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Abstract 
Additive Manufacturing (AM) brings opportunities to create designs with complex 
geometries that would be impossible or very difficult to produce using conventional 
manufacturing technologies. While AM is widely seen as a means to increase the creativity 
of designers and thus innovation within organisations, there is a lack of understanding of how 
designers can manage their creativity while working with Design for Additive Manufacturing 
(DfAM). In this thesis, designers are suggested to engage in individual creativity 
management, which refers to a system of practices and methods for managing creativity in 
design practices. Ultimately, designers may need to adopt a new set of practices and methods 
when designing for AM. Although it is often argued that AM brings a higher degree of design 
freedom that allows them to ‘think outside the box’, this freedom is not limitless as AM comes 
with its own set of boundaries in design. It can also be difficult for designers to grasp the new 
limitations and possibilities offered by this manufacturing technology and to incorporate them 
into their design work. There are a wide range of DfAM tools, methods and frameworks 
available, all with different emphases, making it difficult for designers to discern directions 
for managing their creative work. The purpose of the research presented in this thesis is to 
advance the understanding of creativity in DfAM. This thesis adopts an iterative approach to 
qualitative research based on empirical data and literature studies. Empirical data comes from 
five cases across the three studies reported in the six appended papers. The majority of the 
collected empirical data has been gathered through semi-structured interviews designed to 
capture the experiences and viewpoints of designers working creatively in DfAM. Three of 
the cases have also been studied in a longitudinal study, providing an in-depth understanding 
of the progress of DfAM for each design. 
 
Based on the studies, a framework for creativity in DfAM is proposed. This framework is 
intended to assist designers in nurturing their creative abilities while adapting to working with 
AM. Initially, three important components of creativity in DfAM were identified: motivation, 
creative thinking, and expertise. Furthermore, three key characteristics that influence the 
designer in managing their creativity were then identified for each of these components. AM 
motivation concerns the individual designer’s goals and values in adopting AM, as well as 
the influence of the incentive to adopt AM within the design team, the organisation, and the 
industry as a whole. Three key characteristics of creativity management related to motivation 
were derived: collaboration, freedom for learning and defining DfAM boundaries. AM 
creative thinking concerns the need to reach a creative solution fit for AM. Here, the three 
key characteristics the visionary, realistic and analytic perspectives are derived. AM expertise 
is covered by both AM knowledge and AM experience. Here, the three key characteristics 
were identified as the knowledge domains: materials, machine and process and design. 
 
The framework presented in this thesis highlights key characteristics of creativity in DfAM 
and is intended to assist designers in managing their own creativity when working in additive 
manufacturing. The framework may help individual designers to reach their full creative 
potential during the adoption of AM. The identification of key characteristics also contributes 
to the research areas product development in engineering design, design for additive 
manufacturing (DfAM), and creativity in design. All three of these research areas may well 
benefit from the results presented in this thesis, providing a greater understanding of creativity 
when applied to design for additive manufacturing. 
 



Creativity in Design for Additive Manufacturing 
 

 ii 

 
  
 
 
 
 
 
 
 
 



Acknowledgements 
 

 iii 

 
Acknowledgements 
This PhD process have definitely been a rollercoaster, to say the least. There have been a lot 
of things happening on the side, such as pregnancies, parental leaves, sick leaves and a 
pandemic. But eventually, here I am. I would not have been able to pull this off without the 
support I have got from all the people surrounding me.  
 
First of all, I would like to thank my main supervisor Anna Öhrwall Rönnbäck for all the 
encouragement and support in this PhD process, even though life have given me some 
curveballs along the way. I would also like to thank my assistant supervisors Vinit Parida and 
Åsa Wikberg Nilsson for all the fruitful discussions and support when it sometimes felt like 
the process was going quite slow.  
 
A special thanks to my colleagues at Product Innovation and the division of Humans and 
Technology. We have had many rewarding discussions on research, teaching, and ‘everything 
in between’ that have brought inspiration for both the PhD process and my personal life. All 
the fika sessions and corridor talk have made the process much more enjoyable.  
 
Furthermore, many thanks to the funding partners of this work. The RIT project led by 
Johanna Bergström Roos have contributed with a great environment, allowing me to interact 
with my peers and find industry cases. Of course, a great thank you to the Graduate School 
of Space Technology and its coordinator Marta-Lena Antti who have provided a research 
setting which I will always be grateful for.  
 
I would also like to thank the graduate schools of Humans and Technology as well as 
Produktion2030 for providing PhD courses, research communities and workshops which have 
helped me develop into the researcher I am today. A special thanks to all the respondents in 
my studies, for contributing with their time and experience which have provided the empirical 
basis for this thesis.  
 
Most importantly, I would like to thank family and friends for always cheering on and 
supporting me. Nora and Vilmer, you are the ones who have brought a balance to my life and 
kept me (in)sane during this PhD process. Last but not least, Johan, you have been my 
foremost supporter. These years has not only been a rollercoaster for me, but also for you. No 
matter what, you have been there with your loving encouragement and have helped me in any 
possible way you could.  
 
Angelica Lindwall 
Luleå, March 2023 
 
 
 
 



Creativity in Design for Additive Manufacturing 
 

 iv 

  



List of publications 
 

 v 

 
List of publications 
 
Appended papers 
 
Paper A Lindwall A., Dordlofva C. & Öhrwall Rönnbäck, A., (2017), Additive 

Manufacturing and the Product Development Process: Insights from the 
Space Industry. Proceedings of the 21st International Conference on 
Engineering Design (ICED17), Vol.5: Design for X, Design to X, 
Vancouver, Canada, 21-25.08.2017. 

  
Paper B Lindwall A. & Wikberg Nilsson Å., (2021), Exploring creativity 

management of design for additive manufacturing, International 
Journal of Design Creativity and Innovation. Vol 9(4), pp.  217-235, 
DOI: 10.1080/21650349.2021.1951359 

  
Paper C Lindwall A. & Törlind P., (2018), Evaluating Design Heuristics for 

Additive Manufacturing as an Explorative Workshop Method. 
Proceedings of the Design Conference 2018, Dubrovnik, Croatia. DOI: 
10.21278/idc.2018.0310 

  
Paper D Valjak F. & Lindwall A., (2021), Review of Design Heuristics and 

Design Principles in Design for Additive Manufacturing, Proceedings 
of the International Conference on Engineering Design (ICED21). 
Gothenburg, Sweden, 16-20 August 2021. DOI: 10.1017/pds.2021.518 

  
Paper E Lindwall A., Dordlofva C., Öhrwall Rönnbäck A. & Törlind P., 

Innovation in a Box: Exploring Creativity in Design for Additive 
Manufacturing in a Regulated Industry, Journal of Engineering 
Design. DOI: 10.1080/09544828.2022.2139967 

  
Paper F Lindwall A., Wikberg Nilsson Å. & Öhrwall Rönnbäck A., Thinking 

Additively: Mapping Design Engineers’ Creative Abilities in Design for 
Additive Manufacturing. Submitted for consideration in Creativity and 
Innovation Management 

 
 
Additional papers 
 
Dordlofva C., Lindwall A. & Törlind P., (2016), Opportunities and Challenges for Additive 
Manufacturing in Space Applications. Proceedings of NordDesign 2016, Biannual 
conference on Design and Development, 10-12 August, NTNU – Norwegian University of 
Science and Technology, Trondheim, Norway, s 401-410, The Design Society. 
 
 

 
  



Creativity in Design for Additive Manufacturing 
 

 vi 

Authors’ contributions to the papers 
 
Paper A The idea of the paper was developed and data were collected by 

Lindwall and Dordlofva. Data were analysed primarily by Lindwall and 
checked by Dordlofva. Lindwall wrote a majority of the paper. 
Dordlofva wrote parts of the literature review, methodology and 
discussion, and Öhrwall Rönnbäck assisted with the methodology. All 
three authors contributed to the final version. 

  
Paper B The idea of the paper was developed by Lindwall and Wikberg Nilsson. 

Lindwall collected and analysed data, which was checked by Wikberg 
Nilsson. Lindwall wrote most of the paper while Wikberg Nilsson wrote 
parts of the literature review and discussion. Both authors contributed 
to the final version. 

  
Paper C The idea of the paper was developed by Lindwall and Törlind, both of 

whom also collected data and created the design heuristics. Data were 
analysed by Lindwall and checked by Törlind. Lindwall wrote most of 
the paper while Törlind wrote parts of the literature review and 
discussion. Both authors contributed to the final version. 

  
Paper D The idea of the paper was developed by Lindwall and Valjak. Valjak 

wrote most of the paper while Lindwall wrote parts of the literature 
review and discussion. Both authors contributed to the final version. 

  
Paper E The idea of the paper was developed by Lindwall and Dordlofva. Data 

were collected by all four authors and analysed by Lindwall and 
Dordlovfa. Lindwall wrote most of the paper while Dordlofva wrote 
parts of the case study findings and discussion sections. Öhrwall 
Rönnbäck and Törlind refined the manuscript and added insights 
overall. All four authors contributed to the final version. 

  
Paper F The idea of the paper was developed by Lindwall, Wikberg Nilsson and 

Öhrwall Rönnbäck. Data were collected and analysed by Lindwall and 
checked by Wikberg Nilsson and Öhrwall Rönnbäck. Lindwall wrote 
most of the paper while Wikberg Nilsson wrote parts of the literature 
review and discussion. All three authors contributed to the final version 



Table of contents 
 

 vii 

 
Table of contents 
1 Introduction .......................................................................................................... 1 

1.1 Additive manufacturing and design creativity ........................................................................ 1 

1.2 Creativity management in design for additive manufacturing ................................................. 2 

1.3 Research purpose and research questions ......................................................................... 4 

1.4 Research positioning .......................................................................................................... 4 

1.5 Delimitations ...................................................................................................................... 5 

1.6 Thesis outline ..................................................................................................................... 5 

2 Frame of reference ............................................................................................... 7 

2.1 Product development in engineering design practices ......................................................... 7 
2.1.1 The engineering design process ..................................................................................... 8 
2.1.2 Design for manufacturing and assembly ......................................................................... 8 
2.1.3 Adopting new technologies in design practices ............................................................... 9 

2.2 Design for additive manufacturing ....................................................................................... 9 
2.2.1 Design for additive manufacturing in design practices .................................................... 10 
2.2.2 Gaining additive manufacturing knowledge .................................................................... 11 
2.2.3 Design supports in design for additive manufacturing .................................................... 12 

2.3 Creativity in design ........................................................................................................... 14 
2.3.1 The creative abilities of a designer ................................................................................ 14 
2.3.2 Individual creativity management in design practices ..................................................... 15 
2.3.3 Creative thinking in design ............................................................................................ 16 
2.3.4 Creativity and additive manufacturing ............................................................................ 17 

3 Research methodology ...................................................................................... 19 

3.1 Research approach ......................................................................................................... 19 
3.1.1 Philosophical positioning .............................................................................................. 19 

3.2 Research design .............................................................................................................. 20 
3.2.1 Case selection ............................................................................................................ 21 

3.3 Literature reviews ............................................................................................................. 22 

3.4 Empirical data collection ................................................................................................... 23 
3.4.1 Study I ........................................................................................................................ 23 
3.4.2 Study II ........................................................................................................................ 24 
3.4.3 Study III ....................................................................................................................... 25 

3.5 Data analysis ................................................................................................................... 26 

3.6 Quality of research ........................................................................................................... 26 
3.6.1 Credibility .................................................................................................................... 26 
3.6.2 Transferability ............................................................................................................... 27 
3.6.3 Dependability ............................................................................................................... 27 
3.6.4 Confirmability ............................................................................................................... 28 

3.7 Ethical considerations ...................................................................................................... 28 
 
 
 



Creativity in Design for Additive Manufacturing 
 

 viii 

4 Summary of appended papers ........................................................................... 31 

4.1 Paper A ........................................................................................................................... 31 

4.2 Paper B ........................................................................................................................... 32 

4.3 Paper C ........................................................................................................................... 33 

4.4 Paper D ........................................................................................................................... 34 

4.5 Paper E ........................................................................................................................... 35 

4.6 Paper F ........................................................................................................................... 36 

5 A framework for creativity in design for additive manufacturing .............................. 39 

5.1 Components of creativity in design for additive manufacturing ............................................ 39 

5.2 Illustrating the key characteristics with a case .................................................................... 40 
5.2.1 Motivation to design for additive manufacturing ............................................................. 40 
5.2.2 Thinking additively in design ......................................................................................... 41 
5.2.3 Gaining knowledge and experience in additive manufacturing ........................................ 42 

5.3 Creativity wheel for additive manufacturing ........................................................................ 43 
5.3.1 Additive manufacturing motivation ................................................................................. 44 
5.3.2 Additive manufacturing creative thinking ........................................................................ 45 
5.3.3 Additive manufacturing expertise .................................................................................. 47 

5.4 The framework and the involvement of additive manufacturing design supports .................. 49 

5.5 External influences on the framework ................................................................................ 50 

5.6 Sustainability considerations of the framework ................................................................... 51 

6 Conclusions ...................................................................................................... 53 

6.1 Purpose and research questions ...................................................................................... 53 

6.2 Theoretical contributions ................................................................................................... 53 

6.3 Industrial implications ....................................................................................................... 54 

6.4 Limitations and suggestions for further research ................................................................ 54 
 
 
List of Appendices 
 
Appendix A Interview guide Study Ia 
Appendix B Workshop agenda Study Ib 
Appendix C Participant list of workshop series study II 
Appendix D Interview guide Study III 
Appendix E Interview and respondent information 

 
  



Introduction 
 

1 
 

 

1 Introduction 
This chapter describes the background and rationale for the research presented in this thesis. 
First, the research problem is outlined, including current knowledge about the topic and gaps 
in literature. The aim, purpose and research questions are then formulated. Finally, the 
research positioning and delimitations of the thesis are presented.  
 
1.1 Additive manufacturing and design creativity 
Additive Manufacturing (AM) is often considered to increase opportunities for design 
creativity, as well as enhancing the use of designers’ creative abilities through an expansion 
of the design freedom. In the past few decades, interest has been growing in AM, and the 
associated manufacturing technologies are now suitable for industrial usage of AM (Wohlers 
et al., 2020). AM is more commonly known as 3D-printing, and the technique produces a 
design in a layer-upon-layer approach, which contrasts with conventional manufacturing that 
often uses subtractive or forming approaches. AM provides the opportunity to increase a 
product’s value through geometrical, hierarchical, material, and functional complexities 
(Gibson et al., 2015; Rosen, 2014). For example, a product designed for AM can include 
features such as part consolidation, functional integration, free-form design, topology 
optimised design, and part customisation (Gibson et al., 2015; Thompson et al., 2016). 
Therefore, AM makes it possible to create designs with complex geometries that either are 
impossible or extremely difficult to produce through conventual manufacturing technologies. 
AM is proposed to bring “complexity for free” and “individualisation for free” (Figure 1), 
meaning that complex geometries and low production volumes can be produced at a lower 
cost per part than they could have in conventional manufacturing (Poprawe et al., 2015). 
Having complexity and/or individualisation for free gives designers more design freedom 
during product development, allowing them to ‘think outside the box’.  
 

 
Figure 1. The relationship between product cost and production volume and product complexity, with respect to 
additive manufacturing and conventional manufacturing (adopted from Poprawe et al., 2015). 
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Many conventional manufacturing constraints can be avoided in design when choosing to 
design for AM (Gibson, 2017). These new possibilities and limitations with AM present 
designers with a new challenge, pushing them to think outside a new box with different 
boundaries. Such new challenges lead to more pressure to be creative and simultaneously take 
full advantage of a (to them) new technology. Previous research suggests that it can be hard 
for designers to understand how to include AM in their design work (Campbell et al., 2012; 
Kumke et al., 2016), and they can at times feel overwhelmed by all the new possibilities and 
limitations (Campbell et al., 2012; Klahn et al., 2015). To mend the overwhelming aspects, 
there is a need to effectively help designers explore design space, manage the design freedom 
and address uncertainties (Simpson & Martins, 2011).  
 
