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Abstract
Design decision making for the design of an ecosystem is seen as a complex process which involves
choosing among several design alternatives with the aim of satisfying stakeholders concerns while
dealing with a level of uncertainty. It can be challenging to guide decision makers through design
decision making processes. This research aims to provide a comprehensible decision-making tool that
can help decision makers at the start of such a complex project. The following three design objectives
were formulated to provide direction for the decision making tool: 1. It should provide insights in the
importance of the design context in the relation to the decision-making, 2. it should create awareness
among stakeholders on the rationale involved choosing among alternative design options, 3. it should
enable collaboration between different stakeholders. The decision making tool consists of the
business model radar (Grefen, Lüftenegger, Linden, & Weisleder, 2013) and a card game. The business
model radar is used to define the problem context or the ecosystem at hand. The card game is used
to help decision makers to formulate design issues related to the problem context and finding
solutions for these issues. The content for the tool was formulated through a case-study performed
at a train operator that desires to apply additive manufacturing for its spare part productions.
However, the game mechanics were designed separately from the game context and can be applied
for other complex decisions. For example in high-tech industries or the healthcare industry, because
both industries must deal with making tradeoffs among stakeholder requirements. The decisionmaking tool was validated in a focus group of four participants, all whom are employees of the train
operator. The main advantage of usage of a card game over other decision rationale approaches was
that its simplicity made it understandable for participants without any prior design knowledge
Although, the focus group was too small to generalize any findings it did provide valuable insights.
Based on these insights four hypotheses were formulated one of which is 1: Playing the EcoDecision
card game can improve collective design decision-making. This hypothesis as well as the other three
hypotheses could be tested in future research by performing formal experiments. Furthermore,
additional case studies can be performed in other industries to verify the effects of the decisionmaking tool on other complex design problems.
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Executive summary
This report describes the results of research on the design decision-making in ecosystem design. The
ecosystem central in this research centers on the application of additive manufacturing. The research
follows the design science methodology and aims to deliver a decision-making tool that should guide
decision-makers through the design decision-making process. The main research question of the
research is the following:
“How to guide the design decision making process for the design of an ecosystem?”
The three main challenges encountered within the design decision-making for ecosystems were
summarized as followed:
•
•
•

The design of the ecosystem is dependent on the context (application scenario) and deals with
multiple stakeholders.
The design of the ecosystem must meet a complex list of stakeholder requirements that are
sometimes conflicting.
Additive manufacturing is an innovative technology that is continuously changing, which
means that some stakeholder requirement or other aspects may change throughout the
design process.

The first phase of this research consisted of a literature study that was done to identify relevant topics
present in design decision making processes. Based on the definition of a design decision which is
summarized as the processes of choosing among alternative options the following six topics were
identified as relevant topics with regards to design decision making:
•

•
•
•
•
•

Common goal: The common goal defines the main reason of existence of the ecosystem. It
states what the ecosystem is for and with this helps frame the context of the decisions (Tang
& Van Vliet, 2009).
Stakeholders: The stakeholders participate in the ecosystem, aside from the common goal all
the stakeholders also have their own individual goals and concerns.
Design issues: The stakeholders concerns are addressed through design issues
Design options: Each design issue could be solved by choosing among alternative design
options.
Design criteria: Design criteria are used to evaluate the different design options
Reasoning techniques: Making design decisions involves choosing among the alternative
design options based on some rationale or reasoning techniques.

Next to the formulation of the six relevant topics literature was studied to formulate the decisions
that need to be made with regards to the design of an ecosystem surrounding the application of
additive manufacturing. The decisions were formulated by analyzing a list of ten of the most relevant
characteristics of the ecosystem both on their positive (+) and their negative (-) aspects. The decisions
that must be made regards trade-offs decisions between these positive and negative effects. Next,
the list of decisions was validated in a real-life context by performing a case-study at the train
operator. By interviewing different types of external suppliers, it became possible to formulate
different stakeholder concerns for each different type of stakeholder.
The decision-making tool was created based on the six topics and the list of decisions with the aim to
help guide decision-makers through the design reasoning activities. The decision making tool consists
of two different parts, first the business model radar was used to determine the division of the roles
and responsibilities within the supply chain (Grefen et al., 2013). Additionally, a card was created to
iii

go into the concept of making tradeoffs among the stakeholder’s concerns in more detail. To provide
some direction for the design of the card game the following three design objectives were formulated:
1: It should provide insights in the importance of the design context in the relation to the decisionmaking, 2: it should create awareness among stakeholders on the rationale involved choosing among
alternative design options, 3: it should prompt collaboration between different stakeholders.
The game mechanics and the game content were designed independently. Such that, it would be
possible for the game to be extended to include additional decisions or be applied for other complex
problems. The game mechanics consist of a deck of 10 generic playing cards, a playing field to rank
the different design options based on some design criteria and the rules of the game. The content of
the game consists of the description of the ecosystem context central in the game and the related
stakeholders, decisions, options criteria and reasoning activities that populate the content of the
cards.
The common goal and the stakeholders within the ecosystem, which function as the content of the
game were formulated with the help of the business model radar (Grefen et al., 2013). This is done
by structuring the information found in the literature and the case-study in the following three steps:
1. Determine the co-created value in use
2. Determine the components necessary to create the co-created value in use
3. State which partners are needed in the ecosystem.
The final phase of the research included the validation of the decision-making tools, which was done
by applying it in a focus group consisting of four participants. Although this amount is too small to
generalize the findings it did provide some interesting insights. Based on these insights the following
four hypotheses were formulated which could be tested in future research:
•
•
•
•

H1: Playing the EcoDecision game can improve collective design decision-making
H2: Playing the EcoDecision game improves the ability of decision-makers to identify design
problems and options.
H3: Playing the EcoDecision game can improve decision-makers in their ability to identify
trade-off points.
H4: Playing the EcoDecision game could be especially useful at the start of an ecosystem
design project

It was concluded that the card game provided insights in the complexity of design decision-making for
ecosystem design. It did so in a compelling way and within a short time frame. It is therefore predicted
that the tool would be especially useful at the beginning of a collaboration. When different
stakeholders plan to collaborate in the form of an ecosystem but do not know all the details yet. The
card game can be played to provide a clear picture of what the most important decisions are that need
to be made as well as some possible options for these decisions. Future research should focus on the
validation aspect of the card game, as the positive effects of the games should be proven in an
experiment. That way it would be possible to make more generalizable conclusions and test the
hypotheses formulated within this research.
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1. Introduction
This report presents the result of a study on the design decision-making involved in the design of an
ecosystem. Design decision-making is defined as the process of choosing among several design
alternatives (Tali, Nader, & Chalal, 2017). The aim of the study was to provide a decision-making tool
to guide decision-makers through the decision-making processes. The research is performed for a
master thesis graduation project as final part of the master Operations Management & Logistics at the
Eindhoven University of Technology (TU/e). The project is executed at the strategic procurement
department of NS operations. To understand the continuation of this thesis this introductory chapter
includes a description of the company, the problem context and the research methodology. Chapter
2 includes the results a literature review performed to provide background on the topics present in
design decision making processes. Chapter 3 describes a case study that was performed at NS frame
the relevant characteristics formulate the content that needs to be included in the decision making
tool. Chapter 4 describes the design and validation of the decision-making tool. Finally, Chapter 5
includes the conclusions and recommendations of the study. The thesis composition is summarized in
Figure 1.
Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

Introduction

Background

Content

Design of the tool

Conclusion

Figure 1: Thesis composition

1.1 Company and department description
As mentioned, the company involved in this master thesis is NS Operations which is a part of the Dutch
Railways, “Nederlandse Spoorwegen” (NS). NS is active in passenger transport, operation and station
development, together all these activities led to revenues of €5.9 billion, 89% of which were generated
by passenger transport (NS, 2018). NS Operations is a department of the NS group, its place within the
organization is illustrated in the organizational chart in Figure 2.

Figure 2: Organizational chart NS & NS Operations (NS, 2018)
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NS Operations has approximately 14,600 employees and is responsible for the rail transport on the
main rail network within the Netherlands, where it transports 1.3 million passengers everyday (NS,
2018). The sub-departments of NS Operations are also illustrated Figure 2 with the departments that
initiated this project colored in yellow. This project is performed at the Supply Chain Operations (SCO)
department, which is responsible for all maintenance activities performed on the trains in the
Netherlands. The procurement of SCO is responsible for all activities involved in the acquisition of train
related parts and services. This consists not only of buying the spare parts that are needed to repair
trains, but the procurement group is also responsible for finding ways to apply innovative techniques
to improve procurement processes across the supply chain. For this reason, the subgroup Strategic
Procurement was created. The main aim of the Strategic Procurement group is to enhance the
performance (consisting of availability and security) and the life cycle costs of train related spare parts
in the long term. This is reached by starting multidisciplinary projects that are modernizing the current
way of operating within NS operations. Furthermore, these projects are done in close cooperation
with suppliers. This master thesis is performed at the strategic procurement group.

1.2 Background information
One of the most recent projects of the strategic procurement department concerns the application of
additive manufacturing (3D printing) for spare-part production. Before, going into more details on the
problems that accompany this application some background information will be provided. First some
challenges within the spare-parts supply chain will be introduced after which the potentials of additive
manufacturing to solve these challenges will be discussed.

1.2.1 Challenges within the spare-parts supply chain
NS encountered some challenges during the procurement of their spare parts. Generally, the
manufacturing supply chain includes all of the activities that are involved in the manufacturing and
the delivery of products to the customers (Huang, Liu, Mokasdar, & Hou, 2013; Tien, 2012).
Conventional manufacturing technologies such as machining or stamping fabricate products by
subtracting materials from a larger stock or sheet metal (Huang et al., 2013). Hence, conventional
manufacturing processes require additional resources such as jigs, fixtures and cutting tools in
addition to the main machine, which is why there are many different steps involved within the
conventional manufacturing supply chain (Huang et al., 2013). This leads to high set-up cost for
production lines, to save these costs production is outsourced to low-wage countries and produced in
large batches. Characteristics of conventional manufacturing methods together with their impacts are
illustrated in Table 1.
Table 1: Conventional manufacturing characteristics
Conventional manufacturing characteristics
Mass production
Complex supply chains
Global supply chains

Impacts
High minimum order quantity
Difficulty to respond to demand uncertainty
Long lead times

The spare-parts industry does not align well with the characteristics from conventional manufacturing.
Spare parts are interchangeable parts that are kept in inventory and used as replacements for any
broken parts, their main aim is to keep equipment in working condition (Kennedy, Wayne Patterson,
& Fredendall, 2002). One of the biggest issues for spare parts is the unpredictability of demand, caused
by either the lack of failure rate data or by the very sporadic occurrence of demand (Khajavi, Partanen,
& Holmström, 2014; Li, Jia, Cheng, & Hu, 2017). This unpredictability of the occurrence of failures leads
to both uncertainty of the time of demand but also on the quantity of the demand (Chekurov, MetsäKortelainen, Salmi, Roda, & Jussila, 2018). The combination of the uncertainty of demand and the high
2
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need for availability usually leads to high investments in safety inventories (Khajavi et al., 2014).
Additionally, equipment for which the spare parts are designed might become obsolete and thus will
be replaced by new products. It is difficult to determine how many parts for an obsolete machine
should be kept in stock, since it might be difficult to replace a part that is not kept in stock anymore
(Chekurov et al., 2018; Kennedy et al., 2002). Consequently, there exists a mismatch between
conventional manufacturing methods and the characteristics of spare parts. This mismatch is
represented in Table 2.
Table 2: Mismatch between conventional supply chain and spare parts characteristics
Conventional manufacturing supply chain
Mass production
Complex supply chains
Global supply chains
Long lead times

Spare parts characteristics
Low demand rates
Uncertain demand rates
Required locally
Critical response time

The mismatch presented in Table 2 is also present for the NS which holds a large portfolio of different
spare-parts, most of which have an uncertain demand rate. Furthermore, the suppliers of the NS
follow the mass production paradigm. Which means they usually set high Minimum Order Quantities
(MOQ). Currently, the NS holds much inventory either caused by these high MOQ or to account for
uncertain demand or low lead times.

1.2.2 Additive manufacturing for spare-parts supply chain
Additive Manufacturing offers a solution for the mismatch presented in Table 2. Additive
Manufacturing refers to the process of joining materials, usually layer upon layer, to create a physical
object from a digital data file. The additive nature of production enables the inclusion of multiple
functionalities in one production process. Therefore, there is no need for additional assembly
processes which decreases the length and complexity of the supply chain (Holmström, Partanen,
Tuomi, & Manfred, 2010). Furthermore, the reduction in the need for tooling equipment and labor
could reduce the need for production to be outsourced to low-wage countries (Lindemann, Reiher,
Jahnke, & Koch, 2015). Ultimately, this could place production very close to the point of consumption
which would reduce the lead times (Knofius, van der Heijden, & Zijm, 2016). Finally, once a digital file
is stored it could be produced on demand, which decreases the risk of obsolescence (Knofius et al.,
2016). One final benefit is that the expertise that is needed to operate additive manufacturing
machinery is more easily transferable between product types, thereby decreasing the switch up costs
(Chekurov et al., 2018). The low switch-up cost make it economically feasible to produce products in
small batch sizes (Li et al., 2017). All the possibilities that additive manufacturing technology offers are
summarized in Table 3.
Table 3: Characteristics of AM matched with possibilities for spare parts
Characteristics of AM
Small batch size feasible
Local supply chains
Small, simple supply chains
Only needs digital input

Possibility for spare parts
Order in small amounts and save unnecessary inventory cost
Lower lead times
Easy to manage uncertainty of demand
Decreases risk of parts becoming obsolete

NS Operations acknowledged the positive effects that additive manufacturing could have on the spare
parts supply chain and therefore decided to investigate the possibilities of implementing it to produce
some of their spare parts.
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1.3 Problem definition
Although additive manufacturing is as its core a production technology, however it touches many
more aspects as described above. It enables production companies to bring back production more
locally and to digitalize their production. Therefore, it is concluded that the application of additive
manufacturing will lead to high technological and market shift. To enable companies to adapt to these
market changes more rapidly there is a need for a more networked organizational form of
collaboration, which includes an inter-organizational collaboration with customers, competitors,
partners and suppliers (Letaifa, 2014). Thus, the application of additive manufacturing should be
analyzed from an ecosystem perspective. An ecosystem in this manner is defined as a group of
connected organizations that depend on each other to reach a common goal. The underlying structure
for the ecosystem needs to be designed. The design process of the ecosystem involves the translation
of important requirements of the ecosystem into a set of structures. Hence, it is important to have a
clear picture of which requirements must be met by the ecosystem. These requirements include both
the collective requirements and individual stakeholders’ requirements. When trying to come up with
a design for the ecosystem the following three complexities came to light:
•
•
•

The design of the ecosystem is dependent on the context as additive manufacturing could be
applied in many ways.
The design of the ecosystem must meet a complex list of stakeholder requirements that are
sometimes conflicting.
Additive manufacturing is an innovative technology that is continuously changing, which
means that some stakeholder requirement or other aspects are also continuously changing.

From the three statements above, it is concluded the design of an ecosystem is a wicked problem. A
wicked problem is defined as a complex problem that deals with many, sometimes conflicting,
requirements and has no standard solution (Razavian, Tang, Capilla, & Lago, 2016; Schriek, van der
Werf, Tang, & Bex, 2016). Consequently, it can be concluded the decision-makers for ecosystem design
have to try and incorporate all stakeholder requirements or come up with a way in which a consensus
can be reached in case there are conflicting stakeholder requirements.
However, the NS just started researching the possibilities for applying additive manufacturing in
collaboration with different partners. Hence, the company has little insights in the topics, actors, their
possible roles and responsibilities and other system requirements related to the application of
additive manufacturing. It can be concluded that the company is thus missing some insights in which
design decisions must be made in the creation of the ecosystem. As a result, an overview is missing
that could guide decision-makers in the design process of the ecosystem. Such an overview is essential
as it would help to understand the current position of the NS, which steps must be taken to reach the
desired situation and how to get there. All together this leads to the following problem statement:
“The company has little insights in all the topics and actors involved in the ecosystem and therefore
there is no defined design decision-making process”

1.4 Research scope
Based on the three main challenges formulated in section 1.3 it is concluded that the challenges
encountered in the design decision-making for ecosystem design are similar to those found in the
design decision-making for software architecture design. As the key phenomena present in the design
of software systems concerns designing something unique given a complex set of situations and
requirements, which may not be entirely explicit at the start of the design Tang & Lago (2010). Thus,
it concluded that this research could follow the same processes present in the design of a software
4
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system. The design process is about making decisions, which often involve choosing among proven
solutions (Cervantes, Haziyev, Hrytsay, & Kazman, 2016). The actual implementation of the ecosystem
falls out of the scope of this thesis research.
Additionally, this thesis is performed within the capacity group of information systems and should
thus all in the scope of information system research. Research within the information systems domain
aims to align people, organizations and technology (Hevner, March, Park, & Ram, 2004). The
application of additive manufacturing must be aligned with organizational processes and business
goals. As the flexible manufacturing technology will not affect production processes but also affect
additional processes in the value chain, such as, marketing and logistics (Thiesse et al., 2015).
Accordingly, this research falls in the scope of information systems research domain. To reach the
objective this research should be both rigorous and practically relevant (Hevner et al., 2004). Within
the next section a gap analysis will be performed to ensure that this research will add something
rigorous. Additionally, the study uses verified methodologies and a clear structure to create the final
decision-making tool to ensure that verified conclusions could be made. Finally, the research is
performed in a real-life context and thus uses practical data. Furthermore, the created decisionmaking tool is tested in a focus group in order to obtain real-life feedback and get a better idea on
how the tool works in a real-life context. Both aspects ensure that the results of the research are also
practically relevant.
Finally, the research will be of explorative nature as the context of the research is very new.

