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Abstract
Subtractive manufacturing are the most common methods in the aerospace industry 
to manufacture components. In these parts the buy to fly ratio is low and it needs 
accurate strengths analyses to static and dynamic loads especially were the different 
parts relate to each other with fasteners in the assembly work. Additive manufacturing 
has now been developed to be of such quality that the aerospace industry see the 
potential to use the technology in their production of parts. It has been possible to 
make them lighter, stronger and reduce the total amount of parts in an assembly. This 
mean probably some changes to the stakeholders in the process of their product 
development. Engineers who are working on the products will need to face the design 
aspects and restrictions with AM to choose the right component/sub-assemblies to 
convert to AM parts.  
 
This thesis will address the possibility to redesign a wing rudder and to get some 
knowledge about the engineer’s point of view of AM and how it may affect them. 
Today there are several aerospace industries adopting AM and get airworthy 
components to less critical parts as brackets but also parts in the engines as the fuel 
nozzle in an Airbus (Trimble, 2016). For larger parts, there have also been studies to 
use AM for example internal galley partition but the result is it will take too long time 
to print by todays machines. There are several different methods for AM and Powder 
Bed System is popular in the aerospace industry according to its geometrical 
correctness to the CAD model (Dordlofva, Lindwall, & Törlind, 2016). Commercial 
aircrafts industry starts to get harder regulations for their emissions to get lighter planes 
and less air resistance. AM open up the possibilities to meet these requirements by 
producing parts which was impossible to produce before. The design process for AM 
design today are not fully known yet, which leave a lot to imagination. There are 
general design rules on how to design for AM build but it does not necessary mean 
the part will be correctly built. There are several cost driven aspects with AM, the 
most expensive part is the print time but there are different aspects to. For example, 
CNC machining may be needed after the AM build and add cost for subtractive 
manufacturing.  
 
Interviews with engineer’s groups have been made to conduct their thoughts and 
knowledge of AM and how it may affect their work. Some uncertainties were 
mentioned and it was most focused on the process and the reliability of the finished 
part. The engineers think the design process will be almost the same and only change 
boundary conditions. To get ideas, a workshop was made with some design guidelines 
for development of different designs on the wing rudder and to bring positive and 
negative aspects to the design. An overall cost calculation was made for a few parts 
and the result shows that it is hard to compete with the design of the wing rudder 
today. The most important aspects for a success of AM is the print speed, qualified 
manufacturing processes and CAD software support for the engineers.  
 
 
 
KEYWORDS: Additive manufacturing, Design for additive manufacturing, Aerospace 
industry, Design study, Engineers process aspects   



 
 
 

 

Sammanfattning 
Flygindustrin använder sig främst av subtraktiv bearbetning i sin framställning av de 
olika komponenterna till ett flygplan. Det blir då ofta en väldigt låg grad av 
materialutnyttjande, endast några procent återstår av det inköpta utgångsmaterialet. 
Till det tillkommer monteringsarbete och noggranna hållfasthetsanalyser, både statisk 
och utmatningshållfasthet av sammanbyggda skarvar där fästelement är en del. Den 
additiva tillverkningen har nu utvecklats och visat sig inneha kvalitéer för att klara 
kraven som ställs i flygindustrin. Det kan göra detaljerna lättare, starkare och minska 
antalet komponenter i monteringsarbetet. Det kan innebära en hel del förändringar 
för olika intressenter som får börja tänka annorlunda. Ingenjörer som arbetar med 
produktframtagning kommer att ställas inför utmaningen att applicera denna teknik 
på lämpliga delar/delkonstruktioner.  
 
Detta examensarbetet undersöker möjligheten att designa ett vingroder till ett flygplan 
och bilda en uppfattning om ingenjörernas förtroende för additiv tillverkning samt 
hur det kommer påverka dem. Det finns idag flera flygindustrier som har påbörjat att 
ta fram flygvärdiga komponenter, framförallt mindre kritiska fästelement men även en 
del artiklar i motorer så som bränslemunstycke hos Airbus (Trimble, 2016). De har 
analyserat möjligheten att använda additiv tillverkning på större artiklar såsom inre 
kabinstruktur men har kommit fram till att det tar för lång tid att tillverka med dagens 
maskiner. Det finns flertalet olika additiva tillverkningsmetoder men den som står ut 
är pulverbäddskrivaren då den har en bättre geometrisk korrekthet gentemot CAD 
modellen (Dordlofva, Lindwall, & Törlind, 2016). Nya reglementen för utsläpp i den 
komersiella flygindustrin pressar företagen att bygga bättre flygplan som är lättare och 
därmed får mindre luftmotstånd. Designprocessen för additiv tillverkning är inte given 
då det inte finns några givna processer som täcker hela processen. Det finns generella 
design-riktlinjer i vad de olika maskinerna klarar av att bygga, men samtidigt är det 
ingen garanti att genom att följa dessa riktlinjer skapa en fungerande design. Det finns 
flera olika kostnadsdrivande aspekter med additiv tillverkning. Det som mest driver  
kostnaden idag är den låga skrivarhastigheten. Andra kosnadsdrivare är om det 
tillkommer efterarbete för att uppfylla toleranser eller få en korrekt / plan 
sammanfogningsyta.  
 
Arbetet har utförts med intervjuer av ingenjörsgrupper för att skapa en uppfatting om 
deras syn på additiv tillverkning  och hur det skulle ändra deras arbete. En viss 
osäkerhet förekom men det berodde framförallt på osäkerheten för säkring av 
processen, dvs tillverkningsprocessen och att kunna vara säker på att detaljen håller 
måttet. De ansåg att designprocessen inte skulle förändras så mycket, utan bara att 
randvillkoren skulle ändras. Utifrån workshops och designriktlinjer har koncept tagits 
fram och utvärderats med för och nackdelar. En översiktlig kostnadskalkyl har gjorts 
som visar på att det blir svårt att designa roder som en större enhet för additiv 
tillvekning som är ekonomiskt jämförbart med dagens tillverkingsmetoder. De 
viktigaste framgångsfaktorerna för additiv tillverkning är ökad skrivarhastighet, 
kvalificering av tillverkningsprocesserna och CAD stöd för ingenjörerna. 
 
NYCKELORD: Additiv tillverkning, Designstudie, flygindustrin, design för additiv 
tillverkning, ingenjörernas process  

  



 
 
 

 

Content 
1	 INTRODUCTION   1	

1.1	 Background   1	
1.2	 Stakeholders   2	

1.2.1	 Company Saab AB (Saab Aeronautics)  2	
1.2.2	 Engineers   2	
1.2.3	 Customers    2	

1.3	 Objective and aims   3	
1.3.1	 Research question    3	

1.4	 Project scope   3	
2	 CONTEXT   4	

2.1	 Current state   4	
2.2	 Benchmarking   4	

2.2.1	 Powder Bed Fusion   5	
3	 THEORETICAL FRAMEWORK   9	

3.1	 Industrial design engineering   9	
3.2	 Additive Manufacturing in the aerospace industry  10	
3.4	 Design for Additive Manufacturing   11	

3.4.1	 Design process   11	
3.4.2	 Topological Optimization   13	
3.4.3	 Verification process   13	
3.4.4	 Post-processing    14	

3.5	 Materials    14	
3.6	 Cost   15	

4	 METHOD AND IMPLEMENTATION   16	
4.1	 Process   16	
4.2	 Project planning   17	
4.3	 Context immersion   17	
4.4	 Benchmarking   17	
4.5	 Literature review   17	
4.6	 Interview   18	
4.7	 Ideation   19	

4.7.1	 Workshop   19	
4.8	 Implementation   19	

4.8.1	 Evaluation method   20	
4.9	 Method discussion   20	

5	 RESULTS   21	
5.1	 Results of interviews   21	

5.1.1	 Today’s design process and responsibility  21	
5.1.2	 Engineers thoughts about Additive Manufacturing  22	

5.2	 Results of the workshop   22	
5.3	 Results of detailed development verification  26	

5.3.1	 Concept 1   26	
5.3.2	 Concept 2   27	
5.3.3	 Concept 3   28	
5.3.4	 Concept 4   29	
5.3.5	 Concept 5   30	
5.3.6	 Topological Optimization   30	

5.4	 Analyse of the concepts Result   31	
5.4.1	 Cost   33	

6	 DISCUSSION   34	
6.1	 Result of the interviews   34	
6.2	 Concept Result   35	

6.2.1	 Concept 1   35	
6.2.2	 Concept 2   36	
6.2.3	 Concept 3   36	
6.2.4	 Concept 4   36	
6.2.5	 Concept 5   36	



 
 
 

 

6.2.6	 Topological optimization   36	
6.3	 Analyze of the concept Result   37	
6.4	 Relevance   37	
6.5	 Reflection   38	
6.6	 Conclusions   38	

6.6.1	 Wing rudder redesign possibilities   38	
6.6.2	 Design process indications   39	

6.7	 RECOMMENDATIONS   39	
 
  

List of appendix 
 
APPENDIX 1 Interview questions   1 page 
APPENDIX 2 Concept 1   4 pages 
APPENDIX 3 Concept 2   2 pages 
APPENDIX 4 Concept 3   2 pages 
APPENDIX 5 Topological Optimization  4 pages 

List of figures 
All illustrations, if nothing else is stated are created by the author and the illustrations 
from other creators the rights for usage have been solved.  
 
Figure 1 - Powder Bed Fusion printing process ______________________________________________________ 6	
Figure 2 - Manufacturing workflow comparison between AM and Machining with cost driven parts indication 
(Hällgren, Pejryd, & Ekengren, 2016). _____________________________________________________________ 7	
Figure 3 - Direct Energy Deposit printing process ____________________________________________________ 8	
Figure 4 - Cost per unit comparison between AM and Conventional manufacturing process (Mellor, Hao, & 
Zhang, 2014) Illustration by Marcus Ekman. _______________________________________________________ 10	
Figure 5 - Process for part orientation ____________________________________________________________ 12	
Figure 6 - Illustration of design guidelines for AM ___________________________________________________ 13	
Figure 7 - Illustration from the crack test setup for Aluminum alloy EN AW-7075 (Reschetnik, o.a., 2016) and the 
building direction of the part. ___________________________________________________________________ 14	
Figure 8 - Design process illustration _____________________________________________________________ 16	
Figure 9 - Illustration of Load application on the rudder ______________________________________________ 20	
Figure 10 - First idea iteration from the workshop __________________________________________________ 23	
Figure 11 - Second idea generation from the workshop ______________________________________________ 24	
Figure 12 - Building direction illustration of the most concept _________________________________________ 24	
Figure 13 - Illustration of a top and bottom part design proposal form the workshop ______________________ 25	
Figure 14 - Illustration of some more sketches for future development _________________________________ 25	
Figure 15 - Illustration of concept 1, in red where support structure is needed ____________________________ 26	
Figure 16 - Design proposal of the internal structure as a one part design _______________________________ 26	
Figure 17 - Design proposal of a three part design with fasteners connecting the parts ____________________ 27	
Figure 18 - Illustration of connection proposals between the parts. A, connection of the internal structure and B, 
the thicker design ____________________________________________________________________________ 27	
Figure 19 - Illustration in red where support structure is needed for a top and bottom design proposal _______ 28	
Figure 20 - Illustration of top and bottom part and the connection between them. _______________________ 28	
Figure 21 - Illustration in red where support structure is needed for the concept 4 ________________________ 29	
Figure 22 - Internal structural design, printing direction and 2 possible internal structure designs ___________ 29	
Figure 23 - Support structure of an angled wing rudder ______________________________________________ 30	
Figure 24 - Topological optimization design proposal. In red, density one and the blue close to zero. Different 
load scenario than the other simulations __________________________________________________________ 30	
Figure 25 - Topological Optimization in Hyperworks with a density set to 0.2 ____________________________ 31	
Figure 26 - Illustration of the problematic internal structure for powder removal _________________________ 32	
Figure 27 - Illustration where lattice net structure would be preferable to reduce the buckling phenomenon and 
removal of powder ____________________________________________________________________________ 33	
	