Previous research has attempted to formalise creativity in Design for Additive Manufacturing 
(DfAM) with the goal of assisting designers in making full use of their creative abilities. For 
example, Barclift et al. (2017) presented a framework aiming to assess the relationship 
between the attitudes of designers (in this study, student designers), creativity, and 
performances in a DfAM task. Another study proposed a five-stage framework of a creative 
approach, integrating existing solutions, artifacts, and graphical/textual information to be 
used as creative incentives (Rias et al., 2017). Furthermore, Pedota & Piscitello (2022) 
proposed a creativity framework combining the field, domain, and individual perspectives in 
DfAM. Several additional studies have been made on creativity in DfAM in terms of 
designing tools and methods such as design guidelines (Allison et al., 2019; Thompson et al., 
2016), design heuristics (Blösch-Paidosh & Shea, 2022; Schauer et al., 2022), design 
principles (Perez et al., 2019; Valjak et al., 2022) and general DfAM approaches (Klahn et 
al., 2015; Laverne et al., 2017). Additionally, several DfAM frameworks have been presented 
to support the inclusion of AM design possibilities and limitations in the design process 
(Kumke et al., 2016; Panesar et al., 2017; Ponche et al., 2012; Pradel et al., 2018b; Renjith et 
al., 2020; Sossou et al., 2022; Vaneker et al., 2020). These frameworks, tools, and methods 
aim to help designers integrate DfAM knowledge and understanding, ultimately assisting 
them through the DfAM process, rather than focusing on supporting overall creativity. Great 
efforts are being made in the field with the aim to support designers in utilising opportunities 
that AM can bring in design. It is often argued that AM can bring a higher degree of freedom 
in design (Gibson, 2017; Khorasani et al., 2022), and AM can therefore bring an increased 
product value with the assistance of creativity. However, up to this point, most academic 
contributions have focused on material, the AM process, engineering design and specific 
creative activities rather than supporting DfAM creativity as a whole. To truly encourage 
creativity when designing for AM, it is important to also include perspectives of work-group 
features, supervisor encouragement, organisational support, freedom for the individual, 
moderate challenge with the task, and having enough resources in terms of time and money 
(Amabile, 1998). The diversity of available tools, methods, and frameworks for AM with 
different focuses does not bring an overall direction for designers who need to manage 
creativity. 
 
1.2 Creativity management in design for additive manufacturing 
Product innovations are creative (creative referring to novel, suitable, and valuable) ideas that 
have been implemented (Runco & Jaeger, 2012; Sawyer, 2012), and AM is often adopted 
specifically to create product innovations. Designers looking to create product innovations 
are ultimately expected to be highly creative and simultaneously design products that are 
tailored for production with AM. Compared with conventional manufacturing, AM brings an 
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increased production capability with new boundaries in terms of possibilities and limitations. 
This increased production capability also leads to an expansion of the product design space 
(Figure 2), which enables more possible solutions for product designs (Larsson, 2020). To 
fully utilise AM and this expanded design space, designers need to learn about and understand 
the new areas for both the production capability space and product design space. Hence, 
designers are put into a situation where they need to engage in extensive learning while 
already possessing an in-depth understanding of both the original product design areas and 
the conventional production capability space. It is important to not only investigate which 
DfAM method or tool is appropriate for the specific design case, but also to add a creativity 
management perspective to DfAM: that is, to understand how designers can be encouraged 
to make use of their creative abilities. In this thesis, creativity management refers to a system 
of practices and methods used to manage creativity in design practices. 
 

 
 

Figure 2. Exploitative production innovation, where additive manufacturing expands the production capability 
space and hence the possible design space (adopted from (Larsson, 2020, pp 36). 

Creativity is an abstract concept, and exploring it in the context DfAM creates several 
challenges for designers. The relationship between creativity and innovation needs to be 
managed in terms of both individual and group creativity if an organisation is to achieve its 
desired product innovations, and the organisational work environment influences the potential 
for designers to make use of their creative abilities (Amabile & Pratt, 2016). Organisations 
have a set of creativity assets in their design teams as well as within individual designers, who 
need to be encouraged to make use of AM. Clearly there is a need to manage creativity and 
encourage a nurturing, dynamic symbiosis between creativity and innovation within the 
organisation. Designers face the challenge to not only take the new manufacturing technology 
and its challenges into account, but also managing their own creative abilities.  
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1.3 Research purpose and research questions 
The purpose of the research presented in this thesis is to advance the understanding of 
creativity in design for additive manufacturing. To do so, the key characteristics of creativity 
in DfAM need to be identified in order to help designers use their creative abilities when AM 
is adopted in design. Two specific research questions have been formulated to guide the 
research process. The first research question is descriptive and treats the key characteristics 
of creativity in DfAM. The description of key characteristics of creativity in DfAM brings an 
understanding of important segments for creativity in DfAM.  
 

RQ1. How can the key characteristics of creativity in design for additive 
manufacturing be described? 

 
The second research question focuses on representing creativity in DfAM, to help designers 
to enhance the use of their creative abilities. Representing creativity in DfAM can help 
designers during the adoption of AM in design, bringing an overall understanding of how the 
key characteristics are linked. 
 

RQ2. How can creativity in design for additive manufacturing be represented in such 
a way that designers can enhance the use of their creative abilities? 

 
1.4 Research positioning 
Figure 3 shows the positioning of this thesis at the intersection of three main research areas, 
namely creativity in design, DfAM, and product development. The grey filled area represents 
the focus of the thesis, and both literature and empirical studies are designed to fit within this 
area to contribute to the research purpose and explore the research questions. All three 
research areas are equally significant for increasing our understanding of creativity in DfAM. 
The results of this thesis are also expected to contribute to these research areas.  
 

 
 

Figure 3. The positioning of this doctoral thesis in the intersection of the three main research areas. 
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1.5 Delimitations 
The research presented in this thesis has some delimitations. First, studies in this thesis 
focuses on product development at companies that produce metal components for AM. 
Second, in this thesis, AM refers to metal AM processes because of the preference amongst 
the cases (specifically, re-design of a product already being produced in metals). Third, since 
most of the research presented in this thesis has been conducted in the space industry and AM 
is also being developed for manufacturing in space, it should be noted that AM in this thesis 
refers to manufacturing on earth. Fifth, the thesis has a creativity perspective, hence the 
development of AM processes and materials are out of its scope. Sixth, since the thesis 
focuses on creativity, it should be noted that psychological aspects of such are out of scope. 
Finally, studies included in this thesis focus on the level of the individual designer. 
 
1.6 Thesis outline 
This compilation thesis consists of a introductory section and six appended papers. In addition 
to this first introduction chapter, the following chapters are included in the introductory 
section. Chapter 2 presents the frame of reference. Chapter 3 describes the research 
methodology. Chapter 4 summarises the appended papers and their relationships to this thesis. 
Chapter 5 presents and discusses the framework, based on findings from empirical data and 
the frame of reference. Lastly, Chapter 6 gathers the conclusions, presents the theoretical 
contributions, practical implications, limitations of the research, and offer suggestions for 
future research. 
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2 Frame of reference 
This chapter presents the frame of reference upon which this thesis is based. It covers an 
overview of previous research in relevant areas and aims to help efforts to further understand 
creativity in design for additive manufacturing. The first section presents product 
development in engineering design; the second section describes design for additive 
manufacturing; the third section introduces creativity in design. 
 
2.1 Product development in engineering design practices 
The product development process covers a number of activities that aim to design and 
commercialise a product (Ulrich & Eppinger, 2012). Many organisations are focused on an 
engineering design approach, and most processes are based on a similar general approach. 
Such processes go through the main phases of planning, concept development, systems-level-
design, detail design, testing and refinement, and production ramp-up (Figure 4) (Pahl & 
Beitz, 2007; Ulrich & Eppinger, 2012). In some product development processes, the product 
is part of a product system or is the product system itself. This means that a system 
architecture is developed in order to create sub-products for parts within the system, where 
the design of a sub-product needs to consider the pre-defined system architecture (Crawley et 
al., 2004). Some of these larger and more complex project systems can be hard to manage 
when synchronising people, processes, models, and objectives within the complex systems 
(Simpson & Martins, 2011). Many formal organisations are structured as trees with formal 
communication channels, but they can also have more informal and general networks in 
which people find alternative routes to communicate (Crawley et al., 2004). Such alternative 
routes help designers create collaborations and joint understanding outside of the structured 
design project and product system. However, it can be difficult for designers to fully see the 
“big picture” in these large complex systems, and it can be hard to understand how their 
decisions affect other parts of the system (Simpson & Martins, 2011). There has been progress 
in trying to find and develop stable systems in which interactions among units and the many 
(potentially thousands) design groups involved are coordinated (ibid.). These complex 
systems require clear structures regarding time and cost management in order for all parts of 
the system to follow the scheduled plan, and it has been shown that large, complex 
development projects are at risk of overrunning both cost and time (Sinha & de Weck, 2016), 
which makes it even more important to verify each step made in the product projects.  
 

 
 
Figure 4. A simplified product development process with some of the business functions working with key activities 
in each phase (adopted from Ulrich & Eppinger, 2012, pp 14). 
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2.1.1 The engineering design process 
Engineering design often uses a stage-gate approach in which each phase is followed by a 
gate to verify that the phase has been successfully conducted (Ulrich & Eppinger, 2012). The 
stage-gate model can be costly but yields impressive results, and divisions that implemented 
the model in the 1990s achieved higher levels of product performance (Cooper, 1990). In the 
stage-gate process, many activities are performed parallel to each other in order to compress 
time, which potentially allows more activities to be performed than a sequential approach 
would allow (ibid.). The engineering design perspective often focuses on designing a quality 
product with high performance (Pahl & Beitz, 2007; Ulrich & Eppinger, 2012), which in turn 
can lead to an increased number of activities. With this in mind, it is important to manage the 
key activities in the engineering design process. The stage-gate process emphasises key 
activities and brings a quality focus to the process (Cooper, 1990), which makes the process 
very suitable for the design engineering approach. However, the stage-gate model has been 
criticised for being too controlling and too burdened with paperwork and checklists (Cooper, 
2014). Such strict and controlling environment are often thought to interfere with designers’ 
creative performance (Oldham & Cummings, 1996), which should be taken into consideration 
while setting up a design project. Current industries have a general need for faster feedback, 
which also set a new scene in product development. Therefore, there is a need for build-test-
revise iterations where the product is rapidly prototyped and assessed several times during a 
product development process (Cooper, 2014). Such iterations should however not bring a new 
controlling atmosphere, but rather assist designers in their further collaborations with other 
business functions. The key responsibilities of each phase in the general product development 
process can be divided by several business functions (marketing, design, manufacturing, etc.) 
(Ulrich & Eppinger, 2012; Figure 4).  
 
2.1.2 Design for manufacturing and assembly 
Sometimes it is deemed important to design for a specific aspect and include particular areas 
of expertise in design projects. This approach is called Design for X (DfX), which could bring 
positive effects to a design project. Examples of DfX approaches are Design for 
Manufacturing and Assembly (DfM/A), Design for Environment (DfE), and Design for 
Quality (DfQ) (Pahl & Beitz, 2007; Ulrich & Eppinger, 2012), all of which aim to increase 
product value in many perspectives. Several product design projects focus on a design for 
manufacturing and assembly (DFM/A) approach, which includes one of the major goals of 
decreasing cost (Pahl & Beitz, 2007; Ulrich & Eppinger, 2012). DfM/A include guidelines 
such as reducing part counts and assembly times, avoiding tight tolerances, minimising 
systematic complexities, simplifying designs, and designing multifunctional parts (Boothroyd 
et al., 1994; Pahl & Beitz, 2007; Poli, 2001; Ulrich & Eppinger, 2012). The aim of these 
guidelines is to simplify manufacturing and ensure the design and production of quality 
products. The guidelines need to be considered throughout the entire product development 
process, with an emphasis on the later phases. When the product and its functions have an 
overall finished design, production requirements can more easily be managed and DFM/A 
guidelines applied (Boothroyd et al., 1994a). However, DfM/A is preferably included in the 
conceptual design phase (Poli, 2001), within which there is a need to consider how specific 
engineering design guidelines affect both manufacturing and assembly operations (Pahl & 
Beitz, 2007). Detailed design and production ramp-up activities consider any of the remaining 
dimensions, tolerances and material information that are needed for production personnel to 
manufacture the product (Poli, 2001). It is important to acknowledge that designs can result 
in expensive products in case designers don’t grasp (or take into account) the capabilities and 



Frame of reference 
 

9 
 

constraints given by the production processes (Ulrich & Eppinger, 2012). Therefore, 
designers need extensive knowledge of the capabilities and limitations of the various available 
production processes (Boothroyd, 1994b). 
 
2.1.3 Adopting new technologies in design practices 
New technologies can support designers in their design work or enhance a product’s value. 
However, designers need to understand how to include such technologies in the design 
process in order to make good use of it. Large organisations often work efficiently by having 
a set development process, but new technologies such as additive manufacturing might 
perturb previously well-known design processes to fully exploit the potentials of the 
technologies (Fenn & Raskino, 2009). It is proposed that the so-called ‘Gartner’s hype cycle’ 
explain the effects of a new technology in an organisation, which includes five segments that 
a technology needs to go through before it can be fully implemented (Figure 5): the 
technology trigger, peak of inflated expectations, trough of disillusionment, slope of 
enlightenment, and plateau of productivity (Dedehayir & Steinert, 2016; Fenn & Raskino, 
2009). Specifically related to adopting AM in design, it has been suggested that AM printing 
service bureaus have reached the plateau of productivity, and in fact that several industries 
that adopted AM at a level of early maturity are now at the threshold of the plateau of 
productivity (AMFG, 2021). 
 

 
Figure 5. Gartner’s hype cycle (adopted from Gartner, 2019). 

2.2 Design for additive manufacturing 
Additive manufacturing (AM) is the process of joining materials in a layer-upon-layer 
approach, allowing the design of complex geometries that are very hard or impossible to 
produce with conventional manufacturing methods. AM expands the design space, providing 
designers with new boundaries (based on the possibilities and limitations) in design (Gibson 
et al., 2015). Conventional manufacturing methods are often included in the product 
development process through DfM/A approaches, but because adopting AM implies a change 
in the design space, a new expression, Design for Additive Manufacturing (DfAM), has been 
proposed. DfAM assists designers both in taking full advantage of the possibilities and 
addresses the limitations of a ‘printable’ design (i.e. the possibility to produce a part with 
AM). Even though AM often increases ‘design freedom’ with the changed boundaries of the 
design space, designers need to have knowledge about these new boundaries to understand 
the limitations with the manufacturing method (Kumke et al., 2016; Seepersad et al., 2017). 
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Both the opportunities and limits need to be considered when finding the boundaries of the 
‘new design space’ related to AM.  
 
The current DfAM literature can be divided into two types, namely the utilisation of design 
potentials with AM, and the rules and guidelines linked to manufacturability (Pradel et al., 
2018a). The first type relates to the capabilities, opportunities, and potentials of AM in design, 
and aims to encourage designers to design in new ways. These studies raise awareness of the 
more opportunistic DfAM approaches with AM capabilities and design potentials (Gibson et 
al., 2015; Kumke et al., 2016; Laverne et al., 2015; Yang & Zhao, 2015). The second type is 
closely related to DfM/A rules that focus on ensuring manufacturability (Boothroyd et al., 
1994; Poli, 2001). Several studies have explored the more restrictive DfAM approaches with 
AM design rules and constraints (Adam & Zimmer, 2015; Kranz et al., 2015; Kumke et al., 
2016; Laverne et al., 2015; Yang & Zhao, 2015). These design rules are intended to ensure 
‘printability’ and do not consider what might be an optimal design (Pradel et al., 2018a).  
 
2.2.1 Design for additive manufacturing in design practices 
Laverne et al. (2015) defines three categories of ways to assist designers while working with 
AM (Figure 6): Opportunistic DfAM, Restrictive DfAM, and Dual DfAM. Opportunistic 
DfAM methods help designers explore the four AM complexities: geometrical, hierarchical, 
material, and functional (Gibson et al., 2015; Rosen, 2014). The complexities are intended to 
help designers rethink a design and gain an understanding of the new opportunities with AM. 
Restrictive DfAM methods focus on aspects like material properties, AM machine aspects, 
and manufacturability (Laverne et al., 2015). The ultimate aim is to help designers take the 
limits of AM into account during design. Finally, dual DfAM methods combines elements 
from both opportunistic and restrictive DfAM methods, aiming to take full advantage of AM 
in design in a realistic way (ibid.).  
 

 
Figure 6. The three categories of DfAM: opportunistic, restrictive, and dual DfAM methods. 

Kumke et al. (2016) defines DfAM with another classification, as having either a strict or a 
broad sense (Figure 7). DfAM in the strict sense mainly includes utilising AM design 
potentials, AM design rules, and combined approaches and methodologies that involve both 
possibilities and limitations of AM in design. These methods include guidelines that aim to 
support designers in working with AM design rules while designing for AM (ibid.). DfAM in 
the broad sense includes not only the strategies defined by the strict sense, but also the 
selection of parts and applications, process selection and production strategies, and a 
manufacturability analysis (Kumke et al., 2016).  In summary, designers need to have both 
an opportunistic and restrictive perspective while designing for AM, where combined (or 
dual) strategies are favourable (Kumke et al., 2016; Laverne et al., 2015).  
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Two major issues of implementing AM into the product development process are the 
designers’ abilities to absorb all the possibilities that AM offers (Campbell et al., 2012), and 
the designers’ abilities to understand the new limitations in design that the processes bring 
(Kumke et al., 2016; Pradel et al., 2018a; Seepersad et al., 2017). There are two alternative 
design strategies, namely manufacturing driven and function driven (Klahn et al., 2015). The 
manufacturing-driven strategy aims to use AM as the production technology. The designer 
keeps a conventional design, adjusts the model, and uses AM as a substitution for other 
manufacturing processes. The other strategy, called the function-driven strategy, aims to use 
the full potential of AM and take advantage of its characteristics in order to improve the 
functions of a product (Klahn et al., 2015). No matter the chosen strategy, there are several 
opportunities for optimising the final product, such as parts consolidation and improved 
functionality (ICampbell et al., 2012).  