1.5 Gap in research
The application of additive manufacturing has been the topic of some research within recent years.
Walter, Holmström, & Yrjölä (2004) were one of the first to assess the feasibility of using additive
manufacturing to produce close to the point of consumption. Their studies lead to more research on
the differentiation between centralized and distributed employment and the prediction that the
centralized employment is currently preferred (Holmström et al., 2010; Li et al., 2017). Pérès & Noyes
(2006) were one of the first to investigate the possibilities of using additive manufacturing to produce
spare parts specifically. Research verified that additive manufacturing could indeed lead to a reduction
in transportation, holding, energy and part obsolescence cost (Gebler, Schoot Uiterkamp, & Visser,
2014; Khajavi et al., 2014; Li et al., 2017; Sirichakwal & Conner, 2016). Thereby indicating the possible
economic benefits of using additive manufacturing. Furthermore, it was verified that the
implementation of additive manufacturing in the supply chain leads to organizational benefits by
reducing, lead times, total repair times and the need for safety inventories, (Chekurov & Salmi, 2017;
Khajavi et al., 2014; Liu, Huang, Mokasdar, Zhou, & Hou, 2014; Sirichakwal & Conner, 2016; Tuck,
Hague, & Burns, 2006). Finally, it was found that the implementation of additive manufacturing overall
leads to an increased sustainability of organizations (Kothman & Faber, 2016). Even though most of
the research on the application of additive manufacturing for spare parts indicate promising effects
the amount of companies who have applied this remains low. Hence, there is missing knowledge on
how to apply additive manufacturing in a real-life manufacturing context. Within their research
Ashourpour & Zanoni (2015) addressed this gap by calling for future research on the configurations of
the supply chain which could address all the nuance aspects of additive manufacturing.
This research hopes to fill in this gap by focusing on the design decision-making present in the
application of additive manufacturing. With focusing on the decision-making present in the application
of additive manufacturing all the nuance aspects of additive manufacturing could be addressed as well
as different configurations of the supply chain.
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1.6 Research design
The main research questions central in this thesis is formulated based on the problem statement
provided in section 1.3. The study addressed the following main research question (RQ): “How to
guide the design decision making process for the design of an ecosystem?”
As the nature of this research is explorative it aims to explore both the problems that are present
within the design decision-making processes and provide a useful tool that could help guide decisionmakers in solving these problems. The main aim is to create a decision-making tool that can provide
an overview of all the different actors and topics present within the application of additive
manufacturing as well as guide decision-makers in making decisions. The goal of the research will be
reached by following the design cycle methodology as presented by Wieringa (2014). The design
science aims to solve a formulated business problem by developing objects, artifacts, that should be
applicable in a practical setting (Wieringa,
2014). The creation of this artifact thus
leads to an increase in knowledge and
understanding of both the problem domain
and its solution. This broad creation of
knowledge and understanding aligns well
with the exploratory nature of this research.
The implementation of the artifact falls out
of the scope of this project, therefore only
the first three stages of the design cycle are
Figure 3: Design cycle (Wieringa, 2014)
included, and these stages are illustrated in
Figure 3.
As described above the goal of this research is to create a decision-making tool that provides an
overview of all the topics and actors present in the application of additive manufacturing as well as
help guide decision-makers in making design decisions. Such that, decision-makers understand the
relevant topics underlying the decision-making processes and understand how to make decisions. This
goal will be reached by first identifying the topics and key stakeholders related to the application of
additive manufacturing as well as linking them together. This leads to an overview of the decisions
that must be made, as well as a list of design objectives for the decision-making tool. Through this tobe-developed artifact, an overview of the topics and actors is created as well as a clear overview of
how to make design decisions. The formulated design problem is described in Table 4 and will
described in more detail later.
Table 4: Design problem

Problem context
(re) designed artifact
Artifact requirements

Stakeholder goals

Design problem
The company has little insights in all the topics and actors involved in the ecosystem
and therefore there is no defined design decision-making process
A decision-making tool with an overview of the actors present in the collaboration, and
the decisions that must be made
- Provide insights in the context for which the decisions are made
- Provide insights in the decision-making activities
- Stimulate collective decision-making
The design of the ecosystem should lead to a solution that
-Provides a more transparent supply chain design
-Decreases the time spend on the ordering process
-Reduces the cost on unnecessary inventory
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Based on the above it can be concluded that the to-be-developed artifacts, the process guide that
guides decision-makers through all the design decision-making processes consists of two separate
artifacts. Hence, two separate design problems are formulated below.
Design problem:
Improve the insights in all topics and actors involved with the application of additive manufacturing
by creating a decision-making tool such that it provides insights in the context and the activities
involved with the decision-making and stimulates collective decision-making in order to create more
transparent supply chains, decrease the lead time and the ability to order on demand.
To provide more structure throughout the report the main research question is divided into sub
questions. The sub questions are divided over the three stages of the design cycle and they are
displayed in Table 5. The three phases of the design cycle will be discussed in more detail below.
Table 5: Research questions
Design cycle step
Phase 1: Problem
understanding

Phase 2: Artifact design
Phase 3: Artifact validation

Sub question
RQ-1: What topics are included in design decision making for ecosystem design?
RQ-2: What decisions need to be made?
RQ-2.1: What are the characteristics of the ecosystem?
RQ-2.2: How could additive manufacturing be applied?
RQ-2.3: Who are the key stakeholders within the ecosystem?
RQ-3: What methodologies exist to guide decision-making for ecosystem design?
RQ-4: How to design the decision-making tool?
RQ-5: How to validate the decision-making tool in its ability to meet the artifact
requirements and stakeholder goals?

1.6.1 Phase 1: Problem understanding
The goal of the first phase of the research is to create an overview of the content of the decisionmaking tool. Hence, at the end of phase 1 it should be clear which decisions need to be made with the
help of the decision-making tool. This goal will be reached in two steps, first the literature will be
studied to address RQ-1. After which another literature review will be done to answer RQ-2, these
decisions will then be challenged in validated within a case-study performed at NS Operations. Finally,
literature will be studied to gain insights in existing methodologies that could be used to guide design
decision making hereby answering RQ-3. The final deliverable of the first phase is a list of decisions
that must be made as well as a list of topics that should be included in the decision-making tool.

1.6.2 Phase 2: Artifact design
Within the design science methodology four types of artifacts are distinguished. These different
artifacts are constructs (vocabulary and symbols), models (abstractions and representations), methods
(algorithms and practices) and implementations (implemented and prototype systems) (Hevner et al.,
2004; March & Smith, 1995). Within this thesis research the designed artifact is defined as a method,
as it formulates a decision-making tool which can be used to perform goal-directed activities (Hevner
et al., 2004). The goal-directed activity in this case is the formulation of an ecosystem design for the
application of additive manufacturing. For understandability the artifact will therefore be called the
decision-making tool after this chapter. The information found during phase 1 will be used as the
underlying content of the decision-making tool. The decision-making tool is made by addressing RQ4. It is designed in two iteration; the first iteration focuses on the topics that must be included in the
decision-making tool and results in a first prototype of the decision-making tool.
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In the second iteration the design of the decision-making tool is evaluated by performing a pilot study
of the decision-making tool with a group of students. This evaluation leads to a revised version of the
decision-making tool that will be validated.

1.6.3 Phase 3: Artifact validation
Finally, the decision-making tool must be validated to test if it met both the artifact requirements and
the stakeholder’s goals, this will be done by addressing RQ-5. The artifact is validated in a focus group,
to learn the opinions of practitioners on the usage of the decision making tool (Wilkinson, 1998).
Additionally, the result of this final phase makes it possible to draw conclusions on the main research
question RQ.
The complete research design is summarized in Figure 4.

Figure 4: Research design: activities, research questions and descriptions
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2. Background: Design decision making in ecosystem design
This chapter includes a description of the topics present in the design decision-making for ecosystem
design. The information was found by performing a literature. The relevant topics included in the
design decision making will be introduced in section 2.1. In section 2.2 the topics will be discussed in
some more detail with regards to the ecosystem central in this research, which will be summarized in
a conceptual framework in section 2.3. Afterwards a description of existing methods to guide design
decision-making will be discussed in section 2.4. Finally, some conclusions regarding the literature
review will be made in section 2.5. The research questions that were used to guide and structure the
literature review are defined in Table 6.
Table 6: Research questions for the literature review
Research questions literature review
RQ-1: What topics are included in the design decision-making for ecosystem design?
RQ-2: What decisions need to be made?
RQ-2.1: How could additive manufacturing be applied?
RQ-2.2: Who are the key stakeholders in the ecosystem?
RQ-2.3: What are the characteristics of the ecosystem?
RQ-3: Which decision-making approaches exist in practice?

Three simple literature reviews were performed, starting from a pool of three pilot studies followed
by some rounds of backward snowballing as presented by Wohlin (2014). The snowballing technique
is a good method to gather information on the current state of the art, since the nature of this study
is explorative.

2.1 Topics present in design decision-making for ecosystem design
Within the problem definition in the previous chapter it was concluded that the design of an
ecosystem is a wicked problem. Formulating a solution for a wicked problem does not consist of a
linear sequence of design decisions leading to one optimal solution. Rather, designing solutions for
wicked problems consists of making a large number of trade-offs, which means there exist a large
number of acceptable solutions instead of one optimal solution (Vliet, 2008). Finally, the design
decisions made for wicked problems are intertwined, meaning that taking a design decision may lead
to new problems that require additional decisions (Vliet, 2008). Hence, it can be concluded that the
focus of design decisions is more on the reasoning behind making certain decisions instead of working
towards an optimal design. In its research Vliet (2008) defines a design decision as follows:
“A design decision addresses one or more issues that are relevant for the problem at hand. There may
be more than one way to resolve these issues, so that the decision is a choice amongst several
alternatives. The particular alternative selected preferable is chosen because it has some favorable
characteristics. That is, there is a rationale for our particular choice.”
At its core design decision making includes examining tradeoffs and compromises among the
alternative design alternatives while simultaneously facing some amount of uncertainty (Lago, Cai, de
Boer, Kruchten, & Verdecchia, 2019). Based on both the description of a wicked problem and the
definition of a design decision it is concluded that the topics present in the design decision-making for
ecosystem can be grouped in a problem-space and a solution-space. Where the problem-space
includes a description of the ecosystem as well as the issues that are relevant to that ecosystem. The
problem-space is captured in the following three topics:
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•

•
•

Common goal: The common goal defines the main reason of existence of the ecosystem. It
states what the ecosystem is for and with this helps frame the context of the decisions (Tang
& Van Vliet, 2009).
Stakeholders: The stakeholders participate in the ecosystem, aside from the common goal all
the stakeholders also have their own individual goals and concerns.
Design issues: The stakeholders concerns are grouped together and addressed in the form of
design issues.

The solution-space includes a description of the alternative options that exist to solve the design issues
at hand, as well as criteria used to evaluate the different options and finally a rationale for choosing
among the options. Decision makers sometime use intuition as a decision rationale, otherwise defined
as naturalistic decision-making (Klein, 2008). However, the decision maker’s intuition, or judgement,
can be biased do to personal preferences and past experiences (Tang & Van Vliet, 2009). Therefore, it
is necessary to move people from this naturalistic decision making to logical reasoning decision making
to solve the problem of personal bias (Schriek et al., 2016). It is therefore chosen, to also include the
topic of reasoning techniques in the solution space of design decision-making. These reasoning
techniques help designers to reflect on their decision-making and the entire design-reasoning process
(Razavian et al., 2016; Tang & Lago, 2010). Many different reasoning techniques exist, two of which
have been chosen to apply within this research. These are constraint analysis and trade-off analysis.
It is chosen to include these two reasoning techniques as there might be some important constraints
placed on the design by stakeholders. The following topics are formulated for the solution-space of
the design decision making process:
•
•
•

Design options: Each design issue could be solved by choosing among alternative design
options.
Design criteria: Design criteria are used to evaluate the different design options
Reasoning techniques: Making design decisions involves choosing among the alternative
design options based on some rationale or reasoning techniques.

All six of the topics above need to be included in the design decision-making tool. Within the software
domain there exist some tools and models to guide decision makers through these topics. However,
before a tool could be chosen it is important to gain some more understanding of the problem space
of the design of the ecosystem for this research. Therefore, it is important to analyze the problemspace in some more detail which will happen in the next section.

2.2 Decisions concerning the application of additive manufacturing
Now that the topics that are relevant in design decision making for ecosystems are clear the next step
is to provide some content for the topics with regards to the ecosystem central in this research.
Therefore, this section of the chapter includes a description of the problem-space surrounding the
application of additive manufacturing. It consists of three main parts, first alternative common goals
for the ecosystem are presented by discussing the different ways in which additive manufacturing
could be applied (RQ-2.1). Afterwards, some information will be provided concerning the stakeholders
that are present in the ecosystem (RQ-2.2). Finally, a first version of the design issues will be discussed
by analyzing the characteristics of the ecosystem (RQ-2.3).

2.2.1 Application scenarios for additive manufacturing
Different manners of application determine the level of disruptiveness of the technology. Within the
research of Jiang et al. (2017), they constructed four extreme scenarios that could be adopted by
organizations in the future. These four scenarios were determined by using the impact of additive
10
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manufacturing on the manufacturing firm’s business models and on the consumer distribution
channels. Both aspects align with the goal of this research since it touches both ways of collaborating
and a change in business models. Hence, the four extreme scenarios are used as an inspiration for the
different ways of applying additive manufacturing within current business. The four scenarios will be
discussed in more detail in the remainder of this section.

Scenario 1: Market explorer
Within the first scenario organizations use additive manufacturing to explore new market
opportunities. By using new online sales channels, it is easier to sell digital versions of existing products
to possible new market segments. In other words, organizations use a new export strategy to explore
new market opportunities (Jiang et al., 2017). In this scenario, the network configuration still follows
a focal company structure. Furthermore, the focus is still on selling a product, the only thing that
changes is the export strategy.

Scenario 2: Content provider
Within the second scenario the manufacturer shifts its competences completely from providing a
physical product to only providing the digital design files. This scenario therefore includes the biggest
shift in the business model for the manufacturing companies. Design files become the strategic
resource, making the branding of intellectual property to become essential (Jiang et al., 2017). Thus,
organizations must utilize new forms of intellectual property protection to obtain revenue.
Furthermore, the focus is no longer on the sale of physical products, but on offering solutions to endconsumers. The core job of the manufacturer in this case is to ensure that their design files are ready
to be printed (Jiang et al., 2017). Therefore, the manufacturer offers customers to buy a service in the
form of a file that could be used to print wherever they want to print it. The use of online repositories
finally enables a peer-to-peer network configuration.

Scenario 3: Service provider
Within the third scenario the manufacturer applies additive manufacturing within their current
business settings. In this scenario, additive manufacturing is used to support established business
models, for example, by allowing for the fast production of spare-parts or customized parts that were
not economically feasible by conventional manufacturing methods (Jiang et al., 2017). In this scenario,
additive manufacturing is used to provide customers with an additional service, in the form of spare
parts or customized products. Thus, the output type within this scenario is a service, which still follows
a focal company configuration since the service is still delivered to the customers through the
conventional distribution channels.

Scenario 4: Mass customizer
Within the fourth scenario the manufacturer focusses on mass customization. Hence, the goal is to
create customized products for every customer. Within this scenario the manufacturers thus produce
products on demand, instead of producing products based on demand forecasts (Jiang et al., 2017).
Manufacturers move from a build-to-stock strategy to a built-to-order strategy and utilize additive
manufacturing equipment in-house. Finally, the fourth scenario also has a high impact on the current
business model. However, the output type is still a product, the only difference is the fact that it is a
more customized product. Furthermore, this scenario follows a focal company perspective network
configuration, since there is still one company that sells products to multiple customers. The
implication per application scenario are summarized in Table 7.
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Table 7: Implications per application scenario

Scenario 1
Scenario 2
Scenario 3
Scenario 4

Network configuration
Focal company
P2P
Focal company
Focal company

Output type
Product
Service
Service
Product

Focus
Supply chain redesign
Supply chain optimization
Supply chain optimization
Product redesign

Based on the descriptions of the four application scenarios two main decisions need to be made with
regards to the common goal within the ecosystem. Namely, is the focus of the application of additive
manufacturing on supply optimization or product redesign and what is the output type of the
collaboration, does it concern a product or a service.

2.2.2 Stakeholders
With regards to the stakeholders in the ecosystem it can be concluded that the stakeholders that are
needed depend on the common goal as was described in the previous section. For example, in scenario
2 there would be a need for a stakeholder that provides a digital platform through which design files
could be sold. In scenario 3 the sale and distribution still follow traditional channels thus there would
be no need to include a digital platform. It is thus concluded that the determination of the
stakeholders within the ecosystem is related to the common goal within the ecosystem. Thus, there
is some uncertainty on the division of roles and responsibilities in the ecosystem.
Additionally, there is also some level of uncertainty surrounding the attitude of the stakeholders in
the current supply chain surrounding the application of additive manufacturing. Some predictions
have been made with regards to market shift in the manufacturing industries, where it was predicted
that current manufacturing companies might shift their manufacturing capabilities to design
capabilities. However, it is not clear when and how this shift will take form/place, as organizations will
first face the redesign of their products and afterwards will possibly re-negotiate their position within
the value chain (Ford & Despeisse, 2016). It can thus be concluded that stakeholder from the current
supply chain need to determine how they want to apply additive manufacturing after which they can
determine what their new role and responsibilities will entail. Additionally, the assessment of a
company readiness for additive manufacturing should be carried out on a case-by-case basis (Rogers,
Baricz, & Pawar, 2016). Based on theory it is thus not possible to provide a clear overview of the
stakeholders that exist in the ecosystem. The stakeholders will therefore be discussed in more detail
in the next chapter by performing a case study. However, before going into more detail on the
stakeholders the general negative and positive effects surrounding additive manufacturing well be
discussed in the next chapter. This to create an overview of possible stakeholders’ concerns which
could then be tested with help of the case study in the next chapter.

2.2.3 Characteristics of the ecosystem
In sections 2.2.1 and 2.2.2 it was described that both the common goal of the ecosystem and the
stakeholders that are present in the ecosystem are not clear yet. Hence, it is not possible to formulate
concrete stakeholder concerns based on the information above. In this section the characteristics of
the ecosystem are analyzed to formulate some general design issues related to design of the
ecosystem. In the next chapter this design issues will be tested through a case-study to see if these
design issues really describe the stakeholder’s concerns and thus should be included in the decisionmaking tool. This is the content that needs to be included in the decision-making tool, or a description
of the decisions that need to be made. First, a literature search was performed to find the most
important characteristics related to of the ecosystem of additive manufacturing. These are presented
in Table 8.
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Table 8: Characteristics of the ecosystem
Characteristic
i.
Increased collaboration
ii.

Freedom of design

iii.
iv.

Small batch sizes economically
feasible
Lack of standards

v.

Shift of value creation

vi.

Digitalization of the value
chain
Intellectual property rights

vii.
viii.

Smaller, less complex supply
chains
Implementation effort
Additional processing

ix.
x.

Description
Organizations within an ecosystem are depending on each other to reach a
common goal, resulting in an increased level of collaboration.
The additive nature of additive manufacturing enables manufacturers to
create new complex structures. This is called the freedom of design.
Due to the low set-up caused and low switching cost it is possible to
produce small batch sizes in an economically feasible manner.
Additive manufacturing is still in infancy, therefore there is a lack of
technical standards.
Most of the value within additive manufacturing is found in the design files.
This enables to possibility for smaller companies to enter the market.
The application of additive manufacturing entails a digitalization of the
value chain.
Like the music industry, a big concern for the application of additive
manufacturing are intellectual property rights.
Production could take place more locally, leading to smaller, less complex
supply chains.
Both time and effort must be put towards the implementation process
Due to lack of quality, some additional processing might be necessary

It is not possible to formulate design issues or a description of the decisions that need to be made
based only on the description of the characteristics illustrated in Table 8. Therefore, the characteristics
are analyzed in more detail by describing both the positive (+) and the negative (-) aspects related to
the characteristics. With this a more detailed overview of the problem-space for each individual
characteristic is provided. Based on that overview it is possible to formulate issues, or concerns,
related to the characteristics. These concerns will then be challenged and mapped to individual
stakeholders in the next chapter. Ultimately, the remaining stakeholders’ concerns after the case
study will be grouped together in the form of design issues, decisions to be made. These decisions will
have to be made with help of the decision-making tool. The remainder of this paragraph includes the
detailed description of the characteristics in more detail. The positive (+) and negative (-) aspects were
formulated based on relevant information found in literature and summarized in a main concern by
the author.

i.

Increased collaboration

The increased level of collaboration that is enabled through an ecosystem offers organizations the
opportunity to increase the speed of innovation (Holmström Olsson & Bosch, 2014). By working
together through development platforms or marketplaces, organizations can share knowledge and
learn together. Additionally, organizations could share resources and the acquisition costs of an
innovation can also be shared by multiple stakeholders, ultimately leading to a reduction of costs
(Holmström Olsson & Bosch, 2014). On the other hand, the main objective of any firm is still to capture
value and generate revenue for themselves (Rayna & Striukova, 2016). In order to generate individual
value is it important to understand where value is created, or understand the ecosystem as a whole
(Allee, 2008). It is necessary to understand the shared purpose and the common value, after which an
organization can choose the role that they want to play in the ecosystem. Hence, organizations have
to understand the ecosystem, their own position within the system and ways in which they can
effectively and efficiently influence their position (Kress, Pflaum, & Lowen, 2016). Organizations within
an ecosystem thus need to find a way in which they could support collaboration without becoming
exchangeable. Thus the challenge is to define a rewarding business model for both the ecosystem and
the individual stakeholders (Holmström Olsson & Bosch, 2014). The positive and negative effects
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aspects along with an elaboration of the main concern related to the increased level of collaboration
within ecosystems are summarized in Table 9.
Table 9: Positive (+) and negative (-) aspects related to increased collaboration
Characteristics
Increased collaboration
Elaboration by the author

ii.

