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Abstract
Additive Manufacturing is become increasingly popular, however the literature from the
business point of view is poor. The aim of this project is to create a Reference Architecture
for Additive Manufacturing. To achieve this data were collected from literature and from the
industry, using interviews, and the COMET methodology was followed for the modelling. The
manufacturing processes, Functional and Non-Functional Requirements were identified and
were modelled.
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Management Summary
Additive manufacturing (AM), colloquially known as 3D printing, is currently being promoted
as the spark of a new industrial revolution. The technology allows one to make customized
products without incurring any cost penalties in manufacturing as neither tools nor molds
are required. Moreover, AM enables the production of complex and integrated functional
designs in a one-step process, thereby also potentially reducing the need for assembly work.
Purpose
The purpose of this project is to provide a Reference architecture (RA) for an IS of an AM
environment. The proposed system will be considered as part of an ERP, which is the
backbone of the business activity of the organization, and will interact with it.
Manufacturing Execution System (MES), as well as Customer Relationship Management
(CRM) system, will be part of the proposed architecture. The aim of this Reference
Architecture is to be a general approach that can be adapted to any manufacturer, no
matter the size and intended purpose, but which covers all the necessary functionalities of
AM.

Main Research Question: Which is the Reference Architecture of an Information
System that supports an Additive Manufacturing organization?
Research Method
To answer the research questions two sources of data were used. First, a literature review
was performed searching for Business Processes, Functional and Non-Functional
Requirements and ICT manufacturing technologies. Secondly, semi-structured interviews
were conducted with practitioners from the field of Additive Manufacturing in order to
verify and supplement the findings of the literature.
Using the data collected from these sources the COMET methodology was used, to design
the Business Models of the Additive Manufacturing organization and the Reference
Architecture. To evaluate the models a second round of interviews were conducted, where
the practitioners reviewed the models and provided scenarios, in order to validate the
architecture.
Conclusion
The list of Stakeholder that interact with the IS of an Additive Manufacturing organization
are presented. The stakeholders vary, depending on the type of organization, but these are
all the distinct roles that can be identified.









Customer
Designer
Production Manager
Executive Manager
Salesman
Supply Chain Manager
IT support
Production Employee
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Research Question 1: Which are the business processes that take place in an AM
environment?
The answer for this question was searched both in literature and in practice, by conducting
interviews. All the business processes that were found are summarized:
Receive order
Request for part
Billing
Receive 3D Model
Design 3D Model
Edit 3D Model
Automatic Check
Manual Check

Edit for printability
Batch parts
Prepare 3D printer
Manufacture
Post-processing
Clean 3D printer
Batch parts for shipping
Shipping

Research Question 2: Which are the Functional and Non-Functional Requirements of an AM
environment?
Based on the processes of the RQ1 the functionalities of the system that support an AM
organization were identified. Same as with RQ1, some functionalities of an AM system are
case depended. The FRs are presented in the following table.
Receive orders
Create invoice
Manage Payment
Manage orders
Plan production
Monitor status of order
Store customer details

Store 3D Models
Manage 3D Models
Manage raw material
Arrange shipping
Keep track of maintenance details
Keep log of production data
Keep log of operators

The search for Non Functional Requirements was challenging, as the literature for AM from
the Information System, or in general IT perspective is poor. In order to have a preference, in
case a compromise is needed, the order of importance was also asked by the practitioners.
The NFRs are summarized in the next table, ranked in order of importance.
1. Scalability
2. Security
3. Interoperability
4. Availability
5. Usability

6. Modifiability
7. Performance
8. Supportability
9. Configurability
10. Modularity

Research Question 3: Which ICT manufacturing technology trends can support the IS
architecture of an AM environment?
Additive Manufacturing is still a niche technology addressing a niche market. In that sense,
the possibilities of the technology itself have not been fully explored neither the options of
the combination of AM with other technologies. Thus, one of the objectives of this project
was to look into the ICT technologies that can collaborate with AM and yield better results.
The search in the literature and interviews provided the following technologies:
iii







Big Data
Wireless Connectivity
Cloud Computing – Manufacturing
Sensors
Internet of Things

Research Question 4: Which are the business models of the reference architecture that
supports AM environment?
Following the COMET methodology and based on the input of the interviews and the
literature the following architecture was designed.

Research Question 5: Is the proposed reference architecture fit and useful for an AM
environment?
A second round of interviews was conducted with the practitioners. They reviewed and
validated the architectural model. Furthermore, they provided scenarios to examine the
effectiveness of the architecture. The model covered all this scenarios, thus, it is considered
valid and effective.
Contributions
This project contributes to both academy and industry. The theoretical contribution is the
identification of the business drivers that influence the Information System of an AM
organization. The practical contribution is a useful tool for the practitioners to use as a
blueprint when they need to design of alter the IS of an AM organization.
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1. Introduction
Additive Manufacturing (AM) is a process of making a three-dimensional solid or hollow-core
object of virtually any shape from a digital model. AM is achieved using an additive process,
where successive layers of material are laid down in different shapes following the
specifications in a digital Computer Aided Design (CAD) file. AM is distinct from traditional
machining techniques, which mostly rely on the removal of material by methods such as
cutting or drilling (subtractive processes). The deposition of material is the important feature
that differentiates AM from subtractive processes, as it provides unprecedented
possibilities. The technology and its 3D multiplastic material printing or metal laser/electron
beam sintering/melting capabilities provide the means to develop truly industry changing
product design and manufacturing processes (Beyer, 2014).
According to the ASTM standard (2012), Additive Manufacturing is defined as “the process
of joining materials to make objects from 3D model data, usually layer upon layer”. Several
synonyms are also defined for AM: Additive Fabrication, Additive Processes, Additive
Techniques, Additive Layer Manufacturing, Layered Manufacturing, Rapid Manufacturing
and Freeform Fabrication. However, there is a confusion regarding the terms Additive
Manufacturing, 3D printing (3DP) and Rapid Manufacturing (RP). Practitioners tend to give
the same meaning to the first two terms, the only difference being that 3D printing is
intended for low quality, hobby products while AM is aimed to higher quality, industrial
parts and products. RP was termed after the process this technology was designed to
enhance or replace, the creation of physical prototypes (Dean, 2017).
On the other hand academics prefer to use the term 3D printing only for powder binding
manufacturing, a term that was originally used by MIT (Wong & Hernandez, 2012), because
of the similarity with the inkjet printing process that is used for two-dimensional printing in
paper, thus distinguishing it from the rest of the layered manufacturing processes. However,
all machines that are used for AM are referred to as 3D printers. In this context AM is used
to describe all the layered manufacturing processes. The second terminology will be used on
this report, as described also by Figure 1.