 
Figure 7. Classification of DfAM strategies with the broad and strict sense (adopted from Kumke et al., 2016, 
pp 4). 

2.2.2 Gaining additive manufacturing knowledge 
When adopting AM in design, it is important to identify and respect both the manufacturing 
capabilities and constraints related to AM (Fuwen et al., 2018). In doing so, a designer can 
successfully find the boundaries of AM and understand the possible design space. Designers 
also need to exchange knowledge with each other to reach a higher degree of progress in the 
design (Mamykina et al., 2002). However, it is important to provide designers with the right 
AM knowledge at the right time (Laverne et al., 2015), and not all information and knowledge 
about AM is necessary to have at all stages of the DfAM process, which should be 
acknowledged accordingly. Laverne et al. (2017) have presented a design method with the 
aim of making use of AM knowledge during the early phases of design, a method that 
provides important parameters such as time, support, and content. In addition, there is a need 
to combine appropriate methods for the specific AM design purpose, each of which must be 
selected carefully based on a designer’s existing DfAM expertise (Kumke et al., 2018). In 
most processes, individuals go through five stages while creating skills and gaining 
knowledge, starting at the novice level and ending as an expert (Cheetham & Chivers, 2005). 
This is also highlighted by Dorst (2011), who distinguishes seven levels of expertise in design, 
starting with naïve followed by novice and ending with a visionary level after expert/master. 
Novice (or naïve) designers work using a ‘trial and error’ approach when facing design 
problems (Ahmed et al., 2003) and tend to follow rules and guidelines, while experts no 
longer rely on such supports (Cheetham & Chivers, 2005). One study has shown that a 
designer’s ability to manage DfAM is dependent on their previous engineering skills and 
experience, that experienced designers show a high level of understanding related to 
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restrictive DfAM, and that further efforts to introduce opportunistic DfAM are needed earlier 
in designers’ careers (Prabhu et al., 2022a). Furthermore, another study showed that designers 
can develop restrictive DfAM self-efficacy with more easily than they develop opportunistic 
DfAM, which further illustrates the importance of introducing opportunistic DfAM early in 
the learning process so that designers do not limit themselves to restrictive DfAM (Prabhu et 
al., 2021). It has been found that the experienced self-efficacy of using DfAM can be divided 
into seven components, with four related to opportunistic DfAM and three to restrictive 
DfAM (Prabhu et al., 2022b). The opportunistic DfAM components were mass customization, 
part consolidation, geometric complexity, and multi-material design. The restrictive DfAM 
components were warping, material anisotropy, and surface roughness.  
 
Even though the importance of including AM knowledge in design is known, it has been 
shown that AM knowledge does not have a significant influence on radical innovation, but 
rather on architectural innovation (Yang et al., 2019). Pradel et al. (2018b) have proposed a 
framework mapping certain aspects of DfAM knowledge into a typical design process, with 
the aim of gathering supports for designers when designing for AM. The framework includes 
process guidelines, design rules, design specifications, design guidelines, design heuristics, 
and design principles. Additionally, Hagedorn et al. (2018) identified four knowledge bases 
related to AM in design: capability knowledge, process knowledge, machine knowledge and 
product knowledge.  
 
2.2.3 Design supports in design for additive manufacturing 
As mentioned previously, AM can bring a higher degree of freedom to design, avoiding many 
of the traditional constraints of manufacturing processes (Gibson, 2017). It has however also 
been argued that AM is still in its infancy and the general designer has limited understanding 
of when and how to include DfAM (Thompson et al., 2016). A study by (Ratto & Ree, 2012) 
showed that some designers want to address AM the same way that they would any other 
manufacturing technology in their daily work, and they see AM as just another tool in the 
toolbox. This shows an important aspect of DfAM, where designers need to learn enough 
about AM in design to be able to address the technology similarly to how they think about 
with traditional manufacturing technologies. To reach a higher degree of AM understanding 
in design, there is a need to manage various DfAM approaches while also adopting and 
learning about AM in design.  
 
To address these issues, three new methods have been recently proposed. Yang & Zhao 
(2015) proposed an AM-enabled design method, integrating AM design specifications and 
AM process constraints into the design process. The method goes through function 
integration, structure optimisation, and checking design solutions, which leads to outputs for 
the design solution and results in a redesigned structure. Using this method takes important 
aspects of both product performance and AM process parameters into consideration. Maidin 
et al. (2012) proposed a design support tool that assists designers while designing for AM 
through a DfAM feature database. The database showed potential for being inspirational, 
useful, relevant, and helpful. Finally, to promote the generation of creative solutions during 
the early stages of design, Lang et al. (2021) have recently proposed an Augmented Design 
with AM Methodology. The method aspires to capture the design potential of AM through a 
set of AM opportunities and inspirational objects, with the aim of supporting innovative ideas 
(ibid.)  
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Even though AM brings a new design space with different boundaries than traditional 
manufacturing methods, it has been shown that designers tend to violate more design 
constraints with AM, which is a misuse of the design freedom (Abdelall et al., 2018a); 
designers created more novel designs, but the designs were harder to manufacture. A new 
software has been developed with the goal of assisting designers to limit design fixation 
related to AM, and has shown positive results by reducing the number of non-producible 
designs (Abdelall et al., 2018b).Finally, environmental aspects have also been integrated into 
a DfAM framework, with the aim of helping designers envision the environmental 
performance of AM through a design’s function, performance, and lifecycle stages (Markou 
et al., 2017).  
 
Based on these DfAM tools and methods, several DfAM supports have emerged to further 
assist designers to adopt AM in their design work. For instance, Pradel et al. (2018b) discuss 
a number of supports, all aiming to exploit the potentials in DfAM. This thesis focuses on the 
four design supports that directly affect the single designer in their design practices with AM. 
Table 1 describes these design supports for AM and lists relevant publications.  
 
Table 1. Overview of design supports for additive manufacturing. 

 Description  Authors 
Design 
heuristics 

Cognitive help for helping designers explore a design 
space and reach a solution through experimental 
understanding (adapted from DALY et al., 2012; Fu et 
al., 2016; Pradel et al., 2018b). 

(Blösch-Paidosh et al., 2019; Blösch-
Paidosh & Shea, 2017, 2018, 2019; 
Blosch-Paidosh & Shea, 2021; 
Blösch-Paidosh & Shea, 2022; Fu et 
al., 2016; Schauer et al., 2022) 

Design 
principles 

Fundamental high-level directions that capture process 
parameters and provide actionable guidance for 
reaching a solution efficiently (adapted from Fu et al., 
2016; Mani et al., 2017; Perez K. B. et al., 2015; Pradel 
et al., 2018b). 
 

(Camburn et al., 2019; Fu et al., 2016; 
Lauff et al., 2019; Mani et al., 2017; 
Perez et al., 2019; Rosen, 2014; 
Schumacher et al., 2019; Valjak et al., 
2022; Valjak & Bojčetić, 2019) 

Design 
guidelines 

A context-dependent and detailed directive that gives 
specific recommendations towards a solution tailored 
for the manufacturing process (adapted from Allison et 
al., 2019; Fu et al., 2016; Pradel et al., 2018b). 

(Agrawal, 2022; Alfaify et al., 2020; 
Allison et al., 2019; Fu et al., 2016; 
Kranz et al., 2015; Kumke et al., 2016; 
Leutenecker-Twelsiek et al., 2016; 
Maidin et al., 2012; Thompson et al., 
2016; Wiberg et al., 2021) 

Design rules A prescriptive statement that provides specific 
knowledge when cause-and-effect is well known, 
providing predictable and reliable solutions (adapted 
from Fu et al., 2016; Huet et al., 2022; Pradel et al., 
2018b). 

(Bikas et al., 2019; Huet et al., 2022; 
Ko et al., 2021; Kumke et al., 2016; 
Leutenecker-Twelsiek et al., 2016; 
Mani et al., 2017; Thompson et al., 
2016) 

 
The first support is design heuristics for AM, which aims to help designers explore the new 
design space. Similar design supports have been tested with industrial representatives together 
with both illustrative design cards and objects as a means for inspiration, and results have 
been promising (Blösch-Paidosh & Shea, 2022). The second support is design principles for 
AM, which aims to give direction on how to design efficiently for AM. These design supports 
have been tested by showing students illustrative design cards with real-world examples, 
which has helped designers improve quality and novelty of ideas (Perez et al., 2019). The 
third support is specific AM design guidelines, a context-dependent directive for reaching a 
printable design. Allison et al. (2019) provided design guidelines in an online web tool, 
covering aspects such as surface roughness, part orientation, part location in the build 
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chamber, wall thickness, resolution, and machine variation. Additionally, Leutenecker-
Twelsiek et al. (2016) presented a design guideline specifically related to part orientation, 
which helps designers define the part orientation in early stages of the design to avoid design 
iterations and post-processing. The fourth support is AM design rules, which teaches the 
design of reliable and printable designs. Design rules are important for improving design 
efficiency, and a context-aware system has been presented for improving the application of 
design rules in a specific context (Huet et al., 2022). This system aims to replace an 
unstructured documentation usage of AM design rules.  
 
2.3 Creativity in design 
There are several definitions of creativity many of which use the words novelty (or originality) 
and valuable (or useful) (Amabile et al., 1996; Runco & Jaeger, 2012; Sarkar & Chakrabarti, 
2011; Sawyer, 2012). Creativity can be seen as the ability to find and solve problems, and 
where the search for a problem could lead to finding the creative solutions (Runco, 2007; 
Sawyer, 2012). Additionally, an activity is often considered to be creative when it first breaks 
free from familiar routines. With these viewpoints in mind, design creativity can be defined 
as the search and discovery of a breakthrough, original and useful solution. Nine attributes of 
creativity in design have been identified in literature (Amabile, 1998; Anderson et al., 2014; 
Nagai & Taura, 2015; Sternberg & Lubart, 1991): expertise, motivation, goal orientation, 
values, creative thinking skills, flexibility, design thinking, individual traits and thinking 
styles. These attributes are important for designers keep in mind while they manage their 
creative abilities in design. Because goal orientation and values are closely linked to 
motivation, these three can be considered intertwined. Flexibility, design thinking, individual 
traits and thinking styles can be similarly joined with creative thinking skills. Hence, the 
attributes of creativity in design can narrowed down to the three components of creativity:  
motivation, creative thinking skills, and expertise (as presented by Amabile, 1998). These 
components of creativity are important for an overall understanding of creativity in design.  
 
2.3.1 The creative abilities of a designer 
A designer’s creative ability is about their capability to approach a task or a problem in a new 
and imaginative way. However, for designers to make full use of their creative abilities, 
several aspects need to be considered. Amabile (1998) argues that sufficient time and money 
is of importance when considering creativity in design, since these two can either kill or 
support creativity in a design team. Even though time pressure can have a negative impact on 
creativity, it has also been suggested that a sense of focus can support designers in using their 
creative abilities when they concentrate on a single task for much of their day (Amabile et al., 
2002). To have sufficient time for a task helps designers utilise the full potential of their 
creative abilities and increases the possibility of reaching creative outcomes. Designers have 
been shown to perform more creatively when they have complex tasks and supportive, non-
controlling supervisors (Oldham & Cummings, 1996). Additionally, a task can be directed 
towards a specific focus, ultimately allowing constraints in the design process to be either a 
guide or a limitation for the creative process (Onarheim, 2012). There should therefore be 
some level of flexibility related to design constraints and time management. However, 
designers and design teams need to acknowledge that navigating through multiple 
contradictory constraints requires a high level of creativity (Eckert et al., 2012). Such high 
level of creativity can be a complex matter, requiring designers to have sufficient time, 
money, and flexibility. Designers also need to have a clearly specified goal (Amabile, 1998), 
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an understanding a specific design problem (Eckert, 2012), the time to focus on a design task 
(Amabile, 2002), the flexibility to move around design constraints (Onarheim, 2012), and the 
cognitive possibility to acknowledge the potentials of a specific design (Taura & Nagai, 
2017). In short, for designers to nurture their creative abilities, they require time, money, 
flexibility, and clearly specified goals. 
 
2.3.2 Individual creativity management in design practices 
Creativity is often considered crucial for innovation. It is therefore important for designers to 
manage their creative abilities during the product design process. In this thesis, the term 
creativity management refers to a system of practices and methods for designers to manage 
creativity in their design practices. It has been suggested that creativity management requires 
a mindset of breaking routines, ignoring what has worked in the past, and investing in ideas 
for which there is not much evidence (Sutton, 2001). This mindset is not only important for 
the individual designer to manage, but also for the designer to have support within the 
organisation to reach this mindset. Most management techniques are based on routine work 
(Sutton, 2001), but with the definition of creativity in mind, it is beneficial to break free from 
familiar routines in order to encourage creative work. To manage and encourage creative 
work, it has been argued that management needs to take responsibility for two pillars 
(Sonnenburg, 2004) in product design: (1) promoting creativity throughout the work 
environment (i.e. open culture, flexible behaviour and democratic infrastructure) and (2) 
supporting collaborative product design. Both the work environment and collaboration are 
important for designers to manage their creative abilities. There is a dynamic link between 
individual and group creativity and organisational innovation (Figure 8), where individual 
and group creativity feeds organisational innovation and vice versa (Amabile & Pratt, 2016). 
This link emphasises the importance not only of nurturing creativity for the organisation to 
be innovative, but also for the individual designer to manage their own creative abilities in 
relation to the work environment.  
 
Creativity can be distinguished from innovation in that creativity involves thinking, while 
innovation also includes the implementation of the creative ideas (Anderson et al., 2014). 
Individual designers are not responsible for implementing their creative outcomes, but they 
can be part of a culture of nurturing and supporting the creative outcomes of their teammates.  
Individual creativity has been shown to have a specific effect on group creativity, which in 
turn influences organisational creativity, which then affects organisational innovation (Han 
et al., 2015). Furthermore, an individual designer and design team have the possibility of 
supporting one another to feed organisational innovation while reaching their creative 
outcomes. Designers need a supportive and nurturing environment to take care of their 
creative abilities, which is central for creativity management in design practices (Epstein et 
al., 2013). When designers explore new ways to approach a problem, they can strengthen their 
individual creativity (Amabile et al., 1996). One example is de Bono’s (1968; 1985) creativity 
methods, such as the ‘six thinking hats’, that focus on helping designers think in new ways  
 
 
and encounter previously unknown territories. However, in practice, statements and actions 
of high-level leaders are often what drive an organisation’s motivation to innovate, and it is 
important to set clear goals while enabling individuals and teams an autonomy to explore new 
ideas while supporting creativity (Amabile & Pratt, 2016).  
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Figure 8. The dynamics between organisational innovation and individual/group creativity (adopted from Amabile 
& Pratt, 2016, pp 161). 

Clear goal setting collectively enhances creativity in a design team and nurtures creativity 
amongst designers (Shalley, 1991). It has also been shown that both intrinsic and extrinsic 
motivation is needed during the creative process (Amabile, 1993). Ultimately, there is a need 
to not only have a common goal within the design team, but for the individual designer to 
have intrinsic goals. To nurture these goals, open communication systems can be important 
for supporting designers in idea exchanges, coordination, and collaboration, and it is 
important to recognise creative successes while a design progresses (Amabile & Pratt, 2016). 
However, management should not only reward successes, but also failures (Sutton, 2001), 
since failures can also lead to future creative outcomes. To further support collaboration, a 
low level of communication centralisation has been shown to be the best for team creativity 
since ideas were not filtered through someone else (Leenders et al., 2003). In summary, a 
designer needs to manage their own creative abilities through collaboration, communication, 
intrinsic goal setting, and contributing to a nurturing and supporting team environment.  
 
2.3.3 Creative thinking in design 
Design thinking is the collection of approaches that help designers break free of traditional 
ways of thinking (Brown, 2008). It reflects complex processes of exploration and learning 
while making decisions in a collaborative environment (Dym et al., 2005). Creative thinking 
skills, which are often considered related to an ability to approach a problem in a flexible and 
imaginative manner (Amabile, 1998), include individual traits and thinking styles (Anderson 
et al., 2014; Nagai & Taura, 2015). Individual traits are specific aspects of cognitive thinking, 
such as conscientiousness and openness, while thinking styles are the ways that individuals 
manage such cognitive thinking (Anderson et al., 2014). It has been argued that a designer’s 
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intelligence requires convergent thinking, while creativity instead requires divergent thinking 
(Sawyer, 2012). Another description of the difference between them is that convergent 
thinking functions in the knowledge domain, while divergent thinking focuses on the concept 
domain (Dym et al., 2005). A designer needs to not only engage in divergent thinking during 
the creative process, but to manage the dynamics between divergent and convergent thinking. 
In addition, designers learn to think differently than other professions (Lawson, 2006), and 
for a designer to embrace a sufficient level of creative thinking in their design practices, they 
need to approach a design process in a flexible, imaginable manner. 
 