Positive
Negative
+ Accelerate speed of innovation
- Understanding the ecosystem
+ Share cost of an innovation
- Finding a rewarding business model
The main concern related to the increased level concerns the determination of how to
share knowledge and capabilities within becoming exchangeable. Organizations need
to balance the amount of information to share with the amount of value they receive
in return.

Freedom of design

Additive technology enables the creation of complex structures that cannot be created through
conventional manufacturing methods (Zanetti, Cavalieri, Kalchschmidt, & Pinto, 2015), since the
production of an additively manufactured part is not restricted by the machine it is built with. This
enables designers to be more creative with their design, thereby possibly increasing the functionality
of products or improving the design of the product. Hence, additive manufacturing can be used to
either design completely new products, to print current products as they are or to optimize current
products by reducing weight for example (Jiang et al., 2017). The latter has been applied in different
industries such as the medical and the aerospace industry. Within the aerospace industry the additive
manufacturing technology was used to significantly reduce the weight of some spare parts (Attaran,
2017). However, it is predicted that consumers need to understand the possibilities that the freedom
of design has to offer in order to fully exploit it (Flores Ituarte, Partanen, & Khajavi, 2017).
Furthermore, there is need for new design tool and skills to exploit the possibilities that the freedom
of design has to offer. The positive and negative aspects along with an elaboration of the main concern
related to the freedom of design are summarized in Table 10.
Table 10: Positive (+) and negative (-) aspects related to freedom of design
Characteristics
Freedom of design

Elaboration by the author

iii.

Positive
+ Individual complex geometries
+ Performance enhancing geometries

Negative
- Need for new design tools and skills
- Need for customer to understand the
possibilities
The main concern related to the freedom of design is the change in skills and manner
of collaborating with the customers that is necessary to obtain the additional value
enabled through the freedom of design. This could kind of be a constraint, it is
necessary to change to obtain the added value of freedom of design.

Small batch size economically feasible

When the production of small batch sizes becomes economically feasible, it will become unnecessary
to order parts in high batch sizes. Ultimately, this will lead to a reduction of unnecessary inventory
costs (Kritzinger, Steinwender, Lumetzberger, & Sihn, 2018). The fact that products can be ordered
on-demand and in small batch sizes thus leads to a reduction in the Total Cost of Ownership (TCO).
However, it is not necessarily the case that the component price per product is cheaper. Therefore,
organizations must follow a total cost of ownership approach and not only value the products on the
component price. Many organizations still focus on acquiring products for the cheapest price possible
(Mellor, Hao, & Zhang, 2014). Therefore, a change in mindset must occur to stray away from the
economies of scale paradigm. However, this lack of economies of scale could also function as a
challenge for larger organizations. Organizations who produce good in large bulks will not necessarily
profit from additive manufacturing since the production cost stays constant even with an increase in
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the amounts of products that are produced (Ashourpour & Zanoni, 2015). Consequently, it is predicted
that traditional manufacturing approaches and economies of scale will continued to be used and in
most cases these could be blended by digital approached for some components (T. A. Campbell &
Ivanova, 2013). The positive and negative aspects along with an elaboration of the main concern
related to small batch sizes are summarized in Table 11.
Table 11: Positive (+) and negative (-) aspects related to small batch size
Characteristic
Small batch size feasible
Elaboration by the author

iv.

Positive
Negative
+ Reduction of unnecessary inventory
- Cost of production remains constant
+ Cost reduction on TCO
- Unsuitable accounting methods
The main concern related to small batch sizes being feasible is that the added value of
the small batch sizes is only felt for cases that apply a TCO approach. The change of
accounting methods can thus be a constraint in order to profit from the small batch
size.

Lack of standards

There is a lack of standards in both manufacturing practices and validation and certification methods
since it is a relatively new technology (Ashourpour & Zanoni, 2015). This could be a reason why certain
organizations are hesitant to implement additive manufacturing within their supply chain.
Additionally, regulatory institutions are lacking behind on the fast developing technology of additive
manufacturing (Jiang et al., 2017). Hence, it is not clear which regulatory and legal regulations are
associated with additive manufacturing or will be associated with additive manufacturing in the
future. This might impose a risk of stricter rules after organizations have already put high investments
in the applications of additive manufacturing (Rogers et al., 2016). Furthermore, these regulations
might differ per country or region. Hence, there is a need for global regulations that state what can
be printed, to build confidence by the investing organizations and to ensure right investments. Finally,
it is difficult to determine who is liable for additively manufactured parts (Jiang et al., 2017). Is it the
designer who designs the product, or is it the printer who might choose some different print settings
to produce the product? It is however predicted that if more companies and markets begin to apply
3D printing this would lead to an increase in the development of universal standards and certifications
(Rogers et al., 2016). The positive and negative aspects along with an elaboration of the main concern
related to the lack of standards are summarized in Table 12.
Table 12: Positive (+) and negative (-) aspects related to lack of standards
Characteristic
Lack of standards

Elaboration by the author

v.

Positive

Negative
- lack of technical standards
- lack of regulations
- determining liability
The main concern related the lack of standard is that stakeholders might not want to join
the ecosystem because of a lack of standards. Therefore, this characteristic might be a
short of a constraint for organization to determine if they want to join the ecosystem or
not.

Shift of value creation

One of the biggest changes enabled by the application of additive manufacturing is the shift of value
creation. Traditionally, manufacturers create value for their customers during the actual
manufacturing process within the conventional manufacturing. They can distinguish themselves from
their competition caused by the fact that they hold certain manufacturing tools or manufacturing
skills. However, with additive manufacturing the printing does not add that much value on its own.
The reason for this is that, only a CAD file and raw materials are needed as inputs and these could be
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used in a 3D printer. As a result, the production itself, being the printing, does not add many values
anymore since no additional training is needed. The added value from additive manufacturing is
mainly created in product development and the usage of the products (Kritzinger et al., 2018). Thus
there is a shift in value creation from leaders in manufacturing to leaders in the design of products to
be printed (T. A. Campbell & Ivanova, 2013). This change in value creation might lead to a change of
the core business of manufacturers, which might be viewed as a disruptive change and will therefore
be met by resistance of current companies. Furthermore, it can lead to the inclusion of different
parties such as, design companies or software companies. This will lead to a continuously set of
competitors. It is predicted that the shift of value creation will slowly lead to changes in the value
chain. The positive and negative aspects along with an elaboration of the main concern related to the
shift of value creation are summarized in Table 13.
Table 13: Positive (+) and negative (-) aspects related to the shift of value creation
Characteristic
Shift of value creation

Collaboration by the author

vi.

Positive effects
+ Possibility for smaller firms to
compete without having to acquire
expensive machinery and tooling
+ Possibility of selling/ distributing
digital design files
+ Increased collaboration on design

Negative effects
- Current value creation structures might be
opposing the new situation
- Continuously changing set of competitors

- Change from transactional model to
relationship-based model
The main concern related to the shift of value creation is that it is unclear how this shift
will touch different stakeholders. Both existing manufacturing companies and
engineering companies must determine how to positions themselves on the new value
chain.

Digitalization of the value chain

At the core of additive manufacturing is the digitization of physical objects into digital design files.
Even if organizations decide not to change their position in the supply chain this digitalization will
eventually happen. Digitalization of the products offers the opportunity for an organization to hold
their inventory in a digital form. Subsequently, digitalization offers many opportunities in the aftermarket of products, since it can be used to quickly produce spare parts that are necessary for
maintenance activities. Hence, it has the potential to enable a more service-driven production. Which
includes the service of delivering spare parts on demand. However, digitalization also comes with
some additional challenges, as not all manufacturing companies have all their products in digital files
in the current settings. Therefore, the transition might acquire effort to digitize current product
information (Kritzinger et al., 2018). Especially for rolling stock that has been manufactured a long
time ago. Furthermore, the design information might need to be adjusted slightly to be used for
additive manufacturing. Finally, the digitalization must be integrated in all the internal processes of a
company as well. This entails some additional effort to design internal processes in such a manner
that additive manufacturing could be applied. The positive and negative aspects along with an
elaboration of the main concern related to the digitalization of the value chain are summarized in
Table 14.
Table 14: Positive (+) and negative (-) aspects related to the digitalization of the value chain
Characteristic
Digitalization of the value
chain
Collaboration by the author

Positive
Negative
+ Extended lifetime
- Missing information
+ Service-driven production
- Integrating all systems to this digitalization
The main concern related to the digitalization of the value chain concerns the tradeoff between additional time and cost invested in the new digital systems and the
additional value obtained through the digitalization
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vii.

Intellectual property rights

One of the main issues presented with the adoption of additive manufacturing has to do with
intellectual property rights. As additive manufacturing technologies mature, so do the reverse
engineering technologies. These technologies enable people to create digital design files from a
physical object, for example using a 3D scanner. There are some different views on how to deal with
intellectual property in an industry setting. Some state that the risk of losing one’s intellectual
property is very detrimental to an organization and as such, should be avoided at all costs (Lindemann,
Jahnke, Reiher, & Koch, 2015). Where, others state that organizations have to be more open with their
intellectual property, because they will not be able to completely protect themselves against the
copying of their files (Appleyard, 2015). Therefore, organizations should change their business models
to profit from new opportunities, for example by learning from examples from the music industry or
the book industry. Which both changed enormously due to the digitization of the physical product.
Within both industries, communities were created through which the intellectual property licensees
receives a fee anytime their product is used. Another view is that logistic providers could hold a central
role in the protection of intellectual property rights. By functioning as trusted gate keepers logistic
providers can ensure that the physical products will only be delivered to people with authorized access
(Holmström & Partanen, 2014). It is predicted that the focus of research on additive manufacturing
will shift to information management as more organizations choose to implement additive
manufacturing (Rylands, Böhme, Gorkin, Fan, & Birtchnell, 2016). Due to the fact that an increase in
the digital content will lead to an increase of this intellectual property issue (Mohajeri, Poesche,
Kauranen, & Nyberg, 2016). The positive and negative aspects along with an elaboration of the main
concern related to the intellectual property rights are summarized in Table 15.
Table 15: Positive (+) and negative (-) aspects related to intellectual property rights
Characteristic
Intellectual property rights
Elaboration by the author

viii.

Positive
+ Could enable new business models

Negative
- Risk of counterfeiting
- Loss of core business
The main concerns regarding the intellectual property might include the time and effort
spend on trying the protect intellectual property and the added value that is obtained
through that protection.

Smaller, less complex supply chains

Additive manufacturing enables the production to take place closer to the end-customer.
Furthermore, the additive nature of production could lead to a reduction of assembly activities that
are necessary within production. Both aspects could lead to a large reduction in the lead-times.
However, it also leads to a new situation in which the roles and responsibilities are less clearly defined
as in the conventional manufacturing supply chain. As a result, it is not clear how this will affect
organizations in the current supply chain in different manners because the effect is depended on their
current position within the supply chain. The positive and negative aspects along with an elaboration
of the main concern related to the smaller supply chains are summarized in Table 16.
Table 16: Positive (+) and negative (-) aspects related to smaller, less complex supply chains
Characteristic
Smaller, less complex supply
chain
Elaboration by the author

Positive
Negative
+ localized production
- ill-defined roles and responsibilities
+ Shorter lead-times
The main concern related to the smaller less complex supply chain concerns the need
to define roles and responsibilities. At this moment, it is not clear how to divide roles
and responsibilities within the new supply chain.
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ix.

Implementation efforts

The application of additive manufacturing holds many changes to current jobs and processes within
an organization. To ensure the best results it is recommended to implement additive manufacturing
in a constructive manner, for example by using a pilot case. It is seen that large manufacturers
embrace additive manufacturing in some cases but view it as a disruptive technology in other cases
(T. A. Campbell & Ivanova, 2013). By proving that additive manufacturing could be successful in the
pilot cases it could take away/reduce the fear of being a disruptive technology in the other cases. It is
important to support the implementation with extensive change management, since additive
manufacturing leads to so many changes within the current supply chain. Another challenge with
implementing new technologies might be a lack of commitment from the senior management, as they
are more focused towards business-as-usual activities (Shah & Mattiuzza, 2018). They could either
view the new technology as being too different from their current practices or they might be afraid of
the unknown (Chesbrough, 2010). Furthermore, the current systems could cause some struggles with
the implementation of the technology (Kritzinger et al., 2018). If the current value network is
completely different than the new scenario this might lead to some push back from the organization.
Consequently, earlier research predicts that larger and more established organizations will be slower
to react to the change than smaller start-up firms, since the established organizations have a deeprooted manufacturing paradigm that might oppose additive manufacturing more. The smaller the
firm, the easier it is to react to constant changes that occur within the industry. Finally, the
implementation of additive manufacturing would require strategic changes as it leads to an increased
collaboration between suppliers, equipment vendors, materials suppliers and customers. It has been
shown that these collaborations are critical links for the implementation and further development of
additive manufacturing (Flores Ituarte et al., 2017). The positive and negative aspects along with an
elaboration of the main concerns related to the implementation effort are summarized in Table 17.
Table 17: Positive (+) and negative (-) aspects related to implementation efforts
Characteristic
Implementation efforts

Elaboration by the author

x.

Positive
+ Implement in a constructive
manner

Negative
- Change in current jobs and tasks within the
organization
- Resistance against the change
The main concerns related to the implementation effort is that stakeholders might
resist the changes that accompany the application of additive manufacturing. The
success of the implementation of additive manufacturing depends on the time and
effort spend on implementing it.

Need for additional processing

Another challenging aspect connected to the maturity level of the technology is the quality of the
produced products. In many cases the edges of the manufactured products are not very smooth
meaning some post-processing is still necessary to create smooth finished edges. Hence, the quality
of parts cannot be guaranteed (Ashourpour & Zanoni, 2015). However, research predicts that the
assurance of repeatability and consistency will also improve as the technology matures and quality
control activities will have to change (Mellor et al., 2014). For this research, it is important to
understand that post-processing activities might need to be included in the supply chain. As well as
software capabilities that could be used to monitor the production process. There is a need for a
streamlined design process for additive manufacturing that is independent of the type of application
that will be used to produce the final part (Thomas-Seale, Kirkman-Brown, Attallah, Espino, &
Shepherd, 2018). Some additive manufacturing service providers have offered a solution for the
problem of missing a uniform data format by functioning as a platform between the customer and
different types of printers. Through this platform, the service providers ensure that the files will be
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changed to the desired file format of the chosen print hubs. The positive and negative aspects along
with an elaboration of the main concern related to the need of additional processing are summarized
in Table 18.
Table 18: Positive (+) and negative (-) aspects related to additional processing
Characteristic
Need for additional
processing
Elaboration by author

Positive
+ Increase utilization by using a service provider

Negative
- Process automation
- Software
The main concern related the need of additional processing concerns the need to include the
problems of having to include both pre- and post-processing activities for the application of
additive manufacturing. This could be a constraint in order to be able to use additive
manufacturing.

Grouping the ecosystem characteristics
The formulated characteristics are grouped together to create a complete overview of the concerns
or decisions related to the ecosystem. The characteristics are grouped together based on the
descriptions of the main concerns. They are grouped together in three categories, the first is context
which includes characteristics that have something to do with the general context of the ecosystem
this includes the common goal or the stakeholders. Shift of value creation, smaller supply chains and
additional processing are placed under context as all three of these characteristics describe something
to do with the division or roles among stakeholders. The second category defines some constraints,
based on the description of the main concerns small batch size, lack of standards and implementation
efforts are placed in this category. As all three characteristics describe some constraint that must be
placed on the usage of additive manufacturing. Finally, based on the description of the main concerns
the final category is defined as trade-offs. This final category includes increased collaboration,
freedom of design, digitalization and intellectual property rights. All three categories along with a
description of an example decisions that must be made for that characteristic are illustrated in Table
19. These decisions functions as the first version of the decisions that must be made and will be
challenged and validated in the next chapter.
Table 19: Grouping the ecosystem characteristics
Category
Context

Constraints

Trade-offs

Characteristic
Shift of value creation
Smaller, less complex supply chain
Additional processing needed
Small batch size
Lack of standards
Implementation efforts
Increased collaboration
Freedom of design
Digitalization
Intellectual property rights

Decision
How to determine one’s position in the new value chain?
How to divide roles and responsibilities?
How to include additional processing activities?
Organizations need to use suitable accounting methods
Parts need to be approved to be able to use them
The application of additive manufacturing should be
accompanied by a change management strategy
How to share knowledge without becoming exchangeable?
How to balance the acquiring of new skills and tools with the
added value obtained through freedom of design?
How to integrate digital systems to the application of additive
manufacturing?
How to handle the protection of intellectual property rights?

Technologies to support additive manufacturing
Next to the decisions that must be made, it is also important to study possible solutions for these
decisions. Some of the concerns formulated in the previous section could be solved by implementing
supporting technologies. Supporting technologies could in that sense be alternative design options to
solve some of the issues encountered in the design process. Relevant technologies and their
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descriptions are summarized in Table 20 and described in more detail in the remaining part of this
section.
Table 20: Summary of supporting technologies
Technology
Big data

Description
Manner to manage and utilize large sets of data

Cloud
computing

Infrastructure to integrate hardware and software
resource to offer complete services

Blockchain

Enables organizations to share information in a
secure and decentralized manner
Sensors can be integrated into the final product
during the printing process
Network of connected devices that could be used
to communicate relevant information

RFID
Internet of
things

Support AM
Could support organizations in organizing their
data and finding current products that will benefit
from additive manufacturing
Enables the integration of necessary
manufacturing resources and with this offers
manufacturing as a service
Could protect digital design files against
unauthorized access
Could monitor the production process, track the
products and protect products against plagiarism
Could be used to communicate for example
machine information to make better decisions on
the maintenance of the machine

Big data
As mentioned above, digitization is at the core of additive manufacturing. Hence, in order to realize
the application of additive manufacturing it is necessary to obtain the correct data. Big data entails
the management and utilization of data (Kress et al., 2016). This involves both the collection and
storage of relevant data but also data analytics activities to obtain useful insights. In the case of
additive manufacturing big data can be applied at the front sight of the application. To help the
organization by analyzing their current stock of products by both storing the digital files in a clear
manner and by applying data analytics methods to learn which products might be applicable for
additive manufacturing.

Cloud computing
Cloud computing is a technology that enables on-demand easy access to a shared pool of resources.
Hence, it entails the creation of networks, consisting of for example services, data storage and
applications. In the case of additive manufacturing cloud computing has been described as cloud
manufacturing. Cloud manufacturing involves the integration of hardware and software resources of
additive manufacturing and offer integrated manufacturing resources as a service (Wang, Yao, Yang,
& Chen, 2016). Thereby enabling different organizations to use the same pool of manufacturing
equipment. In this way the utilization of additive manufacturing equipment can be improved. The
technology could help with the management of decentralized resources. This could enable the
application of additive manufacturing at local places, since this can help with managing many printers
at different locations.

Blockchain
It might be necessary to ensure the security of the design data when one applying additive
manufacturing in a decentralized setting. Applying additive manufacturing in a decentralized setting
entails sharing digital design files with distributed print locations. It has been discussed that a chain of
trust is needed to ensure that the files are save throughout the entire supply chain. Blockchain
technology offers a possible solution for this need. Blockchain can be used to license and encode the
relevant data after which the licensing of the printing process can be done by the blockchain
technology (Engelmann, Holland, Nigischer, & Stjepandić, 2018). In this way, it can be ensured that
only people with authorized access are able to print the files. This could help in the application of
additive manufacturing in a distributed manner, since it might occur that the customer, designer and
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printing company do not trust each other. Blockchain technology could offer a way in which the
involved people can prove that the printed part was printed with the availability of a valid license.
However, blockchain technology is still in infancy, hence the inclusion of this technology might lead to
an additional implementation effort.

