supplier may yield different experiences than 

visiting another. For example, the addition of ribs into bends when bending was something one 

supplier disliked because it required a special tool while another supplier had a very innovative 

solution that somewhat removed that need. Therefore, visiting different suppliers could also be 
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beneficial in order to broaden the experience and get different perspectives of commonly occurring 

problems and features.  

The guideline document should also be seen as a “live” document, meaning that it should be 

continually questioned, filled in and revised. The hope for these guidelines is that they will act to 

support, mostly novice, design engineers in the early stages of making design chooses.  

7.4 Modelling results 

No regard has been made to whether the chosen components has undergone topology optimization. 

Weight reduction of each component could have been made regardless of change in manufacturing 

method. Likewise, none of the final components have undergone topology optimization and further 

weight reduction might be possible. Another thing to note is that that most brackets could be 

manufactured with pressing without redesign. Since the same steel class was used for both original 

and redesigned components the choice of steel class was deemed irrelevant. Having a higher steel 

class would yield a higher load while iteratively finding the maximum, but the resulting weight 

reduction would be of similar proportions regardless.  

The modelling part of this project was undertaken to see if a change manufacturing method could 

result in reduced weight of the components. Table 9 shows that the weight of each component was 

lowered. It should be mentioned that the number of part chosen may be too small to draw fully 

merited conclusions. Weight reduction was possible for each of the chosen components regardless 

of a pre-existing weld. However, the most significant weight reduction was made on the two 

components that where welded. The FEM-analysis of both these components indicated that the 

weld was the limiting factor as the stress on and around the weld reached 135 MPa before any other 

part of the components reached 270 MPa. Thus, it could be argued that the removal of the limiting 

factors of a weld can help when trying to decrease the weight of a given component. 

An effect of a thinner sheet metal is a decrease in a components eigenfrequency. The eigenfrequency 

of a component can be increased by adding strengthening geometries onto larger surfaces. The 

eigenfrequency of component three was slightly lower than the given rule of thumb which could be 

seen as a problem. However, the eigenfrequency of a component can, and usually is, still acceptable 

at the levels of component three but more thorough calculation would have to be made on the 

environment at which the component would be placed. This is something outside the bounds of this 

thesis and a choice was made not to alter the component further as it would not make much of a 

difference to the overall results. 

Regarding the weight reduction, it could possibly act as motivation for choosing pressing over 

bending. It all comes down to the cost of the pressing tool, which is often hard to estimate. Here is 

an example of how the cost could be reduced by looking at the first component in table 9. Assuming 

the yearly volume of 8000 and with the weight reduction of 142 g of component one, the costs cut 

because of the weight reduction can be calculated using the value of the costs saved per kilogram, 

presented in chapter 3.5. The results of this example indicated that 340800 SEK could be saved by 

pressing. Whether this could cover for the additional cost of the expensive tools is difficult to 

determine. A further study should therefore be conducted to gain understanding for estimating the 

cost of these tools. Small weight reductions could put the total weight of the bus past a break-point 

which could allow for extra passengers. 
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7.5 Composite materials 

The investigation made into the potential of composite materials had a very holistic approach. The 

theory gathered was done as an attempt to incorporate as much relevant information as possible 

while still trying to keep it limited to the topic at hand. This was done in order to try to learn as 

much as possible about composite materials in order to form an educated opinion. After the 

conducted research and the related study visit, it became clear that a mere change of material is 

almost never successful in terms of cost efficiency. This is especially applicable to smaller and 

simpler components, as the potential weight reduction is relatively small. In addition to that, the 

manufacturing of CFRP still induces high costs and is still hard to automate in many cases. The 

existing manufacturing methods does however offer high level of complexity and customisation.  

A lot of composite materials are used for more than their favourable strength-to-weight ratio. CFRP 

possess other properties, such as corrosion resistance, electric conductivity and elastic behaviour. 