2.3.4 Creativity and additive manufacturing 
Some efforts have been made in the area of creativity and AM. Prabhu et al. (2020) showed 
that a dual DfAM approach together with external rewards encourages creativity in DfAM 
tasks. Dual DfAM approaches encourage the use of both opportunistic and restrictive DfAM. 
In line with the focus on including dual approaches, a new DfAM method has been proposed 
to help designers make use of their creative abilities while designing for AM, consisting of a 
three-stage cycle: the dreamer, the realist, and the critic (Kumke et al., 2018). The dreamer 
lets their imagination run loose, the realist does not take unrealistic risks, and the critic 
highlights obstacles (ibid.). The opportunistic and restrictive perspectives of a specific AM 
design can be treated from the perspective of these categories. Hagedorn et al. (2018) have 
proposed a DfAM approach that captures knowledge from past experiences, designed to assist 
designers during ideation. The approach aims to support designers to use creativity in DfAM 
while using past DfAM successes for inspiration (ibid.). Barclift et al. (2017) have presented 
a framework aiming to assess the relationship between designers’ attitudes, creativity, and 
performances in a specific DfAM task. Finally, Rias et al. (2017) have proposed a 5-stage 
framework of a creative approach related to the product development process, for the early 
stages of DfAM: features discovery, exploration, idea evaluation, concept generation, and 
concept evaluation.  
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3 Research methodology 
This chapter presents the methodology underlying this thesis, starting with the research 
approach and philosophical positioning, followed by the research design. Next, literature 
reviews and empirical data collections are presented, followed by the data analysis. Finally, 
the quality of research, ethical considerations are discussed. 
 
3.1 Research approach 
A qualitative research approach was chosen to match the research objective (Edmondson & 
Mcmanus, 2007). Qualitative approaches are appropriate for exploring and understanding a 
new phenomenon (Creswell, 2014), and often seek to capture in-depth individual perspectives 
for descriptions (Flick, 2014). In this thesis, the overall purpose was to advance the 
understanding of creativity in design for additive manufacturing. The notion of creativity in 
design for AM can be considered as a relatively new phenomenon, and both academia and 
industry seek new ways to involve AM in design from a creative standpoint. Exploratory 
research has been conducted through an abductive approach, which aims to generate creative 
and novel theoretical insights (Timmermans & Tavory, 2012). In contrast to inductive or 
deductive research, abductive research focuses on theoretical development and finding 
explanations from empirical data rather than confirming existing theory (Dubois & Gadde, 
2002; Timmermans & Tavory, 2012). In other words, an abductive approach can be 
appropriate when a phenomenon resembles other phenomena that previously have been 
explained, in order to create new general descriptions. It is suitable to iteratively move back 
and forth between data and theory while creating these descriptions (Timmermans & Tavory, 
2012). With the ambition of achieving the research purpose, a framework of creativity in 
design for additive manufacturing is presented. The framework has been developed in a 
successive manner as a result of empirical findings and theoretical insights obtained during 
the research process, as described by Dubois & Gadde (2002). 
 
Research conducted in an iterative manner cycles back and forth between description and 
explanation (Meredith, 1993). In this thesis, each research cycle generated descriptive models 
that then were expanded into an explanatory framework. The descriptive models aim to 
describe, but not explain, an event, object, or a process. An explanatory framework is a 
collection of two or more related ideas that explain an event and provides overall 
understanding of a phenomenon. Models and frameworks are tested against reality until they 
eventually develop into theories (Meredith, 1993). The cycles of research presented in this 
thesis include iterations between theoretical insights and empirical findings. In this thesis, 
each descriptive model presented in the papers has been considered to be a building block in 
the framework for creativity in design for additive manufacturing. 
 
3.1.1 Philosophical positioning 
The methods that a researcher chooses to work with while conducting research are affected 
by their philosophical positioning. The philosophical positioning includes beliefs and values 
that are brought into the research process, as well as the researcher’s assumptions about 
reality, which guide the choice of methods and ultimately shape the research process 
(Creswell & Creswell, 2018). As mentioned, studies included in this thesis have been 
designed though a qualitative research approach. The essentials of qualitative research are 
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that a researcher recognises and analyses different perspectives, and that a researcher’s own 
assumptions about the world are a part of the process in producing knowledge (Flick, 2023). 
To explore the different perspectives of the studied phenomenon, 16 individual interview 
respondents and 34 individual workshop participants have provided insights with their 
experiences in the studies. Furthermore, research presented in this thesis is based on a 
constructivist worldview, with the intention to interpret the meanings of others in the studied 
situation (Creswell & Creswell, 2018). The constructivist standpoint acknowledges that 
multiple realities together construct a concurrent reality, a reality that is useful and has 
meaning for multiple individuals (Lincoln & Guba, 2000). This philosophical positioning 
treats both existing literature and experience of a practical problem (Denzin & Lincoln, 2000), 
and develops a pattern of meaning (Creswell & Creswell, 2018). Hence, research presented 
in this thesis is based on an abductive approach, with an interplay between previous research 
and new empirical data based on qualitative data collections to capture in-depth understanding 
of the participants’ realities. In qualitative research, knowledge is constructed based on 
several statements from multiple individuals, and the context of such statements should also 
be considered during analysis (Flick, 2023). Individuals included in these studies are relying 
on their own personal experiences, which the researcher then tries to make sense of, in the 
multiple meanings of the world (Creswell & Creswell, 2018). In summary, this thesis attempts 
to collect the viewpoints of multiple individuals that introduces AM to construct an 
understanding of a common perception of the phenomenon. 
 
3.2 Research design 
This research was designed using a multiple-case study strategy, due to the chosen 
exploratory research approach with an aim to expand descriptive models into an explanatory 
framework. Case studies are suitable for in-depth data collection, which gathers rich data and 
bringing further understanding of a phenomenon (Eisenhardt & Graebner, 2007; Yin, 2014). 
This thesis is based on empirical data from five case studies (explained further below) (Table 
2), and have been reported in the six appended papers A–F (Figure 9). The case studies are 
aimed to bring in-depth descriptions of the specific cases (Flick, 2014) in terms of R&D or 
design projects as they related to creativity in design for additive manufacturing. 
Contemporary literature was continually reviewed in relation to gathered empirical data. 
Paper D, the fourth paper, is a pure literature review.  
 
Table 2. Overview of empirical studies this thesis is based upon. 

Study Objective of study Data 
collection 

Scope Unit of 
analysis 

I Ia Understanding the product development 
process in the space industry and 
expectations of AM in design 

8 Interviews 
Steering 
documents 

1 case at 1 
company (A) 

R&D 

Ib Understanding opportunities, challenges, 
and needs in relation to AM in design for 
space applications 

3 workshops 3 cases at 3 
companies (A, B, 
C) 

R&D 

II Understanding the design of products for 
AM in the space industry 

7 workshops 3 cases at 3 
companies (A, B, 
D) 

Design 
project 

III Understanding how designers work with 
creativity in design for AM 

9 interviews 2 cases at 2 
companies (A, 
E) 

Design 
project 
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Figure 9. Research design overview. 

 
3.2.1 Case selection 
Cases included in the studies presented in this thesis were chosen through purposive sampling 
in order to increase possibilities of collecting in-depth data (Creswell, 2014; Flick, 2014; 
Merriam, 2009). To do purposive sampling, the selection criteria need to be defined (Merriam, 
2009). Since this thesis is based on three studies with their own purposes, three different 
sampling criteria were defined. Case companies included in study I were selected based on 
(1) established experience with product development for space applications and (2) recently 
started explorations of how AM could be used in their designs.	Cases for study II were 
selected based on (1) established experience on product development for space applications 
and (2) intention to explore the possibility of including AM in design for a specific product. 
Cases for study III were selected based on (1) their involvement with R&D during their 
product development, and (2) having a completed AM design project. Another major criterion 
for case selection in all three studies was accessibility and operation in the Swedish Industry. 
Descriptions of selected cases are presented in Table 3.  
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Table 3. Overview of selected cases for this thesis. 

Case 
company 

Included 
in study 

Description Size of company 

A Ia, Ib, II, III Company A is developing complex and high-performance 
components for aerospace. The studied part focuses on 
product development and manufacturing of subsystem 
components for civil aerospace and space applications. 

Approximately 
18,000 employees 
(2000 in Sweden) 

B Ib, II Company B operates in multiple segments of the aerospace 
industry. The studied part provides products for in-orbit 
applications with responsibilities that span the entire chain 
from R&D to sales for several product areas. 

Approximately 
1400 employees 

C Ib Company C provides advanced space services and 
product-developing subsidiaries. The studied part of the 
company focuses on product development for 
experimental platforms and satellite propulsion.  

Approximately 500 
employees 

D II Company D develops satellites and subsystems for the 
commercial and ESA markets. The studied part is 
responsible for design and assembly of different satellite 
subsystems as well as mission analysis. 

Approximately 
2900 employees 

E III Company E operates in several industries such as 
infrastructure, transport, energy, and healthcare. The 
studied part of the company focuses product development 
for the energy sector. 

Approximately 
300,000 employees 
(1400 in Sweden) 

 
3.3 Literature reviews 
Literature reviews are systematic and aim to identify, evaluate, and synthesise previous 
academic publications (Fink, 2014). In this research, literature reviews were performed 
continuously along the empirical studies to provide theoretical insights. These reviews 
brought an understanding of the state-of-the-art, and what was already known about the topic 
and similar research areas. The three research areas for positioning this doctoral thesis (Figure 
3) have been used as a basis for all literature studies, with the aim of bringing an overall 
understanding of the topic. This have been made because it is important for a researcher to 
familiarise themselves with literature in the studied field (Flick, 2023). These literature 
reviews also served as the bases for designing data collection (i.e. design of the interview 
guides), designing the data analysis models, and for discussing results given by the studies. 
The reviews conducted throughout research studies presented in this thesis were made in three 
main steps (Creswell & Creswell, 2018; Fink, 2014): (1) defining the review protocol, (2) 
gathering relevant papers, and (3) synthesising the results. Literature was found in the Scopus 
database using keywords suited for the specific study together with backward and forward 
snowballing (Flick, 2023; Wohlin, 2014). The ‘snowballing’ was conducted by searching 
through references in the relevant papers, aiming to find appropriate papers that had been 
missed due to chosen review protocol (i.e. problems with the keywords or shortcomings in 
the database).  
 
The six appended papers all include individual literature reviews. Paper A mainly explored 
literature on product development and DfAM, which brought insights on the current state of 
DfAM in design for space applications. Paper B explored what is known about creativity in 
design and provided insights on previous creativity research, which was used as the analysis 
model and basis for discussion. Paper C explored literature on general design heuristics, 
design heuristics for AM, and DfAM, which served as a basis for designing the workshop that 
was used for empirical data collection and the discussion. Paper D is a pure literature review, 
grounded on approaches from Fink (2014), Kitchenham (2007), and Liberati et al. (2009), 
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which explored design heuristics and design principles in DfAM, providing insights on how 
the design approaches could be applied in product development. Paper E reviews literature 
on DfAM, creating knowledge in design, and restrictions related to creativity, and was used 
as a basis for data analysis and discussion. Finally, Paper F explored the literature on creativity 
management, the introduction of new technologies, and DfAM, which served as a basis for 
data collection, data analysis, and discussion. To gain an overview of the current status of 
publications of creativity in DfAM, literature studies was made on product development, 
DfAM, and creativity in design. The studies brought insights for the thesis and served as a 
basis for discussion.  
 
3.4 Empirical data collection 
Multiple data collection methods were used to gather in-depth data from each case (Creswell, 
2014; Eisenhardt & Graebner, 2007), because it is considered suitable for qualitative research 
approaches (Merriam, 2009). Empirical studies included in this thesis cover methods such as 
interviews, internal steering documents, and workshops (including observations, documents, 
and notes). To capture the experience and viewpoints of individual designers working with 
the studied phenomenon, most data have been collected through semi-structured interviews 
(Flick, 2014). 
 
3.4.1 Study I 
The first study was conducted in 2016 and divided into 2 parts. The first part (Ia) was a 
single-case study based on eight semi-structured interviews and internal steering documents 
of product development activities at case company A for complementary purposes (Flick, 
2014). These documents helped to better understand respondents during interviews, and aided 
the design of the interview guide (interview guide in Appendix A). The focus of the interview 
study was to understand respondents’ expectations concerning introduction of AM in design 
for space applications. The interview guide was designed with open-ended questions, 
bringing the opportunity to have dynamic and relaxed discussions (Flick, 2014) and to ensure 
the respondents’ thoughts, feelings, and personal points of view regarding adopting AM in 
their design practices were captured. Respondents were selected based on their experience 
and seniority (list of respondents in Appendix E) to capture the views of individuals working 
in several phases of product design and their perceptions of AM in product design for space 
applications. All interviews were audio recorded and transcribed for analysis purposes. 
 
To obtain further insights regarding expectations of including AM in the space industry’s 
design practices, the second part (Ib) included three separate workshops with case companies 
A, B and C (Table 4). The workshops were conducted at each company and had a duration of 
four hours per workshop. Each workshop followed the same structure and agenda (agenda 
presented in Appendix B) and was documented by one researcher who did not participate in 
the workshop activities. The written documentation was supplemented with pictures of the 
outputs from each activity (sticky notes and canvas templates). After each workshop, the 
gathered documentation was sent to the specific company for comment a few days after the 
workshop.  
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Table 4. Participants at each workshop included in Study Ib. 

Case company A 10 participants Participants had roles such as department manager, quality 
manager, design leader, manufacturing designer and design 
designer. 

Case company B 6 participants Participants had roles such as department manager, chief 
designer, and design designer. 

Case company C 4 participants Participants had roles such as company management, subsidiary 
CEO, and design designer. 

 
3.4.2 Study II 
Study II was designed as a longitudinal study and followed three product design for AM cases 
during a 21-month period between September 2017 and April 2019, hence allowing data 
collection during the re-design of products for AM. The study was part of a large research 
project involving two universities (Luleå University of Technology and Chalmers University 
of Technology) and three case companies operating in the space industry (case companies A, 
B and D). The research project had several objectives, however, the specific purpose of study 
II was to further the understanding of design work of products for AM in the space industry. 
This understanding was explored by examining how designers gained AM expertise (AM 
knowledge and AM experience) during product development. To gather rich in-depth data 
along the progress of product development for AM, seven workshops were planned during 
the 21-month period (Table 5). The workshops served as a way to trace both problems and 
successes, and to gain further understanding for each research purpose in the larger study. 
Each workshop had a specific focus, where both case companies and academic partners 
provided input and the case companies continuously presented the status of the design 
progress. The status was presented through case documentation and presentations, as well as 
questions regarding the progress and the specific focus of the upcoming workshop. The 
different foci of each workshop contributed to an overall understanding of how each design 
progressed and how issues during the introduction of AM were worked through. Furthermore, 
the study was designed as a cross-company approach, which provided participating design 
engineers with new design insights based on discussions with designers from other 
companies. Appendix C presents the participant list of the workshop series in study II, 
illustrating the diversity of participants among the three product design cases. There were 
specific company interests connected to each design case, but the common interest amongst 
participants during both the overall longitudinal study and the specific workshops was to gain 
further knowledge and understanding of DfAM. Each workshop provided documentation in 
the form of researchers’ notes, company presentations and documentations, documents 
answering specific questions related to the upcoming workshop, pictures of the workshop 
progress, and sketches and sticky notes from the workshop activities. A shared documentation 
was made and supplemented with pictures of the outputs from each activity (sticky notes and 
canvas templates) in the workshops. Audio or video recording was not allowed by company 
policy.   
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Table 5. Research documentation overview for each workshop (WS) in study II. 

WS WS focus Research documentation 
1 Inspiration and 

ideation 
• A document with a filled-in template provided by researchers before the 

workshop. 
• A presentation from each company regarding its product development 

project. Instructions for the presentation were provided by researchers 
before the workshop. 

• Notes from researchers, sketches, pictures and sticky notes from the 
workshop. 

2 Design for additive 
manufacturing 

• Notes from researchers and pictures from the workshop. 

3 AM design 
uncertainties 

• A questionnaire was given to participants before the workshop regarding 
issues that need to be explored for each case; participants then returned 
these answered questionnaires (in the workshop). 

• A presentation from each company regarding its product development 
progress.  

• Notes from researchers, sketches, pictures and sticky notes from the 
workshop. 

4 Prototyping 
preparations 

• Notes from researchers and pictures from the workshop. 

5 Prototyping and new 
AM design 

uncertainties 

• A questionnaire was given to participants before the workshop regarding 
issues that need to be explored for each case; participants then returned 
these answered questionnaires (in the workshop). 

• A presentation from each company regarding its product development 
progress.  

• Notes from researchers, sketches, pictures and sticky notes from the 
workshop. 