Figure 1: Additive Manufacturing Processes classification (Wong & Hernandez, 2012)
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According to the 2016 edition of the Wohlers Report (2016), the most recognized and
comprehensive account on the state of the global additive manufacturing industry today,
the AM industry has grown by $1 billion, for a second year in a row, to a total of $5,165
billion. The findings are based on information from 51 industrial system manufacturers, 98
service providers, 15 third-party material producers, various desktop 3D printer
manufacturers, and 80 3D printing experts from 33 countries worldwide.
That $5 billion represents a compound annual growth rate (CAGR) of 25.9% in 2015, which is
slightly lower than the 33.8% CAGR of the past three years, yet still extremely promising.
Wohlers also indicated that over the past 27 years, the CAGR for the industry is 26.2%,
demonstrating impressive consistency. In 2014, the 3D printing industry grew 34.9%, the
highest growth rate in 17 years.
Additive manufacturing technology can offer significant advantages to the industrial
workplace. Ford and Despeisse (2016) conclude in their work that AM can enable more
sustainable models of production and consumption, investigating AM's adoption through a
life cycle perspective. It can offer advantages such as savings in material and energy in the
production of high value products, improved durability simplification of supply chain
because of the simplicity of its raw materials. Additionally, AM not only eliminates the
different stages needed to develop a product, as only one machine produces the product
from scratch, but also gives freedom to the designer, as a small change to a 3D model is
translated to an minimal change in production times and processes, whereas even a simple
change in the design may result in a significant increase in the time required to build using
conventional methods.
Some may argue that CNC machining can provide the same advantages as AM. Although
CNC combines many functionalities, it requires careful planning and a sequential approach
that may also require construction of fixtures before the part itself can be made. All this of
course presupposes that these technologies are within the repertoire of the available
machines. AM on the other hand, does not need planning of sequence, as it combines
everything in a single process. With the addition of some supporting technologies like
silicone-rubber molding, drills, polishers, grinders, etc. it can be possible to manufacture a
vast range of different parts with different characteristics. Workshops which adopt AM
technology can be much cleaner, more streamlined, and more versatile than before (Gibson,
Rosen, & Stucker, 2015).
Additive Manufacturing allows the building of parts with very complex contours, cavities,
and complicated lattice structures, parts that are difficult or even impossible to produce,
using subtractive processes. Researchers have used AM to create a range of products that
can change the technological landscape, from tiny lithium-ion microbatteries the size of a
grain of sand (Ferber, 2013) to 1.5 tone building blocks in space, used to build a base on the
moon (ESA, 2013). AM can also reduce waste in both production and consumption (Yoo, Ko,
& Chun, 2016). Industry experts consider it a promising technology because of its
customization capabilities, enabling a very broad spectrum of products with minimal setup
costs (NIST, 2013).
Manufacturing managers need to consider many factors to decide if additive manufacturing
is an appropriate fit for their businesses. Each AM technology has its own processing
capabilities, advantages and limitations including materials, build volume, processing speed,
part quality (mechanical performance, dimensional accuracy and surface finish), and the
2
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amount of post-processing required to improve the material properties, surface finish, and
dimensional accuracy (Conner, et al., 2014).
AM is ideal for one-off products, but it can also be used for bigger batches. Barz et al. (2016)
indicate that using AM for serial production leads to two advantages of AM compared to
using subtractive production technologies (like milling, lathing etc.). These two main
advantages are functional integration of parts and a higher resource efficiency for
production. Due to technological development AM has the potential to replace classical
subtractive production technologies (Cottrill, 2011).
While ΑΜ enables the production of a wide variety of products, it is not the best
manufacturing approach for every manufacturer. The traditional economy-of-scale paradigm
is not relevant to the additive manufacturing technology leading to what is called economyof-one (Petrick & Simpson, 2013). Furthermore, compared with the traditional
manufacturing processes AM has a higher degree of equipment automation and simpler
process. On the other hand, throughout the design and production processes of AM, more
flexible customization process is required which limit the application of the existing
methods. The different business logic behind AM manufacturing differentiates the manner
in which manufacturing operates, creating the need for different Information System
solutions supporting the new technology.
Information Systems (IS) are the backbone of any modern organization. In every domain of
the industry and the society, they are widely used and their complexity is constantly
increasing as they integrate progressively more functionalities over time. All these functions
need to be interconnected either within the boundaries of the organization or many times
across them. An example of this paradigm shift is the banking sector, which used to be a
heavily paper-based industry while now it is almost completely digitalized (Grefen, 2015).
Along with the growing functionality and interconnectivity of IS, their quality features are
also required to be improved, as they historically changed from an supporting mechanisms
to the center of business activity, thus their performance is a critical factor for achieving
business goals.
All these requirements gave birth to the need for structure. This structure comes into the IS
domain in the face of architecture. Every IS has an architecture which is “the structure or
structures of the system, which comprise software elements, the externally visible
properties of those elements, and the relationships among them” (Bass, Clements, &
Kazman, 2003). This need is the focus of Software and Hardware engineering, bringing IS
architecture in the center of the attention. The fact that IS architecture attracts attention
implies that the role of IS architect grows in importance, which is currently observable in
many modern organizations (Grefen, 2015).
The purpose of this project is to provide suggestion for implementation for the architecture
of an IS that supports an AM environment. An AM environment is defined as a production
facility of any size, where the production is carried out by additive manufacturing systems.
Manufacturers who use AM as a supporting method, while using mainly conventional
manufacturing methods, will also be taken into consideration. In Section 1.1 the problem is
stated and is dissected into research questions. Section 1.2 describes the research method
that is going to be followed to address the research questions. Finally, Section 1.3 describes
the structure of the report.
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1.1 Problem Statement
This section focuses on the part of the AM that will be considered for this project and define
the problem, from which the main research question will be derived. The main research
question will be further analyzed into research questions.
As mentioned, IS are very critical to the operations of a modern organization, providing ways
of managing complexity of information intensive processes and achieving integration of
manufacturing activities within and among manufacturing enterprises. Manufacturing
companies introduced Material Resource Planning (MRP) systems in the 1940s, which
involved progressively covering more functions and leading to the creations of Enterprise
Resource Planning (ERP) systems. Manufacturing Execution Systems (MES) have been
introduced to enable information exchange between the organizational level, commonly
supported by an ERP, and the control systems for the shop-floor, usually consisting in
several, different, specially customized software applications (D’Antonio, Segonds, Bedolla,
Chiabert, & Anwer, 2015).
Computer based control systems can be combined with manufacturing technology, such as
robots, machine tools, automated guided vehicles, to improve manufacturing operations. In
this role, the IS can assist integrating these technologies into a lean and efficient factory
capable of competing in world markets. Existing conventional enterprise systems, databases
and other data sources are important part of manufacturing and will retain their importance
in the future (El Kadiri, et al., 2016).
AM is still a new technology that has not been fully integrated in an industrial environment.
3D printers exist and their capabilities are known and growing but only in a workshop level,
used for a limited number of custom products, either for customer use (Modekurthy, Liu,
Fletcher, & Leu, 2015) or for prototypes (Gibson, Rosen, & Stucker, 2015). That is not the
end of the journey for AM, as the goal is mass customization products. To be able to handle
a production of a larger volume, an AM environment must have the support of a
corresponding IS. Another use for AM production is as a complementary form of production
for high tech companies. These companies even though they rely mainly on traditional forms
of manufacturing, they can use AM for special parts, products or prototypes.
Currently, there is a lack of appropriate information tools to promote and support the
innovative capabilities of AM. The absence of design instruments is particularly noticeable in
the literature, but interest in the field is starting to emerge (D’Antonio, Segonds, Bedolla,
Chiabert, & Anwer, 2015). Frazier (2014) collects challenges that AM technology faces in
business, technology, design and control domains. Modekurthy et al. (2015) emphasize the
importance of the involvement of the customer and his preferences on the design and
production of AM products, as in most cases the products are customized, and the lack of
tools to tackle effectively that aspect.
A few architectural proposals for have been made, for instance a Broker for Cloud Additive
Manufacturing Services (Modekurthy, Liu, Fletcher, & Leu, 2015) , a Multi Agent Based AM
Cloud Platform (Wang, Yao, Yang, & Chen, 2016) or a systems approach (Kim, Witherell,
Lipman, & Feng, 2015). Modekurthy et al. (2015) consider only the choice between different
AM vendors, Kim et al. (2015) examine only the manufacturing process of AM and give a
map about information flow and Wang et al. (2016) provide a layer platform, but no
connection between elements or modules. Thus, there is no architectural approach for
Additive Manufacturing.
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The purpose of this project is to provide a Reference architecture (RA) for an IS of an AM
environment. The proposed system will be considered as part of an ERP that is the backbone
of the business activity of the organization and will interact with it. MES as well as Customer
Relationship Management (CRM) systems, will be part of the proposed architecture. As
already mentioned currently AM focuses on high tech industry, for high mix low volume
production, thus using the job (also known as one-off production) manufacturing paradigm
or batch production for multiple copies of the same product, but always limited in number,
but attempts are made to also adapt it to mass production (Bharadwaj, 2013). Thus the
scope of this project should cover all three manufacturing paradigms. In terms of clients the
focus is both on both Business-to-Business and Business-to-Customers.
The intended purpose of this Reference Architecture is to act as a guideline for an
organization, whether it is large or small, workshop or factory, which can have AM as the
main manufacturing method or as a complementary technique for the production of
specialized parts. The idea is to make a Reference Architecture as general as possible, but
which covers all the necessary functionalities, that practitioners can adjust to the need of
their own organization.
A good Information System Architecture is essential for effective and efficient business
management in almost any modern organization. This is reflected in the observation that
modern economies not only rely on the three traditional production factors Capital,
Materials and Work Force, but also on Information as the fourth production factor, in many
cases the most important (Grefen, 2015).
As the environment of the organization rapidly changes, an IS must be able to follow, or
even better predict, these changes and adapt accordingly. An IS must, thus, have the
necessary agility to evolve with the requirement of the organization it supports. In other
words it must be responsive to requirements pull (Grefen, 2015).
On the other side an IS must deploy modern technology to increase its functionalities and
support better its organization, especially in technology-driven markets (Grefen, 2015).
Recent technologies, like Internet of Things and mobile technology can reshape whole
organizations, hence an IS must be responsive to this technology push.
Architecture stands in the middle of these two forces that try to shape it. It plays a central
role and must always balance between requirements pull, which is the caused by business
structures and technology push, which is cause by technological advance.
Venkatraman and Henderson (1993) discuss analytical and administrative approaches for
conceptualizing and managing the connection between strategic management and
Information Technology and suggest that an organization should align their strategic
management with their IT development if they want to fully exploit it. They also discuss the
analytical approach through their Strategic Alignment Model – defined in terms of four basic
domains of strategic choice: Business Strategy, Information Technology Strategy;
Organization Infrastructure and Processes, and Information Technology Infrastructure and
Processes.
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Business Domain