Local reinforcement of steel using CFRP is often used, not only to strengthen the material but also, 

to guide and distribute stresses throughout the design. To successfully implement the use of CFRP, 

or other composite materials, all of its favourable properties should be utilized in the most effective 

possible way. This would require larger redesigns and possibly completely new design concepts. This 

would be a time consuming and costly process but could in the end be worth it. It would probably 

be most efficient if introduced at concept development level. 

According to producers of CFRP, the demand of the material is increasing, resulting in cheaper 

components as well as more everyday use of composites. This indicates that composite materials will 

have a big significance for future technical solutions. Using CFRP and other composite materials in 

the vehicle industry is also becoming more common. Complete frames for smaller vehicles has been 

constructed with CFRP by BMW. BMW has also started using CFRP to reinforce steel frames of 

other vehicles. VDL has used sandwich materials for constructing roof components for busses. The 

results of using these materials are lighter vehicles as well as new and innovative techniques of 

production. Examples of applying composite materials for busses has shown such weight reduction 

that a smaller motor was sufficient for powering the bus. The technology has already come a long 

way, but is still rapidly evolving. Keeping up with the development is essential in order to maintain 

competitive advantage and thus further investigations should be conducted. 

7.6 Future work 

As previously mentioned, the resulting guidelines should be seen as a live document and should be 

continuously changed and updated. Things to add could include other methods of manufacturing as 

well as other smart features that could increase the quality and or cost efficiency of components.  

Another thing that was discussed during one of the study visits was the potential of a tool library. If 

available tools was continuously logged and categorized, designers could make use of already 

existing special tools in order to lower the cost of components by eliminating the need to invest in 

more special tools. 

Future work should also be mad into making multipurpose components in order to increase the 
volume of a component and in that way exceed the 10000+ mark in order for pressing to become 
more economically viable.   
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Appendix 1: Complete guidelines 

 
Description Rule of thumb Consequence 

General guidelines for  bending 

Hole(s) 

The minimum diameter a hole should 
be one material thickness. Having 
holes smaller than one material 
thickness will lessen the life of the 
sheet metal as well as the punch. 
Higher punching force will be required 
and there will be excessive burr. 
Laser cutting holes too small could 
cause melting of the material being 
cut. 

Min. diameter 
of hole = t 

Rough and/or 
deformed hole 

  

Punching holes too close to each 
other could result in deformation of 
the material between the holes. 
Keeping a fair amount of distance 
between holes also acts to ensure the 
strength of the metal. Laser cutting 
holes too close could result in the 
material sticking together as the laser 
acts as sort of a weld if the cut is too 
narrow. 

Min. distance 
between 
holes = 2t 

Tearing and/or 
deformation of 
blank between 
holes 

  

The distance between a hole and an 
edge should be at least one material 
thicknesses but preferably one and a 
half material thickness. Punching a 
hole too close to an edge could result 
in deformation of the edge. Having a 
hole too close to an edge also limits 
the strength of the metal close to the 
edge. 

Min. distance 
between hole 
and edge = t, 
preferably 
1,5t 

Tearing and/or 
deformation of 
blank near edge 

  

If a hole is placed too close to a bend 
it will become distorted once bending 
is done. The alternative would be to 
make the hole after the bending 
operation. This will increase the cost 
of a given component.  

Min. distance 
between hole 
and bend = 
V/2 ≈ 2,5t + R 

Risk of tearing 
and/or 
deformation of 
blank 

Flange(s) 

Using different bend radii will increase 
the number of tools needed which in 
turn will increase the price of a given 
component. 

Inside bend 
radius = t   

  

A flange that is hard to fix might 
require a special fixture which will 
increase the cost of a given 
component. 

Keep edge of 
flange parallel 
to the bend 
line 

Blank hard to fix 
when bending 

  

Having inclined or large radii on 
edges will causes the blank to slide 
during the bending operation. 

Avoid inclined 
or large radii 
on edges 

Blank hard to fix 
when bending 
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The length of a flange must extend 
over the edges of the vee die. This 
equals approximately five material 
thickness. Refer to Amada's guide for 
more detailed measures.  

Avoid short 
flange(s). 
Length of 
flange should 
be approx.. 
5t 

More expensive 
component 
because of 
special tool 

  

Placing two bends, in opposite 
direction, within the minimum flange 
length could result in the need for a 
customized tool, a Z-bend punch and 
die.  