6 AM re-design progress • A presentation from each company regarding its product development 
progress.  

• Notes from researchers, sketches, pictures and sticky notes from the 
workshop. 

7 Evaluation • A questionnaire was given to participants before the workshop regarding 
issues that need to be explored for each case; participants then returned 
these answered questionnaires (in the workshop). 

• A presentation from each company regarding its product development 
progress.  

• Notes from researchers, sketches, pictures and sticky notes from the 
workshop. 

 
3.4.3 Study III 
The third study was conducted in 2020 and was a multiple-case study with a total of nine 
semi-structured interviews (list of respondents in Appendix E) at two companies (case 
companies A and E). Interviews were used to gather rich and in-depth empirical data 
(Eisenhardt & Graebner, 2007). Each interview lasted 35–60 minutes, and all interviews 
followed the same interview guide with nine questions (Appendix D). The interviews focused 
on exploring how each individual approached AM in their design work of the specific design 
project from a creative perspective. As with the first interview study, the interview guide was 
designed with open-ended questions to ensure that respondents could elaborate, and the 
follow-up questions could be asked. This process resulted in dynamic discussions that 
captured respondents’ personal perspectives (Flick, 2014) about the adoption of AM in their 
design practices. All interviews were audio recorded and transcribed for analysis purposes. 
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3.5 Data analysis 
To analyse qualitative data, the procedures involved taking apart the collected data and then 
putting them back together to make sense of the rich information regarding the topic 
(Creswell, 2014). For studies included in this thesis, written transcriptions or documentations 
served as a basis for analysis. In content analysis of written data, the work is categorised and 
interpreted (Flick, 2023) and analysis for studies included in this thesis followed the three 
steps described by (Miles & Huberman (2014): data condensation, data display and 
conclusion drawing. First, data condensation consisted of extracting data from e.g. transcripts 
(Papers A, B, and F) and workshop documents (Papers C, E) through pre-defined coding 
categories. Coding is the process of categorising rich in-depth data and served as a first step 
in analysis (Flick, 2023). The pre-defined categories of each coding frame were designed 
from both the empirical data during transcription and categories found in the literature. The 
data sets were then clustered into the categories to include only the significant details from 
the original rich data. Second, the data were displayed for each study in tables and 
illustrations, which included the categories (Miles & Huberman, 2014). The coded data were 
clustered in an illustrative overview, to assist the last step of drawing conclusions. This 
clustering served as a way to interpret the data and to explain what the coding revealed (Flick, 
2023). The third and final step is conclusion drawing (Miles & Huberman, 2014), in which 
the coded and displayed data were summarised as logical conclusions. The conclusions were 
then discussed together with findings in literature to find further reasonings and meanings 
regarding the results. The purpose was to interpret the collected data and structure a meaning 
in the collected material (Flick, 2023). 
 
3.6 Quality of research 
To improve quality of research, both validity and reliability should be considered from the 
early stages of planning through the presentation of results (Creswell, 2014; Yin, 2014). 
However, the notions of validity and reliability are more appropriate for quantitative research 
rather than qualitative research. Instead, the trustworthiness of qualitative research can be 
evaluated with credibility, transferability, dependability, and confirmability (Anfara et al., 
2002; Halldórsson & Aastrup, 2003). This section addresses such perspectives, where 
research methods included in this thesis have strived to be of high quality. 
 
3.6.1 Credibility 
Credibility in research refers to how well findings represent not only participants in the study, 
but also individuals outside of the study. Credibility is often considered to be a discussion 
about whether researchers see what they think they see (Flick, 2014). A common strategy for 
addressing credibility is triangulation (Bitsch, 2005; Creswell, 2014; Merriam, 2009), which 
is the combination of methods to strengthen the quality of qualitative research (Flick, 2023). 
Studies included in this thesis were managed through three types of triangulations: researcher 
triangulation, data triangulation, and method triangulation (as presented by Noble & Heale, 
2019). Table 6 presents an overview of how each type of triangulation was addressed in this 
thesis. For example, in study Ia, two researchers contributed by setting up an interview guide, 
doing the interviews, transcribing, analysing, and drawing conclusions. In 1b, four researchers 
were part of the workshop preparations and workshop documentation, while three researchers  
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worked on the data analysis and drew conclusions. Study I included a total of four researchers, 
six data collection methods (steering documents, interviews, workshops, researcher notes, 
pictures, and a summarising document), and 28 participants (8 interview respondents and 20 
workshop participants) in three different cases. 
 
Table 6. Triangulation overview for this thesis. 

Researcher 
triangulation 

Two to four researchers have been part of: 
- Study preparations (setting up interview guide, structuring workshop agenda) 
- Data collection (doing interviews, taking notes, documentation) 
- Data analysis (transcription, coding, data display, conclusion drawing) 

Data 
triangulation 

- 17 interviews (one was interviewed in 2 studies) 
- Five case companies (four operating in the same industry and one in another industry) 
- 10 workshops at various sites (connected to the case companies or the university) 
- Data collection of three cases over time (21 months) 

Method 
triangulation 

Including six data sources: 
- Internal steering documents 
- Interviews 
- Workshops 
- Researcher notes 
- Pictures, sticky notes, and sketches 
- Summarising documentation 

 
3.6.2 Transferability 
Transferability can be interpreted as ‘generalisable conclusions’ and describes the extent to 
which general statements can be applied to other contexts (Bitsch, 2005; Halldórsson & 
Aastrup, 2003). To reach transferability and maintain transparency, details from the studies 
have been provided both in the appended papers and this thesis. These descriptions aim to 
help readers assess the applicability of the findings in their contexts (Merriam, 2009). For 
example, the interview study in study III is presented in Paper F and in this thesis, both of 
which present detailed information about the case selection criteria, respondent selection 
criteria, interview guide, respondent information, context specifications, and analysis model. 
Thus, other researchers have the opportunity to assess whether results of the study can be 
applied in their contexts. The thesis includes data from companies that operate in two different 
industries, allowing for potential transferability of the studies to other industries and contexts. 
 
3.6.3 Dependability 
Dependability is allowing other researchers to follow the procedures of the conducted 
research and repeating the study, resulting in similar findings and conclusions (Bitsch, 2005; 
Yin, 2014). To be dependable, the procedures that were used in the studies as well as the 
results need to be documented in as much detail as possible (Anfara et al., 2002; Yin, 2014).  
For example, the design of the longitudinal study in study II has been thoroughly presented 
in Paper E, including detailed descriptions of the studied case companies as well as the design 
of the workshop series in which the data was collected. Thus, researchers in other fields can 
copy the procedures and redo the study. In addition, the study design and data collection were 
conducted, and coding and analysis were cross-checked, by four researchers to ensure that 
procedures were interpreted in the same way, as proposed by Creswell (2014). In this way, 
researchers ensures that their methods are rigid and dependable.  
 
 
 



Creativity in Design for Additive Manufacturing 
 

 28 

3.6.4 Confirmability 
Confirmability refers to confirmation of results by other researchers (Bitsch, 2005). It is 
argued that to reach confirmability in qualitative research, researchers need to have two or 
more independent researchers analysing the same data (Flick, 2014). Hence, one common 
way to address confirmability is triangulation (Anfara et al., 2002). To decrease the risk of 
bias, multiple researchers were part of designing each study, as well as collecting and 
analysing data. Confirmability can also be addressed through researcher triangulation, and  
Table 6 in section 3.6.1 presents an overview of how such triangulation was performed in this 
thesis. For example, the interview guide for study I was developed by two researchers in 
discussions with three other researchers. The interviews were conducted and transcribed by 
two researchers, and the analysis was made and cross-checked by three researchers for paper 
A and two researchers for paper B.  
 
3.7 Ethical considerations 
Research ethics can be described as conscious and moral decisions where researchers plan, 
conduct, analyse and present research with the ethical views that need to be considered 
(Mustajoki & Mustajoki, 2017; Shamoo & Resnik, 2015). Research ethics often raises three 
main issues to address: consent, confidentiality, and trust (Ryen, 2004). Consent refers to 
ensuring that participants know that they are part of a research study and gaining their 
informed consent (Flick, 2014; Ryen, 2004). In this thesis, respondents in both interview 
studies and workshop studies were informed of the study and its objectives, and were asked 
for permission to be audio recorded both in advance and at the beginning of each session. 
Confidentiality refers to the obligation to protect the identities of participants (Ryen, 2004; 
Shamoo & Resnik, 2015; Thorne, 1998). This thesis addresses confidentiality by anonymising 
the respondents and the specific case companies. Confidentiality is however not only 
maintained in the publications, but also in management of the data (i.e. audio recordings, 
transcripts and quote management) to ensure protection of individuals involved in the studies 
(as described by ALLEA, 2017). These confidentiality measures are made by organising, 
manage, and store data in a way that deemed adequate to protect participants as well as 
company and case information. Trust refers to the relationship between participants and 
researchers (Ryen, 2004), and is associated with an obligation to tell the truth (Thorne, 1998). 
Respondents trust to truthfully recount and reflect the insights given by them. Trust was 
addressed through continuous contact with the case companies and respondents. This contact 
included preparations before the study and having the synthesis of results confirmed by 
respondents and/or company representants (Yin, 2014) 
 
To have high-quality research and obtain reliable results, it is important to perform proper 
data management and be transparent (Mustajoki & Mustajoki, 2017; Shamoo & Resnik, 
2015). Transparency refers to openness about the research context, and if and how the studies 
have been conducted with an ethical perspective in mind (Mustajoki & Mustajoki, 2017). The 
European code of conduct for research (ALLEA, 2017) highlights four principles for guiding 
researchers in performing ethical research: reliability, honesty, respect, and accountability. 
Reliability is ensuring quality of research; honesty is reporting research in a transparent and 
unbiased way; respect is honouring not only participants, but also colleagues and society; 
accountability is taking responsibility for the conducted research (ALLEA, 2017). These 
principles have each been considered throughout all studies included in this thesis. Reliability 
was ensured through the notions of credibility, transferability, dependability, and 
confirmability as described in section 3.6. Honesty was managed through transparency of the 
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reported results, by documenting the research protocol and data analysis in both the appended 
papers and the thesis. Respect of the participants was ensured through confidentiality of both 
respondent information and data. Finally, accountability was addressed through managing 
data in a secure manner, as well as publishing the final results at peer-reviewed conference 
proceedings and journals. 
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4 Summary of appended papers 
This chapter summarises each appended paper and highlights their contributions to this 
thesis through the research questions and framework. 
 
4.1 Paper A 
Lindwall A., Dordlofva C. & Öhrwall Rönnbäck, A., (2017), Additive Manufacturing and 
the Product Development Process: Insights from the Space Industry, Proceedings of the 21st 
International Conference on Engineering Design (ICED17), Vol.5: Design for X, Design to 
X, Vancouver, Canada, 21–25.08.2017. 
 
Summary of Paper A 
This paper focused on acquiring insights on the product development process in the space 
industry and understanding the expectations that designers working with design for space 
applications have for AM. Four main characteristics of product development in the space 
industry were identified. First, external actors (such as politicians, customers, and suppliers) 
and their decision making had strong influences on product development activities in the 
cases. Political decisions regarding funding to the space industry and industry incentives 
directed product development opportunities for the companies. Customers and suppliers, on 
the other hand, had their own sets of conditions and requirements that were not always aligned 
with the internal product development process. Second, it was shown that long lead times 
throughout the product development process were common in the space industry, with a 
typical product development time up to 10–15 years. This long lead time was occasionally 
due to the political funding situation and the focus on designing robust and safe products, but 
also due to long production times. Third, the space industry was also shown to have increased 
cost awareness with a focus on cost reduction, leading to restrained budgets. Such efforts 
brought more efficient product development and manufacturing, which resulted in having 
customers being eager to try new ideas leading to innovation and high efficiency. Finally, the 
fourth characteristic of product development in the space industry is the need for 
qualification of parts. There was a need to include risk assessment and risk mitigation 
throughout the product development progress, with a focus on increasing part quality. 
Therefore, design for space applications often includes incremental product development and 
reuse of proven designs. The need for risk management also implies restrictions on the 
capability to innovate.  
 
This paper identified two main areas in which designers needed support while being 
introduced to AM in design. First, there was a need for tools and methods while learning. 
Respondents discussed the significance of having AM experts and AM machines available, 
as well as the ability (in terms of time, budget, materials, etc.) to produce prototypes while 
learning. Second, there is a need to consider human aspects when introducing AM in design. 
Respondents stressed the need for an AM design understanding as well as maintaining the 
security of a proven design (i.e. possibilities for testing). Respondents highlighted the 
uncertainty that comes with immature AM processes and lack of knowledge about AM, which 
together were perceived as a major barrier to the introduction of AM. However, findings 
revealed the dynamic of the willingness to include AM in design practices. Some respondents 
were highly inspired to include AM in their design practices, while others were moderately 
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interested. There was an initiative in one of the organisations to push for exploring the 
possibilities of AM in some of their products. Simultaneously, the industry was already 
pushing towards involving AM in space products, which brought some external inspiration 
and pressure. 
 
Contribution to the thesis: 
Paper A positions the overall context of the framework that is presented in section 5. 
Additionally, the paper highlights characteristics of design for AM in space applications and 
shows the areas where designers need help while adopting AM. 
 
4.2 Paper B 
Lindwall A. & Wikberg Nilsson Å., (2021), Exploring creativity management of design for 
additive manufacturing, International Journal of Design Creativity and Innovation, Vol 9(4), 
pp.  217–235. 
 
Summary of Paper B 
The overall objective of the paper was to make initial propositions for creativity management 
in DfAM by identifying important areas needed for the framework presented in this thesis. 
With the focus on exploring creativity during implementation of AM, we highlighted three 
components of creativity (adopted from Amabile, 1998): Expertise, Creative thinking skills 
and Motivation. These components were observed in the case studies’ interviews and were 
developed into the three propositions for creativity in DfAM. The propositions aim to show 
directions for both managers in creative management for AM and for future research in the 
area. Proposition (1) highlights the need to increase AM expertise. A variety of information 
needed in AM design, such as machine, process, material, and design perspectives. 
Proposition (2) covers creative AM thinking approaches, including management of the new 
creative boundaries that emerge while introducing AM in design. Management needs to 
support designers in adopting a creative AM thinking approaches, helping them visualise 
possibilities in the solutions designed for AM.  Proposition (3) illustrates the motivational 
perspectives of adopting AM in design. An individual designer needs to feel motivated to 
work with AM, and must have a team and organisation capable of supporting such work. 
 
The three propositions resulted in an initial descriptive model of a creativity management 
system (Figure 10). The model is illustrated in 3D, which includes one of the three 
components of creativity on each axis. The purple box shows an individual designer’s creative 
ability in terms of these three components, while the dotted line is the level a designer aims 
to achieve. To reach breakthrough solutions that are considered to be ‘outside of the box’ (i.e. 
creative), there is a need to first understand the boundaries of the ‘new’ box that AM is 
considered to bring. The shape and management of this box varies depending on how each 
proposition is handled during implementation of AM in design. 
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Figure 10. The propositions in creativity for AM from Paper B. 

Contribution to the thesis:  
Paper B attempts to understand the major characteristics of creativity in design for AM 
(research question 1). The three propositions together with a descriptive model (Figure 10) 
highlights important areas that need to be considered in the framework that is presented in 
section 5. 
 
4.3 Paper C 
Lindwall A. & Törlind P., (2018), Evaluating Design Heuristics for Additive Manufacturing 
as an Explorative Workshop Method, Proceedings of the Design Conference 2018, 
Dubrovnik, Croatia. 
 
Summary of Paper C 
This paper aimed to (1) identify design heuristics (DH) for AM to be used in a workshop with 
actors from the space industry, and (2) explore how such heuristics were discussed in the 
workshop. First, three AM design areas were identified together with the DH through a 
literature study (Figure 11) and adapted to the context of the space industry. The AM design 
area part consolidation combined parts to simplify the AM printing process, with the aim of 
minimising the part count. Part consolidation involved three DH: integrated design (eliminate 
assembly features and remove material to increase functional performance); internal design 
(involve complex internal structures to increase functional performance); and embedded 
design (embed functional components to reduce the need for fasteners). The second AM 
design area connection elements involved linking parts together that either need to be 
assembled or disassembled on a regular basis or that have movable links. Connection 
elements involved two design heuristics: interlocking features (to simplify assembly and 
disassembly) and embedded joints (have moving parts in one artefact, which reduces 
assembly and provides a print-ready assembly). The third and final AM design area structure 
design covered multiple structures both in terms of physical design and materials and 
involved five DH: form synthesis (finding an organic design shape for a certain purpose), 
topology optimisation (optimising geometry through mathematical software calculations), 
anisotropic structures (optimising material properties and processing materials at certain 
points or layers), multiscale structures (multifunctional parts including lattice structures), and 
multi-materials (combining materials in one part). 
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Figure 11. Design heuristics for AM and their design areas. 