IT Domain

Internal

Business Strategy

Information Technology
Strategy

External

Organization Infrastructure
and Processes

Information Technology
Infrastructure and
Processes

Figure 2: The Strategic Alignment Model (Henderson & Venkatraman, 1993)

As seen in the Strategic Alignment Model the relationship between external and internal, as
well as between business and IT domain is bilateral, which means that a change on one
element has an impact on the other. In that context they have identified four dominant
perspectives of alignment. Two where Business Strategy works as driver (Business Push) and
two where IT strategy works as an enabler (Technology pull). These two major forces shape
the organization, thus they also have a substantial impact on the IS. Hence, they must be
taken into account while designing the architecture of the IS.
An important aspect of the problem are the list of stakeholders that are relevant to the case.
Studying the literature discussed above the stakeholders were identified. Τhey are listed and
described in Table 1.
To achieve the goal of this project a number of steps need to be taken. The first step is the
identification of the business processes that are related to AM in an organization, such as
manufacturing processes, sales, procurement etc. That is the first step to understand what
an IS should do and how should do it, which is the next step, namely the identification of
Functional and Non-Functional Requirements.
Functional and Non-Functional Requirements of a system represent the business qualities of
a software system and must be satisfied, so a system can be considered successful. A
Functional Requirement (FR) defines a function of a system or its component. A function is
described as a set of inputs, the behavior, and outputs. A Non-Functional Requirement
(NFR), also known as quality requirement, represent criteria that can be used to judge the
operation of a system, rather than specific behaviors. The FRs and NFR of an AM
environment will be identified.
All the above mentioned information will be used to design a Reference Architecture for an
AM environment. The modelling of the IS of an AM environment will be conducted using the
COMET methodology (Berre, et al., 2007) as basis. To take the composed IS architecture one
step closer to implementation, modern ICT manufacturing technology trends will be
considered in the context of Additive Manufacturing, they will be judged in terms of
relevance and effectiveness and the most appropriate will be selected.
6
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Table 1: Stakeholders of an IS supporting AM

Stakeholder
Customer

Description
The Customer is the recipient of the
produced goods, the one who buys them
from the manufacturer.
The Designer creates the 3D model of the
products or redesigns it for another use. In
certain cases a customer can create the 3D
model.
The Production Manager oversees the shop
floor and the AM machines, determines the
queue of the products and in general
manages the production process.
The salesman is the person that contacts
the customers and manages orders and
billing.
The Supply Chain Manger is in charge of the
movement and storage of raw materials, of
work-in-process inventory, and of finished
goods to the customer.
IT support is responsible for maintaining
the IS and handling operational problems
that might occur.

Designer

Production Manager

Salesman

Supply Chain Manager

IT support

Finally, the product of this project, the Reference Architecture, must be reviewed for
possible mistakes or key points that it fails to address. For that reason the architectural
model is going to be reviewed by experts in a second round of interviews. As Clements et al.
(2003) state: “Architecture evaluation is a cheap way to avoid disaster.”
The research goals are summarized in the following research questions:

Main Research Question: Which is the Reference Architecture of an Information
System that supports an Additive Manufacturing organization?
Research Question 1: Which are the business processes that take place in an AM
environment?
Research Question 2: Which are the Functional and Non-Functional Requirements of an AM
environment?
Research Question 3: Which ICT manufacturing technology trends can support the IS
architecture of an AM environment?
Research Question 4: Which are the business models of the reference architecture that
supports AM environment?
Research Question 5: Is the proposed reference architecture fit and useful for an AM
environment?
In the typical design process of an IS architecture technologies are defined in a late stage, as
the design moves in the dimension of Abstraction from a Reference Architecture to a
Concrete one. However, AM is an High-tech intensive domain, so it is useful to consider ICT
7
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manufacturing technologies that can be beneficial in an early stage and integrate them in
the Reference Architecture, thus exploiting them better. As Grefen (2015) suggests
“architecture (A) can be seen as a pivot between business (B) and organization (O) structures
on the one hand and technology (T) on the other hand” (Figure 3). Thus, technology
influences the IS Architecture, as Organization and Business does. Having that in mind, ICT
manufacturing technologies available will be identified before creating the architecture, in
order to be better integrated.
According to the Master Thesis guidelines of the Operations Management and Logistics
program, every graduation project should have both scientific rigor and practical relevance.
According to Hevner et al. (2004) “IS research must address the interplay among business
strategy, IT strategy, organizational infrastructure, and IS infrastructure”. They composed a
research framework (Figure 4) stating that IS research should be a bridge between the
knowledge base and the business environment. That framework will be used as map for this
project, in order to secure both its scientific and practical value.
In the rigor side of the framework, literature is used to initiate the idea behind the project,
as it is found in the existing literature that IS solution for AM is something that is being
researched by academics and practitioners. Foundations and Methodologies will be used
from the literature as foundation, upon which the architectural solutions will be build. On
the relevance side, insight from the industry will be sought. Interviews from practitioners
will provide a better understanding of the roles and the organization of the industry as well
as the AM technology and how it is used in practice. Based upon the pillars of rigor and
relevance a reference enterprise architecture will be developed and then it will be evaluated
and refined.

Figure 3: Architecture as a pivot (Grefen, 2015)

Finally, the contribution will be to both sides; to the practical side a new tool for the
practitioners, which can consult, when developing or modifying an IS architecture of an AM
organization, and to the theoretical side new insights from the IS perspective of the AM will
be given and a stepping stone for the next steps of research in the IS of manufacturing field.
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Figure 4: Information Systems Research Framework (Hevner, March, Park, & Ram, 2004)