Radio frequency identification (RFID)
Another technology that could support additive manufacturing is the integration of pre-fabricated
electronics components, such as RFID systems, into additive manufactured components (Lehmhus et
al., 2016). The integration of such sensors into the final objects enables many applications. It enables
the customers to track their product throughout its lifetime, it could also be used as a secure
identification for the products to help against plagiarism (Lehmhus et al., 2016). Furthermore, sensors
could be used during the production process of additive manufacturing itself to monitor the
production process. Integrating sensors could be a solution for the consistency and reliability
challenge of the printing process.

Internet of things
The internet of things is defined as a network of smart objects that are connected and interact with
each other through the web (Caputo, Marzi, & Pellegrini, 2016). The role of internet of things is to
communicate the relevant information between different parties. In the case of additive
manufacturing, it can connect information from both the products and the equipment. It could help
to make better decisions on, for example, the planning of maintenance activities in the future.

2.3 Conceptual framework for design decision-making in ecosystems
All the above is summarized in a conceptual framework to provide an overview of the decisions that
must be made along with a description of the gaps that are remaining after this literature review. The
first version of the conceptual framework is presented in Table 21.
Table 21: First version of the conceptual framework representing the decisions to be made
Topic
Common goal
Stakeholders
Design issues
Category
Context

Constraints

Collaboration
with stakeholders

Decision
What is the common goal of the ecosystem?
Who are the stakeholders in the ecosystem?
What are the stakeholder’s concerns?
Characteristic
Shift of value creation
Smaller, less complex supply
chain
Additional processing needed
Small batch size
Lack of standards
Implementation efforts
Increased collaboration
Freedom of design
Digitalization

Decision
How to determine one’s position in the new value chain?
How to divide roles and responsibilities?
How to include additional processing activities?
Organizations need to use suitable accounting methods
Parts need to be approved to be able to use them
The application of additive manufacturing should be
accompanied by a change management strategy
How to share knowledge without becoming exchangeable?
How to balance the acquiring of new skills and tools with the
added value obtained through freedom of design?
How to integrate digital systems to the application of additive
manufacturing?
How to handle the protection of intellectual property rights?

Intellectual property rights
GAPS
- Who are the stakeholders in the ecosystem?
- Are these the real design issues concerning the ecosystem?
- How do different stakeholders view the design issues?
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2.4 Existing methodologies to guide design decision-making processes
Literature was searched to provide an overview of which design decisions must be made for the design
of the ecosystem. There is also a need to gain some understanding of the existing methodologies that
exist to help guide decisions makers as to understand how the decision process should be guided.
There exist many approaches to guide design decisions, which could be divided in three main
categories. These three categories are: template based, model based and method-based approaches.
Template based approaches describe in textual format details of the decisions made, such as the
rationale behind the decision or the issues relating to the decision (Plataniotis, 2013). The modelbased approach uses decision models, such as for example a decision tree to represent design
decisions. Decision models provide the same information as template based approaches but do so in
a more structured manner (Plataniotis, 2013). Finally, a methodology for design decision making is
formulated with the goal to structure the decision-making process. For example design space analysis
is a methodology that represents the design space in a structured manner by presenting design
alternatives and considerations for choosing among them (MacLean, Young, Bellotti, & Moran, 1991).
However, all three methods are quite difficult to understand people without any prior knowledge on
design decision making. As the ecosystem in this research still contains many uncertainties and missing
information there is need for a comprehensible decision-making tool that could help in the start-up
phase of the design process.
Therefore, it is determined that there is need for a lightweight type of decision-making tool. Which
should provide some useful insights into the stakeholder’s concerns and design issues that need to be
solved for the ecosystem design. As well as provide some useful insights into the decision-making
process involved in making design decisions. To conclude there is a need for a simple comprehensive
method that could be used in practice to help stakeholders gain insights in the design issues related
to the ecosystem design as well as the process involved in the decision making. It has been shown that
serious games could provide useful tools to teach the complexity involved in design decision making.
Specifically because serious games use social interactions to teach complex subjects (Chow,
Woodford, & Maes, 2011; Lago et al., 2019). However, the games that were created for design decision
making were all formulated with the goal to teach some knowledge on students. There is a gap in
research as to understand whether lightweight method of gaming can also be applied in the initial
stage of the design of an ecosystem. Additionally, there is need to provide some insights in the
business models and structures underlying the ecosystem. This research hopes to fill this gap by
creating a decision-making tool that is based on lightweight approaches to help stakeholders with
initial design phase of an ecosystem. This initial design phase includes the determination of the main
issues at hand as well as understanding the complexity of making trade-off decisions between
different stakeholders.

2.5 Discussion
Through the performed literature review it became clear that the design decision making processes
for the design of the ecosystem is indeed very complex. It became clear that there are still many
uncertainties surrounding the division of roles and responsibilities as well as on different stakeholders’
views regarding the design of the ecosystem. However, it became clear that most of the current design
decision making approaches can only be applied in situations where at least the stakeholders and the
business requirements of the system are well-known. There is a gap in literature when it comes to the
usage of design decision-making tools in earlier stages of ecosystem design. This research hopes to fill
this gap by formulating a design decision making tool that could be applied in the initial stages of
ecosystem design.

22

3. Content: Design decisions in a real-life context
This chapter describes the results of a case study that was performed to test the conceptual
framework presented in Table 21. The chapter starts with a description of the case in section 3.1. The
characteristics of the ecosystem will be discussed in section 3.2, where after an intra stakeholder
analysis is summarized in section 3.3. The key stakeholders and their views of the characteristics will
be discussed in section 3.4. The second version of the conceptual framework is presented in section
3.5. Finally, some concluding remarks after the case-study are described in section 3.6.

3.1 Case description
Within this research an observational case-study was performed to test the validity of the conceptual
framework in a real-life context. This methodology has been proven to work specifically in research
areas that are in the early formative stages (Benbasat, Goldstein, & Mead, 1987; Runeson & Höst,
2009; Wieringa, 2014). Additionally, it has already been stated that the assessment of a company
readiness for additive manufacturing should be carried out on a case-by-case basis (Rogers et al.,
2016). Hence, the goal of the case-study was to observe the effects of applying additive manufacturing
in a real-world context. The case-study was performed at a train operator who is trying to apply
additive manufacturing within their supply chain. To guide the case-study and to check the conceptual
framework created in the literature review the research question that is answered within this casestudy are: Who are the key stakeholders within the ecosystem? (RQ-2.3) and What are decisions must
be made (RQ-2).

3.1.1 Data collection
The main aim of the case-study is to fill the gaps in the conceptual framework. Thus, there is a need
to determine the views of different stakeholders on the characteristics of the ecosystem. Therefore,
data should be collected from different types of stakeholders. The data was collected by performing
interviews at different types of external suppliers to collect data. Some requirements were formulated
for the external stakeholders to ensure that both the relevant organizations and relevant people were
interviewed. The requirements are listed below in Table 22.
Table 22: Requirements for interviewees
Requirements for interview participants
R1
Organization must have experience with additive manufacturing
R2
Organization must have shown interest in a possible collaboration with the train operator on additive
manufacturing
R3
The interviewee must hold a position within the organization through which he can answer questions about the
organizational aspect of additive manufacturing

The first requirement leads to a limit in the number of suppliers, potentially leading to relevant
answers on the topic. The second requirement ensures that organizations that do not want to learn
from possibilities of additive manufacturing are excluded. This requirement is included because it is
important that the organizations could answer both on the challenges but also on the possibilities that
new collaborations have to offer. Finally, the third requirement is formulated to ensure that the right
people within the company are interviewed. To find relevant suppliers a survey was distributed among
the suppliers of NS Operations. This survey included questions about the amount of experience that
the suppliers had with additive manufacturing. Furthermore, it ended with the question whether the
suppliers were interested in discussing possibilities that the technology could offer for both parties
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through possible collaborations. The answers to this survey were used to filter on requirements R1
and R2. Relevant parties were contacted by phone-call or by e-mail to explain the goal of this research
and to ask if the companies were interested in the interview. Furthermore, it was determined if the
contact person for the supplier held a relevant position within the organization to meet requirement
R3. If this was not the case, the contact person was asked if he could recommend a more relevant
person within his organization.
The interviews followed a semi-structured manner which has proven to be a good method in an
exploration phase of a research domain (J. L. Campbell, Quincy, Osserman, & Pedersen, 2013). To
ensure a common ground within all the interviews an interview guide was formulated. The
participants of the interview included both Dutch people and international people. Hence, the
interview guide was defined both in English and Dutch, both versions are included in Appendix A1 and
Appendix A2. Although the interview guide was used as a guideline, the order of the questions was
sometimes altered if the conversation requested this. Since organizations from different positions in
the supply chain were interviewed their focus was sometimes on different themes. Therefore, not all
the questions were asked to all the participants. Semi-structured interviews align well with this
approach since they leave room for improvisation throughout the interview (Myers & Newman, 2007).
The formulated themes and questions are based on the characteristics found in the literature.
Furthermore, two examples of interview guides formulated in the research by Chekurov et al. (2018)
and by Kress et al. (2016) were used as inspiration. These guides were on the formulation of a digital
spare part network and on the creation of an ecosystem within the manufacturing industry. Both
subjects align well with this research and as such the interview guides were used for inspiration on
how to formulate the questions. An overview of the linkage between the interview questions and the
literature review is summarized in Table 60 in Appendix A3.

3.1.2 Conducting the interviews
All interviews took between 40 minutes to an hour and were performed either by visiting the company
or through conference calls if a visitation was not possible. The interviews were recorded, and
transcripts of these recordings were created immediately after the interviews. After which a summary
of the transcript was e-mailed to the participants to ask if they had any additional comments or
questions on the topic. To ensure confidentiality and the anonymity of the organizations the external
organizations are not mentioned by name. A description of the companies that were included in the
case-study is presented in Table 23. It includes a description of the companies of the current roles and
responsibilities of the companies, as well as a description of the function of the interviewee.
Table 23: Description of the interviewees

E

Company description
Company A is a technical assembly company that also produces products with milling
machines.
Company B is a trading company, responsible for import, storage and distribution of
electronic technical materials.
Company C is a large Original Equipment Manufacturer that produces entire systems for
the NS.
Company D is trading company that specializes in the Maintenance, Repair and Overhaul
(MRO).
Company E is manufacturer of electronic components.

F

Company F is a system producer who delivers products to the large OEMS and to the NS.

Business development
manager
Senior project manager

G

Company G is a company who focuses on the optimization of the supply chain of NS.

COO

A
B
C
D

24

Function
CEO
Sales manager
AM project leader
Key account manager
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3.1.3 Data analysis
The content of the transcripts was coded by following the free coding approach as formulated by
Campbell, Quincy, Osserman, & Pedersen (2013), which uses a combination of predefined codes and
codes that are inductively formulated when analyzing the collected data. The predefined codes were
the potentials and challenges for the research fields described in chapter 2. Additional codes were
formulated if another challenge or potential was mentioned, or if the information was deemed
relevant in the context of the application of additive manufacturing. Both the pre-defined codes and
the codes that were inductively formulated are summarized in Table 24.
Table 24: List of codes for the interviews
Category
Ecosystem
Characteristics

Code
Increased collaboration
Freedom of design
Small batch size
Lack of standards
Shift of value creation
Digitalization of the value chain
Intellectual property rights
Smaller supply chains
Implementation effort
Need for additional processing

Application

Application scenario

Inductively
formulated aspects

Additional characteristic
Expectations from other parties
Future plans concerning additive
manufacturing

Description
Addressing the challenges and opportunities related to
increased level of collaboration
Addressing the challenges and opportunities related to
freedom of design
Addressing the challenges and opportunities related to small
batch size production
Addressing the challenges and opportunities related to the
lack of standards
Addressing the challenges and opportunities related to the
shift of value creation
Addressing the challenges and opportunities related to the
digitalization of the value chain
Addressing the challenges and opportunities related to
intellectual property rights
Addressing the challenges and opportunities related to
smaller supply chains
Addressing the challenges and opportunities related to
implementation effort
Addressing the challenges and opportunities related to the
need for additional processing
Addressing the desired application scenario of additive
manufacturing
Mention of an additional characteristic of the ecosystem
Description of the expectations from other parties
Description of the future plans concerning additive
manufacturing

3.2 Characteristics of the ecosystem
Before going into more detail on the individual results of the stakeholders some general results will
be discussed. Through the interviews it became clear that most of the companies see a future for
additive manufacturing to produce parts that are not available anymore or that are needed very
quickly (spare parts). As in these cases the somewhat higher component cost of additive
manufacturing could be easily be justified. As high costs of stagnation of machinery or of needing to
create an entire new production line will be saved. The characteristics and the extent to which they
were addresses in the interviews are summarized in Table 25.
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Table 25: Characteristics of the ecosystem comparison to the literature review
Characteristic
Increased
collaboration

Freedom of design

Small batch size
feasible
Lack of standards

Shift of value
creation
Digitalization of the
value chain

Intellectual
property rights
Smaller, less
complex supply
chain
Implementation
effort

Need for additional
processing
Application
scenarios

Comparison with literature review
All the organizations agreed that there was a need to collaborate and learn together about the
possibilities that additive manufacturing has to offer. However, it also became clear that
information is not shared for free. As the formulation of a rewarding business model was
mentioned as an important success factor for the increased level of collaboration
The ability to increase the functionality of products was found to be one of the key benefits of
additive manufacturing. Furthermore, the needs for skills and the ability to co-design products
were also mentioned. These will be discussed in more detail in the individual sections of the
suppliers.
Most of the organizations mainly saw advantages in using additive manufacturing to produce
spare parts. Where small batch sizes were needed. Additionally, it was mentioned that
customers need to change their cost perspective because they should focus on the TCO.
The main aspect that was mentioned here was the lack of regulations concerning IP. However,
this was not seen as a problem for all organizations. This will also be discussed in more detail
later.
It was proven that the printing itself was not the most valuable activity anymore. Many
organizations saw this as an opportunity to change their focus to designing better products
where others saw it as a challenge with regards to the protection of their IP.
The service-driven production provided by the digital files were mentioned in the interviews.
Furthermore, many of the organizations did not have the problem with missing information. As
most of their design/production processes were already completely digital. However, it was
mentioned that customers usually do not hold all the digital information of their components.
Some companies stated that their business models would probably have to be adjusted a little,
where others stated that the protection of their intellectual property would have to be
guaranteed.
Although almost all the organizations found that the shorted lead-times were a benefit. Not all
of them believed that production would be brought back more locally any time soon.
Furthermore, almost all the organization stated that they saw no change of their current role
and responsibilities
Fear of change or the unknown was mentioned as one of the biggest obstacles within the
implementation process of additive manufacturing. Furthermore, it was mentioned that
organizations need each other, and that additive manufacturing should be implemented in a
pilot form.
Although the organizations mentioned that post-processing and pre-processing activities were
necessary this was not one of the main focusses of the interviews.
Most of the organizations saw additive manufacturing as an add-on option of their current
production processes. Through which they could offer an additional service to their products.

Additionally, some interesting general information was found in the interviews that was not discussed
in the literature review already. Some of the most interesting aspects and a short description are
described in Table 26.
Table 26: Characteristics not found in the literature review
Characteristic
Trust
Disruptiveness
Change management

Regulations

Description
Almost all external organizations mentioned that there is always a need for a certain level of
trust between the different organizations.
It was found that practitioners thought that additive manufacturing might be disruptive for
product development and spare-parts production.
There is need for a change management strategy to take away the fear of the new technology.
Additionally, it was mentioned that this change needs to happen for all the different parties.
Thus, both suppliers and customers need to change their requirements together.
Both company C and F mentioned that there was a need for global positioning on the
protection of IP. Where the organizations formulated that this positioning would probably be
formed by the market and not necessarily by the regulatory institutions.
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3.3 Intra stakeholder analysis
To better understand the different views of the different stakeholders concerning the application of
additive manufacturing an intra-stakeholder analysis is performed. Table 27 includes the most
relevant results of interviews, includes a description of one main advantage (+) and disadvantage (-)
for the stakeholder to join a collaboration surrounding AM, including an elaboration by the author for
choosing this advantage and disadvantage.
Table 27: Description of the individual stakeholder results
Expectations of others

Next steps

+/-

Elaboration by the author

A

Collaboration is needed,
the usage of AM should
not lead to a pricing
war.

(-) Acquisition cost of
printer
(+) Another easier
production method

B

Collaboration is needed,
all involved parties must
invest into the still
unclear application of
AM.

Keep track of the
market formation
to determine when
to buy a bigger
printer
Create a web-based
(BIS) layer through
which customers
could order the
products

Company A is production focused
and sees opportunities to include 3D
printing as another production
method. Thus, it sees a production
role with regards to AM
Company B already drives a servicedriven focus with regards to the train
operator. However, it does not hold
IP or engineering skills in-house.
Therefore, it sees a facilitating role
with regards to AM.

C

Change way of
collaborating on design
to obtain all the
additional value that AM
could deliver.

D

When we re-design a
part for AM we expect it
to be ordered through
us as well.

E

In a collaboration we
would like to obtain the
technical responsibilities
(knowledge) for the
parts.

Redesign more
products that are
no longer available,
to fit AM

F

There is a need to
collaborate in a more
integrated manner on
the design of products.
Customers, therefore,
also must make
changes.
Use our platform as a
sort of manner to
produce the easy to
print (change) products.

Use consortiums to
formulate
regulations both
concerning printing
safety critical
components and IP

G

Create a web-based
layer that includes a
sort of online
warehouse through
which customers
can order products
Standardize more
parts for 3D
printing, such that
they could be
ordered through
existing channels

Include more
parties and parts on
the platform

(-) Holds no IP and does
not have production inhouse
(+) Add AM as
additional production
method to deliver
added value to
customers
(-) Counterfeiting of IP
(+) Create better
products
(+) Ability to deliver
products faster
(-) Holds no IP and not
production in-house
(+) Add AM as
additional production
method to deliver
added value to
customers
(-) Not much room
given by the large train
manufacturers to enter
the market
(+) Create functionally
better products
(-) Missing regulations
for safety critical
components
(+) AM enables quicker
delivery of products

(-) Missing information
(+) Use AM to deliver
products to customers

Company C is a rather powerful
company within the current situation
that holds IP. They view the problems
with IP as one of the largest issues
mainly because they do not want to
lose their core business.
Company D already drives a servicedriven focus with regards to the train
operator. However, it does not hold
IP or engineering skills in-house.
Therefore, it sees a facilitating role
with regards to AM
Company E focuses on the
engineering of parts for AM.
However, at its core company E is not
an engineering bureau. Hence, they
need to formulate a new rewarding
business model
Company F mainly produces safety
critical products which is why there is
a need for regulations for those
products. It sees an engineering role
with regards to AM, as production
will probably move to service
bureaus.
Company G focuses on the ability to
hold a digital inventory when using
AM. However, it holds no IP or
engineer knowledge in-house. Thus,
it holds a facilitating role with
regards to AM.