Findings suggest that AM design supports such as DH can assist the creative phases of design 
for AM. The DH made it possible to see how AM can be useful for products designed for 
space applications, and assisted designers in exploring the new design space. DH were a 
source of inspiration and brought further understanding of new design features that possibly 
could be included in the specific design cases.  
 
Contribution to the thesis:  
Paper C attempts to understand how to help designers use their creative abilities in relation to 
DfAM (related to research question 2). AM design supports, such as design heuristics, have 
been seen as a way to connect the different AM creativity characteristics for the framework. 
 
4.4 Paper D 
Valjak F. & Lindwall A., (2021), ‘Review of Design Heuristics and Design Principles in 
Design for Additive Manufacturing’, in Proceedings of the International Conference on 
Engineering Design (ICED21), Gothenburg, Sweden, 16–20.08.2021. 
 
Summary of Paper D 
This literature review explored the similarities and differences in design heuristics (DH) and 
design principles (DP) specifically for AM, and how they are involved in product design. 
These AM design supports are suitable for early phases of the design process and to help 
designers take full advantage of their creative abilities while designing for AM. Further design 
supports, such as AM design guidelines and rules, need to be considered in DfAM, but these 
were not included in this literature review. Using DH and DP can generate creative sparks 
that may in turn help designers gaining new AM knowledge, understand the unique 
capabilities of AM, and can be considered a source of inspiration for creative activities. DH 
and DP support exploring the ‘new’ design space and design possibilities for AM. The paper 
concludes that the two AM design supports are not strictly separate, and that DH and DP can 
be used interconnective in design, bringing different strengths to the design progress at 
various stages.  
 
Contribution to the thesis:  
Paper D demonstrates how design supports such as DH and DP can help designers use their 
creative abilities in relation to DfAM (research question 2). AM design supports such as DH 
and DP are a way to connect the various AM creativity characteristics together for the 
framework presented in this thesis. 
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4.5 Paper E 
Lindwall A., Dordlofva C., Öhrwall Rönnbäck A. & Törlind P., Innovation in a Box: 
Exploring Creativity in Design for Additive Manufacturing in a Regulated Industry, Journal 
of Engineering Design. 
 
Summary of Paper E 
AM is still a relatively new manufacturing method and consequently AM expertise can be 
argued to be an important creativity component that designers need to increase if they are to 
fully use their creative abilities with AM (Paper B; Pradel et al., 2018b). Paper E explored 
how restrictions in a regulated industry (such as the space industry) can influence designers’ 
opportunities for building AM expertise for creativity. AM expertise was found to be covered 
by three knowledge domains: AM material, AM machine & process, and AM design. The 
knowledge domains were derived from the three design cases of the study and validated 
through observations in previous research (Hagedorn et al., 2018; Simpson, 2020). 
Additionally, findings showed that designers directed their learning paths according to case-
specific aspects. Restrictions related to case-specific design aspects directed the exploration 
of each AM knowledge domain for designers to create AM expertise. Figure 12 illustrates 
how restrictions with case-specific design aspects relate to addressing restrictions of AM 
material, AM machine & process, and AM design and how they are connected to creating AM 
expertise. 
 
The cases demonstrated a focus on the knowledge domains AM material and AM machine & 
process, due to the importance in the space industry of having a proven and qualified design. 
Uncertainties with new materials and manufacturing process parameters made these domains 
of highest interest during the product development process. The paper concluded that 
designers need to have enough understanding of these knowledge domains to be able to 
address new AM design opportunities in their designs. The need to have proven and safe 
designs due to industrial, organisational and customer requirements was highly emphasised 
throughout the study. Designers explored the various design solutions in the ‘new’ design 
space to create innovations, but ultimately, designers found themselves in complex situations 
with a conflict between being safe or being innovative, and tried to find a balance between 
the two. 
 
Contribution to the thesis:  
Paper E attempts to further understand the characteristics of creativity in design for AM 
(research question 1). Additionally, paper E attempts to highlight restrictions and regulations 
that support or limit designers while creating AM knowledge and utilising their creative 
abilities (related to research question 2). Characteristics of AM expertise are illustrated by 
three knowledge domains together with case specific aspects in a descriptive model (Figure 
12), highlighting important areas that need to be considered in the framework of creativity in 
DfAM. 
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Figure 12. AM knowledge domains for gaining AM expertise. 

 
4.6 Paper F 
Lindwall A., Wikberg Nilsson Å. & Öhrwall Rönnbäck, A., Thinking Additively: Mapping 
Design Engineers’ Creative Abilities in Design for Additive Manufacturing, submitted to 
Creativity and Innovation Management. 
 
Summary of Paper F 
This paper explored the features of ‘thinking additively’, which can help designers utilise the 
full potential of their creative abilities while adopting AM in design. ‘Thinking additively’ 
refers to the way design engineers challenge and break free from traditional ways of designing 
for conventional manufacturing, and involves both creative thinking and motivational 
incentives for working with AM. Three perspectives of creative thinking in DfAM have been 
presented: visionary, realistic, and analytical. All three perspectives need to be present for a 
design engineer to make use of their creative abilities while designing for AM, and the spaces 
where they overlap represents the notion of ‘thinking additively’ (Figure 13). The visionary 
perspective involves inspirational mindsets where design engineers reach for previously 
unimaginable designs. Such designs are often considered to include ‘thinking outside the box’ 
solutions and it was clear that this was the perspective that design engineers thought AM 
would contribute to. However, the study also revealed that design engineers also needed to 
adopt a realistic perspective of DfAM, that is, acknowledgement of the need to stay within 
boundaries, including limitations of DfAM and requirements from external parties. To reach 
a feasible and manufacturable design, design engineers emphasised the need to be aware of 
what is actually realistic without being too far-sighted or restrictive. Finally, the analytical 
perspective is the need to investigate and evaluate specific elements of designs. Such 
experimentations aim to gain data for analysis and to address new obstacles in order to fully 
utilise AM in design, which includes critical thinking during the creative process. The study 



Summary of appended papers 
 

37 
 

showed that the three perspectives are of importance when design engineers engage in their 
creative abilities while designing for AM.  
 
The study also demonstrated the importance of motivational incentives of AM to ‘thinking 
additively’. Motivational incentives for AM were noted by design engineers through their 
own interest in AM and their discussions regarding gaining knowledge of AM. Both cases 
showed the need to include close collaborations and open communication with design teams 
(which in Company E included the AM operator) and the AM supplier. The need to 
understand and define the boundaries of AM (e.g. access to material data and customer 
requirements) was raised, as well as the need to include freedom for learning (e.g. time, 
money and access to AM machines). 
 

 
Figure 13. The three creative thinking perspectives of DfAM, which together contribute to the ability to ‘think 
additively'. 

Contribution to the thesis:  
Paper F attempts to further understand the characteristics of creativity in design for AM 
(research question 1). Additionally, paper F attempts to illustrate the support designers’ need 
to ‘think additively’ (related to research question 2), which includes both creative thinking 
perspectives and motivational incentives. Three perspectives of creative thinking for DfAM 
are presented (Figure 13) and an initial attempt to define the driving forces of AM motivation 
is introduced. The creative thinking perspectives and motivational driving forces illustrate 
important aspects that need to be considered in a creativity in DfAM framework. 
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5 A framework for creativity in design for additive manufacturing 
This chapter discusses the key findings presented in the appended papers, connecting them to 
each other and to previous research. The key characteristics of creativity in design for 
additive manufacturing are illustrated through a case and then presented as a framework. 
 
5.1 Components of creativity in design for additive manufacturing 
The purpose of the research presented in this thesis is to advance the understanding of 
creativity in design for additive manufacturing. To achieve this purpose, a framework for 
supporting a designer’s creative abilities while designing for additive manufacturing has been 
developed. The framework aims to explain the connections among key characteristics of 
creativity in order to assist designers when they adopt AM in their design practices. Three 
general components of creativity have previously been presented (Amabile & Pratt, 2016; 
Amabile, 1998), and also have been identified to be present for design projects aiming for 
AM (Paper B). These components of creativity can be seen as three pillars that a designer 
needs to stand on while utilising their creative abilities. A designer needs to facilitate and 
enhance their (1) motivation to design for AM, (2) creative thinking perspectives related to 
the new opportunities and limitations that AM can bring (i.e. ‘thinking additively’ in design), 
and (3) expertise regarding AM from both a knowledge and experience point of view. The 
three components of creativity set the basis for distinguishing the key characteristics of 
creativity in DfAM (Figure 14).  
 

 
 

Figure 14. AM components of creativity and the search for the key characteristics of creativity in design for 
additive manufacturing. 
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5.2 Illustrating the key characteristics with a case 
One of the cases can be used to illustrate how the key characteristics of creativity in DfAM 
are distinguished. Case company A was present in all three studies, from a ‘pre-study’ before 
the specific design project (Study I) through the AM design progress (Study II) and after the 
project was finished (Study III). Therefore, Case A is suitable for illustrating how the key 
characteristics were distinguished and how the framework was developed. Nine 
characteristics have been found, three for each component of creativity in DfAM. The 
following sections present the key characteristics linked to Case A. 
 
5.2.1 Motivation to design for additive manufacturing 
The motivation for AM was evident in designers in all studies, even though levels of 
motivation varied. Three key characteristics were incentives (including goal and value 
creation in individual designers) for AM (Figure 15). First, by defining DfAM boundaries, 
designers created intrinsic goals for exploring the new design space and understanding the 
production capability space of AM. These goals were driving forces for motivating designers 
to work with AM, even though their lack of understanding was to some degree frustrating for 
them. Secondly, designers needed the freedom to learn about AM. They requested extra 
money and time for learning, as well as patience from supervisors for the inevitable mistakes 
that would happen during the learning process. The opportunities to learn something new 
were a driving force and incentive for including AM in their design practices. Finally, 
designers raised the importance of collaboration for moving forward with a specific design 
and feeling creative. Discussions with team members and the AM supplier were also driving 
forces that brought motivational incentives to not only learn more about AM, but also to truly 
take advantage of the opportunities to increase product value. These three motivational 
driving forces (defining DfAM boundaries, freedom for learning, and collaboration) together 
guide designers and motivate them to work with AM in their design practices. 
 

 
Figure 15. The identified three key characteristics of AM motivation for a designer, together with the highlighted 
findings in Case A. 
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5.2.2 Thinking additively in design 
The case highlighted important factors related to creative thinking and thinking additively 
throughout Studies I, II, and III. Thinking additively refers to the way designers challenge 
and break free from traditional ways of designing for conventional manufacturing. Three key 
characteristics were shown to be present through different important perspectives during 
DfAM ( 
Figure 16). First, by identifying the opportunities given by AM and distinguishing the ‘outside 
of the box’ ideas, designers conveyed a feeling of creativity. Designers reported that even 
though a visionary perspective brought many insights to the design process, many of those 
insights did not result in feasible ideas and were too ‘up in the clouds’ to be used. Hence, 
designers were both positive and negative about having individuals in the group engaging in 
a mainly visionary perspective. They therefore talked about the second key characteristic, that 
of having a realistic perspective and seeing what is actually possible to do with AM. This 
perspective also included limiting testing and being frustrated with the (however important) 
gates, at which they would verify each step of progress. Even though designers wanted to 
work with AM from a visionary perspective, they also saw the importance of including rigid 
testing, considering the relatively unknown parameters of the AM process. Finally, some 
designers were more prone to adopting an analytical perspective while adopting AM, which 
meant that they demanded more testing and saw the need to address limitations and current 
uncertainties brought by AM. This perspective was discussed by several respondents to be of 
great importance, but also to be limiting in the AM design progress (the need to stop and do 
testing rather than continue with visual perspectives). The three creative thinking perspectives 
(visionary, realistic, and analytical) are jointly important for a designer to manage while 
working with AM in their design practices.  
 

 
 

Figure 16. The identified three key characteristics of AM creative thinking for a designer, together with the 
highlighted findings in Case A. 
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In Case A, there was a need to address the analytical perspective due to the ‘unknown’ parts 
of AM (e.g. material properties), since these parts were deemed important for the quality of 
the final product. However, designers acknowledged that there was a need to also involve a 
visionary perspective and to reach a balance, which could result in engaging in a balanced 
creative thinking for AM.  
 
5.2.3 Gaining knowledge and experience in additive manufacturing 
The case showed the process of gaining both knowledge and experience while adopting AM 
in design practices, hence acquiring an AM expertise. Three key characteristics of AM 
expertise were visibly present in knowledge domains while gaining knowledge and 
experience of AM in design practices ( 
Figure 17). First, it was evident that access to available material data, the selection of AM 
materials, and understanding the ‘new’ material properties given by a printed product were 
of great importance. This focus on the specific knowledge domain of AM materials was 
deemed crucial before even starting learning and gaining knowledge and experience regarding 
AM in design. Second, the case also highlighted the importance of understanding the 
manufacturability and repeatability of an AM design, which were in turn linked to an AM 
machine and process knowledge domain and a need to understand the general AM process 
and the machine’s limitations. Another aspect that was brought up in the context of this 
knowledge domain was the uncertainty with process instability and machine variations. These 
understandings were deemed to be import for reaching a higher level of AM expertise. The 
final knowledge domain that was identified was AM design. Designers expressed a need for 
guidance in DfAM and for understanding the changes in design boundaries (i.e. the new 
design space). Additionally, they highlighted the importance of managing new solutions and 
complex geometries to fully implement those new, complex factors into their design work. A 
designer needs to explore all three knowledge domains in order to expand their AM expertise. 
Using a designer’s creative abilities better requires that the three knowledge domains need to 
be learned theoretically when learning and also practically through experience. 
 

 
 

Figure 17. The identified three key characteristics of AM expertise for a designer, together with the highlighted 
findings in Case A. 
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5.3 Creativity wheel for additive manufacturing 
A new framework for managing creativity in design for additive manufacturing is proposed ( 
Figure 18). The framework is organised as a creativity wheel, with the intention of structuring 
a set of recommendations to help designers use their creative abilities while adopting AM in 
design. For designers to manage their creative abilities, it is argued that they need to have 
intrinsic motivation, creativity-relevant processes, and skills in the domain (Amabile & Pratt, 
2016), all of which were confirmed to be relevant for an AM-specific setting (Paper B). It 
was shown that the three components of creativity were important for adopting AM in design 
(AM motivation, AM creative thinking, and AM expertise). The components illustrate three 
pillars of creativity in design for additive manufacturing and are equally important for a 
designer to embrace and further develop to make use of their creative abilities during their 
design work. Each pillar involves three key characteristics each, with a total of nine for the 
framework as a whole. The framework’s nine key characteristics illustrate the motivational 
driving forces, creative thinking perspectives, and knowledge domains of expertise.  
 

 
 

Figure 18. The proposed framework for creativity in design for additive manufacturing, aiding designers to make 
use of their creative abilities during the adoption of AM. 
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Each AM creativity component influence the others, and a designer needs to consider all three 
while managing their creative abilities. The relationships among the three are dynamic and 
depend on how well the designer manages the interplay among them. Paper B suggested that 
management of the three components of creativity in DfAM would vary depending on the 
extent to which each component is addressed.  
 
5.3.1 Additive manufacturing motivation 
In previous creativity research, motivation has been defined as the reason behind choosing an 
action towards a clear goal (Nagai & Taura, 2015) that also includes a set of values that direct 
such reasoning (Anderson et al., 2014). Ultimately, additive manufacturing motivation is 
based on the reasoning behind both the goals with and the values of adopting AM in design 
practices. Designers have their own motivational incentives for working with AM. Three key 
driving forces have been identified (Table 7). First, designers are motivated by the need to 
define the boundaries of DfAM (Paper F). It is argued that designers need to have knowledge 
of and understanding about the boundaries of the new AM design space (Kumke et al., 2016; 
Seepersad et al., 2017) to manage the ‘design freedom’. Designers were intrigued by the need 
to learn about something new to them (Papers A and B) and were driven by the need to explore 
design space for each step of the design process (Paper F). These observations are supported 
by creativity research, where constraints in the design process (which are part of the 
boundaries of AM design space) can guide the creative process with the help of a clearly-
specified focus and goal (Onarheim, 2012). Each step of the design process brought new 
issues that designers needed to explore, which brought further motivation to introduce AM 
and make full use of it.  
 
Table 7. Overview of the driving forces of AM motivation. 

Define the boundaries 
of DfAM 

The goal to define a new design space acts as a driving force and incentive to 
explore AM in design. 

Freedom for learning Having freedom while learning in terms of time, money and available AM 
machines gives designers a driving force to further explore AM in design.  

Collaboration Discussions with design colleagues, the AM operator, and/or a supplier feeds the 
motivation to further explore AM in design.  