1.2 Research Method
The research method that was followed, in order to answer the research questions, is
presented in this section. The research method follows the Research Questions, as the
purpose is to answer them.
To answer research question 1, 2 and 3 a deeper search in the literature was performed
along with interviews with practitioners of the AM field. The literature found during the
preparation of the research proposal concerned AM from an architectural or a general IT
perspective. A new study was performed with a broader spectrum to locate literature
describing manufacturing processes, stakeholders and requirements. The proper keywords
were identified and a search was conducted in a number of selected literature repositories
relevant to the field of industrial and mechanical engineering and manufacturing. Web of
Science, Scopus and Science Direct cover the relevant research area, as it is described in
Paragraph 2.1.1.
The articles found were screened based on their title and on their abstract. The articles that
had were referring FRs, NFRs and manufacturing processes were added to an article pool,
along with the articles that had already been discovered. Then all of them were scanned,
using coding methodology (Glaser & Strauss, 1967). The literature part served more as a
supporting part, to prepare the ground for the interviews, as the opinion of the practitioners
provided a clearer insight of the ideal IS for an additive manufacturing system.
The theoretical answers to the research questions need to be supported by practical data,
therefore the opinion of practitioners were sought. The industry practitioners were selected
using various methods. First, an internet search was performed to find organizations in the
area of Eindhoven or any other region, which is feasible to travel to, which use AM
technologies. These organizations were contacted to find the most appropriate person to be
9
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interviewed. Those who gave a positive response were interviewed, and were also asked to
refer other relevant people for interviews. Thus more interviewees were approached using
the snowball sampling (Biernacki & Waldorf, 1981). A second way of approaching experts
will be via the contacts of the university. Professors and PhD candidates that work on
Additive Manufacturing were sought, asked to refer relevant practitioners. Lastly, the
supervisors of the project, used their contacts in industry to approach AM experts.
The interviewees must also be compliant to three criteria in order to qualify as AM experts
(explained in detail in Paragraph 3.1.1): their organization must be relevant to AM, they
must have a role in the company that is in position to answer the questions and they must
be experienced in AM.
The interviews were semi-structured, because of the small sample and the need to study
them as specific situations (Paragraph 3.1.1). The questions concerned the stakeholders of
the system (Table 1) and their interaction with each other and the IS, manufacturing
processes and in general what the IS should do and how it is desirable to do it (FRs and
NFRs). The already identified stakeholders, processes, FRs and NFRs, were also be discussed
with the professionals, to receive their important opinion. The order of the interviews was
based solely on the time availability of the experts. The outcome of an interview did not
influence the next ones, as there was a second round of interviews to cross reference the
results. Based on their input the identified data were confirmed, discarded or changed and
new ones were be added.
For the modelling of the architecture the COMET methodology was used. One of the reasons
was that COMET encourages reusability within product families with the reference model
concept. A reference model provides a means of standardizing concepts, models, and
patterns, and provides a framework for reuse within a domain. Another reason was the
object-oriented paradigm for modelling that is followed on COMET, in which the real world
as well as the software systems are viewed and modelled as a set of collaborating objects.
Therefore, the insights can be drawn for the objects of the system (e.g. Stakeholder,
Functions) and their interaction, which can be used in other fields as well.
All the interviewees were also asked to participate in a second round of interviews to review
the created reference architecture. In these review session the models that were developed
were shown and explained to the experts to ensure their validity. Consecutively, they were
asked to provide real life scenarios of their organizations and a discussion was performed on
how the RA would support those scenarios. Based on their feedback minor changes were
made to the models. The final product is demonstrated in Chapter 4 and the scenarios are
demonstrated in Chapter 5.

1.3 Structure of report
In this section the structure of the report is presented. As it was discussed the data will be
collected using two sources. The first source is literature. The procedure of searching
through the literature is demonstrated in Chapter 2. The second source is the opinion of the
AM experts. The interviews are being presented in Chapter 3. The data are used for the
modelling of the Reference Architecture, which is displayed in Chapter 4. The review of the
experts is exhibited in Chapter 5. Finally, the report is concluded in Chapter 6, were all the
results are being analyzed.
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Literature
Chapter 2

Modelling
Chapter 4

Evaluation
Chapter 5

Interviews
Chapter 3

Figure 5: Thesis structure
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Conclusion
Chapter 6

2. Literature Review
The goal of this chapter is to gather enough data to answer sufficiently Research Questions
1, 2 and 3. Data will be gathered from two kinds of sources; first literature (Section 2.2) and
then interviews with practitioners (Chapter 3).
The data needed to compose the Reference Architecture for the AM can be seen as the two
sides of Figure 3; from one side there are the Business and Organizational Aspects and on
the other side Technology Aspects. Thus, the collection of data needs to cover these two
Aspects in order to have enough insight to successfully satisfy the Architecture Aspect. The
themes covering Business and Organization are Manufacturing Processes, Functional and
Non-Functional Requirements and Stakeholders, while ICT manufacturing technologies cover
the Technology Aspect.

2.1 Search methodology
This section describes the methodology followed to perform the literature survey. First the
databases, in which the search will be conducted are presented. Then, the search terms,
which are going to be used to cover the scope of this review will be presented and analyzed.
Last, the initial results of the search are obtained and the screening process is described,
which is used to filter the results and conclude in the ones that are most relevant and will be
thoroughly analyzed.

2.1.1 Databases and Search terms
In order to cover the larger possible spectrum of the literature multiple literature
repositories will be used. The three repositories that will be used are Web of Science,
Science Direct and Scopus. The aim is to cover the relevant journal articles and conference
papers. Only peer reviewed articles will be examined, in order to ensure their validity and
scientific value.
Table 2: Contents of the selected repositories

Repository
Web of Science (Science, 2017)

Science Direct (Elsevier, 2017)

Scopus (Scopus, 2017)

Content
- 100 million records
- 33,000 Journals
- 160,000 Conference proceedings
- 12 million records
- 3,800 journals
- 35,000 books
- Over 60 million records
- Over 21,500 Journals
- 7.2 million conference papers

The three selected science literature repositories have enough journal articles and
conference proceeding to cover the necessary research area efficiently. Web of Science and
Scopus are multi-disciplinary repositories with abundance of content which can cover both
the IS as well as the AM field. Science Direct is more focused on the IS field. Together they
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cover sufficiently the research space of this project both in terms of scientific field and
quantity.
The goal of the literature search is to find articles relevant to Additive Manufacturing,
requirements, business and manufacturing processes. Thus, these are the search terms:
1. Additive manufacturing
2. Information Systems
3. Business and manufacturing process
In the literature exist many different terms that describe the exact same thing, depending on
the background of the author, country etc. For that reason alternative versions of the search
terms are investigated. For the third term only the “process” part is to cover more results.
Table 3: Search terms and synonyms

Search Term

Alternative

Additive manufacturing

3D Printing, rapid manufacturing

Information System

Enterprise System, Information and Communication
technology (ICT) (including plurals)
plural

Process

2.1.2 Selection Criteria
The search will provide a number of articles, but not all of them are relevant to the review
that is conducted. In order for the articles to be filtered and the most relevant and with the
most scientific value, a number of criteria will be established. Based on these criteria the
articles will be screened in steps until the most preferable ones remain.
The criteria concerning the accessibility of the articles are the following:
1.
2.

The language of the article must be English.
The full text must be accessible.

After the first screening takes place the content of the articles must be taking into
consideration. These criteria are:
1.
The article must be published on 2000 or later.
2.
The article must regard Additive manufacturing from the business of IS point of view
of Information Systems or mention business of manufacturing processes.

2.1.3 Articles
The results of the queries performed in the three repositories is presented in Table 3. The
search method is similar in the three databases and the same search terms were used, using
the search method of every database, in order to perform the same search.
The literature search produced 132 relevant articles. These articles were further screened
based first on their title and then on their abstract. The articles which pass the screening will
added to the article pool and thoroughly studied in order to answer the research questions.
The analysis of the literature is described in Section 2.2.
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Table 4: Search queries and results

Repository

Web of Science

Science Direct

Scopus

((TS="Additive
Manufacturing" OR
TS="3D printing" OR
TS="Rapid Prototyping")
AND (TS="Information
System*" OR TS="ICT"
OR TS="Enterprise
System") AND
(TS="Requirement*" OR
TS="Process*"))

pub-date > 1999 and
tak(("Additive
Manufacturing" OR
"3D printing" OR
"Rapid Prototyping")
AND ("Information
System*" OR "ICT"
OR "Enterprise
System") AND
("Requirement*" OR
"Process*"))

TITLE-ABS-KEY ( (
"Additive
Manufacturing" OR
"3D printing" OR
"Rapid Prototyping" )
AND ( "Information
System*" OR "ICT"
OR "Enterprise
System" ) AND (
"Requirement*" OR
"Process*" ) ) AND
PUBYEAR > 2000
AND DOCTYPE ( ar
OR cp )

Publication Years

2000 - 2017

Search area

Topic

Language
Results
Unique Results

English

2000 - 2017
Title - Abstract Keywords
English
10
132

2000- 2017
Title - Abstract Keywords
English
122

Search query

38

Section 2.3 describes the search in literature for ICT manufacturing technologies that can
collaborate with AM. A separate search was conducted for them, as it was not possible to fit
them in the query described in Section 2.2.