Based on the individual descriptions in Table 27 it can be seen that there are some similarities and
differences between the companies. As predicted the stakeholder’s concerns with regards to the
ecosystem are therefore also different. One of the most important difference between the individual
27

Chapter 3 | Content
stakeholders’ concerns can be explained by the fact if the companies hold IP or not in the current
situation. As mentioned, the intellectual property or the digital designs, become the most important
research in the case of additive manufacturing, this was also mentioned by the interviewees. This
explains that the protection of IP was only found important by the companies who hold intellectual
property in-house. Additionally, the companies who do not hold IP in-house are determining how to
positions themselves within the new situation. Whereas, company A desires to position itself on the
production side, company B, D and G all try to obtain a facilitating role in linking the train operator to
printing companies. Furthermore, both company C and F state that there is need to collaborate in
more integrated manners with customers to be able to create better design for the products. As both
companies have the design of products as their core business currently as well.

3.4 Key stakeholders in the ecosystem
The interviewed companies are grouped together to define the key stakeholders in the ecosystem.
The interviewed companies are grouped together to fit these types of actors. The actors with a short
description and the belonging companies are summarized in Table 28. A more detailed description of
the stakeholder types is provided in Appendix A4.
Table 28: Relevant stakeholders within the current situation
Stakeholder
Train operator
Design owner
Production hub
Service provider

Description
Represents the actors that are providing a traveling service to the traveler
Represent the actors who build either complete trains, components, systems or
equipment that is used in the train.
Represent the actors who produce products but do not actually hold the design,
intellectual property, of the products themselves
Represent the actors who provide a service to the train operator with the goal to
create convenience in the ordering process for the train operator. They function
as a broker between the train operator and the production hubs. They also do not
hold the intellectual property or the design of products.

Company
C, E, F
A
B, D, G

As described in the previous section the most relevant difference between the different stakeholders
is whether to have intellectual property within the current situation. This touches them in different
ways, the train operator must deal with missing information as they don’t hold intellectual property.
Whereas the design owner is most concerned with the protection of the intellectual property which
they do hold. The production hub wants to situate itself in such a way that design owners will use
them to print their intellectual property. There most important concern thereof concerns the
acquisition cost. Finally, the service provider is trying to create a facilitating role, and this is concerned
with securing a business guarantee for itself. All this is summarized below in the stakeholder concerns
presented in Table 29.
Table 29: Stakeholders' concerns
Stakeholder
Train Operator
Design owner
Production hub
Service provider

Concern
How do I handle missing information?
How do I protect my intellectual property?
How do I account for the acquisition cost?
How do I secure a business guarantee?

3.5 Second version of the conceptual framework
Now that the different stakeholders and their most important concerns are clear the conceptual
framework can be validated. The first two topics in the conceptual framework were the common goal
and stakeholders within the ecosystem, based on the interviews it became clear that there is no
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consensus on the application scenario of choice between the stakeholders. Hence, the decision of
common goal of the ecosystem still stands, additionally the decisions of which stakeholders to include
also remains, as this depends on the common goal within the ecosystem. The last remaining part of
conceptual framework includes the design issues. The stakeholder challenges from are reformulated
to decisions in Table 30.
Table 30: Decisions formulated based on the stakeholder challenges
Challenge
Missing information
Need for new tools and skills
Integration of all digital systems
Fear of change/unknown
Protection of IP
Internal resistance
Missing customer requirements
Must drive a TCO approach
What will be the new business
models
Missing regulations
Large manufacturers don’t leave
much room for market entry
Acquisition cost

Decision
How to share the digital design files?
How to obtain new design tools and skills?
How to integrate digital systems to the application of AM?
How to take away fear of the change?
How to protect intellectual property?
How to take away internal resistance?
How to move customers to use AM?
How to change the cost paradigm from lowest cost price to lowest total cost of
ownership?
How to formulate a new business model that is rewarding for all involved
stakeholders?
How to formulate regulations for safety critical components?
How to compete with the large manufacturers?
When to acquire new additive manufacturing equipment?

All the above is summarized in the second version of the conceptual framework in Table 31.
Table 31: Second version of the conceptual framework including the decisions to be made
Topic
Common goal
Stakeholders
Design issues
Category
Context

Organizational
mindset
Financial related
challenges

Collaboration
with stakeholders

Decision
What is the common goal of the ecosystem?
Which stakeholders need to be included?
Decision
How to determine which new design tools and skills are needed?
When to acquire new additive manufacturing equipment?
How to position oneself in the new supply chain?
How to keep track of changing customer requirements?
How to move customers to use AM?
How to take away fear of the change?
How to take away internal resistance against AM?
How to formulate a new business model that is rewarding for all
involved stakeholders?
How to change the cost paradigm from lowest cost price to lowest
total cost of ownership?
How to share the digital design files?
How to integrate digital systems to the application of AM?
How to protect intellectual property?

Elaboration
Organizations must make
chose a manner the way in
which they want to position
themselves concerning the
application of AM.
It is necessary to make
decisions concerning the
change strategy.
Financial decisions must be
made regarding the division of
cost and revenue between all
involved stakeholders.
Decisions must be made on
the detailed design of the
collaboration
model.
Concerning, the sharing and
protection of the digital
design files.

3.6 Discussion
By performing a case study in a real-life context, it became clear that the involved stakeholders each
have different expectations, which are sometimes conflicting. Additionally, the conceptual framework
which includes the decisions that must be made was adopted to include the actual stakeholder
challenges. Hereby, the first phase of this research is completed as it is now clear what decisions must
be made.
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4. EcoDecision: Designing a card game for design decision-making
Both the literature study and the case-study carried out in phase 1 of the research helped to provide
a thorough understanding of what decisions must be made. Phase 2 of the research will focus on the
reasoning process of how to make these decisions. First, the design of the decision-making tool is
discussed in 4.1. Next, the design of the decision making tool is realized through in two iterations in
sections 4.2 and 4.3. Finally, the validation of the decision-making tool is described in section 4.4 to
test of the design objectives are realized through the decision-making tool and some conclusions are
provided in section 4.4.

4.1 Design of the decision-making tool
As previously mentioned, this research aims to design a decision-making tool which could help guide
decision maker in the initial design phase for an ecosystem. The design reasoning activities as
formulated by Tang & Van Vliet (2009) are chosen to provide an underlying structure to the decision
making tool. Within their reasoning activities they focus more on the design reasoning. As the focus
of the decision-making tool should be on how decisions are made this aligns well with the goal.
Furthermore, the design criteria as used in the QOC will also be concluded as an important topic as it
provides a simple manner to compare different options. The different reasoning activities are
presented in Table 32 (Razavian et al., 2016; Tang & Van Vliet, 2009).
Table 32: Reasoning activities in ecosystem design adopted from (Tang & Van Vliet, 2009)
Reasoning activities
1. Identify common goal and
formulate system requirements
2.

Formulate and structure the
design concerns

3.

Identify design options

4.

Make design decisions

Description
Within the first step the business goals are translated to a common goal within
the ecosystem. Furthermore, system requirements are identified as sort of
boundary conditions for the ecosystem.
Design decisions are made because the decision-makers need to figure out how
to design for situations that arise from a combination of design concerns.
Within the second step the design concerns are grouped together to and
related to a decision.
In the third step possible design options are identified. It has been implied
that decision-makers who identify and consider alternative options improve
the quality of their design.
Finally, the decision-makers must choose which of the identified design
options best suits the formulated design concern.

Additionally, the seven topics formulated in chapter 2 should also be included in the design of the
decision-making tool. Which were: Common goal, stakeholder, design issues, design options, design
criteria and reasoning techniques. Three design objectives are formulated based on the reasoning
activities and the artifact requirements formulated in the introduction of this research. The following
three design objectives are formulated to give some direction to the decision-making tool:
•
•
•

Design objective 1 – Context:
The decision-making tool should provide insights in
the importance of the design context in relation to the design decision-making.
Design objective 2 – Reasoning:
The decision-making tool should create awareness
among stakeholders on the rationale involved in choosing among alternative design options.
Design objective 3 – Collaboration:
The decision-making tool prompt collaboration as the
ecosystem involves many stakeholders that might have conflicting requirements.

It is chosen to use two different tools in the design of decision-making tool. These two different tools
are a card game and the business model radar. It is not the goal of the decision-making tool to teach
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all the stakeholders in detail how to create optimal ecosystem design decisions. Rather, the goal is to
use the card game as a starting point for deeper discussions about the complexities for ecosystem
design (Cervantes et al., 2016). Additionally, the underlying ecosystem design context for which the
card game is created is analyzed with the help of the business model radar tool (Grefen et al., 2013).
A description of both tools used in the design of the decision-making tool is included in Table 33.
Table 33: Elaboration of the usage of the business model radar and the card game
Tool
Card game

Business model radar

Elaboration
Stakeholders will be guided through all the design reasoning activities by
playing a card game. It is chosen to use a card game, as it can teach complex
topics and a compelling way
The ecosystem context that will populate the content of the card game is
formulated with the help of the business model radar. By formulating the
common goal of the ecosystem and deciding which components and actors
are needed to reach the goal

To frame the design of the card game some more two additional game constraints are formulated that
focus more on the experience of the participants who play the game.
•

•

Game constraint 1 – Simplicity: The rules of the game must be easy to understand, as such
that a new player should be able to learn to play the game within 15 min. Furthermore, no
design experience, or detailed knowledge on the design concepts used in the game should be
needed to play the game.
Game constraint 2 – Limited time: To ensure that the discussions does not stagnate, and it
does not take up too much time the game has to be played within a limited amount of time
(1 – 1,5 hour)

4.2 Game design Iteration 1
The topics, design objectives, and tool described in section 4.1 are used as direction for the card game.
This paragraph includes a description of the first version of the card game. First, the game mechanics
are formulated in section 4.2.1 after which the content of the content of the game is described in
section 4.2.2. It is decided to separate the two so that it would possible to add additional decision
content without having to change the mechanics of the decision-making tool.

4.2.1 Game mechanics
The game mechanics describe the steps included
in the decision-making tool, the general playing
cards and the playing field. The studies by
(Cervantes et al., 2016; Lago et al., 2019; Schriek
et al., 2016) have been used to get some
inspiration as to how to design a card for design
decision-making. A short summary of the card
games developed within these studies is
provided in Table 62 in Appendix B1. The topics
formulated in Chapter 2 were captured in a deck
of 6 cards which are described below and
illustrated in Figure 5 and introduced in more
detail below.
Figure 5: Deck of cards after iteration 1
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1. Context card: The context card includes a description of the ecosystem along with a
description of the common goal of the ecosystem and the system requirements.
2. Stakeholder card: A stakeholder card includes the stakeholders name, and a description of
the goal of the stakeholder
3. Decision card: A decision card describes a decision that must be made, it includes a description
of the context for which the decision must be made and a question to describe the decision.
4. Option card: An option card includes a description of an option for the decision.
5. Criteria card: A criteria card describes a system criterion which could be used to value the
different design options. It includes a description of the criteria.
6. Reasoning card: Finally, a reasoning card describes a logical reasoning technique along with
some example questions that stakeholders could ask themselves when they are making
decisions.
The game is played is played in different rounds where each of the rounds represents one of the
reasoning activities represents one of the reasoning activities presented in Table 32. The amount of
players that can participant in the game is equal to the amount of stakeholders that are present in the
ecosystem this will be discussed more in the content of the game in section 4.2.2.

Round 1: Analyzing the design context and formulating system requirements
In the first round of the game the ecosystem is analyzed by discussing the common goal of all the
stakeholders. Furthermore, all stakeholders must determine which requirements they place on the
system. To reach the common goal some design concerns must be solved, the design concerns along
with the design criteria will be presented at the end of the first round.

Round 2: Ranking the design options
The second round includes the ranking of different design options, all design options are ranked
collaboratively and in a generic way, thus it is not influenced by the stakeholder roles. To structure
the ranking process a playing field is created on which all participants can place criteria cards. It is
chosen to value all different design criteria on a Five-Likert scale moving from (--, -, +/-, +, ++). The
design of the playing field is presented in Figure 11 in Appendix B2. If their individual ranking is
different the differences will be discussed and finally a final ranking will be formulated through a
voting mechanism in case of a disagreements.

Round 3: Choosing among alternative design options
In the third of the game the participant must choose on the design options. The ranked design options
will be discussed, and all the participants can play their reasoning cards to state why they prefer a
certain option.

Round 4: Evaluating the decision
The final choice is evaluated by all the stakeholders to see how they see if their requirements have
been met.

4.2.2 Game Content
The decision-making tool content is independent of the decision-making tool mechanics and consists
of the ecosystem context and the content for the set of cards associated to the ecosystem context.
For this research the content of the cards is populated with contents from the performed case-study
surrounding the application of additive manufacturing. However, similar steps could be followed for
another ecosystem as well. The content that populates the cards will be presented in more detail
below.
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i.

Context Card

The context card includes a description of the ecosystem along with the common goal within the
ecosystem. The ecosystem context and the common goal of the ecosystem central in this research is
formulated by choosing an application scenario for the application of additive manufacturing. Two
extreme application scenarios are formulated based on the preference of stakeholders formulated in
the conceptual framework, the two extreme scenarios are introduced in Table 34.
Table 34: Description of the disruptive and conservative application scenario
Scenario
Disruptive

Conservative

Description
Within the disruptive scenario manufacturing companies sell “printable design files” and sell these
through online channels. They outsource the complete production to service providers. Hence,
manufacturers become pure content providers and the digital designs (IP) becomes their most
strategic resource. The disruptive scenario will lead to a complete digitalization of the supply chain.
Within the conservative scenario manufacturing companies use additive manufacturing as an add-on
of their production methods. For the production customized products, or products desired in small
batches. They produce these products in-house or at their own producers. They sell the physical parts
through existing channels. The supply chain will not be digitalized within the conservative scenario.

To elaborate more on the difference between the disruptive and the conservative scenario the effects
of the characteristics formulated within previous chapters are analyzed for both scenarios. The effects
of the characteristics on which the application differ are presented in Table 35. These effects could be
either positive or negative depending on the type of stakeholder.
Table 35: Different effects of the characteristics on the application scenarios
Characteristics
Increased
collaboration
Freedom of
design
Shift of value
creation
Digitalization of
the value chain
Intellectual
property rights
Implementation
effort
Trust
Disruptiveness
Regulations

Disruptive
Large changes in manner of collaboration,
enables less dependency on external suppliers.
Content providers deliver complete printable
file. Difficult to collaborate on the design
Use the shift of value creation by changing from
production to engineering paradigm
Usage of the online repository enables the
digitalization of the value chain
Design (IP) becomes the most strategic resource,
thus the protection of IP is important
Bigger change, thus more effort spends on
implementation
Trust through protection of digital system
Disruptive for spare-parts production ondemand production
More emphasis on IP regulations

Conservative
Not much change in manner of collaboration.
Possibility to collaborate on the design of the
products
Effects of shift of value creation is not noticeable
Sale still follows traditional channels
Physical product is the strategic resource, thus
not much emphasis on IP rights
Smaller change, less trouble with the
implementation
Use existing trusting relationships
Somewhat changing the spare-parts products, as
small batch sizes are enabled
Less emphasis on IP regulations

Additionally, there are some similarities between both application scenarios. Because additive
manufacturing is applied, although in different manner, in both scenarios. A summary of these similar
effects is presented in Table 36.
Table 36: Similar effects of the characteristics on the application scenarios
Characteristics
Small batch size feasible
Lack of standards
Smaller, less complex supply chain
Need for additional processing
Change management

Effects on the Disruptive and the conservative scenario
Enables the reduction of unnecessary inventory
Lack of technical standards
Enables a reduction in of lead-times
Additional activities are included through the inclusion of the service provider
Change in mindset from product-driven to service-driven
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All the above is summarized in Table 37.
Table 37: Summary of the disruptive and the conservative application scenario
Scenario
Description
Strategic
resource
Collaboration

Disruptive
Order spare-parts on-demand
Digital design file (IP)

Conservative
Use printing within the situation as-is
Physical product

Use a digital platform as an online warehouse
where spare-parts can be ordered on-demand

Benefits

•

Manufacturers offers AM as an additional
production method for highly customized
products or products in small batches
•
Low risk
•
Little trouble with implementation
•
Somewhat more flexible supply chains
•
Reduction of unnecessary inventory cost
•
Little profit from the benefits offered
through AM
•
Little change in level of transparency of
supply chain
•
Product-driven to service-driven
•
Value chain to Value network

Challenges

Paradigm shifts

•
•
•
•

Open market (less dependency on
suppliers)
Low lead times
Reduction of unnecessary inventory cost
Big change for the suppliers (resistance)
Little collaboration on design (might be a
problem for safety critical parts)

•
•
•
•

Manufacturing to design
Physical to digital
Product-driven to service-driven
Value chain to Value network

Now, that the difference between both applications scenarios has become clear a choice must be
made between the two. To make this choice the effects of both scenarios on the stakeholder criteria
are analyzed. The criteria from the internal and the external stakeholder are distinguished as the
criteria for external stakeholders are very different than those of the internal stakeholders. The results
of this analysis are illustrated in Table 38. The effects scores on the formulated criteria are made by
the author based on the description of the different scenarios. The main goal was to indicate the
difference between both scenarios; therefore, the effect is a relative effect in comparison to the other
application scenario.
Table 38: Effects of both application scenarios on the stakeholder criteria
Stakeholder
Internal

Criteria
Reduction of the
dependency on
external suppliers
Cost reduction
Lead time
reduction

External

Disruptive scenario
(+) The focus on the design opens the
possibility for other smaller organizations
(without the expensive production equipment)
to design the desired products
(+) Order small batch sizes
(+) Production could be placed closer to the
point of usage

Protection of IP

(-) The large train manufacturers will put more
emphasis on the protection of the IP. As a way
of protecting their business
Business
(-) Large change in the business model of
guarantee
manufacturers, rewarding business model is
less guaranteed
Legend 1: (-, +/-, +) indicates (low, medium, high) effect

Conservative scenario
(-) Within the conservative
scenario the NS will still be very
reliant on the suppliers
(+) Order small batch sizes
(+/-) Somewhat of a lead time
reduction if they produce more
locally
(+) Companies still sell the
physical product, less risk of
losing IP
(+) No large changes of current
situation, thus they would still
sell their products

From Table 38 it becomes clear that the disruptive holds most benefits for the internal stakeholders,
whereas the conservative scenario holds more benefits for the external stakeholders, thus it will
probably be the case that a hybrid scenario must be formulated. For the content of the game it is
however decided to focus on the disruptive scenario as this scenario entails more changes than the
conservative scenario and thus design decisions must be made to apply the disruptive scenario.
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To conclude the ecosystem thus concerns an additive manufacturing ecosystem and the common goal
is to create a digital system that allows users to upload, share and print spare-parts.

ii.

Stakeholder Card

Using the common goal the stakeholders that need to be included, as well as what their roles and
responsibilities, will be identified with the help of the business model radar tool by Grefen et al. (2013).
The following four steps are used to determine which stakeholders are included:
1. Determine the co-created value in use
2. Determine the components necessary to create the co-created value in use
3. State which partners are needed in the ecosystem.
Step 1: The common goal defined in the previous section is translated to the following co-created
value in use: One-stop-shop online repository
Step 2: To ensure that the games will be understood by all of the players it is chosen not to include
too many components. Therefore, the following four basic components are defined: demand for a
spare-part, design of the spare-parts, a produced part, integration of all components.
Step 3: Four main partners are needed a customer, and designer a producer and an integrator. The
four roles are linked to actors from the case-study for this research. The link is presented in Table 39.
Table 39: Example of the division of the roles within the disruptive scenario
Role
Customer

Elaboration
The customer has a demand for spare parts

Integrator
Producer
Designer

The integrator connects all the stakeholders
The producer prints the spare parts
The designer designs the digital design files

Actor
Train operator
(procurement department)
Service provider
Production hub
Design owner (includes the design owner and the
train manufacturer)

To conclude, four stakeholder’s cards are made for the context of the one-stop-shop online repository.
The four stakeholders are the train operator, the production hub, the service provider and the design
owner.

iii.