	 	



 
 
 

 

List of Tables 
Table 1 Different printers (Arcam, 2017; EOS, 2017; Sciaky, 2017; Benedict, 3deres, 2017a) __________________ 5	
Table 2 EN AW-7075 properties thru Reschetnik, o.a., (2016) research. Table by Marcus Ekman ____________ 15	
Table 3 Value matrix of the concept in a theoretical aspects __________________________________________ 32	
Table 4 Cost calculation with Hällgren, Pejryd, & Ekengren (2016) data. ________________________________ 33	
 

Abbreviation list 
AM  Additive Manufacturing  
CAD Computer aided design 
CMM Coordinate Measuring Machine  
CNC machine Computer numerical Control Machine 
CT Computed Thermography 
DED Direct Energy Deposit 
DfAM Design for additive manufacturing  
DMLS Direct Metal Laser Sintering  
EBM Electronic Beam Melting 
FDM Fusion Direct Melting  
FEM  Finite Element Methods 
FoT Forskning och Teknik (not translated) 
HIP Hot Isostatic Pressing 
MBB Messerschmidt-Bölkow-Blohm 
MMA Method of Moving Asymtioms 
PBF Powder Bed Fusion 
SLA Stereolithography Apparatus 
SLS Selective Laser Sintering 
SLM Selective Laser Melting 
SPC Single Point Constraint 
TO Topological Optimization 

 
 



 
 
 

 1 

1  Introduction  
This study analyses the possibility to use AM technology to redesign a wing rudder, 
aiming towards fewer parts and fewer assembly points to reduce, the manufacturing time, 
less fasteners and cost, with usage of less material to increase the buy to fly ratio. The 
design approach is a product development process aiming to find different design solutions 
to get a 3D printable design. It also includes an exploration of how AM may affect the 
engineers in the design process. The study is performed as a master thesis project in 
Industrial design engineering, Luleå University of Technology, for the client Saab AB, 
during 20 weeks, spring 2017.   
 
1.1  BACKGROUND 
Today, metal aircraft structure is usually created by subtractive manufacturing. Several 
parts are assembled into subassemblies in different stations, and last into the airframe 
structure. The parts are often manufactured from a thick sheet of metal with a weight 
of 2000kg, but the final parts may only have a weight of 50kg, hence it is a lot of 
material waste. The parts are assembled with mechanical fasteners which are mounted 
in predrilled holes, or the parts are placed with a fixture and drilled for the fasteners. 
The joining points in the assemblies needs a lot of analyses on how the loads will 
affect the structure. Mechanical fasteners points in the assemblies are often the points 
that have the largest risk for damage or fatigue damage. Parts and their possibilities to 
assemble are often a critical point, therefore this study aims at exploring how the part 
can be designed. 
 
There is design and manufacturing technologies which will make it possible to reduce 
the number of fasteners and material waste. One interesting technology is the 
technology of Additive Manufacturing (AM), which has been developed over the 
years. Up to now some cases have been so good that you can produce parts lighter 
and stronger than the subtractive methods can do. Therefore, quite many companies 
are interested to know how it is possible to redesign their parts with AM to get them 
lighter and stronger to a lower cost. This new technology is something Saab AB is 
interested in and lead to this assignment to redesign a wing rudder with AM 
technology.  
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1.2  STAKEHOLDERS 
Stakeholders have interest to be introduced to AM and see some different results 
during the development process.  

1.2.1 Company Saab AB (Saab Aeronautics) 
Saab Aeronautics is the main stakeholder of this master thesis project in the area of 
design for additive manufacturing. Today Saab AB is a Swedish defense product 
manufacture company with 80 years of experience of design and building aircrafts. 
The responsibility for the products are divided in several areas. The areas are Air, 
Land, Naval, Security and Civilian airspace. This project is conducted within the Air 
area. In the Air area, it is most focus on the Gripen product which is a military aircraft. 
JAS 39 Gripen is a multi-role aircraft build for air to air, air to surface and 
reconnaissance. In Swedish JAS is an acronym for Jakt, Attack and Spaning (Hunt, 
Attack and Reconnaissance). Saab AB, has its headquarter in Stockholm Sweden and 
are active on several places in Sweden and different countries in the world close to 
their customers (Saab Group, 2017).  

1.2.2 Engineers  
The design engineers have to design the new parts and manage to design parts after 
the new design freedom that AM gives. At first it may be more complex because they 
may not be used to it and no design program support AM in full context. In some of 
today’s research they have FEM analyses to design their parts after. This may change 
their work so they have to start from the different forces the aircraft has to be designed 
for. The simulation of the part installation will probably be the same or it will be 
fewer parts in total to assemble. To simulate the manufacturing process and using 
different manufacturing tools will be less but it can instead be interesting to simulate 
how to apply the material.  

1.2.3  Customers  
The customers are in this case, air forces which are the operators of the aircraft can 
get possibilities to produce spare parts of the whole airframe at their location instead 
of, at Saab Aeronautics. Customers also have possibilities to get longer endurance 
because of the lighter aircraft. A stronger and lighter airframe gives the possibility to 
load the aircraft more. This together may open to new customers because the aircraft 
will get better capabilities.     
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1.3  OBJECTIVE AND AIMS 
The objective is to develop design solutions of a wing rudder for AM manufacturing 
and how it will affect the design engineers to think in designing and optimizing the 
parts using AM technology instead of more conventional design process or a reversed 
design process. 
 
The assignment description stated that the study will be performed as if the problems 
with qualification and reliability of the process are solved, even though they currently 
are big issues in the area.  
 
The aim is to design concepts for a wing rudder with AM possibilities and limitations 
in consideration, and to explore the following research questions.  

1.3.1 Research question  
The main research questions are following 

• How is it possible to redesign a wing rudder to get a printable design with 
lower weight, less parts, less material waste and stronger?  

• How will AM affect the design engineers, methods, way of 
thinking/designing and will it be changed from today’s methods? 

 
1.4  PROJECT SCOPE  
This project is carried out during a 20 weeks’ period at Saab Aeronautics.  
This design study would not include full CAD and FEM analyses for a design ready 
to go into manufacturing. The head focus on material will be metallic and no plastic 
for the aerospace industry. Other manufacturing possibilities for plastic materials will 
not be included. 
 
A literature study of AM in aircraft industry will be performed to gather information 
of the state of the art of AM today. The focus is on components, design/analyses 
methods (CAD/FEM) and materials.  
 
The scope of the project is: 

• A business intelligence of AM, state of the art open sources 
• Develop design solutions of rudder with AM technology 
• Interview of engineers, how they will be affected by DfAM and the 

possibilities with AM 
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2 Context  
The research is on parts designed today in aerospace industries with AM and machines 
for AM on the market today. This context is made up from different AM companies 
and some business that use AM technology in their production, with focus on metal 
AM systems for aerospace industry.  
 
2.1  CURRENT STATE 
AM in the aerospace industry has already been adopted to less critical and smaller 
parts. This has been done at Saab and some other commercial aircraft industries. 
Airbus manufacturing today their fuel nozzles for their engines with internal channels. 
An Airbus A320neo has 19 fuel nozzles which today are manufactured with Selective 
Laser Sintering (SLS) with 20 microns thick layers. Airbus has also made an internal 
galley partition structure with help of AM (Trimble, 2016). It is built in 130 pieces, 
116 in Scalmalloy (alloy developed by Airbus) and 14 in titanium. With today’s AM 
manufacturing techniques, it takes 900 hours to produce the internal galley partition. 
Airbus think AM would be a new winning concept if it only will take 200 hours to 
produce the galley partition. They are also getting new materials approved for 
different types of methods in the aerospace industry. Airbus will test their design tool 
on a 1.8 meters spoiler for A320s. Airbus made their first metal bracket with a bionic 
design in 2014 (Trimble, 2016). For a duct installation in an aircraft they have reduced 
the original design from 16 parts to one and they also reduced the assembly time and 
cost (Gibson, Rosen, & Srucker, 2014). Airbus manufacture brackets in both titanium 
and stainless steel with a DMLS system (EOS GmbH, 2015b). EOS developed a 
system to repair industrial gas turbines for Siemens. They manage to reduce the repair 
time by 90% and also make updates on the old parts for the new standards (EOS 
GmbH, 2015a). Gulfstream G280 aircraft manufactures main door hinges with the 
technology of AM (Muri, 2013). They look at smaller brackets and non-critical 
structure. This is because the printers today are not qualified for critical parts for the 
aerospace industry.   
 
Rolls-Royce claims to have printed the largest AM assembled produced part. It is 1,5 
meters in diameter and a half meter thick (Rolls-Royce, 2017). It is the front bearing 
house to the engine. According to Rolls-Royce, the lead-times is cut with 30% and 
it also optimizing the part. They have today sold 41 engines since this article first was 
produced in 2015-11-09. They think this will be incorporated at civil engines, a 
market of around 1500. It is produced with Arcams AM printer and contains 48 
aerofoils (Hou, 2015).   
 
2.2  BENCHMARKING 
There are some different techniques in AM systems. Powder Bed Fusion (PBF) is a 
common one which you can have with Electronic Beam Melting (EBM), Direct 
Metal Laser Sintering (DMLS), Selective Laser Sintering (SLS) and Selective Laser 
Melting (SLM). PBF is popular among aerospace industries because of its better 
consistency to the CAD model (Dordlofva, Lindwall, & Törlind, 2016).  
In a research, the comparison between different printing methods the 
stereolithography apparatus (SLA) process has the most difference between various 
printed surfaces. Some are good and some are not so good. The SLS method showed 
the most consistency on overall surfaces and has an overall consistency to the CAD 
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model. Fusion Direct Melting (FDM) did show not so good accuracy to the CAD 
model due to material lost during the measurement process, impact of the 
measurement stick with Coordinate Measuring Machine (CMM) (Shah, Racasan, & 
Bills, 2016). This test was done on non-metal prints. 
 
So far, the range of printing volume is different among companies but around 
300x300x380mm is the most common with a powder bed. In table 1, some printers 
and their technical data are shown. Arcam Q20PLUS has a diameter of 380mm and 
build height of 380 mm (Arcam, 2017). EOS with their EOS M 400-4 has a building 
area of 400x400x400mm and a scanning speed of 7 m/s. Build rate of 100cm3 per 
hour with four lasers (EOS, 2017). There is also a lot of other techniques with bigger 
print area. For example, Sciaky with print area of 2692x1194x1600mm. With an 
Electronic Beam Additive Manufacturing method. This can be included in Direct 
Energy Deposit (DED) systems (Sciaky, 2015). 
 