2.2 Literature Synthesizing
As stated in Section 1.2, the literature found during the preparation of the research proposal
concerned AM from an architectural or a general IT perspective. It was not enough to form a
clear picture for the Information System of an AM organization, as the literature concerning
AM, from that aspect is scarce. Thus, a new study was performed with a broader spectrum,
including articles from other specialization, such as manufacturing and mechanical
engineering, which could describe manufacturing processes and requirements or they could
be derived from the content. The search methodology is described in Section 2.1.
To extract the relevant information from the literature, Coding Methodology was used
(Glaser & Strauss, 1967). For every one of the research questions, different conceptual
categories needed to be identified, thus the literature was processed using Open Coding
(Goulding, 2002), as they are not predefined codes or categories, which are going to be
confirmed. Line-to-line coding is not applicable here are there are large text pieces that do
not contain any useful information, while one line of text might contain more than one
codes. The articles are processed and in relevant parts of the text a code is going to be
assigned.
Manufacturing tasks and process is described in Paragraph 2.2.1. A number of articles
describe the Additive Manufacturing in detail enough to give a clear picture. Based on the
tasks the Functional Requirements of AM were discovered and demonstrated in Paragraph
2.2.2. Non-Functional Requirements were identified also from the article pool and are
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demonstrated in Paragraph 2.2.3. By reading the gathered articles, some NFRs were
explicitly mentioned in the text, while others were described but were not mentioned in
name.

2.2.1 Manufacturing Process
The primary function of an AM process is to convert raw material into a series of connected
solid primitives in a layer based, additive manner to manufacture a part. During AM process,
different sub-processes are necessary, and the boundaries that define these sub-processes
may differ depending on the perspective taken (Kim, Witherell, Lipman, & Feng, 2015). For
that reason, a number of articles that describe AM processes were analysed, in order to look
into different perspectives and find the common ground.
Table 5: Summary of AM tasks

Task

Wang et
al. (2016)

Kim et al.
(2015)

Gardan
(2016)

Administration &
sales
Order Placement
x
Payment
x
Order verification
x
Placement in queue
x
Identification of
manufacturing
x
Services
Artifact Scan
x
Creation of 3D
*
x
model
Materials &
Processing
Build Preparation
x
Machine Code
x
Generation
Configuration
Format Exchange
AM Design
Traditional Analysis
Simulation
Physics Analysis
Validity Analysis
x
Request
x
Manufacturing
Part Fabrication
x
x
In situ monitoring
x
Post processing
x
Quality
Shipping
x
*assumes 3D model is delivered along with the order

Lu
(2016)

x

Coteleer
(2016)

Schröder et
al. (2015)

Code

SCOR
level

x

1,2

2

1
2
1
4

3
3
4
3

4

4

3

4

x

3

3

x

5b

4

x

5a

4

5b

4

5b
5b
5b
5a
5a
5a
5a

4
4
4
4
4
4
4

5b

4

6
7
8
8
9

3
3
3
4
3

x

x

x

x

x

x
x
x
x
x
x

x

x

x

x

x
x
x

x
x
x

The articles were analysed using Open Coding procedure (Goulding, 2002). Any new task
that was identified it was compared with the already identified tasks, to examine whether it
is the same or similar process. If not it was assigned to a new code. After all the tasks were
identified and coded a second validation was performed, in order to ensure that all the
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described task were allocated in the correct conceptual category (code). The results are
demonstrated in the Table 5.
Based on different sources, 9 main conceptual categories (codes) were identified between
the order of a new product and the final delivery to the customer. There were no conflicts
between the articles. The difference was that some tasks were explained in different
manner because of the difference in viewpoints. Each category is corresponding to a main
task of the manufacturing process. The following paragraphs describe the nine tasks
providing a brief explanation of what makes the tasks distinct, as well as an explanation of
the transition between them. The process model that was formed based on these tasks is
presented in Appendix B.
1.

Order Placement

The first step of the production process is the arrival of the order. Depending on the type of
the manufacturer, the order can be received internally, from another part of the company
requesting the production of a part, or externally, from a client requesting one or more parts
or finished products. The order is given as a list containing the parts, number of parts to be
produced, materials and in some cases the 3D CAD models of the parts that will be produced
(Wang, Yao, Yang, & Chen, 2016; Schröder, Falk, & Schmitt, 2015).
2.

Payment

In case of the external customer, after the order is received an invoice is created,
automatically or manually. The cost of a single product is typically determined by its size and
material and there is no volume discount, in most cases, as the unit cost is constant because
of the peculiarity of AM; producing one part follows the same procedure as producing a
thousand (Schröder, Falk, & Schmitt, 2015; Wang, Yao, Yang, & Chen, 2016).
3.

Creation of 3D CAD model

Creation of the 3D CAD model is an optional task, which differs from manufacturer to
manufacturer. AM companies which are responsible for producing only receive the 3D
model along with the order, hence, typically they employ no designer. Companies which are
producing parts using AM internally, design the parts internally in the corresponding
department or outsource the activity to a subcontractor. In the case of reproduction of an
existing part 3D scanning of the original product takes place, in order to reverse engineer the
product and create a 3D model that the 3D printer uses (Kim, Witherell, Lipman, & Feng,
2015; Gardan, 2016; Lu, Witherell, Lopez, & Assouroko, 2016; Cotteleer, Trouton, & Dobner,
2016; Schröder, Falk, & Schmitt, 2015).
4.

Order queueing

All the received orders are gathered into a queueing pool. As an order may contain more
than one kind of parts, or multiples of the same part, every part is considered
independently. The parts are allocated to the corresponding machine based on their
material, volume and shape and are queued based on priority (Wang, Yao, Yang, & Chen,
2016).
5.

Pre-manufacturing control

The tasks coded 5a and 5b in Table 5 indicate a number of tasks that are described in the
literature, using different terms in every article, but in essence they describe the preparation
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phase of production. They are divided here in two main categories which are described in
the following sections, namely 3D model check and printing preparation (Wang, Yao, Yang, &
Chen, 2016; Kim, Witherell, Lipman, & Feng, 2015; Gardan, 2016; Cotteleer, Trouton, &
Dobner, 2016; Schröder, Falk, & Schmitt, 2015).
a) 3D model check
The common task that all manufacturers perform is validation of the final 3D model. Based
on the specifications of the 3D printer, an employee validates the printability of the model
and confirms that the intended tolerance standards will be met. For instance, it is made sure
that the volume of design is not larger than what the 3D printer can produce or that the
details are not smaller than the tolerance of the print (Wang, Yao, Yang, & Chen, 2016; Kim,
Witherell, Lipman, & Feng, 2015; Gardan, 2016; Cotteleer, Trouton, & Dobner, 2016;
Schröder, Falk, & Schmitt, 2015).
b) Printing preparation
There is a number of additional different processes between queueing and fabrication of the
product but they all fall under the same category: preparation for printing. Dependent on a
number of parameters (company, number of parts, 3D printer, material etc.) different
processes are needed to convert a 3D CAD model into an executable file. These may be
conversion of the 3D model to STL file (the standard file type that most 3D printers
recognize) or machine code, removal of imperfections of the 3D model, printing simulation
etc (Wang, Yao, Yang, & Chen, 2016; Kim, Witherell, Lipman, & Feng, 2015; Gardan, 2016;
Lu, Witherell, Lopez, & Assouroko, 2016; Cotteleer, Trouton, & Dobner, 2016; Schröder, Falk,
& Schmitt, 2015).
6.

