
 

 

 

 

 

 

 

Figure 1: A third industrial revolution (Economist, 2012a)  
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Abstract 
 

For the validation of products and processes the automotive series-production relies on 

specific production equipment and aids. Equipment like jigs for controlling the align-

ment between different parts, assembly aids or tools to provide help to the assembly 

worker, or protective covers, for example, to avoid during assembly damage or scratch-

es to surfaces of other parts or equipment already fitted. 

  

Currently at Audi Brussels 94% of the equipment manufacturing is outsourced to tool 

suppliers. The outsourcing process is very costly and implies long delivery times. There-

fore, it should be investigated whether it makes economic sense to invest in an Additive 

Manufacturing (AM) system in order to initiate a turnaround of outsourcing specific 

production equipment and by this reducing cost and shortening delivery times. If po-

tentials for an AM system are identified and the economic feasibility is ensured, an AM 

system should be implemented - for this a budget of € 200,000 is planned. 

 

First, a state of the art analysis of the AM technology is performed. The analysis in-

cludes a comprehensive literature review, exchange of information with other AUDI 

plants already having experience with AM, visits to AM suppliers and AM service provid-

ers. Based on this research, suitable AM technologies will be further analysed with 

three practical examples such as the control panel protection cover, the combi instru-

ment housing protection cover and the carrier plate of the electric hood hinge screw 

tightening tool to evaluate the potentials of the AM technology. As a final step a break-

even analysis will decide whether it would be economically sound to invest in an Addi-

tive Manufacturing system. 

 

This master thesis report showed that the Selective Laser Sintering technology is par-

ticularly suitable for the fabrication of equipment such as protection covers. However, it 

is for Audi Brussels not economically and technologically reasonable to commit them-

selves to a single Additive Manufacturing technology. The break-even analysis showed 

that developing the equipment in-house and outsourcing the 3D print jobs is the most 

economical solution. Establishing an in-house engineering competence was identified 

as an area requiring action on the part of Audi Brussels as the engineering sector pro-

vides the most added value.  
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Sammanfattning 
 

För att validera både produkter och processer i fordonsindustrin använder man särskild 

produktionsutrustning som t.ex. jiggar för att kontrollera passningar mellan olika 

komponenter, monteringsfixturer och andra gripdon för att underlätta montering och 

skydd för att undvika skador eller skrapmärken på ytor och komponenter som redan 

monterats. 

 

Audi Bryssel outsourcar idag 94 % av sin tillverkningsutrustning till externa verktygs-

leverantörer. Denna process är dyr och innebär långa leveranstider. Syftet med 

rapporten är att undersöka om det är ekonomiskt försvarbart att investera i Adderande 

tillverkning (AT) för att effektivisera den befintliga leveranskedjan och därigenom 

reducera kostnader och förkorta leveranstider. Om så är fallet bör ett AT system 

införas, vilket kräver en budget på € 200,000. 

 

Först genomfördes en förstudie med kartläggning av den AT-teknologin. Förstudien 

inkluderade en omfattande litteraturstudie, informations-, kunskaps- och 

erfarenhetsutbyte med andra tillverkningsenheter inom Audi som redan har erfarenhet 

av AT och besök hos leverantörer och tjänsteleverantörer av AT. Utifrån denna förstudie 

gjordes en djupare analys av lämplig AT metod utifrån tre praktiska exempel för att 

evaluera potentialen med tekniken. Dessa exempel är ett kontrollpanelsskydd, kombi-

instrumentets skyddshuva och en fästanordning till motorhuvens gångjärn. Sista steget 

i analyskedjan är en break-even analys för att visa om en investering i additiva 

tillverkningsmetoder är ekonomiskt lönsam.   

 

Rapporten visar att Selektiv Lasersintring är en särskilt lämplig metod att använda för 

att framställa produktionsutrustning som t.ex. skydd för komponenter. Däremot är det 

inte ekonomiskt eller produktionstekniskt försvarbart för Audi Bryssel att förbinda sig 

till endast en additiv tillverkningsmetod. Break-even analysen visar att det är en 

ekonomisk lönsam investering om man utvecklar den tekniska utrustningen in-house 

och outsourcar 3D-printningen. Att etablera AT-kunskap inom Audi Bryssel êr den 

åtgärd som ger högst förädlingsvärde.   
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1 Introduction 

“3D printing has the potential to revolutionize the way we make almost everything.”1 

 

This quote from Barack Obama’s State of the Union Address is mirroring the current 

expectation of the 3D printing technology which is also known as Additive Manufactur-

ing as it creates objects layer-by-layer. Press reviews are full of headlines claiming that 

this technology will be the third industrial revolution (Economist, 2012b). 

 

The AM technology is rather known as Rapid Prototyping technology, but with the 

enormous development in the past years this advanced technology has outgrown its 

prototyping roots (Siemens, 2013). More and more companies wish to benefit from the 

potential of this advanced technology to create complex items. Especially the aerospace 

and the medical industry are pioneers in exploiting the advantages the AM technology is 

offering. For example, GE Aviation, one of the world’s leading jet engine manufacturers, 

has invested $ 125M since 2011 to mass produce additive components for the jet pro-

pulsion industry (GE-Aviation, 2014).  

 

This upturn in investment spending of the advanced engineering industries can be re-

flected in Gartner`s Hype Cycle. The Hype Cycle model is a representation of the maturi-

ty and adoption of the technology and gives an estimation how a technology will evolve 

over time. Each Hype Cycle is divided into the five key phases of a technology’s life cycle 

(Gartner, 2014b). According to Gartner, Enterprise 3D Printing is currently at the slope 

of enlightenment in the Hype Cycle, see Figure 2. In this stage more instances of how 

enterprises can take advantage of the technology start to crystallize and become more 

widely understood which leads to the development that enterprises fund pilot projects 

(Gartner, 2014b). 

 

                                                      

1
 Barack Obama, American president [1961 - present] 
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Figure 2: Hype cycle for emerging technologies (Gartner, 2014a) 

Audi Brussels, sponsoring this research report, wishes to fund a pilot project as well. 

The goal of this master thesis project is to evaluate whether the Additive Manufacturing 

technology has reached the point where it is economically worthwhile for the fabrica-

tion of production equipment end-components. 
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1.1 Audi Brussels 

AUDI AG is a German automobile manufacturer with its headquarters in Ingolstadt, 

Germany. Since 1965 AUDI AG is part of the Volkswagen Group. At its manufacturing 

locations: Ingolstadt, Neckarsulm (Germany), Brussels (Belgium), Györ (Hungary), 

Changchun (China), Aurangabad (India), Bratislava (Slovakia) and Martorell (Spain) a 

total of about 1,575,000 cars were produced in 2013, resulting in a turnover of about 

€_50 billion with an operating profit for the Audi Group of around € 5,000 million. At 

the end of 2013, AUDI AG had a total of 73,500 employees. 

 

Audi Brussels produced 123,111 vehicles of the model Audi A1 in 2013. Early 2014, the 

new Audi S1 which is also manufactured at the Brussels plant was presented to the 

public. The corporate objective is clearly defined by the Strategy 2020: The guiding 

principles are: most attractive employer, engineering leadership and customer satisfac-

tion. These should help to win the top position in the automotive premium segment. 

The company's goal is to produce 2.4 million vehicles per year by 2020. 

 

This master thesis is written in the Audi Brussels Pre-Production Centre (PPC). This or-

ganizational unit combines technical development with series production. The core task 

of the PPC is on the one hand the series production ramp-up and, on the other hand, the 

validation of product and processes from the pre-series until the end of production. The 

PPC is sub-divided into three departments: Pre-series analysis, vehicle production and 

series analysis. 

1.2 Problem definition 

For the validation of products and processes the automotive series-production relies on 

specific production equipment, such as jigs, tools, assembly aids, fixtures, protection 

covers and gauges to maintain quality and production efficiency. This equipment, which 

is mainly fabricated from metal or plastic, is used to align, protect, assemble, clamp, 

hold, test and calibrate components throughout the whole production process. Just like 

the components they help to produce, these tools undergo design, documentation, 

production and inspection processes. The geometry of the tools is limited by the ma-

chining process and, especially for complex tools, it takes several cycles of adjustments 

to reach the required performance. Currently at Audi Brussels, the equipment is either 

produced within the internal workshop or it is outsourced to tool suppliers. The ma-
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chine park of the in-house tool workshop contains the common machines as a 3-axis-

CNC-milling machine, a turning machine, a drilling machine and a sawing machine 

which are operated by one workshop employee. The workshop employee develops and 

manufactures some of the production equipment and maintains the existing production 

equipment. However, the focus is mainly on less complex items as the internal work-

shop is not supported by CAD and CAM or a 5-axis-CNC-milling machine for its devel-

opment and manufacturing processes. Therefore the majority of production equipment 

is developed by and purchased from external suppliers. The outsourcing process is very 

costly and implies long delivery times. Therefore, it should be investigated whether it 

makes economic sense to invest in an Additive Manufacturing (AM) system in order to 

produce more specific production equipment in-house with the goal to increasing 

productivity, reducing costs and shortening delivery times. If potentials for an Additive 

Manufacturing system are identified and the economic feasibility is ensured, an AM sys-

tem should be implemented. Figure 3 summarizes the current situation and the target 

situation regarding the procurement of production equipment.  

 

 

Figure 3: Problem definition 

1.3 Working method 

First, a state of the art analysis of the Additive Manufacturing technology is performed. 

The analysis includes a comprehensive literature review, interviews with colleagues, 

exchange of information with other AUDI plants already having experience with Addi-
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tive Manufacturing, visits to Additive Manufacturing suppliers and Additive Manufactur-

ing service providers. Based on this research potential technologies will be further ana-

lysed with three practical examples. As a final step a break-even analysis will decide 

whether it would be economically sound to invest in an Additive Manufacturing system.  

1.4 Delimitation 

This study is limited to Additive Manufacturing systems that solely employ plastic ma-

terials. Additive Manufacturing systems using metals haven’t been considered in this 

study as the produced items might contact the vehicles directly and because of this the 

risk of scratches on the car body couldn’t be kept to a minimum with the usage of these 

materials. Moreover this thesis report contains only an analysis of the suitability for the 

manufacturing of production equipment. The production of direct car components is 

excluded.   
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2 Theoretical foundation 

“There is nothing so practical as a good theory.” 2 

 

In the second chapter the broad term ‘production equipment’ is defined. Moreover the 

basics of plastics engineering are discussed as the characteristics of the different AM 

technologies are closely linked to their processable materials.    

2.1 Production equipment 

According to Kotler, production is the process of combining and transforming various 

material inputs and factors of production like property, energy, information and labour 

and production equipment into finished goods or services (the output), see Figure 4 

(Kotler & Armstrong, 2013).   

 

In this master thesis the potential of manufacturing production equipment by means of 

the Additive Manufacturing technology is the main research question. In general pro-

duction equipment is defined by DIN EN ISO 6385 as “tools, including hardware and 

                                                      

2
 Kurt Lewin, German American psychologist [1890–1947] 

Figure 4: The production process (adapted from Westkämper & Warnecke, 2004, p. 3) 
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software, machines, vehicles, devices, furniture, installations and other components 

used in the work system.” This is a very broad definition and in context of this master 

thesis it is not useful to analyse the full scope of production equipment.  

 

More relevant is the specific production equipment which is defined as tools and fix-

tures specifically designed for the production or processing of a particular part (AUDI, 

2014). Consequently, these tailor-made tools cannot be used anymore after the elimi-

nation of the production part.    

 

For this master thesis specific production equipment is divided into four categories: 

jigs, tools/assembly aids, assembly protection covers and fixtures. In Table 1 they are 

briefly explained.    
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Table 1: Overview of specific production equipment 

 

 

Picture Description

Jigs  A jig is designed to check a determined 
component. It is used for the dimensional 
verification of a part with the aim of 
aligning all part assemblies in exactly the 
same way; e.g. in the picture the door is 
aligned with the wing panel. 

Tools / 
assembly 
aids

 Tools and/or assembly aids are used by the 
assembly operator to simplify the 
assembly process. For example in the 
picture on the left the type label is 
positioned to the car body by a positioning 
assembly aid.   