Department of Science and Technology in South Africa has invested a lot to develop 
a large scale commercial metal 3D printing system since 2012 called Aeroswift. With 
focus on medical and aerospace markets. The system aiming to have a printing since 
of 2000x600x600mm (Benedict, 2016). Recently another article revealed Aeroswift 
to be a titanium SLM printer and it would print ten times faster than other SLM 
printer on the market today. By 2019 the plan is to commercialize Aeroswift 3D 
printer (Benedict, 2017; Scott, 2017). 
 
Table 1 Different printers (Arcam, 2017; EOS, 2017; Sciaky, 2015; Benedict, 2016; Sciaky, 2017) 

Printer		 Technique	 Build	size	(mm)	
Printing	
speed	

Energy	
source	

Arcam	Q	20	PLUS	 PBF	 D380x380	 		
Electronic	
beam	

EOS	M	400-4	 PBF	 400x400x400	 100cm3/h	 4	Lasers	

Sciaky	 DED	 2696x1194x1600	 	7-20	lbs/h	
Electronic	
beam	

Aeroswift	 PBF	 2000x600x600	 		 Laser	
 
 
The most CAD system today cannot manage more than 1000-2000 elements. AM 
often get around 18 000 surface elements in a single part, therefore you may not be 
able to see these surfaces (Gibson, Rosen, & Srucker, 2014).  There are several CAD 
program companies who are developing new systems with tools adapted for AM. For 
example, Dassault Systems with their Catia 3Dexperience/Catia V6 which goal is to 
do the whole design process smother by an integrated system where there is no need 
to jump between different software’s (Dassault Systemes, 2017). Recently even other 
large software creators for CAD systems are releasing software adopted for AM and 
DfAM.  

2.2.1 Powder Bed Fusion 
PBF systems for metal has mainly two techniques for metal systems. They are EBM 
and SLS/SLM (Dordlofva, Lindwall, & Törlind, 2016). EBM system is an electronic 
beam which melt the powder and in SLS/SLM has a laser instead. The building 
process is in a building chamber usually heated to reduce the power needed for the 
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electronic beam or laser to melt the powder. The powder is applied by the roller 
mechanism over the building platform in very thin layers and then melted. Then the 
building platform go down one step before the next layer is applied and melted. The 
powder printing process and a principle sketch of the machine, see illustration figure 
1 below. For EBM there are vacuum in the chamber and for SLS/SLM they use an 
inert gas. Then the part is slowly cold down before powder is removed and prepared 
for the next finish treatments (Gibson, Rosen, & Srucker, 2014; Vayre, Vignat, & 
Villeneuve, 2012).  
 

 
Figure 1 - Powder Bed Fusion printing process 
 
The loose powder in the building platform makes in some cases a support to the build 
structure but sometimes a support structure will be needed. This makes it possible to 
make very complex design and internal structure with for example small ventilation 
holes. The surface finish is mainly dependent on the powder size and the operation 
conditions. The smaller the powder corn is the better surface finish. But as the size of 
the powder get smaller it is more problematic to apply the powder evenly distributed 
over the build platform. PBF systems usually have longer building times because of 
its pre-heated building platform which need time to cool down when the build is 
finished (Gibson, Rosen, & Srucker, 2014). In figure 2 illustrate the entire process for 
the PBF building process against the subtractive manufacturing process and different 
cost driven aspects for the manufactured part (Hällgren, Pejryd, & Ekengren, 2016).  
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Figure 2 - Manufacturing workflow comparison between AM and Machining with cost driven parts 
indication (Hällgren, Pejryd, & Ekengren, 2016). 
 
DED is a process where the material is not pre-laid on the building platform. It is 
instead deposit direct as it melts by the electronic beam or laser. The most common 
one is laser. It can be seen as a type of welding. This process is build up with beam 
focus at the material to melt a little of their earlier layer and then melt the new material 
from the material feeding system, powder or wire (Gibson, Rosen, & Srucker, 2014). 
The deployment rate of the process depends on several aspects like laser power, 
powder flow and the gas flow (Vayre, Vignat, & Villeneuve, 2012). To reduce 
oxidation the process is protected by inert gas. Electronic beam system need a vacuum 
chamber instead because it has not the best compatibility with inert gas. With this 
technique, it is not necessary to build the part in one and same direction. For example, 
the building platform can rotate with different angels which reduce the need of 
support structure to the fact that a 5 axes system is often used for the nozzle in a CNC 
structure. To build fine detailed and complex structure there will be need for support 
structure too and the geometrical correctness is not as good as with PBF systems. 
Therefore, needs work with CNC machines to get a smoother surface (Gibson, 
Rosen, & Srucker, 2014; Vayre, Vignat, & Villeneuve, 2012). 
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When looking at material feeding systems, 100% of the powder will not be captured 
during the build. With powder, there are the possibility to change the feed rate to 
the build. The usage of several powder feeders it gives more even deposit to the build 
but is not as protected by the gas as a single feeder. With this system, it is possible to 
change the lasers way to get less risks for corrupted material in a parallel feeding line 
layer by layer. The wire feed system is closer to 100% usage except some splashes 
from the melting pool. The wire depended on the layer thickness and maybe need 
larger melting pools to connect it with the earlier layer (Gibson, Rosen, & Srucker, 
2014).  

 
Figure 3 - Direct Energy Deposit printing process 
 
This method has mainly been used by aerospace industry on bigger parts with smaller 
features to increase stiffness to the part or connection points to other parts. By doing 
this the material waste decrease. DED process also has been combined with CNC 
machine as a tool so it can usage one setup to manufacture the part with both 
subtractive and additive manufacturing see figure 3 for an illustration of the system 
(Gibson, Rosen, & Srucker, 2014).  



 
 
 

 9 

3 Theoretical framework 
In this section, the research is about industrial design engineering, additive 
manufacturing, design for AM and some aspects about material and cost, this is the 
framework of this project.  
 
3.1  INDUSTRIAL DESIGN ENGINEERING  
For thousands of years the humans have studied and been inspired by the nature. This 
have led to creating/designing tools, to help us in our daily life for survival, which 
have led to design knowledge (Friedman, 2000). Through the years, we have now 
developed skills in different new design areas. The design process has been developed 
with new technology and it is our responsibility as designers to be open for new tools, 
to adapt our design to the tools which are developed, and to see opportunities and 
threats in the market (Friedman, 2000). The design methods of development today 
for subtractive methods and casting has been with us for a long time. New possibilities 
stand before us with a more sustainable thinking during the products life cycle. With 
new regulations of emission, commercial aircraft needs to be lighter with less air 
resistance and changes should be done on the design. With AM technology, there are 
design possibilities that was very difficult or impossible to manufacture before  
(Dordlofva, Lindwall, & Törlind, 2016; Hallstedt, Bertoni, & Isaksson, 2015).  
 
Therefore, the industrial design thinking for sustainability in materials and usage of 
the material is getting more important in the design process in aerospace industry 
(Hallstedt, Bertoni, & Isaksson, 2015). Hallstedt et al. performed a case study and 
formulated a framework to address the aspects earlier in the design process in the 
aerospace industry. For example, in Airbus they often have a buy-to-fly ratio in 10%. 
They buy in materials 100kg solid block and only put a 10-kg part into the aircraft 
according to Trimble S (2016). For the aerospace industry, the product is often 
produced over a long time like 20 years and needed to be supported for a long time 
after end of production, up to 50 years. It is a necessity to be able to replace 
components in an easy way if the component is essential during the time of the aircraft 
service life, according to Saab Aeronautics (2015). In the design process, you should 
look at the energy usage for the manufacturing and the waste of material during the 
manufacturing. Trade-off during the design process intersect in the sustainability 
design thinking is weight, burned fuel and purchase price (Hallstedt, Bertoni, & 
Isaksson, 2015). We have now the possibility to copy natures design from its 
development. Old design get new life and new become old (Buchanan, 2001).  
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3.2   ADDITIVE MANUFACTURING IN THE AEROSPACE INDUSTRY 
AM started out as a rapid prototyping method in early days, about 20 years ago. AM 
was then applied for fabrication of function and conceptual prototypes (Mellor, Hao, 
& Zhang, 2014). The client could test their ideas during development process to get 
feedback before commercialization. It may let you as a designer make complex design 
and manufacture them directly without deciding which type of machine and tools or 
even apply fixture to make the detail finished. By using AM, it said to shortens the 
time and cost in the development process. Recently there have been new AM 
methods introduced which makes it possible to manufacture metal parts (Gibson, 
Rosen, & Srucker, 2014).  But at the same time the volume of produced parts impacts 
if conventional methods are cheaper per part or not, see figure 4 below (Mellor, Hao, 
& Zhang, 2014). Airbus for example is indicating that you can design new parts in a 

completely different way and 
building intricate shapes with thin 
layers. It would be difficult or 
impossible to manufacture using 
the subtractive methods in the 
today’s traditional manufacturing. 
To get certified, the material and 
the AM process must be qualified 
for building aircraft structure and 
the basic material will be approved 
in about 2 years. Titanium alloy 
was qualified in 2015 (Trimble, 
2016). 
 
 

 
 
 
 

Using high-speed CNC machines, material can be removed faster than AM can add 
material in a similar volume. But this is only a small part of the whole picture. AM 
technology can produce a part in a single step. CNC machines need process planning 
and setup planning, which increases when the part become more complex. With 
CNC, a reposition of the part is often needed before continuing with later steps in 
the process.  To get high quality it may take a few days with AM but the parts is 
often batched in the same AM build. With the CNC machine, the machining time 
may be shorter, but planning and downtimes may take weeks to get the part produced 
(Gibson, Rosen, & Srucker, 2014). Airbus is looking at their AM of a multifunction 
titanium fuel pipe. They did not get any weight reduction but cost saving by 50% 
even if manufacturing in this case is slow today. They say it takes about 40 hours to 
print and it only takes three weeks for the whole process to get the part done. More 
traditional construction with casting have lead-times of more than half a year 
(Trimble, 2016). 
  

Figure 4 - Cost per unit comparison between AM and 
Conventional manufacturing process (Mellor, Hao & Zhang, 
2014) Illustration by Marcus Ekman. 
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3.4 DESIGN FOR ADDITIVE MANUFACTURING  
There are several different steps in an AM design process and moments which need 
to be done to control the part. AM opens to a whole new design possibilities but with 
a lot of uncertainty and in this chapter some guidelines in design and after-treatment 
of part manufactured will be mentioned.  

3.4.1 Design process 
Additive manufacturing opens up new possibilities in the design but there are a few 
aspects to consider. One for example is the build orientation which can affect how 
much support structure the build will need or the properties of the material. A user-
centered guide is necessary for the structural of the design to assist the designer to 
make smart decisions and overcome the conventional design methods for structural 
parts. Such design principals are rarely found in the literature. They are often not 
providing enough background information to give new designers the knowledge they 
need (Kumke, Watschke, & Vietor, 2016). During the design for AM some principals 
from conventional manufacturing may be needed too. Trade-off between principals 
of the design may come in conflict and it is up to the designer to decide which one 
is the most important. Kumke, Watschke, & Vietor, (2016) has developed a proposal 
for a framework to manage these different aspects and trying to fill the gaps.  
 