Manufacturing

During the manufacturing process, the operator has to prepare the machine with its raw
material (powder, resin cartridge(s), polymer spool(s), etc.) and the manufacturing source
(laser, printing head(s), binder cartridge(s), etc.). For the manufacturing, the support
material maintains the external and internal surfaces to keep a steady geometry with a
structure using scaffolding. In some cases, extra support mechanisms are created, in order
to support a part with unstable geometries, which are removed in the post processing phase
(Wang, Yao, Yang, & Chen, 2016; Kim, Witherell, Lipman, & Feng, 2015; Gardan, 2016; Lu,
Witherell, Lopez, & Assouroko, 2016; Cotteleer, Trouton, & Dobner, 2016; Schröder, Falk, &
Schmitt, 2015).
7.

Monitoring

A number of manufacturers use in situ monitoring of the AM process. There are no standard
formats for data generation and management while monitoring and controlling the AM
process. Companies need the information produces from 3D printers, since these results are
closely related to the mechanical properties and quality of resulting AM parts (Kim,
Witherell, Lipman, & Feng, 2015). The data can then be used for research and development,
from the 3D printer manufacturer or for prediction of quality of the products in the future
(Kim, Witherell, Lipman, & Feng, 2015; Cotteleer, Trouton, & Dobner, 2016).
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8.

Post Processing

After the product is printed it sometimes necessary to be further processed for a better
results. The product is removed for the 3D printer and cleaned of any residues, if any, for
instance powder, in the case of powder based production techniques. Supporting structures
are also removed in this phase. Furthermore, post processing may involve subtractive
manufacturing processes, as milling or drilling. The creation of a hole in a product can be
achieved faster with better tolerance using drilling than AM. Polishing is another case of post
processing. The last step is inspection, to evaluate the quality of the product and ascertain it
meets the requirements (Kim, Witherell, Lipman, & Feng, 2015; Gardan, 2016; Lu, Witherell,
Lopez, & Assouroko, 2016; Cotteleer, Trouton, & Dobner, 2016; Schröder, Falk, & Schmitt,
2015).
9.

Shipping

The last step of the manufacturing process is shipping. The final products are batched into
orders and are boxed for shipping. Then they are delivered to the customers using a delivery
company. This part is of course is not applied to companies, who produce parts internally, in
which case they are stored to the warehouse or moved to the assembly location (Wang, Yao,
Yang, & Chen, 2016).

2.2.2 Functional Requirements
In this paragraph the material found in the literature concerning functional requirements of
the system will be presented. Articles discussing what functions the IS of an AM organization
needs to perform, are demonstrated here. The information of the literature will be used as
input for the COMET model, in order to create the necessary business models.
The Functional Requirements of the IS, were identified based primarily on the manufacturing
process of the previous paragraph. Based on these tasks, the functions that the system need
to perform to complete these tasks are demonstrated. Even though the following functions
are based on the tasks of Paragraph 2.2.1, there in not a one-to-one correspondence. Some
of the tasks are performed solely by human actors. The functional requirements describe the
functions that the IS must perform to support AM.
Order placement
An important task for the system is the interaction with the customer. The system should be
able to interact with the customer and receive an order with every element strictly defined
(e.g. material, dimensions etc.) (Wang, Yao, Yang, & Chen, 2016; Schröder, Falk, & Schmitt,
2015).
Payment handling
Another important aspect of the manufacturing process is billing. It is desirable for the
system to be able to make an invoice based on the received order automatically, thus saving
time and resources, as no human interaction is needed. Billing is also possible to be handled
manually. Payment is desirable to be made automatically, as soon as the customer places
the order, interacting with corresponding payment services (Wang, Yao, Yang, & Chen,
2016).
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Order queueing
The IS must also be able to handle orders that are in the system. This includes queueing the
orders in an optimal manner, based on certain criteria (e.g. throughput maximization, lead
time minimization, customer prioritization) (Wang, Yao, Yang, & Chen, 2016).
Monitoring status
It is important that the system keeps track of the status of the orders, the production steps
that has passed, all the changes that have been done to it and the people who made the
changes (Kim, Witherell, Lipman, & Feng, 2015; Cotteleer, Trouton, & Dobner, 2016).
Data storing
A database for storing data, such as 3D models and printing data, is necessary. This
information may have value in the future, for instance a 3D model can be reproduced, or
modified/redesigned in the future to make a similar product (Cotteleer, Trouton, & Dobner,
2016; Kim, Witherell, Lipman, & Feng, 2015).
Shipping arrangement
It is desirable that the system can interact with the shipping partners of the organization,
compare prices and service and arrange shipping automatically (Wang, Yao, Yang, & Chen,
2016).

2.2.3 Non-Functional Requirements
In this paragraph the Non-Functional Requirements that were found in the literature will be
presented. These NFRs will be confirmed and complemented by the interviews that will
follow.
Modularity
The diversity of AM processes, and the different types of parameters, means there are
various ways to represent information within a domain, which creates challenges. When
information can be managed in a modularized way for each phase, the information can be
manipulated in a reusable and composable way for a specific purpose (Kim, Witherell,
Lipman, & Feng, 2015). Modularity is important for this project as the intended users have
different characteristics, thus it is desirable to isolate functionalities that are not relevant to
them, without having impact on the quality of the system (e.g. an organization which uses
AM internally, does not need payment module).
Configurability
Configurability is necessary to recognize and conform to technological advances and a
changing environment (Kim, Witherell, Lipman, & Feng, 2015).
Security
An IS needs to address privacy and security issues in an AM platform for producing products,
as these data may contain sensitive information, for instance patient data for medical
products or intellectual property rights (Modekurthy, Liu, Fletcher, & Leu, 2015). The
importance of security is also pointed out by Wang et al. (2016).
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Interoperability
The interoperability is little studied by 3D printer manufacturers. AM technologies will make
the difference when it will be interoperable with the set of manufacturing process.
Development orientations show that the new 3D printers will be more integrated inside the
production line with the automation and the connectivity with the digital chain (Gardan,
2016). Interoperability is also required between different systems in case of large
organizations to ensure seamless information flow (Monostori, et al., 2015) and because
different file types are often used for 3D models (Tibaut, Rebolj, & Perc, 2016).

2.3 ICT manufacturing technologies
This section will present the Information and Communication technologies that are used or
can potential be used in manufacturing. These possibilities, which constitute the technology
push in the manufacturing domain, will be taken into account during the modelling phase.
In order to identify technologies that can be combined with Additive Manufacturing a
separate literature search will be performed. The search methodology and criteria are those
that are described in Section 2.1. In this search, the goal is to identify ICT manufacturing
technologies that can be used to support Additive Manufacturing, thus these technologies
will be sought in articles that mention AM. The search queries are demonstrated in Table 6.
Table 6: Search query for ICT manufacturing technologies

Repository

Web of Science

Science Direct

Scopus

TS=(("ICT" OR
"Information System*"
OR "Computer
System*") AND
("Additive
Manufacturing" OR "3D
printing" OR "Rapid
Prototyping") AND
"technolog*")

pub-date > 2004 and
tak(("ICT" OR
"Information System"
OR "Computer
System") AND
("Additive
Manufacturing" OR
"3D printing" OR
"Rapid Prototyping")
AND "technology")

TITLE-ABS-KEY ( ( {ICT}
OR {Information
System} OR
{Computer System} )
AND ( {Additive
Manufacturing} OR
{3D printing} OR
{Rapid Prototyping} )
AND {technology} )
AND PUBYEAR >
2004 AND DOCTYPE (
ar OR cp )

Publication Years

2005 - 2017

Search area

Topic

Language
Results
Unique Results

English

2005 - 2017
Title - Abstract Keywords
English
10
58

2005 - 2017
Title - Abstract Keywords
English
39

Search query
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The articles found were processed in order to identify relevant ICT manufacturing
technologies. The identified technologies are listed and explained below.
Wireless Manufacturing
Wireless Manufacturing (WM) is emerging as a next-generation advanced manufacturing
technology. WM relies substantially on wireless devices like RFID (Radio Frequency
Identification)
or
Auto
ID
(Automatic
Identification)
and
on
wireless
20