Assembly 
protection

covers

 A assembly protection cover is a special 
device to protect surfaces during the 
production process. In the picture to the 
left the rim is protected with a special 
cover from the screw gun. 

Fixtures  A fixture is a special tool used for locating 
and firmly holding a workpiece in the 
proper position during the manufacturing 
process.
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2.2 Plastics used in Additive Manufacturing 

Additive Manufacturing uses plastics which are synthetically-produced polymer materi-

als. Polymers formed by polymerization, polycondensation or polyaddition (Young, 

2011). The technology uses thermosets, amorphous – and semi-crystalline thermo-

plasts (Berger, Hartmann, & Schmid, 2013), which can be classified into commodity 

polymers, engineering polymers and high performance polymers (Platt, 2003). 

 

Engineering polymers have significantly better mechanical properties than standard 

commodity polymers including strength, heat resistance and dimensional stability. 

High performance polymers can reach temperatures up to 300 °C and have even better 

characteristics than engineering polymers; Table 2 gives an overview of plastics used by 

the Additive Manufacturing technology.  

Table 2: Overview of used plastics for Additive Manufacturing (adapted from Berger et al., 2013, p. 43) 

 Temperature 
limit 

Thermoset Amorphous 
thermoplast 

Semi-crystalline 
thermoplast 

Commodity  
polymer 

100 °C Accura Xtreme PS, PMMA, ABS PP, PE 

Engineering  
polymer 

150 °C NanoForm 
15120 

PC PA 

High performance 
polymer 

300 °C Accura Blue-
stone 

PEI (ULTEM) PEEK, PPS 

     

Technology  SL 
MJM 

FDM SLS 
3DP 

 

Criteria for material selection 

In the search of a suitable plastic material, the application conditions determine the 

selection of the material. In general, the following criteria have to be checked to select 

the right material (Lanxess, 2014): 

 Cost considerations 

 Temperature resistance 

 Chemical resistance 

 Mechanical requirements 

 Appearance 

 Agency approvals 
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Especially the mechanical requirements are of high importance for the material selec-

tion process. Figure 5 compares tensile strength with the elongation at break of com-

mon polymers used for the Additive Manufacturing technologies. In the chart, each 

type of material is assigned with a different colour to a specific Additive Manufacturing 

technology, which are explained in detail in chapter 3. The tensile strength expresses 

the maximum stress which the material can support without breaking. The elongation 

at break describes the capability of a material to resist changes in shape before frac-

ture.   

 

 

Figure 5: Mechanical properties of Additive Manufacturing plastics (Materialise, 2014b)  
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3 Additive Manufacturing – state of the art review 

“Technology always develops from the primitive to the complicated and then to the 

simple.” 3 

 

In the following chapter, the procedural principles of Additive Manufacturing are ex-

plained. Initially, the central terms, which are required for the basic understanding, are 

defined. Furthermore, the fundamental principle of this technology is explained and, 

finally, the most common Additive Manufacturing methods are presented and the tech-

nologies evaluated.  

3.1 Classification into manufacturing technologies 

All manufacturing technologies, manual or automated, can be classified as subtractive, 

additive or formative, and into three fundamental fabrication processes as shown in 

Figure 6 (Burns, 1993): 

 

 Formative – describes the process of forming or shaping a given volume into the 

desired geometry. The constancy of volume is a basic condition. Examples for a 

formative process are forging or deep drawing. 

 

 Subtractive – describes the process of forming the desired geometry by removing 

material, e.g. by turning or milling operations. 

 

 Additive – describes the process of creating the desired geometry by joining vol-

ume elements. Successive layers are built up to form a model (Wang, 1997, p. 

194). 

 

                                                      

3
 Antoine de Saint-Exupéry, French aviator and author [1900–1944] 
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Figure 6: Three types of fundamental fabrication processes (adapted from Chua, 2010, p. 26) 

The layer manufacturing method is based on the fact that all bodies can be cut into slic-

es and thus built up from these cuts as shown in Figure 7. 

 

Figure 7: Layer manufacturing principle as an example of a Sculpture puzzle (Gebhardt, 2013, p. 2) 

The comparison of the additive and subtractive process shows that there is a main dis-

tinguishing mark concerning the use of material. The local addition of volume elements 

has a more efficient use of material than the subtractive process. The automated pro-

cess of building up successive layers of material is referred to Additive Manufacturing 

(Gebhardt, 2013).  

 

Fundamentals 

Additive Manufacturing processes are characterized by the following features: 

 The generation of the layer geometry is done directly from the 3D CAD data.  

 Product-specific tools are not necessary.  

 The generation of the mechanical and technological characteristics (material 

properties) occurs during the additive fabrication process.  

Additive FormativeSubtractive
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 The components can be built in any orientation (elimination of the work piece 

holding problem).  

 The STL format is the standard data format for data transfer for all Additive 

Manufacturing systems on the market (Gebhardt, 2013). 

3.2 Definition, generic process and area of application 

Definition 

Meanwhile, there are as many names for the additive fabrication process as there is a 

variety of processes, and many manufacturers of AM systems advertise their own pro-

prietary labels. At the end of the 80s, Rapid Prototyping was the most popular term as 

prototyping dominated the use of the technology. Nowadays, 3D printing is the com-

monly known term for the additive technology which can be seen by the amount of 

Google search hits. 3D printing displays 30 times more references compared to Additive 

Manufacturing (Wohlers, 2014a). The term 3D printing has become established and is 

often misleadingly used for a related Additive Manufacturing process. The official term, 

according to the ASTM F42 and ISO TC261 committees, is Additive Manufacturing. It is 

defined as a “process of joining materials to make objects from 3D model data, usually 

layer upon layer, as opposed to subtractive manufacturing methodologies, such as tra-

ditional machining” (ASTM-F2792-12a, 2013, p. 2). To avoid any misunderstanding, 

“Additive Manufacturing” (AM) is used in this thesis as standard term.  

 

The generic process 

The principle of Additive Manufacturing is shown in Figure 8. The starting point is a sol-

id 3D volume model of the component to be produced. For further processing of the 

volume model, a neutral data interface for the Additive Manufacturing process has been 

established, the so-called Surface Tesselation Language (STL) format. The STL format 

describes the geometry of the volume model by triangulation (facet model). As next 

step, the CAD model is sliced by mathematical methods into layers. These virtual layers 

are transformed during the Additive Manufacturing process into physical layers. Each 

individual layer is stacked on one another until the component and physical part is 

completed. The layer-based process allows the production of geometrically complex 

structures, which cannot be realized by traditional manufacturing methods or only in a 

very time-consuming and costly way (Geuer, 1996).  
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Figure 8: Principles of Additive Manufacturing (adapted from Gebhardt, 2013, p. 25) 

Additive Manufacturing is performed in two basic steps as can be seen in Figure 8:   

 The generation of a complete 3D dataset (virtual level). 

 The generation of the physical component (physical level). 

 

Area of application 

The extensive development and the expansion of application areas of the Additive Man-

ufacturing technology require a finer differentiation between the different application 

areas, see Figure 9. Additive Manufacturing has to be distinguished between technology 

and application level. The application level of the Additive Manufacturing technology 

can be classified into the fabrication of models and prototypes (Rapid Prototyping) as 

well as the production of end products (Rapid Manufacturing). Rapid Tooling describes 

the use of additive technologies and processes for the fabrication of tools and moulds. 

Depending on the application, Rapid Tooling can be associated with Rapid Prototyping 

or Rapid Manufacturing.   
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Figure 9: Classification of Additive Manufacturing regarding their application areas (adapted from 

Gebhardt, 2013, p. 8) 

3.2.1 Rapid Prototyping 

This is the oldest application of the Additive Manufacturing technology. It is used for 

the additive fabrication of physical objects without final character. Prototypes are used 

for different purposes in the different phases of product development in order to evalu-

ate specific characteristics of the product under development. 

 

Categorization of component types: 

 

 Concept prototype – describes the earliest possible physical realisation of a 

product design or product concept. Functions, material properties and size do 

not comply with the product requirements. Most important is the visual look as 
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 Geometric prototype – describes parts, which are designed to evaluate the size 

and shape of the product. Material properties are of secondary importance as 

mainly the geometry is tested with e.g. an installation test.  

 

 Functional prototype – describes objects, which already fulfil the defined product 

functions of the final end-component. The shape and form may vary from the 

end-component as only some or all of the functions are tested.  

 

 Technical prototype – describes a component, which does not vary significantly 

from that of the serial production component. However, the used manufacturing 

technology applied may differ from that used for serial production. It is used for 

a pilot test of the component.  

 

 Production part – describes a mature product which is utilized for the intended 

use (VDI-3404, 2009).  

 

All different prototypes are used in certain phases of product development, as shown in 

Figure 10. 

 

 

Figure 10: Parts in the product development (adapted from VDI-3404, 2009, p. 7) 

3.2.2 Rapid Tooling 

Rapid Tooling describes the use of additive technologies and processes to fabricate 

tools and moulds. Rapid Tooling cannot be classified as an own application area but 

rather subordinate to Rapid Prototyping and Rapid Manufacturing, see Figure 9. This 

subdivided application area is distinguished between Direct Tooling and Prototype Tool-
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ing. Direct Tooling refers to the additive fabrication of moulds, tools and jigs. The re-

sults of Rapid Tooling are production parts which can be used for the intended purpose. 

Prototype tooling must be distinguished from Rapid Tooling. Prototype Tooling are ad-

ditive fabricated tools and moulds out of prototyping material, therefore it has to be 

assigned to the Functional Prototyping (Gebhardt, 2013).  

3.2.3 Rapid Manufacturing 

According to Hopkinson “Rapid Manufacturing is the use of a computer aided design 

(CAD)-based automated Additive Manufacturing process to construct parts that are 

used directly as finished products or components” (Hopkinson et al. 2006, p. 1). 

 

Consequently, Rapid Manufacturing describes the production of individual complex ob-

jects or small series with the properties of the end-components. However, a distinction 

is made between Direct Manufacturing, which represents the additive fabrication of 

final products, and Direct Tooling for the additive fabrication of operational tools, see 

Figure 9.  

3.3 Additive Manufacturing in the product development 

The product creation process describes the period from the initial product idea to 

launching the product on the market or the final use for its intended purpose. It in-

cludes the planning and drafting, the construction and testing, the preparation for pro-

duction and the actual manufacturing of the product (Danjou, 2010). The goal of all 

organizations is to keep this period of time without income as short as possible: there-

fore, all sub-processes have to be optimized. Additive manufactured components are 

particularly suited to speed up the process of product creation as no cost-intensive and 

time-consuming tooling is necessary (Gebhardt, 2013). The possible applications for 

Additive Manufacturing processes are generally broadly diversified. This is reflected, in 

particular, by the fact that the various Additive Manufacturing technologies can be 

found in almost every phase of the product creation process. A sharp demarcation be-

tween the different technology applications is hardly possible, thus the transitions be-

tween the different applications are flowing. Figure 11 provides a rough overview of the 

classification of the different technology applications into the product creation process 

with partially fluent transitions. This shows that Rapid Prototyping is primarily attribut-

able to the phases of the product development; however, Rapid Tooling and Rapid 

Manufacturing are located in the production phase or the production preparation. The 
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further progress is made in the production creation process the less flexibility to influ-

ence the design can be expected and, in parallel, the product maturity increases. The 

cost of change of the product creation process increases dramatically with raised prod-

uct maturity. Any change, which can be avoided by the use of models and early detec-

tion of design errors, therefore pays off at a later stage. 