The design principles depend on some various aspects like; manufacturing process, 
machine, machine parameters and materials. These features can be considered. 
 
Part orientation which are directly dependent on the features:  

• Dimensional accuracy 
• Surface quality 
• Shape accuracy 
• Support volume 
• Building cost  
• Building time  
• Component wrapping  
• Stability 
• Utilization of building space  
• Effort of post processing 
• Accessibility of support structure 
 

The early determination of the part should have been decided before the final design. 
This is to make it easier for the designer to avoid and bypass some restrictions to get 
the best quality of the part.  
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Process for part orientation as illustrated in figure 5:  
First step:  
Decompose the part into its design 
elements so the component fulfills its 
function. 
Step two:  
Orientation of the design features. If the 
feature does not have any impact of the 
quality it can be ignored. This can start 
conflict between the features and it is the 
decision of the designers’ which is the 
most important feature.  
Step three: 
Global orientation of the part. Similar 
orientation on features are important 
because it can increase the post-
processing massively if it’s a bad 
combination with the directions of the 
features. By this you may have your final 
part (Leutenecker-Twelsiek, Klahn, & 
Meboldt, 2016).   
 
 

 
Kranz, Herzog, & Emmelmann, (2015) also mention the importance to identify the 
basic shapes (Leutenecker-Twelsiek, Klahn, & Meboldt, 2016). The typical 
lightweight challenges for AM include part accuracy, surface quality etc. These also 
includes in (Leutenecker-Twelsiek, Klahn, & Meboldt, 2016) list. A list of design 
rules is compiled out of Thomas (2009) in their journal with a Guideline catalog for 
laser additive manufacturing of TiAl6V4 (Kranz, Herzog, & Emmelmann, 2015).     
 
Design guidelines are following in the list below: 

• Do not design parts larger than you know you can print 
• The layer thickness should be an equal multiple to the parts height.  
• Integrate design features as much as possible to reduce manufacturing time.  
• Use cavities to reduce material usage, time, and costs 
• Eliminate places were powder can be nesting by simple design and powder 

removals holes.  
• Do not design horizontal positioned were it is possible. It has the worst surface 

quality and risk for thermal induced stress 
• Avoid sharper corners than the focal diameters of the laser/electronic beam.  
• Around 0.4 mm for minimum wall thickness with walls 10mm high and wide 
• Avoid staircase effect by a good part orientation 
• Holes should be integrated direct not machined after to reduce final machining.  
• Through holes  
• A clear orientation on the holes to make final tooling’s operation and staircase 

effect  
• Minimum diameter at 2mm for powder adhesion and use support structure when 

using larger holes tan 12mm 
• By large cross-section introduce structure to support integrated in part design 

without using support structure  

Step	1	

Step	2	

Step	3	

Design	Concept

Decompose

Design	elements	

Part	functions

Part	orientation

Element	
orientation	
dependent	

Element	
orientation	
independent	

Global	orientation

Combining	
elements

Adapt	design	
overlaps	between	

elements	

Final	Design

Figure 5 - Process for part orientation 
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• Avoid smaller and thinner shapes at lower angels 
• For powder removal design gap areas, as small as possible for the risk of powder 

adhesion 
• Avoid overhangs surface to reduce support structure usage  
• Avoid angels lower than 45 degrees to the building platform to reduce the need of 

support structure 
• Try to angel the part for the lowest building height.  

 
These design guidelines mentioned above are recommendations for laser AM of 
titanium alloy TiaL16V4 (Kranz, Herzog, & Emmelmann, 2015). In figure 6 illustrate 
some of the design guidelines.  

 
Figure 6 - Illustration of design guidelines for AM 

3.4.2 Topological Optimization 
Topological optimization (TO) are a method to design AM components. The features 
should arise from the building direction with constraints by self-supporting structure 
in aspects of the angles of the applied material. It would be preferable to get less 
support structure and minimize time to print and extra work for removing the support 
structure according to Grynor and Guest (2016). When getting these preferences as 
an input, TO is a good way to reduce material, build time post-fabrication. In an 
approach of this they have come up with some parametric for minimum angle for 
self-supporting structure and the minimum lengths of features. By an angle of 63,3 
degrees when using aggressive parametrization with typical Method of Moving 
Asymtoms (MMA) optimizer and Messerschmidt-Bölkow-Blohm (MBB) solutions 
(Gaynor & Guest, 2016).  
 
TO with a buildup formula for AM filter as mentioned to reduce the need of support 
structure and functional printing directions according to Langelaar, (2016). This 
research says that 45-degree from the build plane is optimal to get self-support 
structure. By using 45-degree angle there is no guarantee that the part can be printed 
without support structure. Test have been done and the result gives three different 
forms/design. Two are simpler and one more complex. The result is that the design 
produced with TO is not necessary better or worse. So, both are to be recommend  
(Langelaar, 2016).   

3.4.3 Verification process 
To see if the print fulfills its requirements, a used method is Computed Thermography 
(CT). It is an X-ray microphotography process which can evaluate the surface finish 
and the internal distribution of pores. This is very important in the aerospace and 
medical industry. This can be set up to the CAD model to see the difference, plus 
minus material deposit. With CT, it gives the possibilities to evaluate the 
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manufactured part without destructive evaluation process (Karme, et al. 2015). 
Coordinate measuring machine (CMM) is a common type of machine to measure 
surfaces. It is used to control the finished surface on products to see if they fulfill the 
tolerances for the part. This method is time-consuming and do not have the possibility 
to see internal properties of the manufactured part (Shah, Racasan, & Bills, 2016).  

3.4.4 Post-processing  
When the part is printed, and cleaned up before the Hot Isostatic Pressing (HIP) to 
reduce the possibilities for micro cracks in the surface and the quality of surface. The 
process being to put the object in a box with some extra material to fill out the area. 
When it sealed, it’s apply a high pressure into the box and some heat for an hour. 
When it is done, it is ready for HIP process to reduce the internal pores and blowholes 
as it is in the casting process. This process makes the density higher and material 
properties increases in stress durability (Uhlmann, et al. 2015). Machined and polished 
are also methods in the post process. These methods have a greater impact for thin 
walled construction on builds thinner than four millimeters when comparing to as-
build surfaces. The surface roughness seems to have greater impact on the properties 
of the material rather than the internal pores of partial melted material (Kahlin, 2017).  
 
3.5 MATERIALS  
Titanium was qualified for aerospace usage and will get stainless steel accepted during 
2016.  Airbus has also developed their own alloy which include aluminum, 
magnesium and scandium called Scalmalloy (Trimble, 2016). For SLM they have 
managed to print with steel, titanium nickel-based alloy and aluminum. But high 
strength aluminum alloy EN AW 7075 have they not been successful with yet. 
During manufacturing process, it produces unfavorable hot cracks in the printing 
direction. It was also tested with a preheated platform during these experiments test 
specimens (Kaufmann, o.a., 2016). It did not make significant difference with the 
preheated platform to the hot cracks. But the experiment showed that most of the 
zinc was evaporated during manufacturing. It may have been because its low 
evaporator temperature in combination with high-powered laser (Kaufmann, o.a., 
2016).  
 
Aluminum alloy EN AW-7075 are popular in the aerospace and automotive industry 
due to its high strength and low weight aspect ratio. During this CT specimens crack 
test their parts were printed, a parallel to the load direction and B perpendicular to 
the load direction to the crack test direction as illustrated in illustration (figure 7).  
 

 
Figure 7 - Illustration from the crack test setup for Aluminum alloy EN AW-7075 (Reschetnik, et al., 
2016) and the building direction of the part. 
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The test parts were also heat-treated to see if it were any difference against the as-
built part. Table 2 shows casting tensile strength is not even 50% compared to the 
reference value from the literature.  
 
  
Table 2 EN AW-7075 properties thru Reschetnik, et al., (2016) research. Table by Marcus Ekman 

 
 
According to this test, it is possible to build parts, but the parts cannot be used in high 
performance parts due to its low value compared to the conventional manufacturing 
properties of this alloy (Reschetnik, et al., 2016). 
 
Titanium alloy TiAl6V4 covers around 50% of the total volume of produced 
titanium. TiAl6V4 have a balanced property in low density, corrosion and oxidation 
sustainability. It is most used in components for high stress and warm environments. 
This make it a good material for aircraft engines (Uhlmann, et al, 2015). A lot of 
research have been done on this material, for example, at Airbus fuel nozzle and 
Siemens gas turbine components (Trimble, 2016; Siemens, 2016). 
 
3.6 COST 
Cost of powder can vary between suppliers and what type of consistency of the 
powder corn size. According to one study powder of titanium alloy cost between 
340-880USD/kg (Thompson, et al., 2016). The powder cost and machine cost might 
change in the next ten years because of a lot of patents will run out and third parties 
get a chance to deliver their products and by this get a higher competition between 
the sellers (Campbell, Bourell, & Gibson, 2012).  
 
A cost analyses made on an EOS M290 comparing AM against high speed machining. 
Calculation where made with a 440EUR/kg for titanium, print speed with titanium 
at 13.5 cm3/h for 30 micrometer layer and 32.4 cm3/h for 60 micrometer layer.  
Cost of the machine per hour at 121 EUR which include cost of operators’ machine 
preparation and inert gas. These costs can vary a lot between different material 
suppliers and the manufacturing companies of AM machines (Hällgren, Pejryd, & 
Ekengren, 2016). 
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4 Method and Implementation 
This chapter guides through the different parts of the design study, starting with the 
process and project planning. The information part with context immersion, 
benchmarking, literature review and interviews and ending with the development 
process with ideation and implementation of the concepts.  
 
4.1 PROCESS 
The chosen process is a traditional product development process with focus on 
construction and design. It is divided into following five areas context immersion to 
define the ground for this project and engineer’s thoughts. Ideation to get a wide 
range of ideas to work with and test the engineer’s creativity for new manufacturing 
methods. Concept development and evaluation with continues sketch development 
and develop of CAD models to do analyses in FEM to see how the concepts are 
preforming compared to each other. Design solution by a concept extract information 
about volume to calculate build time and cost simulation and in the last step 
verification process analyse the to the current wing rudder, illustrated in figure 8.   
 

 
Figure 8 - Design process illustration 
 
The focus is at the detailed criteria from Saab, design principles for AM and 
interviewing experts to get more in-data. There is also phases of concept development 
during a workshop with idea generation with sketches. Detailed development and 
verification with CAD models and FEM analyses for verification. Final design for the 
best concept and last analysis of the final concept (Johannesson, Persson, & Pettersson, 
2004). 
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It includes a reversed design process for design development as a complement for 
developing one concept in the concept development & evaluation phase. One of 
these methods working with TO is a Truss based method which has a solid model to 
calculate the stress in the part and simply remove material where it is not needed. 
This method is especially good for this project where weight optimization is a crucial 
part (Gibson, Rosen, & Srucker, 2014).  
 
4.2 PROJECT PLANNING 
An analysis of the project description was performed and relevant information were 
sorted out that was necessary to plan the project. Because of the uncertainty of AM 
and DfAM, it was chosen to only set up the headlines of the necessary phases to this 
design study. With the literature study and context immersion, conduct relevant 
information about usually used design guidelines and how researchers use DfAM and 
the AM process in general with its limitations were compiled. These guidelines are 
adapted to the design process, described in chapter 4.1, of this study to develop a 
printable design and show positive and negative aspects of each design.     
 