Decision Card

The decisions that had to be made were formulated at the end of phase 1 and presented in Table 31.
The following four categories of decisions were formulated: context, organizational mindset, financial
related challenges and collaboration with stakeholders. The decisions in the category context and
financial related decisions have been discussed in the formulation of the stakeholder and the context
card. It is predicted that the decisions concerning the organizational mindset will be touched upon
implicitly through playing the game, as gaining more insights in the change might lead to a reduction
of fear of the change or resistance against the change. Therefore, the only category that is remaining
is the collaboration with stakeholder category. The questions related to the collaboration with
stakeholders are divided to sub questions with the goal of grouping the decisions together in one
concrete decision that has to be made, this is illustrated in Table 40.
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Table 40: Grouping the design issues
Questions
How to share the digital
design files?
How to integrate digital
systems to the
application of AM?
How to protect
intellectual property?

Sub questions
How is the design file distributed?
Where is the design file saved?
With whom is the design file shared?
Which digital systems need to be integrated to the application of
additive manufacturing?
Who needs to have access to the digital systems?
How to ensure the security of the system in which the design files
are stored?

Group
Storage of the
digital design files
Storage of the
digital design files
Storage of the
design files

Although, it is concluded that the questions will lead to additional decisions, for example, how to
protect the design files against wrongful usage, it is chosen to only focus on one decision. With this
some focus can be created in the game, and the decision can really, we worked out in detail.
Furthermore, it is predicted that additional decisions will be mentioned by the participants of the
game. As the social dynamics during the third round of the game might lead to discussions about other
factors that need to be considered when making a decision. Thus, the following decision card is
created: Where to store digital design files?

iv.

Criteria Card

To keep the complexity of the game as low as possible it is decided to keep the design criteria low but
still representative for all involved stakeholders. Therefore, a stakeholder concerns for each of the
stakeholders is described based on the information in the conceptual framework presented in Table
61. These four stakeholder concerns are captured in four design criteria that will be used to evaluate
the different design options. The stakeholders, their concerns and related design criteria are
presented in Table 41. Four criteria cards are created: availability, scalability, security and cost.
Table 41: Determination of the design criteria
Stakeholder
Train Operator
Service provider
Design owner
Production hub

v.

Concern
How do I handle missing information?
How do I secure a business guarantee?
How do I protect my intellectual property?
How do I account for the acquisition cost?

Criteria
Availability
Scalability
Security
Cost

Option Card

Design options are formulated with the help of a template for documenting quality-driven
architecture design decisions as presented by Lago et al. (2010). Within their template Lago et al.
(2010) evaluate design alternatives against formulated quality attributes. Although the actual ranking
of the options will be done in the game, the alternative are evaluated based on the criteria formulated
in Table 41 to test of the design options do really represent alternative options. The complete
template is included in Table 63 in Appendix B3, a summary of the design options is presented in Table
42, and three option cards are created.
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Table 42: Determination of design options
Design issue
D1: Where to store
the digital design
files?

vi.

Identifier
D1-Opt1: Use a cloud-based
database provided by an
external service provider
D1-Opt2: Use a single local
database owned by the owner of
the design files
D1-Opt3: Use a distributed
database placed at the network
of all stakeholders (blockchain)

Description
By choosing the implement a cloud-based database the
availability of the design files will be very high. However,
the security of this solution is rather low.
By storing the digital design files on local databases, the
protection of digital design files will be very high.
However, the availability of the data will be low.
The final alternative is to employ a completely distributed
database in the form of a public blockchain. This will lead
to a high protection of the design files but will be difficult
to scale.

Reasoning Card

The reasoning cards are meant to stimulate participant to use logical reasoning techniques in their
decision-making. These reasoning techniques help designers to reflect on their decision-making and
throughout the entire design-reasoning process (Razavian et al., 2016; Tang & Lago, 2010). Many
different reasoning techniques exist, two of which have been chosen to apply within this research.
These are constraint analysis and trade-off analysis. It is chosen to include these two reasoning
techniques as there might be some important constraints placed on the design by stakeholders.
Finally, the trade-off analysis is included to ensure that logical trade-off decisions will be made in case
of conflicting stakeholder requirements. The reasoning card include some example questions that
could help participants in their reflective process, the example question is included in Table 43.
Table 43: Reasoning techniques with accompanying questions
Reasoning technique
Constraint analysis
Trade-off analysis

Accompanying example questions
How do my needs constrain my decisions?
Can I relax any of my constraints when making decisions?
Can I make a compromise on one of the solution options?
How do I make compromises?
On which criteria am I willing to make a compromise?

4.3 Game design iteration 2
A small prototype of the card game was created after the first iteration and this was tested in a
simulation with four students, who had no background in design decision-making. As the game should
be understandable for everybody this should not be a problem. Furthermore, a prototype of the game
was simulated and discussed with the internal stakeholders. Some valuable suggestions for
improvement were received through these discussions. The suggestions and the revisions that were
done based on the suggestions will be discussed while addressing the three design objectives. The
suggestions mainly concerned the structure of the game, as there were some uncertainties of what
was expected of the users. To address, these uncertainties the game was revised slightly, and fill-in
cards were added. With the creation of these fill-in cards the expectations from the participants in
each of the different round was made clear in a tangible manner. Additionally, it is predicted that
these fill-in cards will also ensure that the participants go through all the reasoning activities. The
following fill-in cards were added:
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1. Stakeholder requirement card: This card is used individually; the participants write down the
most and least important criteria for them. Choosing from the formulated design criteria.
2. Option ranking card: This card is used collectively, after a consensus has been reached on the
score of the option on the design criteria one participants writes down the score on this card
3. Option card top 3: This card is used individually, before discussing and choosing one of the
design options each participant writes down a top-3 in order of their preferences. If there
might be more options, involved it could still be a top-3. This card is introduced to ensure that
the participants really think about their individual choice before they start discussing the
options with the other participants.
4. Final choice: At the end of the game the final choice is written down on the final choice card,
this can include any slight changes that must be made to the option.
The deck of cards after the second iteration is illustrated in Figure 6.

Figure 6: Deck of cards after iteration 2

The game material including the cards, playing field and rule book can be found at the following
webpage:
https://drive.google.com/drive/folders/1HViXKAb38Qn3jwByhPhRIa6JCbNZ4_4I?usp=sharing.
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4.4 Validation of the card game
The revised version of the card game will be used to validate the ability of the decision-making tool to
meet the artifact requirements and the stakeholder goals (RQ-5). First, the validation methodology, a
focus group is presented in section 4.4.1 this includes a description of the set-up of the focus group,
the data collection and analysis. Additionally, the results of the focus group are summarized in section
4.4.2 and finally a description of some new insights is provided in section 4.4.3.

4.4.1 Validation methodology
The card game is validated in a focus group. A focus group involves an informal group discussion in
which participants collectively discuss topics selected by the researchers presented to them as for
example a set of questions or in this case a game to play (Beck, Trombetta, & Share, 1986; Wilkinson,
1998). One of the main advantages of this method is that it provides the ability to observe the
interactions among participants and to see how they construct and maybe modify their ideas after
conversations with others (Kitzinger, 1995; Wilkinson, 1998). The main purpose of validation of the
card game is to gain insights in the usage of the card game in a real-life setting both to improve the
card game and to identify some useful insights on the usage of the decision-making tool for making
collective decisions. This aligns well with the nature of focus groups.
One of the disadvantages of focus group research is that it is difficult to generalize the data from a
focus group (Wilkinson, 1998). However, the nature of this research is explorative, thus the design of
the card game as it is now should be a prototype. The main aim of this research is to gain some useful
insights in the usage of the card game tool for ecosystem design. These insights could then be
translated to hypotheses and tested through a formal experiment in a further stage of the
development process (Wohlin et al., 2002).
Another disadvantage of using focus group research is that it might include various forms of
moderator and respondents bias (Wilkinson, 1998). To account for the possible moderator and
respondent bias it is important to have a clear protocol of how data is collected, analyzed and
interpreted, the protocol will be introduced and discussed in the remainder of this section.

i.

Set-up of the focus group

The focus group took two hours in total and consisted of four participants, as four stakeholder roles
have been distinguished for the card game. A description of the participants and their functions within
the company is summarized in Table 44. All four of the participants hold some sort of relation to the
external stakeholders. However, they each have a different viewpoint of this relation; therefore, they
present a good sample for the different stakeholder perspectives.
Table 44: Participants of the focus group
Participant
Participant 1

Function
Manager Planning & Logistics

Participant 2

Project leader 3D printing

Participant 3

Supply Chain manager

Participant 4

Obsolescence Manager

Elaboration
Involved in managing the supporting activities involved with the
maintenance of train. Therefore, sees the effects of having to hold
high inventories firsthand. Chosen, because the views from this user
perspective might be different than that of the other participants
This participant is the leader of the 3D printing project and therefore
has connection with the external stakeholders in this context already
This participant is responsible for the latest tender for the new train.
Thus, involved in determination of what to ask the external
stakeholders.
Searches for solutions for obsolescence problems in collaboration
with suppliers. Therefore, has another connection with external
stakeholders than that of the other participants
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Next to the selection of the relevant participants for the focus group it is important to plan the focus
group. The protocol for the focus group including the tasks of the moderator and the questions that
were asked are presented in Table 45. The evaluating questions for round 2 and round 4 only need to
be asked when the participants do not start discussing the criteria or the options themselves.
Table 45: Protocol for the focus group
Round
Round 1

Round 2

Round 3
Round 4

Tasks of the moderator
1. Present the business model radar and the goal
of the game
2. Let the participants write down their most
relevant and least relevant criteria
1. Present the playing field and explain the idea
2. Let the participants to write down the ranking
at the end of the discussion
1. Let the participants write down their top-3
2. Let the participants present their top-3
1. Let the participants play their reasoning cards
2. Let the participants write down the final
decisions

Evaluation

ii.

Evaluating questions

Why did you place this criterion on a high score?
Why did you place this criterion on a low score?

Why did you choose this criterion as most
relevant?
Why did you choose this criterion as least
relevant?
Which new insights did you obtain?
Was the game clear?
Was anything missing from the game?

Data collection and analysis

The focus group is analyzed through a systematic data analysis approach. It is chosen to use a
transcript-based analysis which includes the formulation of a complete transcript of the focus group
and uses the fill in cards as field notes. The transcript-based analysis is identified as the analysis
method that the highest level of rigor, additionally it provides a complete picture of the interaction
between the participants (Kitzinger, 1995; Krueger & Casey, 2001). The unit of analysis for the coding
is the dynamic decision-making, as the goal is to analyze how the card game helps improve collective
decision-making (Wilkinson, 1998). The list of final codes is illustrated in Table 46.
Table 46: List of codes for the focus group
Category
Ecosystem context

Reasoning activities

Reasoning
Techniques

Collaboration
Simplicity

Code
Common Goal
Components
Partners
Cost and Benefits
Context and Requirements
Design Decisions
Design Options
Decision-Making
Reflection
Trade-off Analysis
Constraint Analysis
Conflicting Requirements
Rules of the game
Design Concepts
Enthusiasm about Game

Description
Addressing the common goal within the ecosystem
Identification of the components necessary to reach the
common goal
Addressing the partners within the collaboration
Evaluating the cost and benefits of the collaboration
Identify context and requirements of a decision
Addressing design decisions that must be made
Identifying possible solutions
Evaluating the solution options to decide
Reflective statement, either through internal awareness or
through other stakeholder statements.
Evaluating options with a trade-off analysis
Evaluating options with a constraint analysis
Identifying some conflicting requirements
Addressing the rules of the game
Addressing the design concepts
Addressing the fun in the game
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Finally, the coding procedure is described below:
1: Transcribe the audio recording
2: Code the ecosystem context, within this step the context for the collaboration is coded.
3: Code the reasoning activities, within this step the reasoning activities observed in the decisionmaking of the participants are coded.
4: Code the reasoning techniques, within this step the reasoning techniques observed in the decisionmaking of the participants are coded
5: Code the collaboration, within this step the identified conflicting requirements are coded.
6: Codify the simplicity of the game, finally the statements that address the card game are coded

4.4.2 Results of the focus group
This paragraph includes a discussion of the results of the focus groups. First some general results will
be presented by discussion each of the rounds in some detail. Additionally, the design objectives are
discussed to validate the ability of the decision-making tool to meets its design objectives.

Round 1:

Analyzing the design context

Due to limited time the business model radar was already filled in by the facilitator, it was completed
for the formulation of an online one-stop-shop repository which functions as the content of the card
game. After the presentation of the business model radar the cost and benefits for all involved
partners were discussed, an extract of this discussion is included in Table 47. From this dialogue it was
interpreted that the ecosystem context was considered when discussing the roles of the different
stakeholders. As one of the participants clearly reflected to discussion in presenting a reasoning of
why the train manufacturers would want to move from a production role to a designer role (line 3).
Furthermore, it was concluded that the added value for the train manufacturer to join such a new
collaboration was difficult to pinpoint (line 4).
Table 47: Transcript 1: Dialogue about the cost and benefits
Ecosystem context dialogue
1. Participant 2: To complement this radar, we also asked this to the train manufacturers. Where is the added value
for you, they are still figuring that out. However, they did say that they want to move from the production role to
the designer role.
2. Participant 1: Why do they want to lose the production role?
Participant 2: They see that, that role will become too loaded in the new model, and that for them the added value
that they can create is on the design of the train. However, this change will difficult for such a capital-intensive
company
3. Participant 4: But if we already say that we want to be able to print on location I understand that a train
manufacturer would not want to hold their production role. As that would mean that they need to place a printer
at all the demand locations. I think that it is obvious that they do not want that.
4. Participant 3: Where do they see added value for themselves then? Because that is what I am searching for with
regards for new contracts. Like, we can say that we want to include everything concerning for 3D-printing in the
new contract. For now, I do not have a clear picture of what the added value would be for a train manufacturer to
move along with that.
5. Participant 2: That is the discussion, if they buy the products at other companies than it would also benefit them of
course. But their revenue will indeed decrease slightly, and we do not have a clear picture of how that will be
designed.
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All in all, the discussion that started to take place after using the business model radar went as
predicted. The business model radar helped to provide a clear picture of the new forms of
collaboration. However, it was difficult to come up with a solution that would provide added value for
both the train operator and the train manufacturer. Hence, the motivation for creating the game was
satisfied. The business model radar for the one-stop-shop online repository from the focus group is
presented in Figure 7.

Figure 7: Business model radar for the one-stop-shop online repository (right)
Figure 8: Set-up of round two of the game (left)

Round 2:

Ranking the options

In the second round of the game the players used the playing field to rank all three of the options as
presented in Table 42. The set-up of the first round of the game is illustrated in Figure 8. For each of
the options, all players first laid down their criteria cards after which the scores were discussed. Either
the participants were convinced to change their decisions after this discussion, or a consensus was
made.
The final ranking for all three of the options is presented in Table 48. As predicted the ranking of the
all three options, is different. However, based on the ranking presented in Table 48 it turns out that
option 3 comes out very positive in comparison to the other two options. One of the reasons for this
might be that the participants indicated to have a lack of knowledge on the design concept. This
limitation will be discussed in more detail at the end of the paragraph. However, there is a difference
between all three options and the ranking of the options lead to some interesting discussions, which
will be included in the insights. So, the goal of the round, to provide some insight in the choosing
among alternative design options was met.
Table 48: Ranking of the Options
Criteria
Cost
Scalability
Security
Availability

Round 3:

Option 1
+/+
-++

Option 2
+
--

Option 3
+
+
++

Formulating top 3

In the third round the stakeholder roles came into play again as the participants had to define a top-3
for the design options in their order of preference, as illustrated in Figure 9. The participants could use
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the important criteria that they defined at the beginning of the game. However, if they had changed
their mind, they could state this as well and then use other criteria. The results of the top-3 of all
participants is illustrated in Table 49.
Table 49: Top 3 options by the participants

1
2
3

Design owner
Option 2
Option 3
Option 1

Production hub
Option 3
Option 1
Option 2

Service Provider
Option 2
Option 3
Option 1

Train Operator
Option 1
Option 3
Option 2

To explain their preference, the participants used their most and least important criteria which are
illustrated in Table 50. Almost all the criteria were chosen in the manner that was predicted. However,
the participant who took on the role of production did not choose cost as the most important criteria
which was not expected. However, in his reasoning he explained that this was related to the context
for which he was deciding (storage of digital files). This will be discussed in more detail at the end of
the paragraph, in the design objectives.
Table 50: Most and least important criteria for the participants

Most important
Least important

Design Owner
Security
Availability

Production Hub
Availability
Scalability

Service Provider
Scalability
Availability

Train Operator
Availability
Scalability

Figure 9: Set-up of round three of the game (left)
Figure 10: Set-up of round four of the game (right)

Round 4:

Making a decision and evaluating the decision

In the final round of the game the participant presented that top 3 and played their reasoning cards
to indicate why that made certain choices. An illustration of the setting of the fourth round in
presented in Figure 10. An interesting in this final round was that the first two participants placed a
constraint on Option 1 as they both found security a very important criteria and this option scored
very low on security. The played the constraint card in the way that they did not want to choose that
option no matter what. However, another participant placed a constraint on Option 1 in the sense
that he did not want to choose another option no matter what. It is thus interesting to see that the
reasoning cards were used in different manner by the different participants.
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The remainder of this paragraph includes a discussion of the design objectives. To validate the card
game tool on its ability to meet the design objective (RQ-5).

Design objective 1 – Gain understanding of how the design context frames decision-making
The first design objective is discussed with the help of one example as presented in Table 51. The
extract includes a discussion of the relevance of context to decision-making. The conclusion of all the
participants was that cost would be a relevant criterion for the production hub with regards to the
production activity itself (line 2). However, in the context of the storage of design files (the central
decision) it was not the most relevant criteria (line 3). Based on this example it can be stated that the
goal of the providing more insights how context frames decision-making was reached.
Table 51: Transcript 2: relevance of design context for decision-making
Decision Context Dialogue
1. Participant 2: What I think is interesting is that is not a discussion about cost. It really is a policy discussion
conducted from different angles. And I think that, that is really the case, as we always place much emphasis on cost,
but in this discussion, we are really focusing on understanding why other parties do not want certain thing. That is
what I find interesting in this decision, because I might have expected you (production hub) to place more emphasis
on cost.
2. Participant 1: Yes, I was also thinking about that, that I want to print in a cheap manner.
3. Participant 2: But not in the context of this decision, of storing the design in a cheap way.
4. Participant 1: No, I just want to print 1 such a file 1000 times.
5. Participant 2: So, in this context, cost is not really a discussion point

Design objective 2 – Create awareness about the rationale involved in choosing among
alternative design options.
The results on the second design objective is also analyzed through an example. The example is
presented in Table 52, it includes a discussion about one of the design criteria. It is concluded (line 5)
that availability and security are deemed more important than cost with regards to the storage of
design files. Therefore, all three options were analyzed based on their score on all criteria to see which
option best fit these goals. Based on the dialogue presented in Table 52 it was concluded that the
participants understood that a choice had to be made with regards to which design criteria were
deemed as relevant. Additionally, it was concluded that the cost was less relevant in such a manner
that if they wanted an option that was both secure and lead to a high availability, they would not mind
paying a somewhat higher cost. This can be interpreted as a trade-off analysis made by the
participants.
Table 52: Transcript 3: reasoning about the criteria that are important to all stakeholders
Reasoning dialogue about the importance of the design criteria
1. Participant 1: Security is important for all the partners in the supply chain, also for the NS, we do not want to use
the information for the incorrect context
2. Participant 2: Does that concern security or transparency?
3. Participant 1: I think it concerns a little bit of both, you also see it in the manner that we placed our cards. We
placed constraints at the cloud-based solution especially because we are not happy with the security level of the
cloud.
4. Participant 2: Yes, and security in that sense not only concerns the protection of outside parties, but also that once
you have the file you do not do things which you have not agreed upon.
5. Participant 3: I think we have stated now that we find availability in a secure manner very important and the cost
are important but less important than the other two aspects.