 

 

Figure 11: Additive Manufacturing in the product creation process (adapted from Danjou, 2010, p. 6)  

3.4 Development of Additive Manufacturing 

In 1984, Charles Hull, one of the pioneers of Additive Manufacturing, patented the Ste-

reolithography Apparatus (SLA), a technology that relies upon a laser to solidify an ul-

traviolet-sensitive polymer material. In 1988, with the SLA-250, the first commercially 

available Additive Manufacturing system was introduced to the market and initiated a 

worldwide urge to research, improve and optimize the Additive Manufacturing technol-

ogy and its source materials. Figure 12 provides a very general overview of the devel-

opment of features of Additive Manufacturing processes. 
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Figure 12: Development of Additive Manufacturing (Gebhardt, 2013; Hopkinson et al., 2006; Meindl, 

2006, p. 10) 

Additive Manufacturing has gained in importance over the last years and has become in 

many areas an established manufacturing process. However, further development of 

the Additive Manufacturing technology is proceeding at a fast pace. This technology is 

characterized by short innovation cycles of the Additive Manufacturing systems and ma-

terials. Additive Manufacturing processes, which are currently developed, will soon be 

launched on the market. Consequently, the Additive Manufacturing methods, consid-

ered in this thesis, won’t be the ultimate benchmark for too long.  

 

For an overview of the variety of currently available Additive Manufacturing technolo-

gies, it is useful to classify them by the state of aggregation of the sourcing material. 

Currently, all states of aggregation are used in the field of Additive Manufacturing as 

shown in Figure 13. 
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Figure 13: Process overview of Additive Manufacturing technologies (adapted from Gebhardt, 2013, p. 

92; Guo et al., 2013) 

Before examining the currently available Additive Manufacturing systems and their 

techniques, it is advisable to look at the process chain of Additive Manufacturing. 
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3.5 Process chain of Additive Manufacturing 

In chapter 3.2 the generic process of Additive Manufacturing is presented. In the fol-

lowing, the process steps are explained in more detail based on Figure 14. 

 

 

Figure 14: Generic Additive Manufacturing process (adapted from VDI-3404, 2009) 

1. 3D model creation 

All AM parts must start from a virtual model that fully describes the geometry. Any pro-

fessional CAD software can be used, but the output must be a 3D volume model. Most 

commonly 3D datasets are directly created by 3D CAD modelling; however, 3D datasets 

can also be generated by 3D-digitalization. For 3D CAD modelling the starting point 

might be a product idea which is developed by CAD-software to a 3D volume model. 3D 

digitalization can be used for manually produced objects or parts which need to be cop-

ied in a digital form. This process records the surface geometry of a physical model by 

either tactile or optical measuring systems to a digital point cloud model (Témun, 

2013). A point cloud is a set of data points in some coordinate system and as it is not a 
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volume model it cannot be used in this condition form as a printable input for the Addi-

tive Manufacturing process. However, by Reverse Engineering point clouds can be trans-

formed to mathematically described curves and surfaces with sufficient topological in-

formation to adequately recreate the object surface. Subsequently, 3D CAD modelling 

can adjust the resulting surface model; however it is a complex procedure and the pos-

sibilities are limited (Back, 2005). Nevertheless, the surface reconstruction provides the 

bridge between 3D digitalization and 3D CAD modelling (VDI-3404, 2009). Figure 15 

visualizes the differences between the model types. 

 

 

Figure 15: CAD types and models (adapted from Gebhardt, 2013, p. 30) 

2. Triangulation 

This software-supported procedure is used to create a volume-based facet model either 

from the volume model after 3D CAD modelling or from the point cloud following 3D 

digitalisation. The object surface is represented by a multitude of polygons, which are 

stretched between the different points. The description of the model surface by trian-

gles is called triangulation or polygonisation. Number and size of the facets determines 

how accurately the actual surface geometry can be reproduced. This process creates a 

STL dataset, which has established itself as a quasi-industry standard for transferring 

data to Additive Manufacturing technologies. It is a system-neutral file format for ex-

changing pure geometric data (VDI-3404, 2009). The simple mathematical description 

of the surface by triangles makes it easy to slice the component in any z-coordinate. 

Furthermore, the STL model is scalable to any size. However, the file format produces 

very large volumes of data, especially if the polygonal mesh has to be refined in order to 

improve the surface quality. STL files contain only the geometry information of the 

component and no information about colour, material or other component properties 

(Gebhardt, 2013). 
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3. Slicing process 

The slicing process is a necessary prefabrication step in all Additive Manufacturing pro-

cesses. This process slices the facet model into several successive layers and records the 

information contained in each layer. The sliced contour data is no longer linked to one 

another in the z-axis, whereby subsequent scaling is no longer possible (VDI-3404, 

2009).  

 

4. Preparation for fabrication process 

In the preparation stage the components are virtually placed into the building enve-

lope, see Figure 16. The component should not be placed randomly into the building 

envelope as the stair-stepping effect has to be considered (see point 5). Consequently, 

the orientation of the part to be produced influences its quality and build time. In order 

to obtain the best possible surface quality and accuracy, the areas with high surface 

requirements should be oriented horizontally or vertically in the work envelope to re-

duce the impact of the stair-stepping effect. In addition, specific system parameters 

such as the process speed or space temperature are determined. 

 

 

Figure 16: Preparation into the building envelope (Materialise, 2014a) 

Furthermore, material-specific processing characteristics must be considered. Especial-

ly the shrinkage behaviour of material has to be taken into account before the creation 

of the component. The post-processing processes have to be included in the shrinkage 

compensation as well to achieve the desired dimensional accuracy at the end of the pro-

cess chain (Zäh, 2006).   
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5. AM process 

After the CAD data has been transformed into a machine-understandable format, the 

actual additive fabrication process can begin. 

 

The layer-by-layer build-up of a component by Additive Manufacturing technology is 

strictly speaking not a 3D, but a 2½D method. This is justified by the fact that the Addi-

tive Manufacturing process does not continuously spread in all three spatial coordinates 

(x, y, z).  

 

The process operates in two steps:  

1. Generating a layer (x-y-plane).  

2. Connecting the layer with the previous layer (z-direction) (Gebhardt, 2013). 

 

This procedure results in the typical stair-stepping effect, which is unavoidable for all 

Additive Manufacturing technologies.  

 

The technological algorithm of the additive build-up begins with the melting of the 

source material through energy input. The material can be in different states of aggre-

gation. Depending on the Additive Manufacturing process powder, fluids, sheets of ma-

terial or filaments are used. When for example laser technology is used, the effect of 

the laser has to be tuned so that a newly created layer solidifies with the previous layer. 

When a layer has been built, the process starts again after lowering the build platform 

in z-direction followed by adding a new layer of material. The interplay between the 

generation of the layer, lowering the platform, and the energy input is repeated until 

the object is completed, and thus characterizes the basic process steps (Zäh, 2006).  

 

Stair-stepping effect 

A drawback of the layered Additive Manufacturing method is the layer itself (Chang, 

1999). These stair-stepping effects are a characteristic of the Additive Manufacturing 

processes, see Figure 17.  
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Figure 17: Stair-stepping effect (adapted from Breuninger et al.,2013, p. 55; Zäh, 2006, p. 112)  

The effect can be reduced by minimizing the layer thickness but can never be complete-

ly eliminated. The user has to make a trade-off between surface quality, which is affect-

ed by the stair-stepping effect, and build time. By reducing the layer thickness from 0.2 

mm to 0.1 mm, the build time is doubled. Figure 18 shows a comparison between a 

layer thickness of 0.35 mm and 0.05 mm. The layer thicknesses of today’s Additive 

Manufacturing systems are 0.1-0.02 mm (Santos et al., 2006).  

 

 

Figure 18: Comparison of different layer thickness (adapted from Horsch, 2013, p. 19) 

 

6. Post-processing 

Finally, the structure is removed from the platform and the auxiliary supports on which 

it was built. If necessary, the prototype may be subjected to surface preparation opera-

tions such as cleaning, sealing, surface painting, etc. 
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3.6 Industrial Additive Manufacturing systems 

In the following, an overview of the current Additive Manufacturing technologies is pre-

sented. Despite the relatively short historical development since 1987 more than 100 

industrial Additive Manufacturing systems have been brought onto the market. Because 

of this variety and the short innovation cycles a holistic analysis is difficult and not ex-

pedient. Therefore, within this master thesis only the most relevant AM systems are 

presented. 

3.6.1 Stereolithography (SL) 

The Stereolithography technique is the oldest, most widely used and most accurate Ad-

ditive Manufacturing process, thus creating objects with highest level of detail and sur-

face quality. In general, the photopolymer resins (polymer with photo activators) selec-

tively cure, or solidify, when the liquid polymer is exposed to a laser beam (Zäh, 2006, 

p. 33).  

 

 

Figure 19: Overview of Stereolithography (adapted from Custompartnet, 2014; Klocke, 2013; Levy et 

al., 2003; Materialise, 2014b; VDI-3404, 2009; Wohlers, 2014a; Zäh, 2006) 
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Process principle 

A Stereolithography system consists of a vat filled with liquid polymer, a retractable 

table in Z-direction and a laser unit, see Figure 19. The laser beam, guided by a scan-

ning mirror, draws the outline in X and Y-direction of the component to be manufac-

tured on top of the polymer bath. The retractable table carries the model to be pro-

duced on support structures. The support structures allow the fabrication of overhangs 

and ensure a defined locating and subsequent removal of the build platform (table). 

After solidification of one layer, the item is then lowered in Z-direction by one layer 

thickness and the next layer is then drawn directly on top of the previous layer, see Fig-

ure 20. To ensure an even surface of the polymer bath before the laser scanning process 

begins, a blade smoothes the surface by swiping from left to right after lowering the 

build platform. This process of laser drawing and lowering the item is repeated until 

construction of the model is completed. In that way, the component grows in layers 

from the bottom to the top. After completion of all layers the model is polymerized to 

95%. To achieve 100%, it is necessary that it is post-cured in an UV oven after having 

been cleaned and the support structure removed (Zäh, 2006). 

 

 

Figure 20: Principle Stereolithography (adapted from Gebhardt, 2013, p. 106) 

Process characteristics 

Stereolithography is at the present stage the most accurate of all Additive Manufactur-

ing processes. The accuracy is determined mainly by the diameter of the laser beam. 

Depending on the preferred properties of a component, different polymers, such as 

acryl, epoxy or vinyl ether resins can be used. Because of the nature of the process only 

photosensitive materials can be manufactured, which is mainly due to the harmful ef-

fect of UV light. Generally the quantity and performance of engineering plastics has 

increased over the past years, but the assortment is still limited. Compared to other 

Lowering platform Surface smoothingLaser drawing
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Additive Manufacturing technologies the mechanical strength and the thermal re-

sistance of the finished parts are not as good. The low heat deflection temperature of 

50°C to 66°C at 0.45 MPa (ASTM-648, 2007) hampers the use in series production. An 

additional disadvantage is that when material requirements are changing, the liquid 

polymer exchange is a complex and time-consuming procedure for SL systems and re-

sults in high costs. A fully filled vat of the expensive liquid polymer can cost up to sev-

eral thousand Euros. Due to the short pot life of the highly reactive liquid epoxy, for 

economic reasons a SL system would need to be used constantly (Gebhardt, 2013, p. 

128). Additive Manufacturing technologies using liquid source materials require sup-

port structures for the additive fabrication of components with overhangs (Liou et al., 

2007), see Figure 22. The support structure is made of the same material as the main 

model and leads to a higher workload for the post-processing where the support struc-

ture is mainly removed manually. Also associated with an increased amount of work is 

the post-exposure, i.e. the time necessary to fully cure the material, see Figure 21.  

 

 

Figure 21: Post-processing for Stereolithography (adapted from Gebhardt, 2013, p. 113) 

 

Figure 22: Support structure for SL (Campbell, 2011) 
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3.6.2 Selective Laser Sintering (SLS) 

Selective Laser Sintering is a technique, which is very similar to the Stereolithography 

Additive Manufacturing process. Instead of liquid polymers, powdered raw materials 

are sintered by a laser that scans the surface of a powder bed and selectively binds to-

gether the powder particles (Strauss, 2012). Meanwhile an electron beam (Electron 

Beam Melting) or infrared beam (Selective Mask Sintering) can be used as power source 

instead of a laser beam. 