Chapter 2 | Literature Review
information/communication networks (e.g. Wi-Fi and Bluetooth), for the collection and
synchronization of manufacturing data (Huang, Zhang, Chen, & Newman, 2008; Chung &
Kim, 2016).
WM can be deployed to transfer real time data to a workplace, without the interference of
humans workers, who are slower and error prone. Such data, which are accurate, real time
and free of disturbances, can assist better decision making in shop floor production (Huang,
Zhang, & Jiang, 2008).
Big Data
“Big Data” not only refers to very large data sets and the tools and procedures used to
manipulate and analyze them, but also to a computational turn in thought and research
(Burkholder, 1992). Big Data has emerged as a system of knowledge that is already changing
the objects of knowledge, while also having the power to inform how we understand human
networks and community (Boyd & Crawford, 2012; Chung & Kim, 2016).
There is little doubt that the quantities of data now available are indeed large, but that’s not
the most relevant characteristic of this new data ecosystem. Big Data is notable not because
of its size, but because of its relationality to other data. Due to efforts to mine and aggregate
data, Big Data is fundamentally networked. Its value comes from the patterns that can be
derived by making connections between pieces of data, about an individual, about
individuals in relation to others, about groups of people, or simply about the structure of
information itself (Boyd & Crawford, 2012).
Technology for capturing and analyzing information is widely available at ever-lower price.
But many companies are taking data use to new innovative levels, using IT to support
rigorous, constant business experimentation that guides decisions and to test new products,
business models, and innovations in customer experience. In some cases, the new
approaches help companies make decisions in real time. This trend has the potential to drive
a radical transformation in research, innovation, and marketing (Bughin, Chui, & Manyika,
2010).
In manufacturing, operations managers can use analysis of Big Data to take a deep dive into
historical process data, identify patterns and relationships among discrete process steps and
inputs, and then optimize the factors that prove to have the greatest effect on yield. Many
global manufacturers in a range of industries and geographies now have an abundance of
real-time shop-floor data and the capability to conduct such sophisticated statistical
assessments (Auschitzky, Hammer, & Rajagopaul, 2014). They are taking previously isolated
data sets, aggregating them, and analyzing them to reveal important insights. Auschitzky et
al. (2014) provide examples of leaders of the industry, who were skeptical that did not have
room for improvement in their processes, however using advanced analytics significantly
reduced their material waste and energy cost.
Internet of Things
One of the most prominent technologies in manufacturing is the Internet of Things (IoT). IoT
(sometimes also mentioned as Internet of Objects) refers to the networked interconnection
of everyday objects, which are often equipped with ubiquitous intelligence. IoT can increase
the ubiquity of the Internet by integrating every object for interaction via embedded
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systems, which leads to a highly distributed network of devices communicating with human
beings as well as other devices (Xia, Yang, Wang, & Vinel, 2012; Chung & Kim, 2016).
The Internet has changed the business in past years (Bi, Da Xu, & Wang, 2014). IoT becomes
a foundation for connecting things, sensors, actuators, and other smart technologies
(Uckelmann, M., & Michahelles, 2011). IoT is an extension of the Internet (Fleisch, 2010). IoT
gives an easy and spontaneous access to information about physical objects and leads to
innovative services with high efficiency and productivity (Bandyopadhyay & Sen, 2011).
Tao et al. (2014) mention the advantages that IoT can provide in manufacturing industry, by
addressing the “4Cs” (Connection, Communication, Computing, and Control).
a) Both the physical manufacturing equipment and manufacturing can be intelligently
perceived and connected into the wider networks with the support of IoT
technologies. Therefore, the required and useful information and data can be
intelligently collected, which will be communicated, processed, and used in the
whole-life cycle of manufacturing.
b) The collected information and data can be communicated and transmitted between
users and machines under the support of specific IoT technologies (e.g., LAN, WSN,
and 2G/3G/4G network). As a result, the physical world and virtual world of
manufacturing can be bridged.
c) The collected and transmitted information can be processed and computed
according to specific requirements, and some useful data and decision information
can be intelligently generated and obtained.
d) According to the specific requirement of users, and based on the collected and
processed data and information, the related manufacturing resources can be
intelligently controlled. For instance, equipment can be allocated to execute a
specific manufacturing task, or some repair and maintenance services are arranged
to it.
Cloud Manufacturing
The manufacturing industry is undergoing a major transformation enabled by IT and related
smart technologies. Cloud Computing is one of such smart technologies. According to the
NIST definition, “Cloud computing is a model for enabling ubiquitous, convenient and ondemand network access to a shared pool of configurable computing resources (e.g.,
networks, servers, storage, applications, and services) that can be rapidly provisioned and
released with minimal management effort or service provider interactions” (Mell & Grance,
2011; Chung & Kim, 2016).
Mirroring NIST’s definition of Cloud Computing, Xu (2012) defines Cloud Manufacturing as
‘‘a model for enabling ubiquitous, convenient, on-demand network access to a shared pool
of configurable manufacturing resources (e.g., manufacturing software tools, manufacturing
equipment, and manufacturing capabilities) that can be rapidly provisioned and released
with minimal management effort or service provider interaction.’’
Based on the concept of Cloud Computing, Cloud Manufacturing refers to the “integration of
distributed resources for undertaking a single manufacturing task” (Xu, 2012). In Cloud
manufacturing distributed resources are encapsulated and managed in a centralized way.
Clients can use the cloud services according to their requirements. Cloud users can request
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services ranging from product design, manufacturing, testing, management and all other
stages of a product life cycle (Xu, 2012).
The paradigm shift for traditional production-oriented manufacturing to service-oriented
manufacturing and cloud manufacturing seems to offer an attractive solution. Cloud
computing is viewed as the evolution and convergence of similar technological trends, e.g.
Internet delivery, “pay-as-you-go” utility computing, grid computing, distributed computing
and content outsourcing (Pallis, 2010).
Cloud Manufacturing is not just the implementation of Cloud Computing in manufacturing.
Manufacturing enterprises and related resource/capability need to be described,
componentized, virtualized and integrated in a Manufacturing Cloud. There is still a lack of
Cloud solutions for the entire manufacturing supply chain (Wang & Xu, 2013).
Cloud manufacturing platforms can be used to bridge demand and supply from multiple
manufacturers in a seamless way, as in the work of Song et al. (2014). It can integrate mass
manufacturing resources from small- and medium-sized enterprises and combine the
advantages of each enterprise to ultimately improve the competitiveness and help them
survive. This solution, however, does not cover the entire supply chain.

2.4 Conclusion
In this chapter the literature review was conducted. Two separate queries were formed and
was used to conduct searches in literature. From the first search the tasks that compose the
Additive Manufacturing process were identified. Also the Functional and Non-Functional
requirements were catalogued. The second search scanned the selected repositories to
identify ICT manufacturing technologies that collaborate effectively with AM. The discovered
technologies were described in section 2.3.
The scientific literature provided a picture of an Additive Manufacturing organization. Even
though this picture is an abstract one, it can be used as a base for the interviews that follow
in the next chapter.
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3. Interviews
In addition to literature study that was described in the previous chapter, interviews were
conducted with practitioners of the field of AM, to identify AM processes, requirements and
ICT manufacturing technologies. As it has already been mentioned, the literature regarding
AM from a business/organizational point of view is not very extended, thus the insight of
experts of the field, can provide significant knowledge.
As already mentioned practitioners from the AM domain were found using various methods,
namely internet search, snowballing, university contacts etc. From that search, meeting
were arranged with experts from five organizations. Getting all the experts in the same room
for a focus group session would be difficult to organize, especially in the short timeframe of
this project, thus one-on-one interviews in their location were arranged.
It is important to create a global picture of the AM domain, thus a variety of organizations
were included. The interviewees are two additive manufacturing companies (Oceanz,
Shapeways), a supply chain networking company, active in the AM domain (DiManEx), an
organization that uses AM for their own use (Dutch Army) and a manufacturer of 3D printers
(Additive Industries).
In this chapter the interview methodology is explained, an overview of the interviews is
presented followed by the analysis of the interviews and the conclusions that were drawn. In
the end of this chapter the processes, requirements and ICT manufacturing technologies are
updated based on the information extracted from the interviews.