Design objective 3 – Prompt decision-making in a collaborative manner
The final design objective concerns collaboration, this design objective is also discussed with help of
the dialogue presented in Table 52. The conclusion of the dialogue (line 5) includes a description of
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the design criteria that were deemed most important by all stakeholders. Hence, the design options
were analyzed not based on the individual preference but based on the preferences of all
stakeholders. Therefore, it is concluded that the game did help the participant in searching for options
that would satisfy all involved stakeholders.

Game constraint 1 – Simplicity
The rules of the games were easy to understand for the participants. The only things that were unclear
were the fact that (+) indicated a low cost in the ranking of the options. Additionally, there were some
misunderstanding about the fact that the ranking of the design options should be done in a generic
manner and not through the eyes of the stakeholder roles. Although this was mentioned at the
beginning of the game, it was not really portrayed to the participants. This should thus be explained
or stated more clearly by the moderator.
Another component of the simplicity constraint was that there should not be a need for any
preexisting knowledge on the design concepts. This constraint was not met completely, as there was
some missing knowledge with regards to the design options. The extract of the dialogue presented in
Table 53 describes a discussion about the security level of a cloud-based solution. Although the
participants felt as though the cloud-based database was not the most secure solution that did not
know if this was true. However, this missing knowledge did not strain the decision-making processes.
As the final decision was still made on the importance of design criteria and the effects of the different
options based on those design criteria. Therefore, for the goal of the card game the missing experience
is not seen as a real problem. It was, however, recommend by the participants to maybe send some
information about the design options in advance, such that they had some more knowledge on the
topic.
Table 53: Transcript 4: lack of knowledge on the design concepts
Lack of knowledge on the design context
Participant 1: Shall we say, we think it is a little bit scary, so we place it at minus.
Participant 2: Yes, maybe also a lack of experience, we don’t know it.
Participant 3: Yes, I also think that it might be a lack of experience.

Game constraint 2 – Limited time
The second game constraint stated that the game should be played in 1-1, 5 hours. The playing of the
game took 1, 5 hours, thus this constraint was met.

4.4.3 Insights
From the previous section it can be stated that the card game has met its design objective. However,
these conclusions cannot be generalized as the focus group only consisted of four participants.
Furthermore, it is difficult to relate the positive effects to the usage of the card game as there was no
formal experimentation to link the design reasoning to the usage of the game. However, some
interesting insights were gained through the usage of the game. Three insights will be presented and
discussed below, along with some recommendations of how to use these insights in further research.

Insight 1 – Playing the card game lead to an improvement of collective decision-making
As mentioned at the beginning of this paragraph there was some uncertainty about the added value
for the train manufacturers, or the design owners after presenting the business model radar. The
extract of this dialogue is presented in Table 54. From this dialogue it is concluded that it is indeed
difficult to determine what the benefits are for all involved stakeholders. Specifically, it is not clear
what the added value is for the train manufacturers (design owners) to share the digital design files.
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Table 54: Transcript 5: difficulty with the formulation of benefits for all stakeholders
Context dialogue before playing the game
1. Participant 3: For me it is not clear what the added value if for a train manufacturer to join in such a collaboration.
2. Participant 1: Yes, we really must think about that. When you think about products which we can print instead of
hold in inventory, the added value for us is very high. However, what’s in it for them, I have no idea.
3. Participant 2: That is the discussion, if they buy the products at other companies than it would also benefit them of
course. But their revenue will indeed decrease slightly, and we do not have a clear picture of how that will be
designed.

After playing the game the participant defined that security would be a very important design criteria
that had to be met in order to convince the train manufacturers to share the design files. Furthermore,
the participants stated that it might be useful to play a card game to collaboratively come up with
solutions. An extract of a discussion of formulating options is provided in Table 55. From this dialogue
it is concluded that the participants have learned that instead of just asking the train manufacturers
to share all digital design files, it should be possible to meet each other halfway.
Table 55: Transcript 6: using the card game to find solutions for problems
Context dialogue after playing the game
1. Participant 2: 3D printing is not a standalone concept. Eventually, we also must make other decisions, for example
what can be done with such a design file. That is why I find this an interesting discussion, because we can ask for all
the information but then we might get nothing, and we won’t move forward. However, we can try to stir the
collaboration in such a direction that we get what we want while simultaneously also fulfilling the needs of the
other parties.
2. Participant 3: I am thinking about the need in the tender phases of new trains. I see it happening that we state that
we want to obtain the 3D files and that we want the train manufacturers to make these files available, but that then
must be in a blockchain. Is it realistic to ask that?
3. Participant 1: I think the question is if you must ask it like that. Maybe we have to say, we want the 3D files, and we
understand that you do not want to share them because we have learned that with each other now. So, we would
like to collaboratively come up with a safe way through which we could use the 3D designs.
4. Participant 3: Yes, that would need to be the question then.
5. Participant 1: Or you could already discuss these topics with the train manufacturers in the same way as we play
this game. That you start a conversation, about what possible solutions could be.

Finally, near the end of the session a dialogue was started concerning the determination of the
position of the train operator before it would be possible to ask questions to the external stakeholders.
It was concluded that the train operator should have a clear idea of which information that would
want to have so that they do not need to ask for all the information (line 3). An extract of this dialogue
is presented in Table 56.
Table 56: Transcript 7: importance of the formulation of an individual strategy
Context dialogue at the end of the session
1. Participant 2: We do have to determine where we want to move to ourselves. What exactly is our own strategy? As
we said before there are so many aspects that accompany 3D printing, also concerning IT and the business aspect.
For example, our trains are going to generate much data themselves, for which we also would want some amount
of money.
2. Participant 1: Yes, I think that our usage data of the train is the same as the design files are for the design owner.
3. Participant 3: When talking in terms of European tenders, we could ask questions about these topics in the starting
phase for example. However, than we need to formulate our own questions very clearly. Otherwise we can ask for a
lot of information but that might not align at all with what we want.
4. Participant 1: Yes, if you don’ know it yourself that would lead to complex questions and might lead to more chaos.
For example, that we ask different questions to different parties.
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Based on the three extracts presented above from the beginning, middle and ending of the game, it
can be concluded that the game provided some insights in the concept of balancing decisions.
Specifically, it helped the participants to understand that it is necessary to have a clear picture of your
individual needs, to understand which information you need to obtain. Once, you know that you can
discuss possibilities with external stakeholders on how you are going to create a situation in which
they are willing to give you what you want by simultaneously also fulfilling their needs. Based on the
above it is concluded that the card game helped to provide more insights in the process of
collaborative design decision-making. Participants realized that it would not be realistic to just ask
other stakeholders to share all their information if it was difficult to pinpoint the added value for them.
However, they realized that it was possible to meet each other halfway by gaining more understanding
on what is important for the other parties. Therefore, it is predicted that the card game helped
improve the decision-makers ability to make collective design decisions: Based on the above the
following hypothesis is formulated:
•

H1: Playing the EcoDecision card game can improve collective design decision-making

Insight 2 – Playing the game helped in the formulation of new design options
The card game stimulated the participants to come up with alternative design options. An example of
which is illustrated in Table 57.
Table 57: Transcript 8: formulation of alternative design options
Design dialogue
1. Participant 1: We have a bad feeling about the security level of the cloud. While the entire world is moving to the
cloud, so I don’t know if that is true.
2. Participant 3: In what way could we shield the cloud to make it a more secure option?
3. Participant 2: We have also looked at other parties that deliver a sort of secure files. Like the books that you could
only read for 3 months for example and then they would be cancelled. In that way you could buy a 3D file, but it
would only be visible for one print, and then the train manufacturer would receive a signal if the file was printed.
This would also be a solution for the train manufacturers to share their information. If they would hold to power
over what we can and cannot do with the information.

It was concluded that security not only included that protection of the system on which the digital
design files would be stored but also the protection against illegitimate usage of the digital design
files. This was interpreted as the formulation of an additional design decisions that needed to be
made. An alternative design options for this decision was presented in the form of a sort of secure file,
which would include some rules on the usage of the files (line 3). Based on the above it was concluded
that the card game prompted new interesting discussion concerning additional design problems or
design options. As was predicted the design decision that had to be taken triggered a sort of chain of
subsequent decisions (Tang & Van Vliet, 2009). The discussion that took place centered on the design
criteria that were deemed important in the game. Therefore, it is predicted that playing the card game
had positive effect on the ability of the decision-makers to identify both design problem and options.
All the above is summarized in the following hypothesis:
•

H2: Playing the EcoDecision card game improves the ability of decision-makers to identify
design problems and options.

Insight 3 – Ranking the options helped with the indication of trade-off points
Trade-off discussions already came to light during the ranking of the options. For example, it was
indicated that the cost of the cloud-based database might be related to the desired level of security
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that you want to achieve, as a higher level of security would probably cost more as illustrated in Table
58. These trade-off points came to light in the discussion of the ranking of the design options.
Table 58: Transcript 9: observation of a trade-off point
Observation of a trade-off point
1. Participant 3: Not to jump to a conclusion, I think cost and security are connected. If you use an already existing
cloud-based solution I think the level of security will be lower. How far does the technology go, can we also state
that we want to create our own cloud? Then the cost will be higher, so it is more tempting to go for a solution that
already exists.

The discussion concerning trade-offs came to light during the discussions to come to a consensus on
the effect score on the design criteria. It is therefore, predicted that the game can help decisionmakers to identify trade-off points. This is summarized in the following hypothesis:
•

H3: Playing the EcoDecision card game can improve decision-makers in their ability to
identify trade-off points.

Insight 4 – Playing a card game can be a fun use tool at the start of a new project
The fourth and final insight is a summary of the description of the insights that were mentioned by
the participants of the focus group. At the end of the focus group the participants mentioned some
insights that they gained through playing the game. An extract of the transcript that includes a
formulation of insights that were gained by the focus group participants Table 59.
Table 59: Transcript 10: formulated insights by the participant
Quotes about gained insights
1. Participant 3: I have written down that I need to discuss this with the IT people who are in the tender project for
the new trains
2. Participant 1: I think the complexity of such a design decision is clearly identified through this game. If I think about
our company concerning IT and digital solutions, I think we don’t really know how to make such decisions, while I
think that it will become much more important in the future

Based on the quotes presented in Table 59 it is concluded that the game helped to identify aspects of
the decision for which knowledge was missing. In this case, it was stated that the participants were
missing knowledge when its game to the IT aspect that is underlying any collaboration surrounding
additive manufacturing. Furthermore, playing the game lead to some interesting additional design
problems and options as mentioned earlier. Based on this, it is predicted that playing the card game
would be especially useful to start at the beginning of a new project. As it is a quick and efficient way
to gain much understanding about the complexity involved in the design decisions that must be made.
The following final hypothesis is therefore formulated:
•

H4: Playing the EcoDecision card game could be especially useful at the start of an
ecosystem design project
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4.5 Discussion
From a research perspective this research aimed to fill two gaps in literature, it aimed to focus on
different configuration of the supply chain which could address all the nuance aspects of additive
manufacturing. The focus was therefore placed on the decision-making that was present in forming
different configurations of the supply chain. By using an ecosystem approach, it became possible to
analyze different configurations of the supply chain from the perspective of multiple stakeholders.
This provided a clear and detailed picture of the nuancing aspects of additive manufacturing. It was
chosen to focus in more detail on the completely digitalized configuration of the supply chain.
Next the aim of the research was to provide insight in the possibility of using decision making tools in
the initial stage of ecosystem design. This research has provided some useful insights in to fill this gap
in research. Through using the social and dynamic aspects of serious games it has shown that playing
a game among stakeholders helps the practitioners to increase their ability to make collective
decisions. It was chosen to create the game mechanics and the game content completely separate
from each other. Therefore, the game mechanics can also be filled with the content of other case
studies. Even from other industries, as it could be applicable for any complex design decisions that
includes multiple stakeholders and the need to make trade-offs among conflicting stakeholder
requirements. Additionally, the simplicity of the game made it possible for participants that had no
prior knowledge with design decision to use gain understanding in the complexity of the topic. As well
as, provide objective arguments to provide their reasoning for choosing one design option over
another. Based on the above the use of the card game thus mainly adds to research in the sense that
it provides a comprehensible method to help guide decision makers at the start of a design project.
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5. Conclusions and Recommendations
This chapter includes the discussion of the results of this master thesis research. The main results will
be presented in section 5.1, by answering the research questions. Recommendation for practice are
presented in section 5.2. Additionally, some threats to validity will be discussed in section 5.3 and
finally directions for future research will be provided in section 5.4.

5.1 Main results
This paragraph includes the results of this master thesis research by answering the research question.
RQ: How should the design decision making processes for the design of an ecosystem be guided?
Within this research a combination of a card game and the business model radar was used to guide
decision making in the initial stage of an ecosystem design. The game provided insights in the
complexity of design decision making in a playful manner and within a short time frame. By combining
it with the business model radar is also provided a clear picture of a possible design of the ecosystem.
The social dynamics central in the game provided participants to make tradeoff decisions in a
compelling way. Although the game did not provide a complete design of an ecosystem that was ready
to be implemented it did provide insights into the actual issues present in the ecosystem. It is thus
concluded that the game could be especially useful at the starting phase of a design project. As it could
help decision maker to come up with system requirements as well as teach them ways of meeting
each other halfway. This type of decision-making tool can be used for other complex design problems
as well, problems that involve make tradeoff among stakeholder requirements all while faced with
some level of uncertainty. Furthermore, the simplicity of the game ensured that it could be used by
practitioners without any background knowledge about design decision making. Additionally, the tool
helped practitioners to come up with other additional design issues as well as solutions that could be
used to meet each other halfway. All in all, the card game helped practitioners to gain some
understanding on the complexity within the decision-making all within a short time frame. Therefore,
it could help guide the decision makers at the start of an ecosystem design.
RQ-1: What topics are included in design decision making processes for ecosystem design
The first research question is answered by studying the literature on design decision making. It was
concluded that the design of an ecosystem concerns a wicked problem. Formulating a solution for a
wicked problem does not consist of following a linear sequence of design decisions leading to one
optimal but rather consist of making a large number of trade-offs which means that there exist a large
number of acceptable solutions instead of one optimal solution (Vliet, 2008). Six relevant topics were
defined which should be included in the decision making tool based on the description of wicked
problem and the definition of design decisions defined by Vliet (2008). The six topics include: 1. the
common goal to describe the reason of existence of the ecosystems, 2. the stakeholders to describe
the stakeholders and their individual concerns, 3. design issues which address the stakeholders
concerns, 4. design options which provide alternative solutions for the design issues, 5. design criteria
which are used to evaluate the alternative design options and 6. reasoning techniques which describe
the rationale for choosing among the alternative design options.
RQ-2: What decisions need to be made?
The second research question is answered in two parts. First a literature review was performed to
search for the characteristics that are present in the ecosystem surrounding the application of additive
manufacturing. Ten characteristics were analyzed in more detail by discussing their positive (+) and
negative (-) aspects. Based on that analysis, a decision was formulated for each of the characteristics.
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The decisions were included into a conceptual framework after which it became clear that there were
some gaps remaining on the views of individual stakeholders with regards to the design issues.
Therefore, the conceptual framework was tested in a real-life context by performing a case study at a
train operator. By performing interviews at different external suppliers of the train operator it became
clear that different types of stakeholders had different concerns. The main concern of the external
suppliers who have intellectual property for example entailed the protection of their intellectual
property. While suppliers that hold a facilitating role in the current supply chain were mainly
concerned with securing a business guarantee in the new situation. It was concluded that different
types of decisions must be made, first some decisions must be made with regards to the context of
the ecosystem. These include the determination of the common goal of the ecosystem as well as the
division of roles and responsibilities between the stakeholders. Afterwards some remaining decisions
must be made with regards to sharing and protecting the digital design files among the stakeholders.
RQ-3: Which methodologies exist to guide decision making for ecosystem design?
Through studying literature, it became clear that the methodologies that exist to guide decision
making processes could be divided in three categories: template based, model based and
methodology-based approaches. Template based approaches make use of a textual representation of
the design decisions and the rationale behind the decisions. Model based approaches use decision
models to represent the decisions made in a graphical manner, therefore model based approaches
provide more structure than template-based approaches. Finally, methodology-based approaches
describe different steps that must be taken in the decision-making process. However, all three
approaches are quite complex and ask for some level existing level of design knowledge. For the
ecosystem present in this research there exist many uncertainties, both with regards to the roles and
responsibilities and the requirements of the system. Additionally, the stakeholder involved in the
ecosystem hold no prior knowledge concerning design decision making. It is therefore stated that
there is a gap in research with the use of decision-making tools at earlier stages of the design process
by stakeholders with little prior knowledge. It is predicted that serious games can be applicable in such
a setting, as the use of games has been used more recently to teach student about the complexity of
design decision making for software architectural design.
RQ-4: How to design the decision-making tool?
The decision making should consist of two parts based on the list of decision that have to be made.
First it should help provide an overview of the context of the ecosystem by providing a clear picture
of the common goal within the ecosystem as well as a division of roles and responsibilities. Secondly,
it should help prompt discussions among stakeholders and provide insights in the complexity of the
design decision making processes. Therefore, it was chosen to create a decision-making tool consisting
of two tools. First the business model radar was used to sketch a division of roles and responsibilities
between the stakeholders. Secondly, a card game was created to guide decision makers through a
complete design reasoning process. Three design objectives were formulated to provide some
direction for the design of the decision-making tool: 1 – Context: The decision-making tool should
provide insights in the importance of the design context in relation to the design decision-making. 2 –
Reasoning: The decision-making tool should create awareness among stakeholders on the rationale
involved in choosing among design options. Design objective 3 – Collaboration: The decision-making
tool should prompt collaboration as the ecosystem involves many stakeholders that might have
conflicting requirements.
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RQ-5: How to validate the decision-making tool in its ability to meet the artifact requirements and
stakeholder goals?
The decision-making tool was validated in a focus group consisting of four participants. The transcripts
of the focus groups were coded to see of the design had met its objectives, based the data analysis it
was concluded that the tool had met its design objectives. Additionally, some interesting insights were
found. Although this focus group was too small to generalize the results the insights were formulated
in the following four hypotheses: H1: Playing the EcoDecision game can improve collective design
decision-making, H2: Playing the EcoDecision game improves the ability of decision-makers to identify
design problems and options, H3: Playing the EcoDecision game can improve decision-makers in their
ability to identify trade-off points, H4: Playing the EcoDecision game could be especially useful at the
start of an ecosystem design project. Future research could focus on proving the hypotheses by
performing formal experiments.

5.2 Recommendations for practice
As the game mechanics and the game content have been separated the card game can also be
formulated for other complex decisions, either encountered within the application of additive
manufacturing or within other complex problems. It is recommended to play the card game internally,
with employees from different departments. For example, the IT department and some engineers,
and someone from the legal departments. Employees from all departments that are touched by the
application of additive manufacturing should be included to create a clear picture of all the challenges
that are present internally. Additional design decisions, options and criteria might be formulated
through short explorative interviews with all the employees. However, it turned out that the one
decision that is included in the game now already lead to rather in-depth discussions. Thus, the game
can also be played as it is. A new strategy concerning the application of additive manufacturing can be
formulated based on the discussion that will take place during the game. This strategy can include
which information needs to be obtained from external suppliers and how the needs of the external
suppliers can be met simultaneously. After this, the card game can be played with external suppliers l
to get a better view of the actual issues in the collaboration and possible solutions for these problems.
To conclude the game can be played both by internal suppliers and by including external suppliers.
Furthermore, the game can be played as is or it could be complemented with additional decisions.