4.3 CONTEXT IMMERSION 
In this section articles studies to gather knowledge about DfAM to learn the state of 
the DfAM of today, open sources. This knowledge is used to set up interviews with 
designers. 
 
There was also performed meetings with central AM developer at Saab, to understand 
in which state the company is with AM. Collect internal documents of AM for 
review. These documents are about earlier work and benchmarking on where the 
AM industry are today and what companies have manufactured with AM.  
 
4.4 BENCHMARKING 
Benchmarking is a method to gather information from companies to see where they 
are and what they are trying to achieve with new techniques and technologies. Some 
aspects of benchmarking are the following: analyze what the company knows and can 
do today, what is the goal of the company, distribution time on product and bookings 
and external aspects that can be a lot of studies development within the area 
(Wikberg-Nilsson, Ericson, & Törlind, 2015; Johannesson, Persson, & Pettersson, 
2004). 
 
Benchmarking is used because AM is new and a lot of research is done in this area 
and at the same time large companies are starting to produce parts successfully. To 
see where different companies today are with AM a search on the internet to find 
news and pictures of companies was done. This was done because it is not a feasible 
way to contact the business competitors and think they will give their full statement 
on what they are doing because of business secrets.  
 
4.5 LITERATURE REVIEW 
A literature review with focus on market analyses of AM and DfAM were performed. 
Areas in focus are component design in the industry today. Which types of materials 
are approved and which materials will be approved in the near future for aerospace 
industry and design/analyze-methods for CAD and FEM. To gather the information 
is done through the literature study. Literature search will be done mostly on Scopus. 
Keywords used are: Additive Manufacturing, Design for Additive Manufacturing and 
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AM in the automotive industry. Secondary key words used: Methods, qualifications, 
reliability, materials, positive/negative aspects and Topological Optimization. The 
information from the literature review was implemented as ground for interviews, 
design guidelines to develop various printable concepts and as an introduction to how 
the design process may change for the engineers. In an early study, I came across 
articles that mentioned reversed design. The principals of this method is to start with 
FEM analyses and optimize the design of the part with respect to the constraints. This 
was done to see how studies have been done with reversed design.  
 
4.6 INTERVIEW 
Interviews are a good way of collect people`s thought of products or to gain 
knowledge from experts. This can be used in different stages of a project. There are 
some different approaches; structured, semi-structured and unstructured interviews. 
You sit down and talk about the subject you are interested to collect the information 
of (Wikberg-Nilsson, Ericson, & Törlind, 2015).  In this research, the structured form 
was used to get a stringent information from all of the engineers about their design 
experience and their knowledge of AM.  
 
Interviews were planned to see different engineers’ perspective on the design process 
today and if there are any differences between the companies’ different projects. How 
do they think a new design process for AM will be and if it would change their 
working environment. This will be compared against the theory found about AM 
process.  With interviews, you can conduct more qualitative information instead of a 
survey (Johannesson, Persson, & Pettersson, 2004). Five engineers were interviewed 
that all had good experience of their profession and different specialization to get a 
wide view of the company’s process today. See interview questions in appendix 1. 
The two first questions were to gather information about the respondents. The 
respondents had various backgrounds in product development at various parts of the 
manufacturing chain. For example, design engineers, tools development engineer and 
production engineer with around 20-30 years of experience. The respondents have 
been in several projects, both in military and civilian at different levels.   
 
It is a significant difference between the departments and especially when they think 
back to when they were new at Saab and today when it comes to staff. Today it is 
often more consults than employed personal. At one department, 15-20 years back, 
they were five with 6-25 years of experience in the subject. Today they are around 
five employed and ten consultants totally 15 persons. They have worked at the 
department for one to five years before moving to another department.   
 
The rotation has changed between the departments over the years. In some cases it 
was less movement but now they are more engineers in projects and because of it is 
a larger group it is more rotation. But another aspect is the projects in relation to the 
rotation. The activity and the scale of the project decide how much resources it need 
and it decide how many engineers are needed and may lead to a larger group for a 
time but when something new or the project comes to an end the people is relocated 
to other projects.  
  



 
 
 

 19 

4.7 IDEATION 
For ideation, different methods and a workshop brainstorm for ideation was made 
with Saab engineers. The decision was to make it with Saab engineers to get their 
perspective from blanc paper and to test if their design thinking would change in the 
process, given a few guidelines. After the workshop, a self-brainstorming session was 
made by sketching on new design developed from the engineers’ ideas. This is further 
described in upcoming sections. 

4.7.1 Workshop 
Workshop is a method to work with creativity with a lot of different people, in order 
to get a wider perspective of potential, half and full solution or proposals to new 
products or designs (Wikberg-Nilsson, Ericson, & Törlind, 2015). 
 
Workshop is used to get diverse design ideas. With engineers with less DfAM aspects 
the ideas will change when introducing guidelines of AM to them. Also, the 
discussions were valuable for ideas. Different experts were invited to participated in 
the workshop. This to see how different they may think in the design and get a good 
balance. Did not prefer to use all the design guidelines in the workshop. If there 
should be too many it would probably hinder the creativity. The guidelines which 
was introduced were: Staircase effect, angels/radius for self-supporting structure and 
the possibility to removability of support structure. Their ideas were then conduced 
and analyzed and developed into early concepts. To evaluate the concepts stress 
analyses were preformed and meet up with my supervisor at Saab to discuss the 
possibilities of the design and develop further in the implementation phase. 
  
4.8 IMPLEMENTATION 
For further development of the concepts was a closed brainstorming chosen as 
method. From this, sketches and ideas were conducted as basis for 3D models in 
Catia, for later export into HyperWorks (Simulation work platform) The idea was to 
set the concepts up in a system where they could be analyzed and evaluated. 
 
The first step in HyperWorks was to clean up the model and construct mid surface 
on the solid geometry. This was done so only 2D meshes were needed. After the 
internal structure design were connected to the outside surface, the mesh was created 
so the elements would match in place and size. If not connected, the internal structure 
would not take the load which was applied on the outer surface. The focus was to 
create only quads as elements, but because of the design and different surface 
connections triangular elements were needed. To verify that the model was working 
a single force at one point were set at the back of the wing rudder to see that the 
Single Point Constraint (SPC) force matched in the connections to the wing without 
a lot of calculation time.   
 
The pressure load was given by Saabs load office as a map of the rudders two sides. 
The two maps were the top pressure condition the wing rudder during flying. One 
of the pressure condition was larger than the other from the result of the analyze it 
was simplified and plotted on the map with the higher load. The pressure was applied 
to both bottom-side and top-side of the rudders front, middle and back side by two 
to four points like the illustration (figure 9). They were thereafter interpolated along 
the x direction with the different pressures at the front row and the same for the 
middle and back section separately. At last an interpolation in the y direction was 
done over the whole surface. This was then analyzed from the output file and 



 
 
 

 20 

calculated to see which moment this pressure load made to the connection points to 
the wing. If the moment was 15% to low, the input pressure was updated and the 
interpolation was done one more time and checked. 

 
Figure 9 - Illustration of Load application on the rudder 
 
These two concepts for evaluation design are slight different. The first one has a design 
where the internal structure sits together over the whole design. The second is divided 
in three parts. 

4.8.1 Evaluation method 
Value matrix is a validation method to get a clearer picture about different aspects of 
the concepts to develop more. This aspect the values in the scale are in a relative way 
which is the largest factor from a scale one to five in the weight aspect of the factor. 
Then one to eight for example in how well the concept fulfills the weighted criteria 
(Wikberg-Nilsson, Ericson, & Törlind, 2015). This method was used to evaluate the 
concepts of the wing rudder in correlation to weighted criteria’s important for AM.  
 
4.9 METHOD DISCUSSION 
The used methods have worked overall well. The different phases of the project have 
been a good guideline to follow for the project and the flexibility to adapt different 
methods and tools in them. With the revised design process approach, which was the 
initial thought process to this process, was inflicted as a little part. Instead a wider 
research and cause of some problems setting this process up in a functional generation. 
This also have an aspect of that the load cases were delayed so the iteration process 
for optimizing of the design was not so developed.  
 
Interviews was a useful way to get information from the engineers by careful selection 
of relevant personal with long experience in their respective engineer discipline. As 
the engineers they are they have a problem solving approach and focus on problems 
with AM. If a bigger group of engineers would have been selected it may have 
resulted in a wider thought of AM.  
 
The workshop was a little bit different from earlier experiences. It probably has to do 
with the new methods learned at the university and therefore students are more used 
to work with these methods than the engineers in the industry. The ideas the 
engineers developed during the workshop was not as futuristic as it could be.  
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5  Results 
This section contains the responses from the interviews performed in the first project 
phase. The section is divided into several sub-sections, each representing an identified 
area of interest like concept development, concept evaluation and cost calculation.   
 
5.1  RESULTS OF INTERVIEWS  
The answers from the five selected engineers who are mentioned above in Interview 
heading. All of the engineers have some knowledge about AM. 

5.1.1 Today’s design process and responsibility  
The part where the engineers has been assigned and how they look at new 
design development process: New product design is developed by the same 
common process at the different departments and projects. Saab have a process they 
follow and it is described in the System engineering handbook, a guide for system life 
cycle processes and activities. This process, which is a part of the operational 
management system, qualify Saab as an approved design organization for aircraft 
development. The engineers refer to this in a little various way, but overall the same.  
If you work in smaller projects you do not need the same daily management as when 
you keep good contact and relations with the project members. But in larger projects, 
it is much harder to manage the group and keep everyone up to date and knowledge 
about the projects on-going results. One other engineer said, that the process often is 
more direct if we got a clear requirement specification. But at the same time, it is 
important that all work keep the same pace in the different packages that the engineers 
are responsible for. If one has finished his or hers work but another package has no 
possibility to solve its problem without conflicting with the finished package, it means 
that the finished package needs to redesign and maybe delay manufacturing. 
 
Usually there is no time for new design thinking in the product development projects. 
There is no time to do research on new possibilities and techniques when the 
engineers get assigned their new assignment. The engineers work with their qualified 
techniques and known knowledge in the company to develop the new product. 
Sometimes this can be a drawback for the engineers own development and the 
company development, to stay in the top of the market.  
 
On the other hand, there are R&D projects at Saab where they look in to new 
possibilities to get more efficient ways of designing. On the civilian side, they do not 
have any direct guidelines for R&D projects. The rookie mentioned that he has asked 
this question to his manager but did not get a clear answer how it looks on the civilian 
design process.  
 
For all the projects, it is clear what the stage gates must fulfill to get to the next phase, 
but the way inside the phase is not 100% strict.  
  
How the engineers look at taking the responsibility of the whole product 
development chain. From concept to complete manufactured part: As a 
design engineer, you have a responsibility that all your components should be able to 
manufacture and assemble into the aircraft. A good engineer already has the 
knowledge about for example, strength analyses, production preparation and 
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assembling. They commented, if you as an engineer should take the full responsibility 
it would take a year to complete a single part. This were not considered good and it 
may lead to less excellence in the area. In the specific area, the engineer has special 
tricks and solving methods to overcome the most common errors. But in smaller 
projects the engineer may need to step in and take a major responsibility. So, the 
design engineer may need to do for example stress analyses. One engineer points out 
that this role of taking manufacturing process in count would not stimulate him at all.  