 

 

Figure 23: Overview of Selective Laser Sintering (adapted from Custompartnet, 2014; Klocke, 2013; 

Levy et al., 2003; Materialise, 2014b; VDI-3404, 2009; Wohlers, 2014a; Zäh, 2006) 

Process principles 

Selective Laser Sintering is based on a local temperature increase for a defined period of 

time. Prior to the laser scanning process the powder bed is heated to a few degree Cel-

sius below the sintering temperature - most polymer powders are processed at temper-

atures around 170-210 °C (Gebhardt, 2013). At the beginning of the process, a blade 

levels the powder bed. Similar to the Stereolithography process, a laser beam guided by 

a mirror (X- and Y-direction) scans the surface of the powder bed and selectively binds 

together the powder particles of the related cross section of the desired component. 

During the laser exposure, the powder temperature rises above the glass transition 

point after which neighbouring particles flow together (Childs et al., 2007). After gen-
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erating one layer the platform is lowered by one layer thickness and the laser scanning / 

solidification process is repeated. Between lowering the platform and laser drawing a 

fresh layer of powder is added to the top of the bed and smoothened by a levelling 

blade, so that a subsequent two-dimensional cross section can be joined by the laser 

bonding to the layer below, see Figure 24. After the Additive Manufacturing process is 

completed, the component is enclosed in a powder cake and has to cool down, which 

can take several hours due to the poor thermal conductivity of polymers. When the 

manufactured object has cooled down the powder cake is carefully removed and the 

object can be cleaned, see Figure 25. 

 

 

Figure 24: Principal Selective Laser Sintering (Gebhardt, 2013, p. 158) 

Process characteristics 

A variety of plastics can be “printed” by this process, for example, polyamide (PA), poly-

styrene (PS), polyetheretherketone (PEEK), and other thermoplastics with a usual grain 

diameter of 20 – 100 μm (Becker et al., 2013). The grain size of the powder results in a 

rougher surface finish compared to other additive technologies as for example Stereo-

lithography. The layer thickness of the Selective Laser Sintering process is 0.1 mm on 

average. The products fabricated with this additive technology reach the highest me-

chanical strength in comparison to other additive technologies. The residual powder 

can largely be recycled and, in contrast to the Stereolithography process, special gener-

ated support structures for overhangs are not required as the unsintered powder acts as 

a supporting material which avoids the need for support removal during post-

processing (Cooper, 2001). 
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Figure 25: Post-processing Selective Laser Sintering (adapted from Gebhardt, 2013, p. 161) 

3.6.3 Fused Deposition Modelling (FDM) 

Fused Deposition Modelling is also often referred to as Fused Layer Model-

ling/manufacturing (FLM). The FDM additive technique is a process, where a thermo-

plastic material is melted and selectively deposited through a freely movable heated 

extrusion head. After the deposition on the build platform the material hardens imme-

diately.  

 

 

Figure 26: Overview of Fused Deposition Modelling (adapted from Custompartnet, 2014; Klocke, 2013; 

Levy et al., 2003; Materialise, 2014b; VDI-3404, 2009; Wohlers, 2014a; Zäh, 2006) 
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source personal printers using the extrusion technology as well has seen an explosive 
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growth since 2007, see Figure 27. According to Wohlers a personal printer includes all 

printers with a price range of up to $ 5,000, everything above has to be considered as 

an industrial Additive Manufacturing system (Wohlers, 2013). 

 

 

Figure 27: Development of personal 3D-printers (Wohlers, 2013)  

Process principles 

The FDM process can simply be compared to a hot-glue gun. The source-material of 

thermoplastic filament is melted by liquefiers in the extrusion head and laid down on 

the build platform. The material deposition is applied by the extrusion head that 

traverses in X and Y-direction to create each two-dimensional layer. In each layer sepa-

rate nozzles extrude and deposit the melted filament that generates the object and 

material that forms supports in case of overhangs (Hopkinson et al., 2006), see Figure 

26. The solidification of the deposited material is achieved through cooling. After creat-

ing a cross-section, the platform with the object is lowered by one layer thickness and 

the process begins anew with the next layer (Cooper, 2001). By adding a new layer on 

top of the previous layer, the already existing layer is melted locally and temporarily, 

which in turn enables the cohesion of two successive layers. After completing the de-

sired object the support structure has to be removed.  

 

Process Characteristics 

As the components of the FDM process are not supported by a powder bed as in the Se-

lective Laser Sintering process, a support structure is necessary for overhangs and un-

dercuts. However, the material of the support structure is, opposed to the Stereolithog-

raphy technique, not the same as the build material. The supporting material is applied 

through an additional nozzle (see Figure 26) and has a higher water-solubility or a low-
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er melting temperature than the material of the actual component. Furthermore, com-

ponent and supporting material are clearly distinguishable by their colour, see Figure 

28. 

 

 

Figure 28: Object fabricated by FDM with support structure (RPRDC, 2009) 

 

Additional support structure leads to increased material expenses and post-processing 

for the material removal. However, the removal of the support structure can be done 

either by hand because of the weak adhesion and cohesion forces between the materi-

als (Gibson et al., 2010) or with special cleaning stations, where the water-soluble sup-

port material can be removed at elevated temperature in an alkaline solution 

(Breuninger et al., 2013). The currently achievable layer thickness of FDM systems is 

0.127 mm. A great advantage of the FDM technique is the high number of available 

materials as ABS (acrylic butadiene styrene), PC (polycarbonate), PC-ABS blend and high 

performance plastics as PPSF (polyphenylsulfonen), which makes FDM to a suitable 

process for the production of parts (Gebhardt, 2013).  
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3.6.4 Multi Jet Modelling (MJM) 

Multi Jet Modelling systems use inkjet print heads jetting a liquid photopolymer which 

is immediately cured by an UV lamp. Several materials can be jetted at the same time, 

making the process similar to the principle of a 2D-inkjet printer.  

 

 

Figure 29: Overview of Multi Jet Modelling (adapted from Custompartnet, 2014; Klocke, 2013; Levy et 

al., 2003; Materialise, 2014b; VDI-3404, 2009; Wohlers, 2014a; Zäh, 2006) 

Process principles 

The MJM process jets a thermoplastic acrylic photopolymer onto the X-Y plane of the 

build platform through a print head with several nozzles and a waxy thermoplastic as 

support material in layers of 0.013 mm thickness. The solidification of the material 

works similar to the Stereolithography technique. An UV lamp is attached to the print 

head which cures the photosensitive plastic when crossing the layer, see Figure 29. 

Therefore, a resin bath is not necessary compared to the SL process, but a support 

structure has to be printed simultaneously to stabilize undercuts.  After completion of 

one cross-section the building platform is lowered by one layer thickness. After com-

pleting the object the support structure has to be removed by a cleaning station 

(Fletcher et al., 2003). 

 

 

Commercialized: 2000

Materials:
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photopolymer

Max. build area: 298x203x185 mm3

Min. layer thickness: 0.013 mm

Accuracy: +/- 0.025 mm

Binding mechanism: Thermal
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Heating (by print 
head)

Post-processing:
Mechanical removal of 
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Applications:
Concept/Functional PT, 
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Costs: 55,000 – 135,000 €
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retractable table
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Process characteristics 

The MJM process combines the principles of FDM (print head) and Stereolithography 

(UV curing). In contrast to those principles, MJM can jet simultaneously multiple mate-

rials allowing multi-material and multi-colour parts. Due to the similarity of the source 

material, the disadvantages are comparable to SL as only UV-active photopolymers can 

be used which are not durable over time. By mixing materials in various concentrations, 

parts with different mechanical properties can be produced. This technology achieves 

high accuracy and smooth surfaces (Breuninger et al., 2013). 

 

3.6.5 Laminated Object Manufacturing (LOM) 

This process is also described as Layer Laminated Manufacturing (LLM). Layers of mate-

rial such as plastics, ceramics, metals or paper are cut out by a laser, knife or water jet 

and then laminated to the previous layers. 

 

 

Figure 30: Overview of Layer Object Manufacturing (adapted from Custompartnet, 2014; Klocke, 2013; 

Levy et al., 2003; Materialise, 2014b; VDI-3404, 2009; Wohlers, 2014a; Zäh, 2006) 

Process principle 

The LOM technique creates 3D-parts by cutting and stacking 2D-sheets of various mate-

rials. With the use of sheets as source material, the LOM process can be classified in the 

category of solid starting materials. A material supply roll transports the sheet with an 
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Binding mechanism:
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adhesive coating on one side, to the build platform with the adhesive side facing down, 

see Figure 30. As next step, a heated roller passes over the material and glues the ma-

terial to the platform/existing object. A laser beam marks the outline of one slice of the 

part and cuts through the layer of the material. Furthermore, the laser beam cross-

hatches the layer of material not forming part of the cross-section (Fletcher et al., 

2003). Next the build platform is lowered by one layer thickness and another layer of 

material is glued onto the previous layer and the process is repeated with the next 

cross-section layer of the object. After having added all cross-section slices the block 

with the embedded object is removed from the platform. The crosshatched cubes are 

then broken away to reveal the final object, see Figure 31  (Park et al., 2000). 

 

 

Figure 31: Post-processing LOM (Gebhardt, 2013, p. 229) 

Process characteristics 

Compared to the other additive techniques this process is rarely used. LOM is mainly 

used for concept and functional prototypes. It has its main advantage for use in large 

objects with large steps in layer thickness (Gebhardt, 2013). By stacking the sheets and 

bonding them together the internal stress of the object is reduced, thus resulting in 

manufactured objects being almost distortion-free. Nevertheless, the mechanical 

strength of the fabricated components varies greatly depending on the build direction. 

Moreover, the LOM method requires post-processing to remove the remaining material 

which is, depending on the part geometry, difficult to remove and not recyclable 

(Breuninger et al., 2013). In addition, the surface quality prior to post-processing is 

poor compared to other Additive Manufacturing techniques (Fletcher et al., 2003).  
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3.6.6 3D-printing (3DP) 

The basic principle and thus the term 3D printing is related to the household 2D inkjet 

printer. However, 3D printers are not printing on a sheet of paper, they apply a liquid 

bonding agent via inkjet print heads onto thin layers of powder bonding the particles 

together. The term 3D printing is often not associated with this particular method, but 

is used as a generic term for any Additive Manufacturing processes (see chapter 3.2). 

 

 

Figure 32: Overview of 3D printing (adapted from Custompartnet, 2014; Klocke, 2013; Levy et al., 

2003; Materialise, 2014b; VDI-3404, 2009; Wohlers, 2014a; Zäh, 2006) 

 

Process principle 

The surface of a powder bed is injected with a binding liquid by an inkjet print head, see 

Figure 32. As a result the affected powder areas are solidified. With the use of the 

binder, firstly the contour of a layer is generated and then connected to the previous 

layer. After finishing one cross-section layer, the build platform is lowered by one layer 

thickness and the next layer of powder is laid out on top. By repeating the process of 

laying out powder and bonding the material, the parts are built up in the powder bed. 

The leftover material (not bonded) in the powder bed remains in the build chamber and 

supports the component. After finishing the printing process the object must be infil-

Commercialized: 1998
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Max. build area: 850x450x500 mm3

Min. layer thickness: 0.08 mm
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trated with wax or epoxy resin as the parts will not accept a high mechanical load with-

out post-processing (Gebhardt, 2013).  

 

Process characteristics 

The procedural basis of the 3D printing technology is similar to the Selective Laser Sin-

tering process, the essential difference lies in the solidification of the powder particles. 

Using inkjet print heads instead of laser technology results in cost benefits and the 

technology provides generally good accuracy, but compared to the Selective Laser Sin-

tering technology it has not such high detail. It is possible to select a wide range of col-

oured liquid adhesives, thus offering individual colour design. The technology produces 

in general porous pieces with a coarse surface. Impregnating components as a post-

treatment is useful in order to produce robust and wear resistant components. The im-

pregnation is usually done with wax or epoxy resin, which can lead to a loss of accuracy 

(Gebhardt, 2013). 