5.3 Threats to validity
The research mainly used qualitative research methods, although this aligns well with the explorative
nature of the research it also has some limitations. This discussion presents the potential threats to
the validity of the research and the strategies used to mitigate them.

5.3.1 Reliability
The reliability describes the level of consistency of the research over time and across researchers and
methods. The main risk within this aspect is that the coding of the interviews and the focus group
might be viewed as a subjective way of collecting data that might be subjected to researcher’s bias.
To mitigate this risk as much as possible a systematic protocol was defined for both the data collection
and that data analysis. The aim of these protocols was to ensure consistency between the interviews,
and to mitigate the risk of subjective analysis of the data. Additionally, summaries of the interviews
were sent to check if they agreed with the conclusions.

5.3.2 Internal validity
Internal validity refers to the ability to draw valid conclusions from the collected data. One of the main
threats in this sense, is that the focus group consisted of internal stakeholders that took on the role
of external stakeholders. However, the chosen participants for the focus group all had a connection
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to the external stakeholders. Furthermore, each of them had a different relation with the external
stakeholders which lead to differentiated views, similarly to what would be the case if external
stakeholders would be included. Another big threat to validity is that the game was validated with the
help of a focus group. The insights provide a strong indication that the card game helps improve the
design reasoning of the participant. However, due to the light-weighted validation it is not possible to
isolate other exploratory factors for these positive results such as, the reflective abilities of the
participants or the amount of experience the participant had with complex decision-making.

5.3.3 External validity
External validity describes the extent to which the finding of the study can be generalized. It is not
possible to generalize the findings from the focus group due to a limited number of participants.
However, the results indicate some positive effects of the game. Furthermore, card games have been
shown to help teach students gain understanding on the complexity underlying architectural design
decisions. Therefore, it was possible to formulate some concrete hypotheses predicting the positive
effects of the card game. This can be tested in future research to generalize the findings.

5.4 Direction for future research
This research can be the exploratory phase of a bigger project the test whether card games can help
practitioners to improve the design decision-making in ecosystem design. Based on the findings
presented in this research the game mechanics can be refined. Specifically, by making the rules of the
game clearer. Subsequently, the effects of the game can be tested through formal experimentation.
The experiment will involve control groups that must make decisions concerning the application of
additive manufacturing without the card and test groups that can use the card game. Both groups will
then be evaluated on their ability to formulate design issues, options and a reasoning for choosing
among the design options. Based on these results it will be possible to test the hypotheses formulated
within this research and to make some generalizable conclusions about the usage of card games within
design decision-making for ecosystems.
Furthermore, additional game content can be created. This additional data could include other
decisions concerning the application of additive manufacturing, but it could also involve other complex
design decisions. One requirement is that it involves the collective design decision-making that must
take the many stakeholder requirements into account. Based on this is it predicted that it could be
applied in other industries as well, for example high tech industries who also have complex design
problems. It could also be applied in the healthcare sectors, as this sector included many stakeholders
which might hold opposing views. Thus, another direction for future research can include case studies
to research the effects of using a card game in other industries. To do so the generic game mechanics
can be used, and similar steps that are taken in this research could be applied in other sectors to
determine the stakeholder concerns and the relevant decisions that must be taken.
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Appendix A: Additional information for Chapter 3
Appendix A1
English version of the interview guide
Introduction
Thank you for taking part in this research. As part of my master thesis for the master operations management and logistics I
am doing research on the implementation of additive manufacturing at the Dutch Railways. The aim of my study is to help
guide the Dutch Railways in finding new ways of collaborating with their suppliers and partners to reach this implementation.
The focus is this not on the technical aspects of additive manufacturing but more on the organizational and business aspects.
To gain some insights on this topic I am interviewing different stakeholders for this project. To learn more about their views
both on the general topic of additive manufacturing and on possible new collaborations. You have been chosen to take part
in this interview because you have experience with additive manufacturing and have shown interest in working together
with the Dutch Railways on this project. Before I start the interview, I would like to ask if you mind if I use a voice recorder
to record the interview. Only I will have access to these audio files, and they will only be used to make transcripts of the
interview. Please confirm if you agree to the recording, otherwise we will continue without recording.
Within this interview I would like to cover five main themes after first having discussed some background information.
0.

1.

2.

3.

4.

5.

Background information
0.1 How much experience does your organization have with additive manufacturing?
0.2 Have you used additive manufacturing to produce end-parts?
Additive manufacturing, new possibilities
1.1 Which parts could benefit from being additively manufactured?
1.2 What benefits could additive manufacturing offer?
1.3 What obstacles have you encountered with the digitization of current parts?
1.4 How do you feel about the possibilities of designing new products for additive manufacturing?
1.5 Which new skills are needed to design for AM?
1.6 How do you feel about the possibility of co-designing with customers?
Digital network, possibilities of creating new supply chains
2.1 How will the manner of collaboration change if additive manufacturing is implemented?
2.2 Which roles are necessary within the new supply chain?
2.3 Which position would your organization hold within the new supply chain?
2.4 What actions do you expect from other organizations within this supply chain?
2.5 Do you think it is possible to make the entire process from ordering up until delivery digital?
2.6 Which obstacles might occur in the digitalization of such a digital network?
2.7 What do you expect from governmental companies?
Inclusion of a service provider within the supply chain
3.1 How do you feel about the possibility of working together with such a partner?
3.2 What role would your organization take in this collaboration?
3.3 What would be the obstacles in this collaboration?
Supporting technologies
4.1 Do you view additive manufacturing is being a part of a broader digitalization strategy?
4.2 Does your company use any digital communication technologies within your production facilities?
4.3 Do you see possibilities of using one of these technologies in combination with additive manufacturing?
4.4 How could these technologies enhance collaboration between the different organizations?
Innovation
5.1 How do you feel about sharing knowledge with different stakeholders for additive manufacturing?
5.2 How do you think the manufacturing market will change according to additive manufacturing?
5.3 Do you view additive manufacturing as a disruptive technology?

Thank you so much for all your answers. Are there any additional statements you would like to add to this conversation?
I will send a summary of this study to you through e-mail. If you have any questions or comments about them, please let me
know.
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Appendix A2
Dutch version of the interview guide
Introductie
Bedankt voor het deelnemen aan dit onderzoek. Als onderdeel van mijn master thesis voor de master operations
management and logistics doe ik onderzoek naar de implementatie van additive manufacturing bij de Nederlandse
Spoorwegen. Het doel van het onderzoek is om de Nederlandse Spoorwegen te ondersteunen in het vormen van nieuwe
samenwerkingen om additive manufacturing op een grote schaal te kunnen implementeren. De focus van het onderzoek ligt
dus niet zo zeer op technische aspect van additive manufacturing maar meer op het organisatorische en business aspect.
Om meer inzicht te krijgen in dit onderwerp ben ik verschillende stakeholders voor dit project aan het interviewen. U bent
uitgekozen om deel te nemen aan dit onderzoek omdat u ervaring heeft met additive manufacturing en aan heeft gegeven
interesse te hebben in een mogelijke samenwerking met de Nederlandse Spoorwegen. Voordat ik begin met het interview
wil ik vragen of u er bezwaar tegen heeft als ik het interview opneem. Alleen ik zal toegang hebben tot deze opnames en ze
zullen alleen gebruikt worden om de transscripts van deze interviews uit te werken. Wilt u hier toestemming voor geven,
anders gaan we verder zonder het interview op te nemen.
Gedurende dit interview wil ik vijf verschillende thema’s bespreken. Nadat we eerst wat achtergrond informatie hebben
besproken.
0.

1.

2.

3.

4.

5.

Achtergrondinformatie
0.1 Hoeveel ervaring heeft uw organisatie met additive manufacturing?
0.2 Heeft u additive manufacturing al gebruikt in de productie van eindproducten?
Additive manufacturing, nieuwe mogelijkheden
1.1 Welke onderdelen zouden er kunnen profiteren van additive manufacturing?
1.2 Welke voordelen kan additive manufacturing bieden voor deze producten?
1.3 Welke obstakels bent u tegengekomen in het digitaliseren van uw huidige onderdelen?
1.4 Wat vindt u van de mogelijkheid om producten specifiek voor additive manufacturing te ontwerpen?
1.5 Welke nieuwe vaardigheden zijn er nog om te kunnen werken met additive manufacturing?
1.6 Wat vindt u van de mogelijkheid om producten te ontwerpen in samenwerking met de klant?
Digitale netwerk, mogelijkheden voor het vormen van een nieuwe supply chain
2.1 Hoe zal de samenwerking veranderen als additive manufacturing wordt geïmplementeerd?
2.2 Welke rollen zijn er nodig in de nieuwe supply chain?
2.3 Welke positie zou u bedrijf in kunnen nemen in deze nieuwe supply chain?
2.4 Wat verwacht u van andere organisaties binnen deze supply chain?
2.5 Denkt u dat het mogelijk is om het gehele proces van bestellen tot aan aflevering digitaal te maken?
2.6 Welke obstakels kunnen er zijn in het vormen van deze digitale keten?
2.7 Wat verwacht u van de regering omtrent dit onderwerp?
Toevoeging van een servicebedrijf
3.1 Wat vindt u van de mogelijkheid om een samenwerking te gaan met zon partner?
3.2 Welke rol zou uw organisatie in zon samenwerking hebben?
3.3 Welke obstakels zouden er bestaan voor zon samenwerking?
Ondersteunende technologieën
4.1 Ziet u additive manufacturing als een onderdeel van een bredere digitale strategie?
4.2 Gebruikt uw organisatie ondersteunende technologieën in uw productiesysteem?
4.3 Hoe zouden deze technologieën de implementatie van additive manufacturing kunnen ondersteunen?
4.4 Hoe kunnen deze technologieën de samenwerkingen binnen verschillende organisaties verbeteren?
Innovatie
5.1 Hoe denkt u over het delen van kennis omtrent additive manufacturing?
5.2 Hoe denkt u dat de productiemarkt zal veranderen met de implementatie van additive manufacturing?
5.3 Ziet u additive manufacturing als een disruptieve technologie?

Bedankt voor al u antwoorden, heeft u eventueel nog vragen of opmerkingen omtrent het onderwerp?
Ik zal een samenvatting van dit interview maken en die naar u sturen via e-mail. Mocht u daar nu vragen of opmerkingen
over hebben kunt u het altijd laten weten.
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Appendix A3
Link between characteristics and interview questions
Table 60: Link between literature review and interview questions

Question

Relevant characteristic from literature review

Relevant literature

1.1
1.2

Extended lifetime, Small batch size, Shift if value creation
Extended lifetime, Small batch size, shift in value creation, smaller less
complex supply chain
Lack of standards, Software, IP, Regulations, Liability
Digitalization of value chain
Freedom of design, implementation effort

(Chekurov et al., 2018)
(Kritzinger et al., 2018)

1.5
1.6
2.1

Implementation effort
Freedom of design, Increased collaboration
Increased collaboration, shift of value creation, smaller supply chain,
implementation effort

(Ford & Despeisse, 2016)
(Ford & Despeisse, 2016)
(Kress et al., 2016)

2.2
2.3

Shift of value creation, smaller less complex supply chains
Shift of value creation, smaller less complex supply chains

(Chekurov et al., 2018)
(Chekurov et al., 2018)

2.4
2.5

Increased collaboration
Digitalization of value chain, implementation effort

2.6

Digitalization of value chain, IP, implementation effort

2.7

IP, Lack of standards

3.1
3.2
3.3

Shift of value creation
Shift of value creation
Increased collaboration, implementation effort

4.1
4.2
4.3
4.4
5.1

Supporting technologies
Supporting technologies
Supporting technologies, application
Supporting technologies, application
Increased collaboration

5.2
5.3

Increased collaboration
Digitalization of value chain, shift of value creation

(Chekurov et al., 2018)
(Chekurov et al., 2018;
Kim, Witherell, Lipman, &
Feng, 2015)
(Chekurov et al., 2018;
Kim et al., 2015)
(Appleyard, 2015;
Chekurov et al., 2018)
(Zanetti et al., 2015)
(Zanetti et al., 2015)
(Rogers et al., 2016;
Zanetti et al., 2015)
(Kim et al., 2015)
(Wang et al., 2016)
(Wang et al., 2016)
(Engelmann et al., 2018)
(Holmström Olsson &
Bosch, 2014)
(Kress et al., 2016)
(Paulus-Rohmer,
Schatton, & Bauernhansl,
2016)

1.3
1.4
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Appendix A4
Table 61: Description of the key stakeholders in the ecosystem
Actor
Train
operator

Main challenges
(-) intellectual property rights
(has no IP)
(-) need for new tools and skills
(-) integration of all digital
systems
(-) Fear of change/unknown

Main potentials
(+) increased
collaboration
(+) small batch size
(+) use service
provider for
additional processing

Application scenarios
Desires to use
application scenario 2

Train
manufacturer

(-) protection of IP
(-) internal resistance
(-) missing customer
requirements
(-) need for new design tools
and skills
(-) loss of core business
(-) must drive a TCO approach
(-) fear of change/unknown

(+) increased
collaboration
(+) freedom of design
(+) has IP

Currently applies
scenario 3 (use it as
an additional service.
However, sees future
in scenario 2 (comes
down to IP
protection)

Design owner

(-) what will be the new
business models
(-) missing regulations
(-) protection of IP
(-) hard for cost-driven cases
(-) large manufacturers don’t
leave much room for market
entry

(+) increased
collaboration
(+) already hold
design skills in-house
(+) has IP
(+) already drives a
service-driven focus

Currently applies
scenario 3 (use it as
an additional service.
However, sees future
in scenario 2 (comes
down to IP protection
and finding a
rewarding business
model)

Production
hub

(-) customer does not ask for it
(-) acquisition cost
(-) has no IP
(-) no clear role if print hubs
and service providers are
included

Plans to buy 3D
printers and keep its
current role as
producer. Fits in
either scenario 1 or 3

Service
provider

(-) need for a business
guarantee
(-) customers do not require it
yet
(-) no engineer skills in-house
(-) missing information on the
side of the customers
(-) have no IP

(+) learn about new
possibilities together
(+) keep track of the
formation of the
market
(+) already has design
skills in-house
(+) increase speed of
innovation
(+) already drives a
service-driven
approach
(+) could increase the
usage of the
application for their
customers
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The service providers
from the old situation
are leading more
towards situation 3
while the service
provider that was
created specifically
for AM is leaning
towards scenario 2.

Expectations
The design
owners or the
train
manufacturers
need to share
their intellectual
property
(designs)
The
collaboration
between parties
must change to
be able to
obtain all added
value of AM.
Customers must
change their
requirements
All parties need
to collaborate in
an integrated
manner to be
able to employ
AM.
Furthermore,
they ask to hold
the technical
responsibility.
The focus
should be on
collaborating, it
should not
become a
pricing war.
They ask for a
business
guarantee, they
want the train
operator to
order the spare
parts through
their channels.
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Appendix B1
Examples of card games used to teach architectural design decision-making
Table 62: Summary of games on architectural design decisions
(Cervantes et al., 2016)
Game context

Learning objectives

A card game is created to
create a design for a big data
system. Which also includes a
description of quality
attributes and constraints
The goal is to lead players to
make “smart decisions”

Game mechanics

The game is played in several
rounds in which each round
represents an iteration in the
design process of a greenfield
system. In each round the
participants much select on
design concept to reach the
goal of that iteration step.
Furthermore, drivers (criteria)
are included for each iteration
round.
Time: 1-2 hours

Cards

- Iteration card
- Design concept cards
- Scorecard

Incorporation of
trade-off decisions

All the design concept cards
include a description of the
effects of that decision on the
formulated design drivers.

Architectural
concepts used

- Primary use cases
- Quality attributes
- Constraints
- Architectural concerns

(De Boer, Lago, Verdecchia, &
Kruchten, 2019)
A group of students uses a
deck of playing cards to
collaboratively design a social
news platform. The project is
provided on a project card
Create awareness about the
rationale behind trade-offs
and choosing among design
alternatives. Enable the
appreciation of the design
decisions proposed by others
Participants must choose 1
design options (from three
alternatives) to solve a design
concern. While keeping the
stakeholder concerns and the
project purpose in mind. First,
they must provide an
individual rationale for their
choice after which they must
collaboratively choose one
option.

(Schriek et al., 2016)

Time: 30 min
- Project card
- Stakeholder card
- Concern card
- Event card
- Scoring form
Trade-off decisions are
incorporated on the concern
cards. The alternatives design
options are scored on some
formulated design criteria. In
choosing one of the options,
the participants must make
trade-off decisions.
- Purpose
- Stakeholders
- Functional requirements
- Quality attribute
requirements
- Design options

Time: 1-2 hours
- 3 reasoning activities cards
- 4 reasoning techniques cards
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Gard game is played in terms
of a discussion. The design
assignment at hand concerns
the design of a traffic
simulator
Use a card game to stimulate
students to use reasoning
techniques within their design
process

Participants can start and
participate in discussions by
playing cards. Three reflective
periods were created within
the game in which students
were asked to use the cards
to prompt discussion and
support collaboration

Trade-offs are included as a
reasoning technique card. The
reasoning cards are
accompanied by a table of
example questions and could
be played in order to prompt
discussions.
- Reasoning activities
(context, problem, solution)
- Reasoning techniques
(Constraint, Assumption, Risk,
Trade-off)
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Appendix B2
The playing field for the ranking of the criteria

Figure 11: Design of the playing field used to rank the design options
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Appendix B3
Template for design decision making
Within this appendix the design options are introduced, they are based on the template for
documenting architectural design decision making formulated by Lago et al. (2010). The results of the
documentation are presented in Table 63. Within this phase of the research the design options are
evaluated on the design criteria on which they score better or worse than the other design options. A
more elaborated ranking will take place in the second iteration of the artifact design.
Table 63: Documentation of the design decisions
Design issue
Context

D1: How to distribute digital design files
Within the disruptive application scenario of additive manufacturing the sale of spare parts
goes through online repositories. Decisions must be made on how to digital design files are
distributed once a design is sold. Decisions must be made on what kind of distribution
system is used and how access control is handled within the distribution system
Design criteria
Cr1: Cost, Cr2: Availability, Cr3: Security, Cr4: Scalability
Design option
Identifier
D1-Opt1: Use a cloud-based database provided by an external
service provider
Description
By using a cloud-based database provided by an external service
provider, this option will result in a high availability of the digital
design files. However, the security of the cloud-based database is
rather low.
Relationship(s)
Status
Accepted for further research
Evaluation
Cr2: High availability
Cr3: Security of the files is rather low
Rationale
Accept for further research to gain more insights in the views of the
different stakeholders on this option
Design option
Identifier
D1-Opt2: Use a single local database owned by the owner of the
design files
Description
Suppliers could choose to place their design files at their own local
database and only share it with the printers once an order is placed
Relationship(s)
Status
Accepted for further research
Evaluation
Cr2: Availability of the design files within this option is low
Cr3: The security or the protection of the design files is high
Rationale
Accept for further research to gain more understanding on these
options on the stakeholder’s concerns
Design option
Identifier
D1-Opt3: Use a distributed database placed at the network of all
stakeholders (blockchain)
Description
Include a public blockchain, completely distributed database as an
alternative design option
Relationship(s)
Status
Accepted for further research
Evaluation
Cr3: High level of protection of the digital design files
Cr4: Difficult to scale this option as all the stakeholders must agree to
use it
Rationale
The option is included as it is a good representation of an alternative
option.
Legend 2: D#: Design issue, Cr#: design criteria, D#-Opt#: design option
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