5.1.2 Engineers thoughts about Additive Manufacturing  
Engineers thoughts about if there is a different design process for AM: All 
respondents mention that the design process is not different for AM than it is for 
subtractive manufacturing methods. It is only the boundary condition which is 
different. One brings up carbon fiber as a parallel. You only add material where it is 
needed.  
 
Product preparation thoughts: Will there be any changes in the design process if 
you did not need to think of product preparation in the same extent? By only focus 
on support structure removal and self-support structure. The engineer ask, “is it really 
like that?”. Another says that the design program should do this automatically for you. 
Today they put a lot of time into fasteners with stress analyses which could be reduced 
if you design for less fasteners. But at the same time, you would need more analyses 
to the verification of the process and a deeper understanding about support structure 
and its limitation.   
 
Today’s limitation with AM from the engineer’s standpoint: The engineers 
see limitation with AM. All of them have doubts about the material properties and 
ask themselves the following questions: How can we trust the material has no defects? 
How much do we need to thicken the design to be sure? Life span is also something 
they not trust. A lot of the parts do not have static loads. They have instead dynamic 
forces which lead to fatigue. The print size is also a key factor which parts can be 
printed and not. Since AM today is not a qualified process to manufacture parts with 
at Saab according to the engineers. This may lead to longer time to test and see if 
parts are preferable to design for AM.  
 
5.2  RESULTS OF THE WORKSHOP 
The result of the idea generation process was not the most creative ideas. The first 
generation of ideas were a lot like the old ones. With lattice structure, as is traditional 
for subtractive manufacturing methods (Figure 10). 
 
The structure has small variations with the different plains so overall the ideas was the 
same, with some variations. Some placed only a lattice structure internal and then 
glue/use fastener to the shell. One did have a printed structure but open on one side 
with placements for a plate to be mounted afterwards.  
 
Something important from the first session was internal structure which are parallel 
to the aircrafts flight direction. Its purpose is to reduce displacement in its direction 
by making the structure stiff.  
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Figure 10 - First idea iteration from the workshop 
 
To the second idea generation (Figure 11), the creative mind starts even if the 
introduction of some guidelines for DfAM. The result was less sketches and more 
discussions. The result was more angled lattice structure and some kind of spider net 
structure. The structure parallel to the aircraft direction was still there and to solve 
the problem of support structure the thought of building structure from the outer 
surface with some holes so the part would not be solid.   
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Figure 11 - Second idea generation from the workshop 
 
Most of the designs from the idea generation are to print structure from planar plate 
at the aircraft body out to the wingtip (Figure 12), the red arrow shows the print 
direction.  

 
Figure 12 - Building direction illustration of the most concept 
 
One outsider of the ideas was to slice the rudder in two parts. Top and bottom with 
internal structure which you would put together with glue, like a lego construction 
(Figure 13).  
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Figure 13 - Illustration of a top and bottom part design proposal form the workshop 
 
These sketches, started to widen my perspective of the ideas and work on them a 
little bit more. The result was internal lattice structure angled from the connections 
to the wing and bigger changes in the geometry. It should not be solid angled internal 
structure. There should be holes in them to reduce weight and make it possible to 
remove powder. This internal structure should also have elements in a more tree 
crown structure to transport the stress out to the whole shell.  
 
The building size restriction of the part some sketch on designs in 3 parts (figure 14). 
This will also make it easier to remove powder from inside and give control 
possibilities with the eye.  

 
Figure 14 - Illustration of some more sketches for future development 
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5.3  RESULTS OF DETAILED DEVELOPMENT VERIFICATION 
For further development and evaluation of the design models they were opened in 
HyperWorks to do simulations, to see which design structure could handle it in the 
best way. 

5.3.1 Concept 1  
The design is in one part with some openings at strategic places. The internal design 
prints, with a design of internal structure with minimum angle to the printing table 
at 45-degree angle. This structure looks a little like a spider net structure to spread 
the load in the part. To not use to much of material the internal structure has holes 
in it and it also makes it possible to remove powder if a PBF system is used. In the 
internal structure, it is possible to remove around 30%, see figure 16, and then adapt 
this in a good relation to the thickness of the structure. A separate plate to the bottom 
of the print can be a regular plate if no strengthening is needed. A similar plate to the 
top so powder can be removed from both sides. The internal design, close to the ears 
should be thicker and it should be thinner, as it comes further away.  
 
A disadvantage with this design is that the ears need a lot of long support structure to 
make it possible to print but there is no need for support structure from the bottom. 
To support the ears, hopefully the only need is a support structure in a 45-degree 
angle to the place outside of body structure se figure 15 which illustrate a possible 
support structure.  
 
The internal structure will maybe get some staircase effect to the surface which can 
reduce the stress capabilities to the wing rudder because of uneven surfaces which 
gives potential crack starting points.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 15 - Illustration of concept 1, in 
red where support structure is needed 

Figure 16 - Design proposal of the internal structure as a one part design 
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5.3.2 Concept 2  
In the rudder with a design split in three parts is the result of the displacement at the 
outer part of the rudder larger than the design in one part appendix 3. It has probably 
with the internal structures breaks in the three-part design, see figure 17. The load 
will only transfer through the fasteners and the outer thin shell. This means two 
things, first the design needs to be thicker in the outer shell and transferred into the 
structure and it will need a lot of material to make it possible. The second alternative 
is to add a gap between the connections where you could get inside and connect the 
internal structure together with each other with fasteners. This will make a better 
transfer of the loads but it needs more components to make it possible. Figure 18 with 
A illustrates the connection with a gap between the parts to connect the internal 
structure together with a gap between the parts, which are connected between the 
internal structure with an extra plate to transfer the load. The X marks are symbol for 
fasteners and it is the front view that is illustrated. To cover the gap between the parts 
which is needed to get inside with fasters for connection of the internal structure, a 
top and bottom plate are mounted to close the open space. In B see the edge which 
need to be thickened a lot to transfer the load. A thin shell do not transfer the load so 
good.  

 
Figure 17 - Design proposal of a three part design with fasteners connecting the parts 

 
Figure 18 - Illustration of connection proposals between the parts. A, connection of the internal 
structure and B, the thicker design 
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5.3.3 Concept 3  
In the top and bottom design, studies were made to evaluate the possibility to 
construct it with fasteners located inside of the rudder. It is hard or impossible to 
connect the top and bottom, even with a pocket design, to get into the internal 
structure and apply the fasteners. The design of this rudders internal structure shows 
the lowest displacement in the structural analyses in appendix 4. This analyze has the 
assumption that the connections are reliable. This design adds a lot of support 
structure to the whole bottom and top shell of the rudder illustrated in red in the 
figure 19 below. One solution to this part is to construct lattice structure in a self-
supporting design and it takes up around 50% of the rudders back side, see illustration 
figure 20. This means that only a short distance connects the top and bottom parts. 
An illustration of the support structure in figure 19. Another possibility is to have the 
pocket at the same place as the first one but instead of having a cut in the top surface, 
the design can go out to the end. When it is too thin for connection on the inside of 
the rudder it designs for a pierced hole from the top straight through to connect the 
fasteners from the top and bottom surface.  
 

 
Figure 19 - Illustration in red where support structure is needed for a top and bottom design proposal 
 

 
Figure 20 - Illustration of top and bottom part and the connection between them. 
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5.3.4 Concept 4 
Printing from the ears gives a shorter build height of the rudder, but adding more 
support structure to the outer side of the rudder, shown in the illustration in figure 
21. By this design of the internal structure it would be easier to remove the powder 
inside from the opened sides. It is also possible to have the vertical structure as it is 
on today’s design as illustrated (figure 22). There needs to be holes in these vertical 
structure, because if not, the powder is impossible to remove.  

 
Figure 21 - Illustration in red where support structure is needed for the concept 4 

 
Figure 22 - Internal structural design, printing direction and 2 possible internal structure designs 
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5.3.5 Concept 5 
If the part is printed with an angle to the inner ear like Figure 23 shows, the design 
might be possible to use as a similar design as todays rudder, especially the internal 
structure. But this will increase the usage of support structure and maybe be more 
instable in the building process depending on how much support structure used. 
According to persons at Saab Aeronautics this design would be great because of the 
load paths is the same as the structure is designed in today’s conventional design.    

 
Figure 23 - Support structure of an angled wing rudder 

5.3.6 Topological Optimization  
A test setup was made for the reversed design process: Starting with a solid model and 
let Altair HyperWorks do a topological optimization. Eventually a run got thought 
with this design process with the constraint to make the most possible stiffness out of 
36 kg titanium. The illustration of the design has no shell on the outside and the result 
is illustrated in the model below (figure 24) with a kind of fishbone structure. The 
red part of the illustration is where the program wants to have solid material but the 
more it gets to blue it do not want any material at all.  

 
Figure 24 - Topological optimization design proposal. In red, density one and the blue close to zero. 
Different load scenario than the other simulations 
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With a shell of one millimeter the result of this simulation was different. Instead of 
calculating the outer structure, it only focused on the internal structure and it looks 
like the illustration (figure 25). It is the same scale between the illustrations figure 25 
and figure 24 in density. This design has a one millimeter shell surrounding the 
structure in the illustration. This have a displacement of around 10 centimeters and 
because of the displayed material the thin shell will take a lot of stress which is not 
acceptable, appendix 5. This design is not printable and therefore more work is 
needed to assess the limitation of AM to get a printable design, smother structure and 
connectors. Chancing the shell to 0.01 millimeter instead of one the computer 
calculated material so the displacement was 530 centimeters instead of 10 centimeters 
(Appendix 5).  

 
Figure 25 - Topological Optimization in Hyperworks with a density set to 0.2 
 
5.4 ANALYSE OF THE CONCEPTS RESULT 
Looking at the concepts, two of them stands out, concept one and four in table 3. 
These have both positive and negative aspects. Concept one has a very long build 
height, but it’s more common for PBF system to have higher building direction than 
area and will probably need less support structure to the build. To the aspect of surface 
finish, AM machines is today not qualified for Saabs standard. Therefore, both needs 
CNC work, and by this makes it less dependent in the AM process of the staircase 
effect.   
 