 
The second identified driving force was the opportunity to have freedom for learning. In this 
thesis, creativity has been defined as the search and discovery of breakthrough, valuable and 
useful solutions. By having the freedom to learn something new, designers expressed a sense 
of motivation to explore AM use in their design practices (Paper F). This urge is somewhat 
supported by previous creativity research, where designers needed sufficient time to focus on 
a design task (Amabile et al., 2002), and the flexibility to work around the identified design 
constraints (Onarheim, 2012). It was suggested in one case in Paper F that the large amount 
of freedom for learning that they had was one of the main driving forces for continuing to 
adopt AM in their design practices. Designers in the case had both time and resources to make 
mistakes, and each ‘failure’ brought them new insights which led them further towards 
successful solutions. This observation is in line with both the suggestion that novice designers 
(in this thesis, even expert designers were novices regarding AM) work with a ‘trial and error’ 
approach (Ahmed et al., 2003), and that it is important to reward both failures and successes 
(Sutton, 2001). Hence, when designers adopt AM in their design practices, they need to be 
given room for freedom in learning.  
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The final driving force for AM motivation was collaboration. Designers were motivated by 
not only their designer peers, but also the AM operators and AM suppliers (Paper F). Since 
several business functions were present during the product design process (Ulrich & 
Eppinger, 2012), there were good opportunities to collaborate and make use of the 
motivational support designers can gain from their peers in other disciplines (Paper F). 
Another influence on collaborative motivations was discussions with customers (Papers A 
and B). Customers not only brought clear goals to the design project, but also defined the 
boundaries within which designers could explore DfAM. This observation is in line with the 
idea that having a collective goal nurtures creativity in a design team (Shalley, 1991) and 
enhances a designer’s chances to utilise the full potential of their creative abilities. 
Additionally, open communication and work environments were key factors for designers to 
work with AM in design, and a team that crosses disciplines (Paper F). It has been suggested 
that to support collaboration, designers need to have direct contact with the right persons and 
not have their ideas filtered through third parties (Leenders et al., 2003). Hence, collaboration 
is a key driving force for designers to choose actions towards a joint or intrinsic goal. In 
summary, designers needs to manage their motivation to work with AM through clear goals 
and values related to defining the DfAM boundaries, freedom in learning, and collaboration. 
By having clear goals and values, designers can make use of their creative abilities while 
adopting AM in their design practices.  
 
5.3.2 Additive manufacturing creative thinking 
Previous creativity research has defined design thinking as approaches that help designers 
break free from traditional ways of thinking (Brown, 2008), while creative thinking has been 
defined as the ability to approach a problem from a flexible and imaginative perspective 
(Amabile, 1998). With these two definitions in mind, additive manufacturing creative 
thinking is in this thesis defined as the way a designer manages different perspectives while 
working with a certain AM task. Such activity can be described as ‘thinking additively’, 
where designers have their own perspectives about the opportunities and limitations with AM 
in design and need to break free from the traditional ways of thinking while designing for 
manufacturing. The need to ‘think additively’ was raised in Paper B through its emphasis on 
possibilities to think in new ways, and in Paper F through its discussions of working with a 
new design freedom with new capabilities. Designers acknowledge that they need to engage 
new ways of thinking and embrace new perspectives in their design thinking. Three key 
perspectives of AM creative thinking have been identified as important (summarised in Table 
8). First, Paper F showed the importance of embracing a visionary perspective while 
designing for AM. Designers reported that some colleagues in their design team had a 
tendency to dream about the possibilities, but had less focus on the actual limitations AM also 
brought. This perspective was also highlighted in Paper B, where designers were intrigued by 
the possibility of working with design freedom and creating designs that had never been 
imagined before. However, they also acknowledged that they needed to focus on 
qualification, which in itself could bring new limitations on design possibilities and freedom. 
Initially, there was some worry that a visionary perspective would be lost if too much testing 
was involved. Previous research presents this perspective of working in conceptual spaces  
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through thinking outside-of-the-box (Taura & Nagai, 2017). Designers are often considered 
to need to engage in divergent thinking to work creatively (Sawyer, 2012), and divergent 
thinking is considered to work in the conceptual domains (Dym et al., 2005). When designers 
engage in divergent thinking and thinking outside of the box, they manage to embrace a 
visionary perspective.  
 
Table 8. Overview of AM creative thinking perspectives. 

Visionary perspective The designers’ abilities to think big and let their imaginations run loose. 
This perspective contributes to revolutionising a design. 

Realistic perspective The designers’ abilities to think in logical ways and to not take any 
unrealistic risks. This perspective contributes to realistic designs with high 
manufacturability. 

Analytical perspective The designers’ abilities to highlight obstacles and break down ideas to make 
sure that they are rigid. This perspective contributes to quality assurance to 
the design. 

 
The second identified point of view is the realistic perspective, observed in Paper B through 
discussions of the struggle to manage new limitations that AM brings while also engaging in 
the visionary perspective. Designers need to understand and address both possibilities and 
limitations in design for AM (Gibson et al., 2015; Kumke et al., 2016; Seepersad et al., 2017) 
in order to reach realistic and printable designs. This conclusion is also supported by previous 
research on DfM/A, where designers needed to facilitate several limitations and boundaries 
in their design work to reach full manufacturability (Boothroyd, 1994; Boothroyd et al., 
1994). Even though there is a desire to break free from well-known design space and reach 
creative solutions, the design needs to be printable (or manufacturable) and realistic, as was 
also shown in Paper F, where the inclusion of the AM operator brought both opportunistic 
and restrictive understandings during discussions. This combination of opportunistic and 
realistic understandings brought a realistic approach to the design work. It has also been 
suggested that incorporating dual DfAM methods (both opportunistic and restrictive) is 
needed to reach realistic solutions for AM (Laverne et al., 2015). Designers need to embrace 
both sides of the new manufacturing method in order to reach feasible designs, and also to 
make full use of the new possible AM design space.  
 
The final key characteristic of creative thinking was the analytical perspective, as 
demonstrated in Paper F, where a few designers noticed that they acted more critically 
towards some of the creative ideas and solutions, ultimately hindering the fast-paced design 
progress. They demanded more analytical testing and evaluations during the design work, to 
make sure that the team had all the information it needed to make realistic decisions. It is 
argued that AM in some ways is still in its infancy and designers have a limited understanding 
of how to manage DfAM (Thompson et al., 2016). With that in mind, an analytical perspective 
is of importance if designers are to fully understand the limitations (and ultimately the 
possible design space) of DfAM. These ideas also appeared in Paper B, where designers 
tended to discuss qualifying their designs and expressed a caution towards jumping right into 
all of the opportunities of AM in their designs. However, because constraints can be used to 
guide the creative process (Onarheim, 2012) and there is a need to understand a specific 
design problem to reach creativity (Eckert, 2012), having an analytical perspective can help 
designers make use of their creative abilities. When utilising an analytical perspective, 
designers can find the boundaries of their specific AM design space through testing and 
evaluation. At this point, designers also need to be careful, because on the whole, designers 
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tend to violate more design constraints while using AM than they do when using conventional 
methods, which has resulted in a misuse of the design freedom (Abdelall et al., 2018a). By 
knowing that they can create previously unimaginable designs, there is a risk that they will 
disregard the importance of the analytical results given in the design process. In line with this, 
Kumke et al. (2018) proposed a DfAM method” in which designers iterate the mindset of a 
dreamer, a realist, and a critic in order to develop a feasible design for AM. This process was 
also shown in Paper F, where designers expressed the need to involve both critical thinkers 
and visionaries in the design team to understand all perspectives of the possible designs. In 
summary, a designer needs to manage all three perspectives of their creative thinking if they 
are to fully engage in a feasible creative process. Designers can increase their opportunities 
to make use of their creative abilities by utilising visionary, realistic and analytical 
perspectives in their design work for AM. 
 
5.3.3 Additive manufacturing expertise 
AM expertise includes both knowledge and experience of AM-specific aspects in the design 
process. The participants in the studies were otherwise experienced designers who suddenly 
became novices in regard to AM, and it was important to them to gain AM-specific 
knowledge, discussed in Paper E in terms of AM materials, AM machine & process, and 
design aspects (Table 9). It has previously been suggested that designers need to be provided 
with the right AM knowledge at the right time (Laverne et al., 2015), and designers need to 
understand what they need to know to explore for their specific design so that they can make 
full use of AM in their design practices. Novice designers have been shown to work using a 
‘trial and error’ approach (Ahmed et al., 2003), which illustrates the importance of gaining 
experience while gaining knowledge and creating expertise. This conclusion is further 
supported by Cheetham & Chivers’ (2005) suggestion that experts don’t rely on rules and 
guidelines anymore because of their experience. Papers B and E showed that there was a need 
to understand the new properties of the printed materials. It was a challenge to not only learn 
about the material properties and have enough material data available during design, but also 
to choose the right AM material for the design. Therefore, some of the cases in the studies put 
a great emphasis on the AM material knowledge domain to be able to create a feasible design. 
Materials have also been highlighted to be one of the AM design complexities, where 
designers can take advantage of the ‘new’ capabilities of AM (Rosen, 2014). Materials were 
discussed as both common and case-specific restrictions in Paper E. The cases had a limited 
amount of well-known material data for printed artefacts, but they also had issues with 
material certificates, qualification, and management of support materials. These issues 
restricted and directed the progress of designing, and the learning paths designers chose to 
take. Simpson (2020) has also suggested that AM materials are an important knowledge base 
when designing for AM. 
 
Table 9. Overview of AM knowledge domains. 

AM materials AM printed materials can behave differently than traditionally manufactured 
materials do. Since AM in some senses is still quite immature, designers do 
not have access to sufficient AM material properties to make informed 
design decisions.  

AM machine & process AM machines have limitations in terms of build chamber size, repeatability, 
and machine variations. The AM process can be unstable and there is a need 
to understand the process parameters and their effects on a printed design.  

AM design A new AM design space results in new design boundaries that needs to be 
considered. Solutions and complex geometries need to be managed. 
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The second knowledge base that was identified was AM machine & process. The need to 
understand the overall AM process (e.g. process parameters, surface finish), specific machine 
limitations (e.g. surface finish, machine build volume), and the resulting effects on on a design 
was highlighted in Papers A, B and E. Additionally, designers who were on their way to start 
working with AM wanted machines to be available in order to start learning, and needed 
additional time to learn about the AM process (Paper A). Similarly, previous research on 
DfM/A has shown that designers need extensive knowledge and understanding of the 
capabilities and limitations of the available production processes (Boothroyd, 1994; 
Boothroyd et al., 1994). These conclusions can be transferred onto any manufacturing 
technology, which illustrates the need for designers to learn about the AM process. However, 
designers raised issues related to the fact that AM machines and processes are, in some ways, 
‘immature’. For instance, issues with process instability, machine variations, and limitations 
with repeatability still need to be taken into consideration (Papers A and E). The continuous 
need to ensure manufacturability was highlighted, now with new aspects such as support 
material and the removal of such (Paper A and E). Both opportunistic and restrictive DfAM 
methods need to be considered in design, some of which address these issues. However, in 
terms of developing expertise in AM machine and process aspects, it has been suggested that 
the restrictive DfAM methods focus on AM machine aspects and manufacturability (Laverne 
et al., 2015). It should therefore be noted that too much emphasis on this knowledge base 
could restrict the opportunistic perspectives of DfAM. Additionally, this knowledge domain 
was also highlighted by Hagedorn et al. (2018) and Simpson (2020), who both argued that 
AM machines and AM process need to be considered in order to make full use of AM. 
 
The AM design knowledge base was one of the main reasons for designers to learn more about 
opportunistic DfAM. There was a high interest in the possibility of designing geometrically 
and functionally complex products with the assistance of AM (Paper A), and designers asked 
for support to manage the possible complex geometries (Paper B). Rosen (2014) categorised 
AM design into different AM complexities, such as geometrical, functional and hierarchical. 
These complexities aim to take advantage of the ‘new’ capabilities of AM and give designers 
the chance to rethink a design. Therefore, it is important to address the design freedom with 
several complexities in mind, which brings diversity into the notion of AM design. Designers 
explored the AM design properties of their cases, but did not focus on these properties because 
of the unknown AM material properties and AM machine & process capacities (Paper E). 
The main focus on material, machine, and process parameters in the design process is partly 
due to the need to meet design requirements but also due to the immaturity of some of the 
AM processes (Papers B and E). A designer’s ability to manage DfAM has been shown 
depend on their existing engineering skills and previous experience (Prabhu et al., 2022a). 
However, experienced designers showed a high level of understanding of restrictive DfAM 
and there was a need to make further efforts on introducing opportunistic DfAM (ibid.). 
Previous research has highlighted the importance of the AM design knowledge base when 
adopting AM in design (Hagedorn et al., 2018; Simpson, 2020). In summary, a designer needs 
to manage the three knowledge bases of their own AM expertise in order to fully understand 
the new design space and to fully design for AM. By taking AM materials, AM machine & 
process, and AM design aspects into account during the design process, designers increase 
their opportunities to make full use of their creative abilities. 
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5.4 The framework and the involvement of additive manufacturing design 
supports 

Several design supports in DfAM (i.e. design heuristics, principles, guidelines, and rules) 
have emerged that are intended to help designers make full use of AM in their designs and 
exploit the potential of DfAM (Pradel et al., 2018b). The use of design heuristics for AM 
(DHAM) was explored in Papers C and D. Design heuristics aim to help designers explore a 
new design space in opportunistic and visionary views. This design support makes use of the 
possibilities given by AM, through geometrical, hierarchical, material, and functional 
complexities. DHAM allows designers to explore a new design space and has been shown 
useful in the creative phases of DfAM (Paper C). The usefulness of DHAM has also been 
confirmed in previous research, where DHAM was shown to be effective from a creativity 
perspective for both novice (students) and expert (industry) designers (Blösch-Paidosh & 
Shea, 2022). It has also been shown that previous experience with DHAM was not needed, 
and that designers can easily can adopt these heuristics into their creative sessions with little 
knowledge of AM (Blösch-Paidosh & Shea, 2022). These conclusions further confirms the 
benefits of DHAM in the early stages of design (Paper D), where designers might not be as 
familiar with the support. DHAM helps designers understand the unique capabilities of AM 
(Paper D) and can also be used as a way to teach about such capabilities (Blösch-Paidosh & 
Shea, 2022). DHAM can serve as a means for designers to explore the design space for AM 
regardless of their previous knowledge of design in general and despite little knowledge of 
AM in particular. 
 
DHAM have been showed to not provide restrictive information of DfAM (Blösch-Paidosh 
& Shea, 2022), which indicates that DHAM should be categorised as an opportunistic DfAM 
method (categorisation presented by Laverne et al., 2015). DHAM can therefore be used as a 
link towards a visionary perspective of AM creative thinking, as well as allowing for 
exploration and definition of DfAM boundaries of AM motivation. By going into a design 
process with the assistance of DHAM, designers can explore AM design knowledge base, 
AM machines & processes, and AM expertise. An exploration of AM expertise helps 
designers to understand possibilities in designs. DHAM was somewhat criticised by study 
participants for lacking information on implementation of ideas (Blösch-Paidosh & Shea, 
2022). However, because DHAM helps designers explore a design space and is a means of 
inspiration (Paper C and D), it can also be argued that DHAM is not supposed to address the 
implementation of creative ideas. To proceed with an idea, further supports could be needed 
to continue to develop an idea into a full design. One such design support is design principles 
for AM (DPAM). In the current literature, DPAM is inconsistently defined as either design 
support for early design phases or for the detail and manufacturing preparation (Paper D). 
Paper D concluded that most definitions of DPAM describe these principles as design support 
based on the empirical evidence used for concept generation and embodiment of particular 
AM solutions (Lauff et al., 2019; Leutenecker-Twelsiek et al., 2016; Perez K. B. et al., 2015), 
while some see the principles as a link between the complete design and manufacturing 
parameters (Mani et al., 2017). Ultimately, in contrast to DHAM, DPAM includes some level 
of awareness of the AM process in design and the goal of reaching a manufacturable design. 
 
DPAM can help designers reach a visionary perspective of AM creative thinking, but it also 
in some ways gives a realistic perspective. By adding information about material and process 
parameters to the DfAM process, designers can get a more realistic understanding of what is 
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possible to produce with AM. Additionally, including this variety of aspects into the support 
allows a further exploration of DfAM boundaries and acts as a motivational incentive to 
design for AM. While exploring and defining DfAM boundaries through DPAM, designers 
can also start to explore AM design knowledge bases. However, DPAM does not include 
sufficient information for designers to fully explore these knowledge domains. These 
principles acknowledge some of the important aspects of the domains and use the aspects in 
the design support for a higher probability to reach a manufacturable design.  
 
To achieve a realistic perspective on creative thinking and to fully explore the AM design 
knowledge domain, both design guidelines for AM (DGAM) and design rules for AM 
(DRAM) need to be considered. DGAM provides specific recommendations for solutions 
(e.g. surface roughness in different build angles, or design overhangs), and DRAM provide 
specific knowledge contributing to a manufacturable design. Both DGAM and DRAM 
acknowledge important design aspects such as support material, possible print angles, design 
of overhangs, and ways to print holes (Fu et al., 2016; Kumke et al., 2016; Leutenecker-
Twelsiek et al., 2016; Thompson et al., 2016), ultimately addressing aspects that need to be 
considered to achieve realistic and feasible designs for AM. DGAM and DRAM can help 
designers engage in a realistic perspective of creative thinking while designing for AM, and 
also motivate them to explore the boundaries of DfAM (AM motivation) as well as understand 
the knowledge domains of AM expertise. DGAM and DRAM help designers extend their 
knowledge of both design and the AM machine & process, which brings further 
understanding for the use of their own creative abilities.  
 