3.7 Conventional Manufacturing vs. Additive Manufacturing 

In this chapter, the previously described Additive Manufacturing technology is com-

pared with the Conventional Manufacturing procedure. In order to allow a better as-

sessment of the Additive Manufacturing technologies the following criteria are ana-

lysed:  

 Materials  

 Tools  

 Component assembly  

 Accuracy  

 Impact of manual work 

 

Materials 

A significant difference between the additive and conventional method already exists in 

the material selection. Conventional Manufacturing methods work with materials in 

form of semi-finished or raw material which are selected to suit the mechanical proper-

ties of the end-component. Thus the material selection for conventional methods is 

product-oriented. Additive Manufacturing technologies offer less choice than the con-

ventional methods. The materials used in this technology are more optimized for the 

Additive Manufacturing process than the actual end-component itself. Consequently, 

the desired mechanical properties for the end-component can only be approximated; 
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this results in a process-oriented material selection (Gebhardt, 2013, p. 293). For this 

reason, there is a constant endeavour on behalf of equipment manufacturers and re-

search institutions to promote intensively the development of materials (McKinsey, 

2012).  

 

Tools 

In analogy to materials, tools are equally differentiated from product- and process-

oriented tool selection. Conventional Manufacturing methods work with different tools 

which are adapted for the respective sub-task or are even specifically manufactured for 

the required process. In the course of the Conventional Manufacturing process the tools 

may be changed several times depending on the process. The tool selection is product-

oriented. Additive Manufacturing systems work tool-less, thus they are not using tools 

meeting the component specifications. The actual tool is the Additive Manufacturing 

system which generates the layer and creates a three-dimensional part. The “tool” does 

therefore neither need to be changed during the production of one object, nor from the 

production of one object to another (process-oriented tool selection). 

 

Component assembly 

Conventional end-components are usually assembled for manufacturing reasons from 

several parts which are often made from different materials (process-oriented compo-

nent assembly).  Objects fabricated by the Additive Manufacturing technology can be 

formed in geometrically complex shapes. By having almost unlimited geometrical free-

dom the parts are optimized to their function and are built in one piece. This layer-build 

principle enables the preparation of geometrically complex forms which can by conven-

tional methods only be realized with great difficulty and at great expense. It leads to a 

great freedom of design and thus to entirely new possibilities at design level (see Figure 

33).  

 

Figure 33: Tool insert with integrated cooling channels (adapted from EOS, 2014) 
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If several additive manufactured parts are assembled, this is not because of manufac-

turing reasons, but rather due to the limited build space in the Additive Manufacturing 

systems. Therefore additive manufactured parts have a function-oriented assembly 

(Gebhardt, 2013, p. 294).  

 

Accuracy 

Conventional technologies with its systems currently represent the state of the art re-

garding maximum attainable accuracy. Additive technologies achieve a similar accuracy 

when it comes to the generation of 2D-layers. However, inaccuracies are mainly caused 

by the generation of successive layers in Z-direction as described in chapter 3.5. Con-

ventional manufacturing technologies today are well controlled, so that defined accura-

cies are achieved routinely, thus usually corresponding to the machine accuracy. Be-

cause of this Additive Manufacturing methods show a worse accuracy compared to the 

conventional technologies (Gebhardt, 2013, p. 294).  

 

Impact of manual work 

For the very accurate Conventional Manufacturing systems (e.g. milling) post-

processing of the surfaces is usually not necessary. In contrast to Additive Manufactur-

ing systems post-processing of surfaces plays a more important role due to the stair-

stepping effect (see chapter 3.5), especially when it comes to visual objects. However, 

post-processing is relatively simple with soft plastic models (Gebhardt, 2013, p. 295). 

 

Having compared Additive Manufacturing with Conventional Manufacturing by five dif-

ferent criteria, it becomes clear that conventional technologies have their advantages: 

accuracy, material properties, reproducibility and speed in case of simple geometries.  

Vice versa from this one can derive the requirement for the most advantageous use of 

Additive Manufacturing technologies: 

 

“Additive Manufacturing technologies are used beneficially if the components are com-

plex, and are required very quickly and only in small quantities.” (Gebhardt, 2013, p. 

295)  
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3.8 Comparison of Additive Manufacturing technologies 

The following table compares the Additive Manufacturing technologies, described in 

chapter 3.6. Each technology is evaluated based on literature research, company visits 

and expert interviews in the following performance criteria: 

  

 Geometric performance criteria – evaluates the component size and complexity, 

dimensional tolerances, surface finish and layer thickness. 

 

 Mechanical performance criteria – evaluates tensile, compressive, bending and 

torsional strengths, besides hardness, impact strength and abrasive wear. 

 

 Thermal performance criteria – evaluates the operating temperature range and 

the dimensional stability under heat.   

 

 Process-related performance criteria – evaluates the machinability, formability 

and the surface treatment such as painting and coating.  

 

 Post-processing criteria – evaluates the effort for cleaning and post-processing. 
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Table 3: Comparison of Additive Manufacturing technologies (ASTM-648, 2007; Breuninger et al., 2013, p. 39; Cooper, 2001; Custompartnet, 2014; Gebhardt, 
2013; Gibson et al., 2010; Materialise, 2014b; Wohlers, 2014a; Zäh, 2006)  

Stereolithography

(SL)
Selective Laser 
Sintering (SLS)

Fused Deposition 
Modelling (FDM)

Multi Jet Modeling 
(MJM)

Laminated Object 
Manuf. (LOM)

3D printing 

(3DP)

Materials Epoxy resin, acryl resin Powder: high polymers
Filament: one or two 
high polymers

Thermoplastic 
photopolymer

Sheets of high polymer, 
metal, ceramic, paper

Powder mixes, liquid 
adhesives

Build area 2100x700x800 mm 700x380x580 mm 914x610x914 mm 298x203x185 mm 810x560x510 mm 850x450x500 mm

Layer thickness 0.05 mm 0.1 mm 0.13 mm 0.013 mm 0.1 mm 0.08 mm

Accuracy 0.1 mm 0.2 mm +/- 0.127 mm +/- 0.025 mm +/- 0.25 mm +/- 0.13 mm

Costs € 190,000 – 1.2M € 180,000 – 900,000 € 13,000 – 410,000 € 55,000 – 135,000 € 40,000 – 400,000 € 200,000 – 800,000

Evaluation of performance criteria

Geometric 
performance ++ + - + - o
Mechanical 
performance o ++ ++ o - --
Thermal 
performance -- + + -- o o
Process-related 
performance o + + + o o
Post-processing 
effort o + + o - -

Advantages

Best surface quality of 
all AM technologies, 
high dimensional 
accuracy, highest level 
of detail

Higher thermal and 
mechanical load, wide 
range of build 
materials, high 
throughput capability, 
self-supporting build 
envelope 

Strength/temperature 
capability of FDM 
material, laser-free 
operation, easy post-
processing

Build speed, 
affordability, ease-of-
use, cleanliness, 

Inexpensive material 
(paper), possible to 
combine materials with 
different properties in 
one model

Build speed, 
inexpensive, colored 
models possible 

Disadvantages

Sensitive material with 
high costs, controlled 
environmental 
conditions required, 
post-processing, 
limited number of 
materials available 

Initial cost of the 
system, peripherals and 
facility requirements, 
maintenance and 
operation costs, rough 
surface, shrinkage

Build speed, expensive 
material, limited 
number of materials 
available, support 
structure required 

Rough surfaces, 
moderately high costs 
for build material, post-
processing

Labor intensive post-
processing, only few 
materials available

Rough surface, fair 
dimensional tolerances, 
low mechanical 
properties, limited 
number of materials

++ + o - --
very good good neutral bad very bad
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4 Analysis of the potentials of Additive Manufacturing 

“Simple solutions seldom are. It takes a very unusual mind to undertake analysis of the 

obvious.”4 

 

In this chapter the responsibilities of the serial analysis departments at AUDI and their 

motivation as to why to investigate the potentials of Additive Manufacturing are pre-

sented. Finally three specific examples will be generated by AM to evaluate their poten-

tial. 

4.1 Responsibilities of the series analysis department 

This master thesis is written in the department responsible for serial analysis of the 

vehicle production. The serial analysis department coordinates the series-based analysis 

tasks in the vehicle manufacturing process between the individual units, body shop, 

paint shop, assembly and quality control.   

 

The main tasks of the department for serial analysis are:  

 Analysis of product and process problems from the start to the end of the pro-

duction. 

 Driver for corrective action in the series production. 

 Preparation and validation of modifications to achieve production and quality 

goals of the series produced vehicle.  

 

The corrective action process frequently necessitates specific production equipment. 

For example jigs for controlling the alignment between different parts, assembly aids 

or tools to provide help to the assembly worker or protective covers for example for 

consoles or dashboards in order to avoid damage or scratches during assembly to sur-

faces of other parts or equipment already fitted. Such new prototypes and end-

components are partly manufactured by the in-house tool workshop, but the new spe-

                                                      

4
 Aflred North Whitehead, English mathematician and philosopher [1861–1947] 
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cific production equipment is developed to a large extent by external suppliers and the 

manufacturing process is outsourced.    

4.2 Motivation to use Additive Manufacturing 

The motivation to analyse the possibilities of using an Additive Manufacturing system 

results from the experience made by the past procurement process for specific produc-

tion equipment. Two main reasons were identified and a solution was to be found to 

avoid:  

 High costs of outsourcing 

 Lengthy product creation process  

 

High costs 

An analysis of the specific production equipment shows, that only 4% of the equipment 

used is manufactured and developed in-house. This leads to a total cost of € 455,784  

for Audi Brussels for the procurement of specific production equipment for the current-

ly produced model A1 (since 2010), see Figure 34.  

 

 

Figure 34: Costs for Audi Brussels for specific production equipment for the A1 

Outsourcing the development and manufacture of production equipment creates a high 

dependency on external suppliers. Besides, outsourcing leads to less enthusiasm and 

competence within the company. The goal is to reverse this trend and increase the 
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competence of the internal tool workshop. The investment in an Additive Manufactur-

ing system would give the opportunity to manufacture geometrically complex shapes at 

virtually no additional cost, as shown in Figure 35. 

 

 

Figure 35: Complexity at no cost for AM systems (adapted from Roland Berger, 2013, p. 12) 

 

Lengthy product creation process 

Additionally the long product creation process for new specific production equipment 

limits the overall efficiency and is demotivating for all employees. In the extreme case 

of the wing panel jig (see Figure 36) the delivery time from the external supplier took 

one year in total. 

 

Figure 36: Wing panel jig in the body shop 
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In interviews with the employees of the series analysis department the reasons for such 

a long time period were analyzed. The results are demonstrated with the example of 

the project procedure of an outsourcing project, shown in Figure 37. 

 

 

 

Figure 37: Outsourcing project procedure 

By investing in an Additive Manufacturing system, Audi Brussels could reduce its de-

pendence on external suppliers. Thus Audi is gaining control of the entire product crea-

tion process of specific production equipment. This implies that information sharing 

will be facilitated and accelerated as problem analysis, development, prototyping and 

final manufacturing are all under one roof. Consequently, by insourcing the design, de-

velopment and manufacturing process of complex specific production equipment the 

product creation process could be shortened significantly.    

The detailed analysis leads to a very good understanding of the complexity of the 
problem. However, the external supplier is not part of this analysis and therefore 
highly depending on the information he is given.   

Problem 
analysis

Contact 
supplier

Provide 
informat

ion

Draft

Con-
struction

Testing

Handing 
over

An adequate supplier with free capacity has to be found. 
For more expensive production equipment three quotations have to be obtained 

and compared.

 The problem has to be explained, appointment on-site is necessary.
 Confidential CAD files have to be provided to external companies.
 Incompatibility between different CAD programs is a commonly known problem. 

 The supplier is constantly asking for more information during this period.
 Only working with the CAD files and not directly facing the problem situation 

makes the draft more difficult.

 High risk of incorrect construction due to wrong understanding of the problem.   

 By experience three iteration loops are necessary until the specific production 
equipment fulfills it purpose; implies more appointments.  