In table 3 Topological optimization (TO) do not have any values in it because of 
today the design is not printable. It would need a lot of work and more applied rules 
for HyperWorks in the optimization process to make it printable. TO design need a 
lot of support structure inside of the rudder and it would be very hard to remove it. 
For all of the concepts I recommend further development before selecting one better 
than the other. 
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Table 3 Value matrix of the concept in a theoretical aspects 

		 Valuators	 Concept	
1		

Concept	
2		

Concept	
3		

Concept	
4		

Concept	
5		 TO	

Weight	 3	 5	 5	 5	 5	 5	 		

Total	parts	 4	 7	 3	 5	 7	 7	 		

Support	
structure	 3	 8	 5	 1	 5	 2	 		

Fastener	 2	 7	 2	 2	 7	 7	 		

Utilisation	of	
building	space	 3	 5	 5	 5	 5	 2	 		

Printing	time	 5	 3	 3	 5	 4	 3	 		

Surface	finish		 2	 5	 5	 2	 4	 2	 		

Building	height	 3	 1	 5	 7	 4	 1	 		

Machining	
	 3	 5	 4	 1	 5	 3	 		

Printable	 		 Yes		 Yes		 ok	 Yes		 Yes		 No	

Sum	 		 139	 123	 120	 142	 100	 		

 
Looking at concept 1 with angled internal structural aimed to be printed in one part. 
The part weight is 20 kg with titanium. For the places in the thinner parts of the wing 
rudder, it needs more lattice structure to get less displacement and buckling to get it 
as good as todays sandwich design. An illustration of the problematic with the internal 
structure for powder removal (figure 26). The illustration of the rudder shows the 
intended area for the lattice net structure (figure 27). The overall thickness of the 
structural parts needs to be more optimized and thicker at some places. These places 
are the front part of the rudder and the ears where you connect it to the wing. The 
stress analyses showed the highest stress in the connections of the ears into the body. 
It also needs strings to the shell which is possible to print in. If this design will be able 
to get added with max 10 kg, to the total of 30kg, will even then have a positive 
aspect in the weight ratio. 
 

 
Figure 26 - Illustration of the problematic internal structure for powder removal 
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Figure 27 - Illustration where lattice net structure would be preferable to reduce the buckling 
phenomenon and removal of powder 
 
It has a volume of 4000 Cubic centimeters and if I calculate the printing speed to 20 
cubic centimeters per hour it will take 200 hours to print with no support structure. 
More likely its need to add 10 kg to the design it will be at 5320 cubic centimeters 
and take around 266 hours to print. There will be some support structure which will 
be added to the printing time. To the surface finish and removal of support structure 
the wing rudder will need some milling to remove the risk for crack building of the 
AM process. Also though the construction is a thin wall structure thinner than four 
millimeters (Kahlin, 2017).  

5.4.1 Cost 
Looking at the calculation comparison of Hällgren, Pejryd, & Ekengren (2016), this 
build with 5320 cubic centimeters with a print speed of 13.5 cm3/h take 394 hours 
and generate a cost of 47682,9 EUR. At the printing speed of 32.4cm3/h cost 
19 867,9EUR from the printing machine. Material cost of 13200EUR for 30 kg of 
titanium powder. This is only the cost of the used material it has no calculation of the 
support structure needed and other part finish preparation see table 4.  
 
Table 4 Cost calculation with Hällgren, Pejryd, & Ekengren (2016) data. 
Print	
speed	

Material	
Cost	/kg	

Weight	
Kg		

Machine	
cost/h	

Printing	
time	

Cost	
material		

Machine	
cost		

Total	
Cost	

13.5	
cm3/h	 440	€	 30	 121	 394	 13	200	€	 47	674	€	 60	874	€	
32.4	
cm3/h	 440	€	 30	 121	 164	 13	200	€	 19	844	€	 33	044	€	

 
Design for a high tensile strengths aluminum alloys which today have very bad tensile 
straight to the test data (Reschetnik, et al., 2016). This, maybe has a reason why no 
design guidelines for aluminum alloys were found. Since aluminum have lower tensile 
straights than titanium and a lower density, which means the design can be thickened 
and still have the same weight as a titanium design if the design guidelines can be used 
from titanium alloys (Leutenecker-Twelsiek, Klahn, & Meboldt, 2016; Kranz, 
Herzog, & Emmelmann, 2015). It will need more material to the design and the build 
time will increase, when the building speed of the machines is not depended on the 
material.  
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6 Discussion  
In this section, the work will be analyzed and reflected upon. It starts with the 
interviews followed by the concepts and evaluation of the concept. To finish this 
research with the relevance of this work and my conclusion with recommendation.  
 
6.1 RESULT OF THE INTERVIEWS  
From the engineers’ standpoint at Saab AB, the design process is a clear process and 
very detailed. The need for clear scoop is important for a good development process. 
As they say, that it is often not time for new process verification, they only go to the 
verified process they have today to produce their parts, is a negative side for new 
techniques like AM. The verification process today is consuming a lot of time, and 
may not give perfect results every time you do a CT scan (Karme, et al, 2015). A 
CMM verification can only be done on the outside of the part. If the design has 
internal open space it will be impossible to check the internal properties (Shah, 
Racasan, & Bills, 2016). The material today also has a lot of uncertainty’s but there 
are several metals qualified for this process and one is titanium alloy (Trimble, 2016; 
Uhlmann, et al., 2015). Aluminum high strengths alloys has not been verified 
(Trimble, 2016). Some material has been verified but not yet qualified into Saabs 
process, according to the engineers.  
 
Taking care of the whole product development process as an engineer is something 
the engineers do not prefer. It would take too long to realize every component, but 
a good engineer should have knowledge of every step of the design process including 
manufacturing preparations. But, by looking at the free design space AM opens to, it 
is very hard to imagination all design possibilities. Topological optimization need two 
and maybe three sub steps in the development process, it also needs stress analyses 
knowledge to set up the part for optimization and get a good design. It has also to do 
with the manufacturing process. The goal maybe to print a design with no support 
structure, to get a minimum of post processing to the part. All of these aspects get 
into a topological optimization. This means to have different engineers to do 
respectively step in the process may delay the iteration process of the part. Today they 
work with different software to make their calculation, but if its only one integrated 
program the engineer has to do all the work, and it will make this process smother 
(Dassault Systemes, 2017). One aspect to this would be to have a specialized AM 
group with a greater knowledge in these different steps, or the design engineer has 
some basic knowledge to make one or two iterations before sending it to a specialist 
in the area. Adding to this is also the fact that AM is a young method and there are 
not specified standards. In time, the design thinking probably will be clearer for the 
engineers when the education has been adapted to include more about AM than it is 
today.  
 
As for the process, a lot of the engineers did not think the design process is different 
from the subtractive manufacturing methods. The overall project development 
process would not change as much, and they referred that AM design is like how they 
design for composite. It is more that the design engineer shall learn how to design for 
AM, or how to set up a design optimization with TO.  
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For the production preparation part, there are some different thoughts. Some are 
more how the program should do the calculation on printing direction, and the need 
of support structure. If the engineer does his or hers own AM design, it is very 
important to think of the building guidelines to make a printable design. When 
having a good integration with the software, the designer may have the possibilities 
to check the design in smaller steps, without a need for long waiting times due to 
computer calculation time (Dassault Systemes, 2017).  
 
The identified limitations of today’s AM match up a lot with what is said in the 
research today. A lot of focus is on the material properties. Like Aluminum alloy EN 
AW 7075 produces internal cracks to the structure and this can be seen in the test 
where the properties are very bad even when looking at casting preferences 
(Reschetnik, et al., 2016). These internal pores can also be seen in Titanium build 
structures but much less, and by doing HIP some of them can reduce and the test 
with destructive tests show better value (Uhlmann, et al, 2015; Chen, et al., 2017). 
To the verification of their internal structure there are methods for CT (Karme, e, 
2015), but can you trust them is another question. This is a process which need to be 
qualified. For this design study of the wing rudder, this is something which is 
considered solved. Leading companies with AM today have developed their own 
materials (Trimble, 2016) and this is an aspect shown that conventional materials may 
not be the best. So, companies which are interested in AM, there may be a need to 
consider developing their own material and the process behind it to their own printer.  
 
6.2 CONCEPT RESULT 
All of the design proposals of the wing rudder conflicts with the guideline, do not 
design parts which are bigger than possible printer size in the build chamber (Kranz, 
Herzog, & Emmelmann, 2015). One of the demarcation for this work from Saab is 
that today’s printing sizes should be ignored. The African science division are 
developing a SLM printing system with 2000x600x600mm building platform which 
shows us that large printing system are possible in the future (Scott, 2017; Benedict, 
2017). Also, another aspect is that Airbus internal galley partition takes to long time 
and a new business case would appear, if it only took 200 hours to build, according 
to Trimble (2016) If the Aeroswift project delivers a 10 times faster system, the time 
printing the internal galley would go from 900 hours to 90 hours (Scott, 2017; 
Benedict, 2017). This would lead to only half of the printing time that Airbus would 
be interested in. It would need some redesign to the part, because of its over 100 
parts, and done in several builds today.  

6.2.1 Concept 1 
This has a good relation to the staircase effect because of less direction variation during 
the shell building. Every internal structure which is angled between 45 to 90 degrees 
to the building direction will have some sort of staircase effect as the design guidelines 
mentioned but no need for support structure. The angled structure also need to have 
cut outs for removal of powder from the PBF system. Aspects of the very thin back, 
it will be hard for the internal structure to have holes for easy removal of the powder 
(figure 26). By adding a lattice self-supporting structure of some sort of triangular 
structure it might be possible. The ears for connection to the wing will be in a straight 
angle (Kranz, Herzog, & Emmelmann, 2015). The amount of support structure will 
probably be less than most of the outer concepts if we manage to make it like the 
illustration (figure 15). The building direction is a very long and needs a lot of layers 
to manufacture which gives a negative aspect in the building direction (Leutenecker-
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Twelsiek, Klahn, & Meboldt, 2016).  

6.2.2 Concept 2  
It gets a lower building direction because it will be possible to print the parts in the 
same build at a total lower height. This will probably make the most out of a single 
build, because of the thin upper part and wider bottom design of the wing rudder 
(Leutenecker-Twelsiek, Klahn, & Meboldt, 2016). The internal design is like concept 
one. It does not need the hole for powder removal, because it has already a hole 
between the connections of the parts. Maybe the concept need less support structure 
than concept one, but it is not necessary it will be so. Because of the divided parts, it 
will need much more thickness which will add a lot of weight and it will add a lot of 
extra parts to the design to connect the internal structure between the parts. This 
structure will probably have problems like concept one with very thin structure and 
the thinner part so some sort of lattice structure will be needed.  

6.2.3 Concept 3  
The print is going from the shell up into the part. This would need a lot of support 
structure, if a PBF system are used. A DED system on a thin plate building up the 
internal structure would make it possible to reduce the support structure if the plate 
could have a mold to put it in before building. The DED process do not have the 
best geometrical correctness so the part will need CNC work on the part where it is 
applied. Looking at the concept with the bottom-plane it will have a problem with 
DED because of the proposed lattice structure in the thinnest design in the back. This 
would also be impossible to get in with a CNC machine to do the work.  

6.2.4 Concept 4  
It is positive according to the building height and the features inside has a positive 
design for powder removal and hopefully no need for support structure inside the 
geometry (Leutenecker-Twelsiek, Klahn, & Meboldt, 2016). The front of the wing 
rudder maybe need some extra support structure because of the non-plane surface.  
Because of the surface quality the shell need CNC work to be complete and it is easy 
to access this support structure with CNC milling.  

6.2.5 Concept 5  
This thought of angle, the whole rudder was to adapt the current design into this 
design. The structure of today’s wing rudder is optimized from a subtractive 
manufacturing view. According to Saab engineer the internal structure is placed after 
the load ways which means it is strengthens were it is needed today. But this design 
would be one of the worst design utilizing the space in the building chamber. Because 
of the angle, it would also have great risk for bad material properties and not a stable 
build if not a lot of support structure are created.  