Avoid two 
opposite 
bends less 
than 5t 
between 
each other 

More expensive 
component 
because of 
special tool 

  

U-shapes are unfavourable, but can 
to some extent be manufactured with 
L-tools. 

Avoid U-
shapes 

More expensive 
component 
because of 
special tool 

  
Using bend reliefs in corners will limit 
tearing of the material when bending. 

Use bend 
reliefs in 
corner. Width 
= 2t, Depth = 
R + t 

Tearing of the 
material when 
bending 

  

Moving a bend outwards a minimum 
of the dimension of the bend radius 
will limit tearing when bending. 

Move bend R 
mm outwards 

Tearing or the 
material when 
bending 

  

If it is not crucial for the properties of 
the component, very large radii 
should be achieved through bump 
bending. This eliminates the need for 
large customized tools or rolling the 
sheet metal. If customized tools are 
required, the cost of the component 
increases. 

Specify if 
radius is 
important 

Bend with large 
radii 

General 
considerations 

Spring back of any given flange 
increases with bends lower than 90°. 

Keep bend 
angle at or 
above 90° 

Spring back of 
bend 

  
Adding one or more ribs into a bend 
will increase its stiffness.  

Add rib(s) in 
bend 

Bend stiffness 
too low 

  

If ribs are distributed asymmetrically 
around the centre point of a bend, the 
bend will spring back unevenly.  

Keep rib(s) 
symmetrically 
distributed 
along the 
entire width 
of the bend 

Uneven spring 
back 

  

The edge of a bend will always 
become somewhat ricked but does 
not hinder the function of the bend. 

If flat edges 
are 
important, 
milling is 
required. 

Ricked corners 
of bend 

  

To limit injuries for anyone handling a 
given component, all corners should 
be rounded. 

Round all 
corners   
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Standard dimensions for sheets 
include 3000x1500, 2500x1250 and 
2000x1000 [mm]. Sheet thickness 
standards include 1,5; 2; 2,5; 3; 4; 5 
and 6 [mm]. 

Keep size of 
component 
within 
standard 
dimensions 
and 
thickness   

  

The price of a stainless steel 
component can become lower than its 
non stainless counterpart if said part 
needs surface treatment as surface 
treatment usually has a minimum 
price per part. 

Consider 
using 
stainless 
steel 

Expensive 
surface 
treatment of 
small 
component(s) 

Welding       

  

When welding a sheet metal the 
neighbouring area of the weld will 
have its calculated yield strength 
reduced to approximately 135 MPa.   

Yield strength 
reduction 

  

Welding can lead to distortion of the 
material, meaning the material will 
bend. This can be counteracted by 
placing the weld symmetrically. 

Place weld 
symmetrically 

Material 
distortion 

  
When placing a weld keep the 
accessibility in mind.  

Move point of 
weld 

Unable to reach 
weld 

  

Welding limits the material properties 
of the sheet metal in the area around 
the weld. It is therefore important not 
to place welds in areas such as radii, 
edges or areas with high stress 
levels. 

Move point of 
weld 

Weld in highly 
exposed area 

  

Welding limits the material properties 
of the sheet metal therefore its 
beneficial to weld as little as possible. 

Minimize 
weld Oversized weld 

  

Increasing the effective throat will 
increase the cost of the weld as well 
as the component. Keeping the 
effective throat  as low as possible is 
therefore desirable. 

Effective 
throat ≈ 0,7t Expensive weld 

  
For the weld to adhere properly the 
weld length should be at least 10mm. 

Minimum 
length of 
weld ≈ 10mm 

Weld not 
adhering 

  

Guide pins and guide holes can help 
ensure pieces that are to be welded 
together are placed in the correct 
way. 

Use guide 
pins and 
guide holes 

Problem placing 
components 
correctly before 
weld 

General guidelines for pressing 

Hole(s) 
See desc. from "General guidelines 
for press bending" 

Min. diameter 
of hole = t 

Rough and/or 
deformed hole 

  

Holes needs to be processed from 
above. Since pressing machines 
operates up and down, holes needs 
to be machined from above as no 
force will come from the side. 