 New appointment is necessary.
 Often the technical documentation is not fully provided by the supplier to protect 

the reproducibility in order to generate follow-up orders.
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4.3 Samples to evaluate the potential of Additive Manufacturing  

The responsibility of the series analysis department is to solve any problems which may 

arise during the vehicle production. In the context of this master thesis project, solu-

tions had to be found for three different problems which had been identified during the 

assembly process, such as scratches on the control panel (4.3.1), fragility of the combi 

instrument housing protection cover (4.3.2) and the heavy weight of the electric hood 

hinge screw tightening tool (4.3.3) had to be found. Therefore, as a test, these three 

items were manufactured by the layer-build technology to analyse the potentials of the 

AM technology.  

 

Currently Audi Brussels does not have its own AM system, as this thesis project should 

analyse the economic sense of an investment in an AM system, therefore the samples 

were manufactured by an Additive Manufacturing service provider. An AM service pro-

vider, like the one used in this master thesis, Materialise-OnSite, is a company special-

ised in AM, providing the most common AM technologies and materials. The process is 

shown in schematic form in Figure 38. The engineering part with the problem analysis, 

the creation of an appropriate CAD file and the selection of the most suitable AM tech-

nology and material for the respective application is part of this thesis project. Subse-

quently, an order is placed and the information is sent to the AM service provider, who 

will then manufacture the desired component. After receipt of the order the service 

provider usually needs approximately five working days until the item can be delivered.  

 

 

Figure 38: Work flow at the Additive Manufacturing service provider 
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4.3.1 Control panel protection cover 

Problem definition 

During the assembly of the centre console there is a high risk of damaging the control 

panel while the centre console is pushed into the cockpit or during the screwing opera-

tion (see Figure 39).  

 

Figure 39: Assembly of centre console 

One of the main causes of damage are the edges of the centre console part, which are 

highlighted in red at Figure 40. 

 

Figure 40: Edges of centre console 

These edges may lead to scratches at both sides of the control panel, see Figure 41. 

Currently, the sides are protected by adhesive strips. However, adhesive strips as a pro-

tection are not sufficient enough. It is time consuming for the assembly worker to at-

Centre console

Control panel
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tach the adhesive strips to the control panel and they are not strong enough so that 

scratches may still occur. Thus a special protection is necessary to reduce the risk of 

scratches and guarantee top quality and at the same time reducing costs for possible 

rework.  

 

 

Figure 41: Scratches at the control panel 

Method of resolution 

Concept model  

The idea was to create through Addi-

tive Manufacturing technology a sim-

ple cover for the protection of the con-

trol panel which could easily be as-

sembled and removed by the assembly 

worker. First, a cover made of resin by 

laminating was created in order to 

evaluate how the final protection cover 

should look like. The resin cover as 

seen in Figure 42 can be characterized 

as concept and geometric prototype as 

described in chapter 3.2.1. The mate-

rial properties of resin are inadequate for use in series production; however, the size 

and shape were already a good starting point.  

 

 

Figure 42: Control panel protection concept model 
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3D CAD modelling 

The concept model was a good basis for the creation of a solid volume model. The idea 

for creating the protection cover was to use the existing CAD models of cockpit, radio 

and air conditioning unit (see Figure 43) and edit them mainly with offset operations to 

generate the final protection cover.  

 

 

Figure 43: CAD model of cockpit including radio and air condition unit 

After gathering all necessary CAD files the 3D CAD modelling could start. One of the 

challenges was that the control panel protection cover should fit on all possible model 

variations. For model 

A1 the customer can 

choose between 

three different radio 

options and two dif-

ferent air condition-

ing units. Therefore, 

care had to be taken 

that the protection 

cover did not clash 

with any of the varia-

tions. After certain 

offset and connecting modifications the result can be seen in Figure 44. The wall thick-

ness of the cover is 3 mm. However, the first draft model had too many breakage points 

and no grab points for the assembly operator. Therefore, the upper part was straight-

ened to reduce the risk of breakages and buttons were added to ensure easy handling 

for the operator, see Figure 45.  

Figure 44: Offset operations 
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Figure 45: Buttons and straight line were adjusted  

Besides that, the main breaking points of the protection cover have been reinforced by 

as shown in Figure 46. These operations were executed with the software 3-matic STL. 

This is a special software to edit STL files. All other operations were performed in CAT-

IA. 
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Figure 46: Reinforcement of the control panel protection cover 

 

Material & Additive Manufacturing technology selection 

After completing the development of the CAD file. The right material and the right Ad-

ditive Manufacturing technology for the control panel protection cover had to be cho-

sen. In chapter 2 general criteria for the selection of the right material were given. For 

the control panel protection cover those criteria were evaluated in Table 4 to find the 

most suitable material supported by the AM technology.     
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Table 4: Material & AM technology selection for control panel protection cover 

 

According to Table 3, SLS and FDM have achieved the best result in terms of mechanical 

and thermal properties. Consequently, both technologies have been selected as a suita-

ble procedure. The accuracy and, with this, the geometric performance of the FDM 

technology is worse than the SLS technology; however the protection cover does not 

require the highest accuracy. Furthermore the FDM technology has advantages as far as 

post-processing is concerned which means that it is easier to rework the material by 

either drilling or smoothing operations, which is helpful in the prototyping stage. MJM 

and SL would have competitive values in terms of mechanical properties and even bet-

ter results for the accuracy. However, the major disadvantages of the photopolymer 

technologies are their sensitivity to UV radiation and thus their heat deflection temper-

ature of around 50 °C (Materialise, 2014b). Therefore because of these characteristics, 

the photopolymer technologies are not suited for use in the production environment.  

 

The application requires a material which is strong enough to withstand the frequent 

use in a production environment and which is not too stiff as the protection cover could 

even be easily dropped during assembly. Therefore, the material should have a high 

tensile strength apart from a high elongation at break. From Figure 5 the materials Ob-

jet VeroWhitePlus, PA, Accura Xtreme and PC-ABS were selected as they corresponded 

most closely to the requirements. MJM and SL were excluded because of their weak 

thermal performance; however, for the sake of completeness they are listed in the cost 

comparison in Table 5. 

 

Material & Additive Manufacturing technology selection

Cost 
considerations

 As cheap as possible

Temperature 
resistance

 Temperatures on the shop floor are up to 25 °C in summer

 By touching the template during the operation, it can heat up to 40 °C

Chemical 
resistance

 No special chemical resistance necessary

Mechanical 
requirements

 High tensile strength (use up to 550x a day)

 High elongation at break (used in car assembly environment)

Appearance
 Smooth scratch-free surface

 Pleasing haptic for the operator

Agency 
approvals

No hazardous materials
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Table 5: Cost comparison for the control panel protection cover 

 

Production test 

One control panel protection cover was ordered from a 3D printing service provider in 

PA (polyamide) and another one in PC-ABS (polycarbonate – acrylitril butadien styrol) in 

order to compare performance of the material. Both prototypes successfully passed the 

production test and were well received by the workforce - a highly relevant point as they 

are the ones who will have to finally use it. Figure 47 shows the protection cover made 

of PA in use during the assembly.  

 

Figure 47: Control panel protection cover used during the assembly. 

In Table 6 the different solutions are compared. The costs for the adhesive strips per 

vehicle are € 0,02 which amount annually to a total of € 2462  for 123,111 vehicles 

produced. Due to the limited time of this thesis project no long-term study of the mate-

rial behaviour of the newly developed protection covers could be carried out; therefore 

Stereolithography

(SL)

Selective Laser 
Sintering (SLS)

Fused Deposition 
Modelling (FDM)

Multi Jet Modeling 
(MJM)

Name Control panel protection cover

Picture

Part volume 139.8 cm3

Part size 168 x 280 x 142.7 mm 

Material Accura Xtreme PA PC-ABS Objet VeroWhitePlus

Cost* 402.30 € 158.60 € 490.40 € 990.90 €

*Prices are based on the 3D printing service bureau www.materialise-onsite.com, without any post-processing operations. 
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it is assumed that two protection covers per year would be required. Using the protec-

tion cover made of PA is thus more than 2,000 € cheaper per year than adhesive strips, 

and, more importantly it gives better protection for the control panel. Consequently the 

amount of rework is minimal and the process stability is increased. In addition, the pro-

tection cover reduces the processing time of the assembly worker as the assembly and 

removal of the cover is less time consuming than the same process using adhesive 

strips.  

Table 6: Comparison of protection solutions  

 

Due to the satisfactory result of the production tests, from now on the protective cover 

will be used instead of the adhesive strips. The cover made of PA was most liked by the 

assembly workers because of its smooth surface, and it was also the cheapest solution. 

Geometrical properties 

In order to analyze the geometrical properties of the PA control panel protection cover 

a surface deviation plot was performed, see Figure 48.  As scanning device a GOM Atos 

III Triple Scan was used with a measuring range of 700 mm. The surface deviation plot 

confirms the good accuracy properties of the Selective Laser Sintering technology. The 

deviation between the CAD file and the scan is in average 0.2 mm.   

Protection by adhesive strips Protection cover (PA) Protection cover (PC-ABS)

Advantages  Easy solution 

 No development costs

 Fits for left and right-hand drive 
cars

 Increasing process reliability

 Sufficient protection

 Processing time reduction

 Very smooth surface

 Increasing process reliability

 Sufficient protection

 Processing time reduction

Disadvantages  Insufficient protection

 Not environmentally friendly

 High variable costs

 Increase of production time

 One cover each for left and right-
hand drive cars 

 Breakage of the cover possible

 One cover each for left and right-
hand drive cars 

 Breakage of the cover possible

Material costs/year  Adhesive strips: 2485 €  PA-parts: 317.20 €  PC-ABS-parts: 980.80 €

Picture
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Figure 48: Surface deviation plot for PA-part 

Additive Manufacturing vs. Conventional Manufacturing 

In the context of the development of the protection cover for the control panel a quote 

from an external production equipment supplier was requested, see appendix A. The 

quote includes the cost of development at € 7,000  and the cost of € 114.50  per piece 

by the Conventional Manufacturing method of laminating. Consequently, the cost per 

piece is almost the same as for the PA-model. The development costs make up the li-

on’s share. This is not a matter of unconventional or Conventional Manufacturing but 

rather a question of internal development or outsourcing. By having all required CAD 

files for the cockpit unit available in-house and all data to create a CAD model the engi-

neer is in full control of the entire process. This reduces the lead time significantly as 

information-sharing is less complex. No confidential data has to be divulged to external 

companies and, moreover, data compatibility is not a challenge as in-house only the 

same CAD-software CATIA is used. Besides, the lead time between outsourcing and in-

sourcing, combined with the AM technology, differs dramatically. With outsourcing, a 

delivery time of 12 weeks has to be accepted. The Additive Manufacturing technology 

produces the components much faster. In the case of Audi Brussels possessing its own 

Additive Manufacturing system, it will be a matter of a few hours. By outsourcing the 

print job to a 3D printing service provider a delivery time of one week can be expected. 

Moreover, by generating a CAD model of the cover in-house, full documentation is 

available and if any adjustments of the item are necessary this can be easily done. In 

short, by developing and producing specific production equipment in-house, compe-

tences are expanded and sustainability regarding the management of production 

equipment is ensured.   
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4.3.2 Combi instrument housing protection cover 

Problem definition 

The problem is similar to that of the protection cover of the control panel shown in 

chapter 4.3.1. During the assembly of the combi instrument into the housing there is a 

risk of scratches at the side of the housing. Therefore, the production uses already a 

protection cover made of polyester, see Figure 49. The protection cover for the housing 

was developed by an external company for few thousand Euros and the purchasing 

costs are € 750 per set. In order to protect the housing and to facilitate easy assembly 

for insertion of the combi instrument, the cover has to be thin-walled. A thin wall, how-

ever, leads to a high risk of breakage. Therefore, it should be analysed whether there 

could possibly be an Additive Manufacturing method with a more elastic material at a 

lower cost. 

 

 

Figure 49: Combi instrument assembly into the housing with protection cover fabricated by laminating 

Method of resolution 

Concept model 

The basic design of the new cover was taken over from the already existing laminated 

cover, see Figure 49. However as Audi was never given the CAD files, the CAD model had 

to be created. 