6.2.6 Topological optimization  
Test has been interesting to see what the computer did for a design on the rudder. It 
has also gained some experience in reversed design engineering process (Gibson, 
Rosen, & Srucker, 2014). Setting up all the requirements from the design guidelines 
can be tricky and especially how the program should evaluate the data. Tensile stress 
might be easier to set limitation of as made in this setup. How analyze buckling 
phenomena for the optimization process to Saab standards. How is the set up for 
building direction for AM into the topological optimization process. The angles for 
the material to be self-supported have been done but it has not necessary been 
constructed better to the part than a regular design (Langelaar, 2016).  The topological 
optimization showed a design which was not printable with just the design constrain 
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to make the stiffest part out of 36 kg. By chancing some viable it can result in a 
worthless design to but then again can the designer trust the computer because of this 
variation.  
 
6.3 ANALYZE OF THE CONCEPT RESULT 
Is it possible to get an idea of how long time it will take to build this rudder? Looking 
at the build rate and the total build area of Arcams and EOS solution which is not as 
big as the wing rudder (Arcam, 2017; EOS, 2017). The build speed will probably 
decrease to the need of applying powder over a larger surface but with the 
development of build speed as Airbus speaks of and the promising Areoswift project 
it can be relevant to believe that in a few years faster printer will get to the market 
(Trimble, 2016; Benedict, 2017). With today’s manufacturing time of the rudder it 
will be hard for the AM solution to compete in other areas than material usage and 
waste. For this rudder, in a short time horizon, it will probably be better to focus on 
special parts of the rudder instead of the whole wing rudder. Looking at the cost 
simulation of the part it is the printing speed where the biggest cost saving can be 
done but it maybe will interfere with material properties and surface finish.   
To this work the internal structure design proposals are with traditional plane surface 
with cutouts but the structure is not necessary to look like this. If we look at the 
internal galley partition it has a construction of a square of triangular structure 
connection the corners to each of the square and having a good connection to the 
thinner parts of the rudder with its lattice structure. These connections would 
probably be a better connection between the structures than a plain thin surface 
connection into lattice structure.  
 
6.4 RELEVANCE 
This work aims to see the possibility to adapt the design of today’s aircraft design of 
a wing rudder with AM technology. Especially the biggest possibility is to reduce the 
material waste which give Saab less need to manage all this waste. It is a global aspect 
according to new regulation in the aerospace industry to reduce the environmental 
impact on the globe (Hallstedt, Bertoni, & Isaksson, 2015). By the design concept in 
the result one and four there might be a possibility to reduce the waste down to 20% 
by only having the support structure as the waste and the shell outside surface finish 
done by a CNC machine if needed. The usage of less material will save the company 
money and the global recourses by not using more than you need. By adopting the 
manufacturing to AM it can also enhance the lifetime of the aircrafts. After end of 
production manufacturing tools have been decommissioned then it is not financially 
viable to keep them during the aircrafts long lifetime, up to 50 years, according to 
Saab Aeronautics (2015). All of the design concepts have a positive aspect of the 
reduction of fasteners. Today it is a detailed process with static and dynamic stress 
testing, which takes time and the need to use more material to the fasteners, 
connections and brackets, which also makes more parts to the product. By reducing 
them we may not need as much material in connections between structures and 
minimum thickness and distance according to fasteners standards.  
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6.5 REFLECTION 
Aspects of my concepts today are not focused on the load ways because the necessary 
load was not available during the project time frame. Without the exact load ways, I 
concentrate on possibilities to design printable concepts according to design 
guidelines for AM and the ideas from the workshops. 
 
If the approach has been different by studying every single part and then tried to 
cluster them into different subassemblies, it may have resulted in some parts more 
economic for AM than the design today. But the overall design will be the same as 
today.  
 
Looking at the companies today a lot of the parts are smaller or have a very complex 
internal structure like air-cooling channels or brackets. A lot of weight reduction at 
non-critical parts which are focused on being successfully in AM. For larger systems 
it is not yet there what this work can say but maybe in the future.  
 
To the result of the building time and cost prediction is a roughly prediction and do 
not take in calculation that the build high may give extra costs to the build. When 
looking at the building rate it probably will take longer time to build because of a 
larger area to apply powder to. This also do not include the support structure needed 
for the part and some extra thickness of material on the shell to make it possible to 
use subtractive methods to get in the right surface roughness. The price, according to 
this the finish part, will probably be more expensive. For futures studies like this wing 
rudder, I think it would be better to focus on every component and how to connect 
it into one part instead of a global approach with this study. Maybe it should have led 
to some parts more effective in strength, weight and cost.  
 
6.6 CONCLUSIONS 
The result during this work needs more developing. But by the result and the printer’s 
development we can see a positive trend and the possibility to redesign the wing 
rudder in one part to get a printable design. But as the result of this big part with 
today’s building time of the rudder, it is hard to compete with wing rudder of today’s 
design. Another aspect is that material has to be approved for AM manufacturing, 
before a comprehensive part of the aircraft could be manufactured. Campbell, 
Bourell, & Gibson, (2012) forecast a lot of falling patents in the market the next ten 
years and by this let third parties compeat. Their studie was made 5 years ago so in 
2022 it can be possible for a gamechanger for AM supplier.   

6.6.1 Wing rudder redesign possibilities  
The results of the study show positive aspects for a design change in adoption of AM. 
When it comes to reduction of waste, if it is possible to print the parts with no support 
structure at the internal structure by the given design proposals will be the best. The 
proposed design with angled structure from the connection points in the rudder also 
should displace the load more evenly in the part instead of only having one 
distribution channel of the loads. If the load paths not take care of it, it may result in 
a worse design. The design of the wing rudder today is an optimized part and it can 
be hard to reduce weight, but it may be a better possibility to reduce total volume 
with usage of titanium alloy, which led to faster printing times.  
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6.6.2 Design process indications 
The engineers’ aspects mention all the uncertainties which is one of the largest aspects 
of the problem today. Looking at the design aspects, there are a difference from the 
subtractive manufacturing. In the subtractive manufacturing, there is a need of 
accessibility to the tools for the part. In AM, there is a limitation of the build with 
accessibility to the support structure and design variables for self-supported structure 
Kranz, Herzog, & Emmelmann, (2015). It will only be new design variations to know 
and start working with for the engineer optimization process in every step of the 
manufacturing process, if all the uncertainties are solved. But if the interest is to create 
more futuristic design/topological optimization, there is a good aspect in merging the 
bridges between design engineers, stress engineers and manufacturing engineers 
because of the integrated design process. The trust to the computer calculation in the 
process maybe will reduce the need of competence in all areas for design engineers to 
the fact that only the maximum space, connection points and the loads will design 
the part for AM with its programed design variables. This will give the stress engineer 
a different role for the design process. It can also be the design engineers’ responsibility 
to make the first runs for the design generation process with simplified load simulation 
and then the stress engineers to run the last iteration with a more correct load 
specification and verify the life of the part. Before sending it to the manufacturing 
process engineer to look at needed support structure and various aspects of heat 
transfer during the build. A shape generation without loads will never create a good 
result. Even if the engineers at Saab Aeronautics were not so positive to the idea of 
taking care of the entire process, they will probably have to when setting up the 
design variables and loads into the program generating part.  
 
6.7 RECOMMENDATIONS 
Recommendations to further work on the design study of the wing rudder will be to 
design a preferable lattice net structure changing thickness for the thinner parts. To 
see if the ribs inside the rudder can have a changed design to a lattice structure and 
thickness and by this get a more specific weight of the rudder and a clear picture of 
the stress. This will be done with a preferable CAD tool which have support for AM, 
for example 3D experience by Dassault Systems (2017). It will also be interested to 
see a work with a total topological optimization taking the design guidelines for AM 
in account to generate a design, this will be a thesis of its own. For further 
development of this research a component breakdown would be preferred to see 
which components could be redesigned together. Another research could be to use 
DED process to build just the extra material where it is needed on a thinner plate 
instead of using machine ring on a thick plate.
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Hur länge och hur många avdelningar har du jobbat på? Var det stor skillnad på antalet 
personer som arbetade inom dessa avdelningar/projekt?  
 
Vilken del i utvecklingskedjan har du jobbat med/inom? Koncept, 
design/konstruktion, hållfast, produktionsberedning 
 
Har ni riktlinjer på hur ni angriper ny design vid utveckling av nya 
flygplan/produkter? I så fall hur är de uppbyggda? Eller använder du ett eget tankesätt?  
 (tänker då på riktlinjer kring designprocessen) 
 
Hur skulle du känna av att ta del och ansvara för dina detaljer i hela 
produktutvecklingskedjan? Från koncept till färdig detalj. 
 
Du känner till additiv tillverkning (3D printning)? Om Ja 
 
Om de känner till additiv tillverkning. Skulle du säga att designprocessen skiljer sig 
mycket mellan traditionell design och design för additiv tillverkning? 
 
 
Vilka förändringar skulle ske med designen processen om det inte i samma 
utsträckning behövs ta hänsyn till produktionsberedning?  
(supportstruktur, selfsupporting structure, borttagning av supportstruktur) 
 
 
Vad anser du den stora begränsningen är idag med AM?  
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Structural analyses Concept 1  

 
 
 
Check force to get the moment and match up with the other concepts 
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Displacement in the structure without strengthening. It is up to 15 centimeters with 
a weight of 24.55kg with a density set to 4.6 gram/cubic centimeters.  
 

 
 
Displacement with some strengthening. It is up to 10 centimeters displacement by 
just adding 100 grams more. 
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Maximum stress indication with no strengthening on the bottom of the rudder.  
 

 
 
Maximum stress indication with some strengthening on the bottom of the rudder. 
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Load distribution if no support structure is inside. 
 

 
 
Stress on the internal structure. 
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SPC force check for moment between concepts. 
 

 
Displacement of the structure at 12 centimeters with a weight of 22.79 kg  
This analyze include that the connection between the part are done as the shell is 
sitting together as one part and not by simulated fasteners. 
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Stress distribution over the bottom side. 
 

 
Stress distribution on the internal structure. 
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This simulation is based on the connections with the fastens is solved.  

 
SPC force indication for moment check. 
 

 
Displacement illustration with 5.5 centimeters max. This design weight is 34.81kg 
which is a little more than the other concepts.
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Stress indication over the bottom side of the wing rudder. 
 

 
Stress indication on the internal structure. This one is not the whole truth because 
some ribs are missing in the front of the rudder in this illustration. 
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HyperWorks result of the topological optimization. It was set up with only a material 
constraint and stiffness. To produce the mot stiffness design with 36 kg of titanium.   

SPC force to evaluate the moment between concepts. 
 
 

 
Displacement total by this topological optimization design to 10 centimeters 
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Internal structure of density 0.2
 
 

 
Internal structure stress  
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Stress on the one millimeter shell
 
Chancing the shell surface to 0.01 millimeter instead of 1 millimeter as above. This 
result in a more internal structure connecting to the sell but for some reason this run 
is the worst of them al as you can see in the last illustration of the displacement.  

  
 
At 0.5 density in HyperWorks 
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At 0.2 in density in HyperWorks.  
 

 
Displacement is the worst at 530 centimeters. The picture above is not presenting the 
full scale.  