In summary, DHAM, DPAM, DGAM and DRAM all contribute to enhancing a designer’s 
creative abilities, but in slightly different ways. Each AM design support brings its own 
advantages into the DfAM process, and it is up to the individual designer to take advantage 
of the support accordingly. 
 
5.5 External influences on the framework 
It is important to acknowledge that a designer can also be affected by external influences such 
as the work environment (Amabile et al., 1996; Amabile & Conti, 1999; Oldham & 
Cummings, 1996; Shalley et al., 2004) and external communication with others (e.g. Amabile 
& Pratt, 2016; Onarheim, 2012). These aspects are often assumed to be managed by the 
organisation. The work environment and communication systems affect how a designer can 
manage their own creative abilities, and how each component of the creativity in DfAM 
framework can be addressed. A designer is responsible for nurturing their own creative 
abilities, and the organisation is responsible for creating an environment in which a designer 
can increase their AM motivation, AM creative thinking, and AM expertise.  
 
It can be hard to manage big and complex systems and to synchronise people, processes, 
models and objectives (Simpson & Martins, 2011), and doing so requires clear structures in 
both time and cost management (Sinha & de Weck, 2016). This issue was raised in the context 
of AM when designers expressed a need for a new internal design system specifically for AM 
(Paper B). Participants also said that that having an expert person serve as a central connecting 
point for AM within the organisation was helpful during adoption (Paper F). Individual 
creativity also influences group creativity and organisational innovation (Amabile & Pratt, 
2016). The incentives to work with AM were present for individual designers as well as the 
design team, organisation, and industry. For example, a shift towards cost-effective 
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approaches in the space industry were illustrated in Paper A. This shift also ignited a search 
for further innovations, which led the industry to explore  whether AM could be a means of 
lowering costs and increasing the level of geometrical complexity. Therefore, there was an 
external pressure on designers from an industry that saw new AM-based innovations emerge, 
as well as a pressure from the organisations on exploring AM to keep up with the new pace 
of the industry.  
 
5.6 Sustainability considerations of the framework 
Sustainability considerations are important related to this framework. It has proposed that to 
achieve sustainability, production and technological systems not only need to respect 
ecological obligations, but also to continuously search for new solutions (WCED, 1987). One 
way to reach new solutions is to explore new manufacturing processes and promote creative 
product development. AM can present designers with the opportunity to explore a new design 
space and reach creative solutions. AM is argued to meet requirements for sustainable 
development through e.g. waste reduction, reducing carbon emissions, and reducing the use 
of non-renewable resources (Niaki & Nonino, 2018). It has been suggested that sustainability 
for AM can be seen from two tracks, either AM processes or additively manufactured 
products (Luomaranta, 2022), and this thesis treats the latter.  
 
Sustainability is in this thesis discussed from three perspectives: social, economic, and 
environmental. Social sustainability is agued to have been little studied in relation to AM, but 
it is suggested that working conditions and employee empowerment need to be considered 
(Niaki & Nonino, 2018). It is therefore important to acknowledge that the work hazard of 
handling fine metal powder needs to be managed. Additionally, AM could be used to fabricate 
weapons, counterfeit a variety of things, and disguise weapons (e.g. make explosives that look 
like ordinary items) (Campbell et al., 2011). The framework contributes to social 
sustainability by encouraging collaboration with colleagues, including the three creative 
thinking perspectives and engaging in a freedom for learning. By encouraging these aspects, 
designers are proactively acknowledging their working conditions and their working 
relationships with colleagues, customers and suppliers. The framework can help designers 
advocate for their working conditions related to the expansion of opportunities in their design 
practices. For economic sustainability, AM can bring cost savings in terms of cost-per-part 
(e.g. Figure 1, section 1.1) and logistics (because AM can promote production close to the 
final consumer) (Niaki & Nonino, 2018). AM can also enable on-demand production and 
‘easy’ production of spare parts (Luomaranta, 2022), which also contribute to economic 
sustainability. For  environmental sustainability, energy consumption and pollution can be 
reduced and the manufacturing method more or less only utilise the material resources needed 
to manufacture the part (Niaki & Nonino, 2018).  
 
The framework also addresses a combination of economic and environmental sustainability 
though the exploration of the AM design space and the three knowledge domains of AM 
expertise. By understanding the use of AM materials as well as AM machine & process, 
designers can use fewer resources and reach a sustainable product. The UN has proposed 17 
sustainability goals and 169 sustainability targets, demonstrating an ambitious vision for 
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increased social, economic, and environmental sustainability by 2030 (UN, 2015). The 
framework on creativity in DfAM assists the work on mainly one of these goals, fostering 
innovation (UN goal number 9; UN, 2015). In summary, even though there can be both 
positive and negative impacts on sustainability in relation to DfAM, the inclusion of a 
creativity perspective could help designers reach higher level of sustainability of AM 
produced products. 
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6 Conclusions 
This chapter revisits the purpose and RQ, and presents the conclusions for this thesis. 
Theoretical contributions and industrial implications are discussed, ending with limitations 
and suggestions for further research. 
 
6.1 Purpose and research questions 
The purpose of research presented in this thesis was to advance the understanding of creativity 
in design for additive manufacturing (AM). This purpose has been achieved by identifying 
the key characteristics of creativity in Design for Additive Manufacturing (DfAM) and 
represent them in a comprehensive framework. The framework proposes three components 
of creativity and their key characteristics that need to be considered when designers make use 
of their creative abilities when adopting AM in design. This framework answers the two 
research questions: (RQ1) How can the key characteristics of creativity in design for additive 
manufacturing be described? and (RQ2) How can creativity in design for additive 
manufacturing be represented in such a way that designers can enhance the use of their 
creative abilities? 
 
6.2 Theoretical contributions 
Previous research has attempted to formalise creativity in DfAM, with the aim of helping 
designers use their creative abilities. However, most academic contributions in this field have 
focused on material, AM process, engineering design, or specific creative activities rather 
than supporting creativity as a whole. Many of the available tools, methods, and frameworks 
for AM do not give designers an overall direction for utilising their creative abilities. 
Therefore, the findings presented in this thesis contribute to the study of DfAM by adding the 
perspective of creativity. Prior studies on creativity have highlighted three components 
(Amabile, 1998) that were determined to also be suitable in the context of creativity in DfAM. 
Creativity in DfAM has been further explored through identifying and describing the key 
characteristics of each creative component specifically related to the adoption of AM. The 
description of these key characteristics furthers our understanding of creativity in DfAM, 
thereby contributing both creativity and DfAM research.  
 
Ultimately, these key characteristics and the representation of them in a framework help 
designers manage their creative abilities and explore the new product design space. The new 
product design space is the overlap between the production capability space and the product 
definition space (Larsson, 2020), and is related to both production and product design 
research. However, since this thesis is limited to product development perspectives, its 
contributions are situated in the product development literature. The thesis presents a 
framework to help designers manage their creative abilities during product development 
while introducing a new technology (specifically AM). The findings presented in this thesis 
mainly contribute to the research areas creativity in design, design for additive manufacturing, 
and product development.  
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6.3 Industrial implications 
This thesis has several industrial implications for designers working with product 
development and AM. To fully use AM in design, designers need to make use of the 
opportunities of AM with “complexity for free” and “individualisation for free” (Poprawe et 
al., 2015). Doing so should help designers ‘think outside the box’ and utilise the full potential 
of their creative abilities. The framework of creativity in DfAM contributes by explaining 
how a designer could manage their creative abilities while adopting AM in design. The 
framework can be used by designers to understand what pathways they need to take in order 
to reach a manufacturable AM design, as well as how they can make use of their creative 
abilities while introducing AM into their design work. Additionally, the framework could be 
used by project managers to support designers when introducing AM and to understand how 
managers can introduce AM in a way that will support a creative outcome. In other words, 
the framework can be used as a way to support project management so that a project can reach 
the different stages of Gartner’s hype cycle (presented in Figure 5, section 2.1.3).  
 
Ultimately, the framework helps individuals reach their full creative potential through 
reflecting on their AM motivational incentives, AM creative thinking, and AM expertise. 
Keeping these aspects in mind could help remind designers of the areas they need to consider 
for themselves during the introduction of AM, and think about how these areas could be 
improved. The framework aims to help designers make design decisions while learning about 
AM knowledge domains, driving forces of AM, and creative thinking perspectives of AM. 
Project management could use the framework to support the individual designer (and 
eventually entire design teams). 
 
6.4 Limitations and suggestions for further research 
This thesis’ primary limitation is that it had to fit within the timeframe of a PhD project, and 
therefore there has not been time to fully validate the proposed framework. The framework 
has been evaluated in discussions with other scholars and illustrated by one case study, but 
needs further validation from the practical side. The thesis focuses on a holistic perspective, 
excluding the design of new DfAM supports. One DfAM support was initially tested in a 
workshop, and an extensive literature review explored two DfAM supports, but further 
research needs to be done on how design supports can assist designers in managing their 
components of creativity for DfAM. Most empirical data were collected from a single 
company, although the other four cases have also provided an equal number of insights during 
the creation of the framework. Four of the five cases operate in the space industry, a highly 
regulated industry, a fact that could influence the final version of the framework. One case 
operated in another industry, which brought validation for the usefulness of the framework in 
other industries. However, further studies should investigate other industrial areas to fully 
validate that this framework can be used regardless of industry. Additionally, the framework 
should also be explored in relation to other emerging technologies, to evaluate whether it is 
applicable to the introduction of other new technologies.  
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The two components creative thinking and motivation lie on the border with psychology. This 
thesis excludes the psychological perspective, but further research in the area would 
strengthen the overall framework and the understanding of how it can be incorporated. 
Furthermore, the three components of creativity in DfAM (AM motivation, AM creative 
thinking, and AM expertise) need to be further explored in relation to AM design supports, 
which can can assist the exploitation of each component to reach a higher degree of creativity 
while adopting AM. However, findings in this thesis can be used as a starting point for 
understanding creativity in DfAM.  
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Appendix A – Interview guide Study Ia 
Interview guide for the semi-structured interviews in study Ia. Interviews were conducted in 
Swedish and the guide has been translated to English for this thesis. 
 
Background 

1. Tell us about yourself in your role here at the company? 
2. How long have you been working in the company? 

Product development process (design process) 
3. A) How could the product development process for space products be described 

according to you? 
B) Are there documents to follow? 
C) Do you do it in your daily work? 

4. What parts of the product development process have you been involved in? 
5. A) Do you perceive that there is a difference in how the product development process 

is used between different projects and/or products? 
B) In what way? 

6. Are there any external parties involved in the product development process? 
7. A) Do you work together with manufacturing/production in the product development 

process? 
B) If so, in what way are you working with them?  

8. How much do you feel that restrictions in production govern design choices? 
9. A) How long does the development take from concept until hand over to production? 

B) What parts of the product development do you perceive are most time consuming? 
10. To what extent are previous designs reused in the development of new products? 
11. A) What is a prototype according to you? 

B) How do you perceive that the company use prototypes in the product development 
process? 

Additive manufacturing 
12. How much and in what way have you come in contact with additive manufacturing? 
13. A) How would you describe additive manufacturing? 

B) What processes do you believe are relevant to for use in space products? 
14. A) Do you perceive that there is a great interest in additive manufacturing as a 

manufacturing method for space products? 
B) What do you perceive is the reason for this interest? 

15. What parts of the product development process do you believe that additive 
manufacturing can influence the most? 

16. What do you perceive that additive manufacturing can contribute with in the 
development of your space products? 

17. A) Do you believe that design optimisation for additive manufacturing will be different 
compared to conventional design optimisation? 
B) In what way? 

18. What restrictions do you perceive exist if additive manufacturing would be introduced 
into the product development process?  
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Appendix B – Workshop agenda Study Ib 
Agenda for the workshop series of study Ib. Each workshop followed the same agenda and 
were conducted in Swedish. 
 
Introduction 13.00-13.15 

- What do everyone work with? 
- What is additive manufacturing? 

 
Session 1 13.15-14.30 

- What possibilities and challenges do you see with additive manufacturing? 
- Needfinding activities 
- Activity “customer quotes” 

 
Fika 
 
Highlights 14.45-15.00 

- Presentation of state of the art and practice of additively manufactured products for 
aerospace applications  

 
Session 2 15.00-16.40 

- Work with ideas for products using additive manufacturing 
- Presenting concepts  

 
Feedback 16.40-17.00 

- I like and I wish regarding the workshop 
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Appendix C – Participant list of workshop series study II 
Overview description of the workshop series included in study II. Participants were designers 
from Company A, B and D, and researchers from Luleå University of Technology (LTU) and 
Chalmers University of Technology (CTH). 
 
Table C1, Summary of participants and their roles at each workshop in study III. 
 WS 1 WS 2 WS 3 WS 4 WS 5 
Case A Lead eng. 

Lead eng. 
Design eng. 
Design eng. 

Process verif.  
Lead eng. 
Lead eng. 
Design eng. 
Design eng. 

Process verif.  
Lead eng. 
Design eng. 

Process verif.  
Lead eng. 
Design eng. 

Process 
verif.  
Lead eng. 
Design eng. 

Case B Design eng. 
Design eng. 

Design eng. Mgr. eng. Lead eng. 
Mgr. eng. 

Mgr. eng. 

Case D Systems 
eng. 
Project mgr. 
CTO 

Systems eng. - Systems eng. - 

LTU PhD student 
PhD student 
Professor 
Sr. lecturer 

PhD student 
Professor 
Sr. lecturer 

PhD student 
Professor 
Sr. lecturer 

PhD student 
Professor 
Sr. lecturer 

PhD student 
Professor 
Sr. lecturer 

CTH PhD student 
PhD student 
Professor 
Post Doc. 

PhD student 
PhD student 
Professor 
Post Doc. 

PhD student 
Professor 
Post Doc. 

PhD student 
Professor 
 

PhD student 
Professor 
Post Doc. 

 
(eng. = designer, mgr. = manager, sr. = senior, verif. = verification )  
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Appendix D – Interview guide Study III 
Interview guide for the semi-structured interviews in study III. Interviews were conducted in 
Swedish and the guide has been translated to English for this thesis. 
 
Background 

1. Tell me about yourself in your role here at the company. 
a. How long have you been working in the company? 
b. What is your background? (e.g. previous experience) 

Design project focus Additive Manufacturing 
2. Tell me shortly about the design project. 

a. What kind of product? 
b. What was the goal and purpose of the project? 
c. Why did you want to involve AM for this specific product? 

3. Tell me how you have worked with AM in the project, from a design perspective. 
a. What activities have you performed? 
b. How have you managed the new degree of freedom that can come with AM? 
c. Is there something you feel you have missed while designing for AM? 

4. Tell me about what setbacks and successes you have faced during the project? 
a. How did you manage these? 
b. What could you have done differently? 
c. What did you do well? 

5. Do you perceive that AM have influenced your daily work, and of so, how? 
6. Tell me how you define creativity. 
7. Tell me how you have worked with creativity in relation to AM in your design work. 

a. Tell me how you look at creativity in relation to AL. What is creative work? 
b. Do you feel that you have room to be creative? Why, why not? 
c. What you you say is most important for you in creative work? (e.g. work 

environment, team, organisation) 
8. What do you perceive are the similarities and differences with creativity between 

working traditionally or with AM? 
9. Did AM affect your work and the final result as you expected? 

a. How? 
b. Why/why not? 
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Appendix E – Interview and respondent information 
Overview of interviews with description of respondent information for the interviews included 
in study Ia and III.  
 
Table E1, Summary of respondents at each case company with interview and respondent 
information. 
No. Study Company Role Length 

h:min 
Data Respondent 

ID 
1 I-a A Lead engineer 1:16 Transcription R1 
2 I-a A Chief engineer 1:32 Transcription R2 
3 I-a A Process verification 

leader 
1:08 Transcription R3 

4 I-a A Senior design 
engineer 

1:24 Transcription R4 

5 I-a A Chief engineer 0:40 Transcription R5 
6 I-a A Chief manufacturing 

engineer 
0:43 Transcription R6 

7 I-a A Lead engineer 1:07 Transcription R7 
8 I-a A Lead engineer 0:55 Transcription R8 
9 III E Design engineer 0:59 Transcription R9 

10 III E AM expert 0:52 Transcription R10 
11 III E Design engineer + 

project leader 
0:38 Transcription R11 

12 III A Process verification 
leader 

0:46 Transcription R3 

13 III A Technology leader 0:42 Transcription R12 
14 III A Test and verification 

engineer  
0:47 Transcription R13 

15 III A Design engineer 1:00 Transcription R14 
16 III A Designer in charge 0:35 Transcription R15 
17 III A Design engineer 0:39 Transcription R16 
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