 

3D CAD modelling 

The surfaces which can be damaged by the insertion of the combi instrument were se-

lected and offset operations were performed in CATIA to generate the protective cover, 

Assembly of combi instrumentProtecting the combi instrument 
housing
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visualized in purple in Figure 50. The wall thickness was set to 2 mm. Moreover, in front 

of the protection cover two mounting aids were added to ensure easy fitting and re-

moval for the assembly worker. 

 

 

Figure 50: 3D modelling of the protection cover in CATIA 

Material & Additive Manufacturing technology selection 

As the application is very similar to the control panel protection cover presented in 

chapter 4.3.1, Table 4 can be used for the material selection process as well. However, 

an even higher emphasis is put on the flexibility of the material as the current stiff ma-

terial breaks easily. The Selective Laser Sintering technology can process TPU, a materi-

al which is highly flexible and durable. The elongation at break at 400 % is many times 

higher than the common Additive Manufacturing polymer (see Figure 5) making break-

age almost impossible and therefore a very suitable material for the application.     

 

Production test 

The combi instrument housing protection cover was tested during the production and 

fulfils its purpose (see Figure 51), with the advantage being more than five times 

cheaper than the laminated model, Table 7.  
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Table 7: Cost comparison for the combi instrument hosuing protection cover  

 

 

 

Figure 51: Production test of the new developed protection cover 

The TPU material has a reasonable strength with high durable elasticity. These proper-

ties can be seen in Figure 52. The cover can be bent in extreme ways but returns to its 

initial position after the application of force has gone.  

 

Selective Laser Sintering

(SLS)
Laminating

Name Combi instrument housing protection cover

Picture

Part volume 2x 29.1 cm3 -

Part size 125.1 x 73.5 x 124.9 mm (each) -

Material TPU Polyester resin

Cost 114.35 €*/set 750 €/set

*Price is based on the 3D printing service bureau www.materialise-onsite.com, without any post-processing operations. 

SLS 
solution

Laminating
solution
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Figure 52: Flexible material properties of TPU 

Additive Manufacturing vs. Conventional Manufacturing 

The protection cover manufactured by the SLS technology fulfils the same functions as 

the current cover produced by the laminating technology. However due to the high flex-

ibility of the TPU material it is almost impossible to break the item during assembly. 

The complex shape of the combi instrument housing protection cover leads to a high 

production cost with Conventional Manufacturing methods. Complexity of parts does 

not lead to a rise of costs for the Additive Manufacturing technology as Figure 35 

demonstrated. Therefore it is not surprising that the protection cover fabricated by the 

AM technology is with 114.35 € more than six times cheaper than the conventional so-

lution. In addition, fewer protection covers are used up per year, reducing expenses also 

because of the flexible properties of the AM solution and therefore reducing the risk of 

breakage. The very interesting material characteristics of TPU in combination with the 

possibility to generate very complex geometries with the additive fabrication technique 

makes the material very suitable for any kind of thin-walled protection covers.   
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4.3.3 Electric hood hinge screw tightening tool 

Problem definition 

The electric hood hinge screw tightening tool is a special device which is used to con-

nect the hinge with the hood. The set up can be seen in Figure 53. The purple part is the 

hinge, which is screwed on the hood (green) by a electric hood hinge screw tightening 

tool (yellow).    

 

 

Figure 53: Electric hood hinge screw tightening operation set up 

The total weight of the electric hood hinge screw tightening tool is currently 5.5 kg. The 

main parts are shown in Figure 54. The heavy weight of the tool is on the one hand a 

risk for the process stability as the tool is connected via magnets with the hood and on 

the other hand a lighter tool would improve the ergonomic situation of the assembly 

worker. Therefore the goal is to reduce the weight of the carrier plate by means of the 

Additive Manufacturing technology. The handle bar, the pneumatic system and the 

tightening tool will be lighter with other adjustments.  
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Figure 54: Set up of the electric hood hinge screw tightening tool  

Method of resolution 

The original carrier plate as shown in Table 9 weighs 1073.43 g and is made of polymer 

POM. The idea is to reduce the weight without changing the shape and form of the plate 

as the other components have to be fitted again to the carrier plate.   

 

In chapter 3.7 it was already highlighted that the Additive Manufacturing technology 

due to its layer-build principle enables almost unlimited geometrical freedom. Due to 

the fact that the shape of the carrier plate cannot be changed the solution is to opti-

mize the inside of the carrier plate. The original solid CAD file was first hollowed with a 

wall thickness of 6 mm and then a grid was inserted, shown in Figure 55 and Figure 56. 

The red surfaces show the solid areas of the carrier plate. Through this change the vol-

ume of the part could be reduced by 20 %.    

 

Screwing 
tool

(1.5 kg)

Handle
(1 kg)

Pneumatic 
system
(1 kg)

Carrier plate
(1.1 kg)
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Figure 55: XY cross-section carrier plate 
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Figure 56: YZ cross-section carrier plate 

The original carrier plate is a solid volume out of POM. POM is an engineering polymer 

with a very good balance of mechanical properties and is therefore often used in the 

automotive industry to serve as an alternative to metals (Chandran et al. 2014). How-

ever, POM cannot be processed by the Additive Manufacturing technology, which under-

lines the process-oriented material selection problem presented in chapter 3.7. Due to 

this fact a material with similar characteristics has to be found. Another constraint is 

that only the SLS technology can be used to generate the special mesh structure with 

appropriate mechanical properties. FDM offers similar characteristics, but the technol-

ogy is using an additional support structure to support overhangs as explained in chap-

ter 3.6.3. Consequently, by manufacturing the carrier plate with a mesh structure in-

side, it would be impossible to remove the FDM support structure on the inside and no 

weight reduction would be achieved. In contrast to the FDM technology SLS uses the 

build powder as self-support; for this reason the complex grid structure inside the car-

rier plate is possible as the unsintered powder inside can be removed through small 

drain holes which are closed after removing the unsinterd powder on the inside of the 

carrier plate. This process is schematically visualized by Figure 57.  
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Figure 57: Schematic process of hollow parts with SLS technology (adapted from Materialise, 2014a, p. 

24) 

Figure 58 shows a comparison of the POM with the available SLS materials regarding its 

tensile strength and elongation at break. At first glance, the materials PA, PA Alu-filled 

and PA-GF, a PA powder filled with glass particles, have most likely the material proper-

ties as POM.    

 

 

Figure 58: Material selection carrier plate (Materialise, 2014b) 

Table 8 displays a more detailed overview of the characteristics of the shortlisted mate-

rials. The Young’s Modulus, a measurement of stiffness, for POM is 2800 MPa. PA-GF 

has with 3200 MPa most likely the same Young’s modulus properties. This is the same 

case for the tensile strength, which describes the maximum stress which the material 

can support without breaking. The tensile strength of POM is 67 MPa, whereas PA-GF 

achieves from the available Selective Laser Sintering materials most closely the desira-

ble value. The engineering polymer POM features a very high tensile strength with a 

high elongation at break of 30 %. These properties cannot yet be achieved by the Addi-
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tive Manufacturing materials. PA has the most similar value for the elongation at break 

compared to POM; however, it has limitations with its Young’s modulus and tensile 

strength. As the values for hardness and heat deflection temperature are very similar 

PA-GF was selected as material for the modified carrier plate. PA-GF has with 6_% a 

significant lower value for its elongation at break than POM with 30_%, but as the carri-

er plate has a fixed position within its assembly it can be assumed that the carrier plate 

itself does not have to withstand higher bending forces which prove the elongation at 

break. 

 

Table 8: Material comparison SLS materials to POM (Materialise, 2014b; Smiths, 2014) 

 

 

Table 9: Cost and weight comparison for the carrier plate 

 

 

Original part

POM PA GF PA PA Alu-filled

Young's Modulus MPa DIN EN ISO 527 2,800.00 3,200.00 1,650.00 3,800.00

Tensile Strength MPa DIN EN ISO 527 67.00 51.00 48.00 48.00

Elongation at break % DIN EN ISO 527 30.00 6.00 20.00 3.50

Shore D-Hardness DIN 53505 81.00 80.00 75.00 76.00

Heat deflection temperature °C ASTM D648 (1.82 MPa) 110.00 110.00 86.00 130.00

Density g/cm3 1.41 1.22 0.95 1.36

Material selection carrier plate

SLS materials
ConditionUnits

Selective Laser Sintering

(SLS)
Conventional method

Name Carrier plate of the hood hinge screw driver

Picture

Part volume 618.00 cm3 761.30 cm3

Part size 247 x 182 x 53 mm 247 x 182 x 53 mm

Material PA GF POM

Weight 753.96 g 1073.43 g

Cost 225 € * 2000 € **

*   Price is based on the 3D printing service bureau www.materialise-onsite.com, without any post-processing operations. 

** Price is an estimation based on expert knowledge. Price includes programming and machining by an external company.
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Production test 

As the carrier plate of the electric hood hinge screw tightening tool was developed in 

the last stage of the master thesis project a production test was not yet performed. 

However the printed part gave the impression of good mechanical and geometrical 

properties, see Figure 59. A test in the production environment is planed after this the-

sis project. 

 

Figure 59: Comparison of the carrier plate 

Additive Manufacturing vs. Conventional Manufacturing 

The carrier plate manufactured by the SLS technology looks identical to the one made 

of POM but by the Additive Manufacturing technology it was possible to reduce the 

weight with inserting a special grid. The grid structure leads to a loss of weight, but the 

grid ensures a certain stability as well. Especially lightweight structures inspired by bi-

onic principles will be an interesting field for Additive Manufacturing in the future. For 

conventional manufacturing technologies such structures are not or only with great 

effort possible. 

 

Carrier plate made of POM Carrier plate made of PA-GF
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5 Implementation of AM at Audi Brussels 

“The value of an idea lies in the using of it.”5 

 

In chapter 5 it should be analysed which Additive Manufacturing technology is the most 

suitable for the serial analysis department’s applications. Moreover, a break-even anal-

ysis evaluates the different implementation options to ensure the economic feasibility 

of a possible investment of an Additive Manufacturing system.  

5.1 Selection of suitable Additive Manufacturing system 

The aim of this thesis is to select and implement one Additive Manufacturing system as 

long as economic feasibility is ensured. To answer this question, first a comprehensive 

literature research including information exchange with other Audi plants which already 

have experience with AM, visits at AM-systems resellers and intensive exchange with 3D 

printing service providers were carried out. The results were summarized in Table 3, 

where the different strengths and weaknesses of the AM technologies are shown. 

Moreover, in context of this thesis project, three samples for specific production 

equipment were developed and produced through a 3D printing service provider (see 

chapter 4). During the development of the three specific production equipment parts 

the main challenge was the recurring question which material to choose and which Ad-

ditive Manufacturing technology to select? For the specific application for Audi Brussels 

with the aim of producing specific production equipment it emerged that SLS was the 

best and FDM the second best technology to fulfil the requirements of producing func-

tional prototypes and end-components.  Their good thermal and mechanical properties 

shown in Table 3 outrivaled the other technologies. Whereas SLS has an advantage over 

FDM because of the bigger variety of material as shown in Figure 5, MJM and SL have 

approximately identical good mechanical properties but because of their low heat de-

flection temperatures it was not worth considering these technologies. The parts pro-

duced by them would not make a use in practice sustainable.  It is planned to invest 

€_200,000 for the implementation of the Additive Manufacturing system. The build 

                                                      

5
 Thomas Edison, American inventor and businessman [1847 – 1931] 
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envelope of the AM system should be able to produce parts with the dimensions of  300 

x 300 x 300 mm as this corresponds to the size of the most specific production equip-

ment used by Audi Brussels. Table 10 summarizes the key points of the AM system. 

Table 10: Main requirements for new AM system 

 

  

According to the requirements quotes were obtained from STRATASYS for a FDM sys-

tem and from 3D Systems for a SLS system (see Appendices B & C). The key figures of 

both systems are shown in Table 11. The characteristics of the two procedures were 

already discussed in chapter 3. Both systems differ considerably with regard to their 

costs. The SLS system ProX500 is including its peripheral equipment with € 373,860  

more than twice as expensive as the FDM system SFORTUS 400 mc  with € 176,800.  