Process from 
above   
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See desc. from "General guidelines 
for press bending" 

Min. distance 
between 
holes = 2t 

Tearing and/or 
deformation of 
blank between 
holes 

  
See desc. from "General guidelines 
for press bending" 

Min. distance 
between hole 
and edge = t, 
preferably 
1,5t 

Tearing and/or 
deformation of 
blank near edge 

  

Sharp corners will increase the risk of 
tearing in the material. A larger radius 
minimizes this risk. 

Place large 
radii or 
chamfer in 
corner Sharp corners 

  

Drawn three edged corners can be 
hard to predict. Avoid having tough 
tolerances on such corners. 

Avoid tough 
tolerances 

Hard to meet 
tolerance 

  

It is important to consider the draft 
angle as draft angles of less than 90° 
will not be possible to manufacture. 

Increase 
draft angle 

Draft angel too 
small 

General 
considerations 

Pressing becomes the cheaper 
alternative at a volume of roughly 
10000. 

volume ≈ 
10000+ 

Economically 
viable 

  
Adding one or more ribs into a bend 
will increase its stiffness.  

Add rib(s) in 
bend 

Bend stiffness 
too low 

  
Adding a chamfer to a corner will 
increase the stiffness of the corner.  Add chamfer 

Stress in corner 
too high 

  

If ribs are distributed asymmetrically 
around the centre point of a bend, the 
bend will spring back unevenly.  

Keep rib(s) 
symmetrically 
distributed 
along the 
entire width 
of the bend 

Uneven spring 
back 

  

Using collars around holes or an edge 
increases the stiffness around the 
pierced area. Minimum height of 
collar should be the bend radius. Add collar 

Stiffness around 
pierced area too 
low 

  

Adding embossing and/or coining will 
increase the stiffness around a flared 
hole. It will also help the flatness of 
the part. 

Add 
embossing 
and/or 
coining 

Stiffness around 
flared hole too 
low 

    

Max depth = 
internal 
radius 

Round 
embossment 
depth 

    

Max depth = 
outside 
radius + 
inside radius 

Flat 
embossment 
depth 

    
Max depth = 
3t 

V embossment 
depth 
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General considerations for both manufacturing methods 

Tolerances and 
standard elements 

Having the reference over a long 
distance, especially past bends and 
other geometries is hard to achieve 
and therefore costly. Small deviations 
in the angle of a bend increases the 
deviations of dimensions along the 
bent flange.   

Distance 
between 
references too 
big 

  

For hole patterns, consider what to 
use as placements reference and 
what to set the reference to. Let the 
patterns have strict tolerances within 
themselves rather than each and 
every hole being specified to the 
reference individually. Consider using 
local references.     

  

For hole patterns or pairs, consider 
having one or several holes bigger 
than necessary. This will allow for less 
strict tolerances for placing the holes 
and thus an easier-to-manufacture 
component.     

  

Try making multi-purpose parts. 
Consider whether small alternations to 
the geometry or the hole pattern could 
allow the component to have several 
instances in the same vehicle. 

Make multi-
purpose 
parts Low volume 

  

For instances of right and left 
components, consider mirroring the 
part to allow using the same blank for 
both. For pressing, it is ideal to 
produce right and left components 
simultaneously, as they are often of 
same size and production volume. 

Make right 
and left 
components Low volume 

  

Avoid reinventing standard parts. 
Consider using standard dimensions 
for pipes and profiles. If the 
dimensions of the profiles are not 
crucial, this is an option much 
cheaper. Consider choosing a screw 
of standard length to avoid 
unnecessary costs. 

Use 
standard 
part 
whenever 
possible Standard parts 

  

Giving suppliers as much relevant 
information as possible is favourable 
for both designer and supplier as it 
gives the supplier the best possible 
basis for giving relevant product 
critique which will result in a better 
and cheaper component. 

Increase 
product 
transparency 

Unnecessary 
product critique 
from supplier 

 