Table 11: Key figures of received AM quotations 

 

 

Type of prototype

Application

Feature size

Material

Planned investment volume

Main requirements for AM system

Technical prototypes and production parts

Specific production equipment

300 x 300 x 300 mm 

Plastics with good balance of strength and flexiblity

200,000 €

AM Technology FDM SLS

Manufacturer STRATASYS 3D Systems

System name FORTUS 400 mc ProX 500

Picture

Build area 406 x 355 x 406 mm 381 x 330 x 457 mm

System size 1281 x 896 x 1962 mm 1744 x 1226 x 2295 mm

Layer thickness 0.127 mm 0.08 mm

Room requirements -
Separated room with air pressure 

and climatisation

System costs 140,000 € 348,425 €

Peripheral equipment costs 36,800 € 25,435 €

Service costs included 15,000 €/year

Training costs Not required 9400 €

Material costs 270 - 320 €/kg 60 - 90 €/kg

Support material costs 270 - 320 €/kg Not required

Suitable Additive Manufacturing systems
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The SLS system favoured by AUDI exceeds the planned investment volume and the FDM 

system implies very high material costs. In addition, the cooperation with the 3D print-

ing service bureau during the development of the three samples of specific production 

equipment went very well. Consequently, before investing in a single system, a make or 

buy analysis has to be performed to check the economic feasibility. 

 

5.2 Make or buy decision for an Additive Manufacturing system 

For the manufacturing of specific production equipment three different options are 

possible for Audi Brussels as shown in Table 12. Option I is subdivided into investing in 

the SLS system or investing in a FDM system. Both options would include an in-house 

development of CAD files. By having either the SLS or FDM system, Audi Brussels could 

manufacture potential specific production equipment in-house. However, the engineers 

will be limited to the strengths and weaknesses of either the SLS or the FDM technology 

with a limited range of materials. Option II would imply more or less the continuation 

of the cooperation with the 3D printing service bureau used during this master thesis 

project and is a mixture of buy and make. The CAD data is developed in-house, but the 

physical parts are manufactured with the AM systems of the 3D printing service bureau. 

With this option the department could benefit from all common AM technologies and 

use all common AM materials. Option III describes more or less the situation before 

starting with this master thesis project. The CAD development of specific production 

equipment and the manufacturing is mainly outsourced.   

 

Table 12: Make or Buy options 

 

 

Option

I II III

Investment 

in SLS system

Investment 

in FDM system

3D printing

service bureau

External 

supplier

CAD

development
In-house In-house In-house Outsourcing

Manufacturing In-house In-house Outsourcing Outsourcing

Technology SLS FDM
All common AM

technologies
Unlimited

Material
Limited to 

SLS materials

Limited to 

FDM materials

All common 

AM materials
Unlimited

Make or buy Make Make Make and Buy Buy
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To answer this question a break-even analysis is performed between the four different 

options. To make the calculation comparable, the control panel protection cover, which 

was developed in the context of this master thesis project serves as a basis for the cal-

culation. Based on the cost analysis of Figure 34, it is assumed that Audi Brussels has 

an annual demand for specific production equipment manufactured by Additive Manu-

facturing of 30 sets of 10 pieces of the control panel protection cover. The acquisition 

costs, fix costs and the variable manufacturing costs for a set of 10 pieces for each op-

tion can be seen in Table 13. Only option I includes acquisition costs because of the 

purchase of a new AM system. The SLS variant includes additional costs for the building 

preparation as several media connections such as air pressure are necessary. Option I 

and II imply the employment of an engineer being able to develop the CAD files. Cur-

rently this position does not exist at Audi Brussels. Consequently a yearly salary of 

60,000 € has to be taken into account. Option III only implies variable costs. As this 

option outsources the CAD development, development costs of 7,000 € per set are es-

timated. The value is taken from the real quote for the control panel protection cover 

(see Appendix A). Option I and II do not have development costs per set as the newly 

employed engineer would be responsible for the development of the specific produc-

tion equipment. The material costs for the control panel protection cover are calculated 

for the SLS system based on a material price of 60 €/kg. The FDM material costs per 

piece are significantly higher due to a material price of 270 €/kg. Additionally the FDM 

process requires extra support material in contrast to the SLS system. The costs for the 

support structure per piece are identical with the actual material costs. Option I and II 

also contain 2 € machine costs per piece which covers maintenance costs, energy costs 

and incidental expenses. The average purchasing conditions for the 3D printing service 

bureau are set to 250 € per piece based on the assumption that 70 % of the purchased 

parts are manufactured by SLS and 30 % by FDM. For the outsourcing option the costs 

per piece are set to 114.50 €, identical to the quote in Appendix A.           
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Table 13: Cost comparison Make or Buy decision 

 

 

Figure 60 plots the given data from Table 13. With an annual demand of approximately 

30 sets it can clearly be seen that option, the 3D printing service bureau is cost wise the 

cheapest solution. For an investment in an AM system to make economic sense, the 

demand and degree of utilization would have to be significantly higher. With an un-

changed demand of 30 sets per year, the FDM system would have a period of amortiza-

tion of approximately five years and for the SLS system it would be approximately six 

years. 

 

 

Figure 60: Cost comparison Make or Buy 
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In Table 14 the advantages and disadvantages of each make or buy option are summa-

rized. For option I it has to be emphasized that having an AM system on-site, in contrast 

to Options II and III, easy and direct access to a Rapid Manufacturing technology is 

guaranteed. Consequently the investment would lead to a rise in creativity for the de-

velopment of specific production equipment as no bureaucratic barriers have to be 

overcome. However, the determination to use one specific AM system involves access to 

only one AM technology and its materials. Additionally, a frequent change of materials 

for the SLS system is not advisable, as the set-up time in terms of changing the powder 

can take up to a few days. This is the main reason why 3D printing service providers run 

a  single machine for each SLS material. Thus the set up time can be reduced to a mini-

mum and the degree of utilization is maximised, which results in very cost-effective 

offers for outsourcing the print jobs. Furthermore, the AM technologies develop at the 

moment at a very fast pace and it is therefore not advisable to invest now in an AM sys-

tem with a ROI longer than two years. During this master thesis project, option II with 

developing specific production equipment in-house and outsourcing the print jobs Audi 

Brussels made a positive experience. The choice of a range of different materials and 

latest technologies are most important points as choosing the right material for a cer-

tain application is the main challenge.  
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Table 14: Advantages and disadvantages of make or buy options 
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6 Conclusion and discussion 

“Innovations do not fall from the sky, but they are the result of curiosity, tenacity, 

knowledge and skills.” 6 

 

The research question of this master thesis report was to evaluate if the expenses and 

product development time for specific production equipment could be reduced by the 

Additive Manufacturing technology and if it is economically  viable for Audi Brussels to 

invest in an AM system. 

6.1 Additive Manufacturing - a suitable technology 

As mentioned in the introduction, Gartner classifies the ‘Enterprise 3D Printing’ at his 

Hype Cycle model in the slope of enlightenment stage with an estimation that Additive 

Manufacturing will reach the plateau of productivity in the next 2 to 5 years (see Figure 

2). This master thesis project has proven that the usage of the Additive Manufacturing 

technology for the fabrication of specific production equipment is not a dream of the 

future, but reality. Especially, the technologies Selective Laser Sintering and Fused 

Deposition Modelling have proven their validity to manufacture specific production 

equipment of end-component characteristics. This master thesis report especially 

showed that the SLS technology is particularly suitable for the fabrication of protection 

covers. The protection cover samples for the centre console and the combi instrument 

presented in this thesis report showed that both technologies provide suitable materi-

als at competitive prices. Particularly, polyamide was very well received by the work-

force because of its smooth surface after post-processing and its balanced material 

properties. Producing complex items directly from CAD data in only few hours is accel-

erating the development proceedings significantly. The Additive Manufacturing system 

makes it possible to put almost any creative idea into practice. Only the limited choice 

of material and the limited build envelope size may restrict potential ideas. Further-

more, the high acquisition costs for professional Additive Manufacturing systems are a 

                                                      

6
 Christian Wulff, former President of Germany [1959 – present]; original quote: ”Innovationen 

fallen nicht vom Himmel, sondern sind das Ergebnis von Neugier und Hartnäckigkeit, von Wissen 
und Können“ 
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deterrent. However, as it is for Audi Brussels not economically and technologically rea-

sonable to commit themselves to a single Additive Manufacturing technology, out-

sourcing the 3D print is the best choice. Besides, the potential analysis of Additive Man-

ufacturing, this master thesis report has shown that Audi Brussels has potential for im-

provement regarding its in-house competence of developing specific production equip-

ment via Computer-Aided-Design, apart from Additive or Conventional Manufacturing. 

By increasing the amount of specific production equipment developed in-house the ex-

penses could be reduced significantly as the development costs for purchased equip-

ment make up the lion’s share. Therefore chapter 6.2 includes a proposal for a further 

approach to developing in-house engineering competence. 

6.2 Development of in-house engineering competence 

This master thesis project has shown Audi Brussels the potentials of Additive Manufac-

turing. Though not having an own AM system, it should become an inherent part for the 

development and manufacturing processes of specific production equipment by out-

sourcing the print jobs as shown in Figure 61. However, to benefit from the possibilities 

of the Additive Manufacturing technology good in-house engineering competence is a 

prerequisite.  

 

Figure 61: Structure for new tool workshop 
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Building-up in-house engineering competence was identified as an area requiring action 

on the part of Audi Brussels as the engineering sector provides the most added value. 

Therefore the workshop employee, who is mainly doing manually work, will get a CATIA 

CAD training to enlarge his skills and moreover a new engineer should be employed full 

time to initiate a turnaround of outsourcing specific production equipment. In addition, 

with the MakerBot Replicator, a personal 3D printer was bought to create geometric 

prototypes with a maximum size of 250 x 200 x 150 mm. The personal printer is very 

suitable for geometric tests. Figure 62 visualizes the use of the MakerBot manufactur-

ing a electric screw tightening tool top piece for the hatchback hinge.  

 

Figure 62: Geometric prototype for a electric screw tightening tool top piece 
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6.3 Outlook 

Whether 3D printing will revolutionize everything is questionable, but Mr. Barack 

Obama is completely right that the Additive Manufacturing technology has great poten-

tial to do so.   

The significant growth with a constant double-digit compound annual growth rate 

(CAGR) of the AM market size over the past years shows that industry is placing their 

trust in this advanced technology, see Figure 63. Decreasing hardware and material 

costs, besides, increasing available materials and productivity of the Additive Manufac-

turing systems will lead, according to Deloitte and Wohlers, to an Additive Manufactur-

ing market size of $ 10.8B by 2020, see Figure 63.   

 

Figure 63: Global Additive Manufacturing market size and forecast (adapted from Deloitte, 2014; 

Wohlers, 2014b) 

Currently it is not advisable for Audi Brussels to invest in an Additive Manufacturing 

system if the economic feasibility is not ensured 100% as a huge drop in price of Addi-

tive Manufacturing systems can be expected in the coming years because key patents 

expired in 2013 and 2014. This explains also the tremendous rise in personal printers 

sold, shown in Figure 27, which are based on the FDM technology. Prior to the FDM pa-

tents expiring, these personal printers cost thousands of dollars and after the expira-

tion personal printers are available for few hundred dollars (Hornick & Roland, 2014). 

The expiration of key patents will increase the competitive situation which will in turn 
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increase innovation and reduce acquisition costs for industrial Additive Manufacturing 

systems.     

Regarding specific production equipment, this master thesis report demonstrated that 

the Additive Manufacturing technology is particularly suitable to fabricate covers pro-

tecting the car interior during the assembly process. In addition, to protect the car inte-

riors, Additive Manufacturing has the potential, due to its geometrical freedom at rea-

sonable costs, to reduce also in future repetitive stress injuries of assembly workers. In 

the medical field the AM technology is already producing prostheses; assembly workers 

as shown in Figure 64, could also benefit from protective wear which could also be pro-

duced by AM  in  the future too.     

 

Figure 64: Additive Manufacturing thumb protection (Isaiah, 2014) 
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