3.1.1 Interview methodology
The interviewees and the represented organizations had to comply with some requirements
in order to be a qualified participant for the conducted interviews.
R1.
R2.
R3.

The organization has to participate in activities relevant to Additive Manufacturing.
The interviewee has to work in a role, from which he can give answers to the
questions of the research.
The interviewee has to work at least two years in the field of Additive Manufacturing.

The first criterion is used to limit the organizations, which can give useful answer to this
research. Since the topic is AM only organizations active on the field are relevant. The
second criterion guarantees that the interviewee is in a position, in which the processes and
the needs of the AM environment is known. The third criterion ensures that the interviewee
is experienced enough to give a reliable opinion.
The interviews were conducted in a semi-structured manner. Interviews of this type are
suited to working with small samples and are useful for studying specific situations or for
supplementing and validating information derived from various sources, using them for
making safety diagnoses. In addition, since they provide access to perceptions and opinions,
they are effective for gaining insight into problems that are not immediately perceptible but
that nonetheless cause concern in certain areas or in certain segments of the population
(Laforest, 2009).
To create a common ground in all interviews the same terms were used with all the
interviewees, which were also adequately explained to avoid miscommunication. The
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questions also followed the same order, as presented by the interview protocol. In case new
insights are provided by a later interview, that contradict or have not been discussed with
another interviewee, it will be discussed in the second round of interviews, which will be
conducted to review the modeling.
Having already conducted a literature review on the field, an abstract picture of the answers
was already formed. Thus, the questions were formed accordingly and when the interviewee
did not give an answer that was expected to give, a follow up question was posed, in order
to initiate discussion on that matter.
The interview procedure was modelled after the guidelines of Laforest (2009). The interview
protocol that was used to guide the conversation and ensure that all the necessary matters
are covered is displayed in Appendix C. At first an introductory part opens the interview, in
which the interviewer explains to topic of this research and validates the information of the
interviewee. The background of the interviewee has already been examined, using the social
platform LinkedIn, however it is also confirmed in the beginning of the interview to ensure
that the interviewee and the organization they are representing satisfy the requirements.
That part is also serves as a conversation starter, preparing the ground for the next parts.
The interview follows with five themes, namely Additive manufacturing process,
Stakeholders, Functional Requirements, Non-Functional Requirements and ICT
manufacturing.
In the “AM process” theme the interviewee is asked to describe the whole process of
manufacturing of a product, from a moment that a need for production appears (internal
need or external order) until the product leaves the organization (shipped to the customer)
or integrated to another entity (e.g. part is assembled to a unit).
“Stakeholders” theme concerns all the business roles that interact with the IS to complete
the AM process. “Functional Requirements” theme involves the functions that the IS
supporting AM must accomplish. In these two themes the questions are open and the
interviewee is left to speak is opinion openly. The interviewer does follow up question to
support the thinking of the interviewee. When the interviewee has finished answering the
question the interviewer is discussing answers that would expect to hear but were not
mentioned.
In the theme “Non-Functional Requirements” the situation is different. Since there is a
closed list of qualities of an IS the answers are presented in cards in front of the
interviewees, in a random order and they are asked to review them and choose the five they
consider the most important. After they make their choice justification is required. The last
theme concerns “ICT manufacturing” technologies that they currently use or are considering
to use in the future.

3.1.2 Conducting Interviews
The interviewees are presented in Table 7. It can be observed that there is a variety in the
organization that were interviewed, as different point of view are desired, in order to form a
clear and global picture for the needs of AM manufacturers.
All the companies are active in the domain of AM. Three of them are manufacturers having
as clients other businesses or retail customers or producing parts for internal use. Another
company is Supply Chain Coordinator, working between AM producers and their clients,
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which means that they interact with multiple companies and have a valuable insight to offer,
while another is producer of 3D metal printers, which also interact with multiple AM
producing organizations and have valuable opinion to offer. Thus, all the organization fulfill
the first requirement. As far as the second and third requirements are concerned, all the
persons that were interviewed are in key position in their organization and are occupied
there for enough time to be knowledgeable enough to provide reliable answers to the
question that were asked to them.
Table 7: Interviewed Companies

Company Description
(R1)
Oceanz

Manufacturer (B2B)

Shapeways

Manufacturer (B2B, B2C)

DiManEx

Supply Chain Coordinator

Dutch Army

Manufacturer (own use)

Additive Industries

Manufacturer of 3D printers

Interviewee
Function (R2)
CEO
Manager of
Manufacturing
CTO
Staff Officer Combat
Logistics
CTO

Years in
organization (R3)
4
5
2
3
4

In the next paragraphs the conclusions that were drawn from the interviews will be
presented, categorized by theme. These conclusions will be compared to the information
that was extracted from the literature.
3.1.2.1

Manufacturing processes

The first theme of the interview was the Manufacturing process for AM. DiManEx was not
questioned for this theme as they are not involved in manufacturing of the products, thus
their insight was not considered valuable enough to be concluded. On the other hand, even
though Additive Industries are not manufacturers themselves are deeply involved in the
manufacturing process of their clients, thus they can provide insight from multiple instances.
The tasks that were mentioned by the interviewees are summarized in Table 8.
Table 8: Manufacturing tasks per interviewee

Tasks
Receive order
Request for part
Billing
Receive 3D Model
Design 3D Model
Edit 3D Model
Automatic Check
Manual Check
Edit for printability
Batch parts
Prepare 3D printer
Manufacture
Post-processing
Clean 3D printer
Batch parts for shipping
Shipping

Oceanz

Shapeways

x

x

x
x

x
x

Dutch Army

x
x

Additive
Industries
x
x
x
x
x

x
x
x

x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x
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x
x
x
x
x

x
x
x
x
x
x
x
x
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Most of these tasks were generally explained in Section 2.2.1, but during the interviews
where decomposed in more detailed tasks and explained with more practical details. The
tasks that were not found in the literature are demonstrated here. The process model that
was compiled based on these tasks is presented in Appendix IAppendix .
Edit 3D model
There are instances in which the manufacturer need to edit the 3D model before producing
it. There are two cases for that; the 3D model can’t be printed as it is designed or there are
modifications to be made in order to change the part.
Sometimes designers that are not familiar with AM, design parts that are impossible to be
3D printed. AM may permit more freedom than conventional manufacturing, but still has
rules that need to be followed. In these cases the manufacturer needs to review the 3D
model, together with the designer to fix the model, in order to obey the rules and be able to
be produced.
Sometimes a client need to make custom changes to an original design, in order to improve
it, make it better fit for their custom needs or customize it for specific instance. In these
cases the model is edited by a designer in the step of the pre-manufacturing checks.
Batch of 3D parts
This is a task that is not included in the literature as mass production is out of scope of
scientific literature regarding AM. Manufacturer typically have to produce a large number of
small parts that belong to different orders. In order to reduce setup time and utilize as much
of the capacity of the 3D printer as possible, different parts are combined together in one
print. A 3D model is created, which includes all the parts that can be produced in one print,
close enough to each other to minimize the empty space, but also far enough to not affect
each other.
3.1.2.2

Stakeholders

The stakeholders that were identified in the literature and presented in Table 1, were
discussed with the industry experts. During the interviews, the experts were asked to
mention the stakeholders of the system, in order to confirm those that were found in the
literature. The stakeholders that every interviewee mentioned are summarized in Table 9.
The differences and clarifications between the literature and the interviews are
demonstrated below.
Table 9: Stakeholders identified per interviewee

Stakeholders
Customer
Designer
Executive Manager
Production Manager
Operator of 3D printer
Supply Chain Manager
Customer Service
Sales
Finance
IT Support

Oceanz

Shapeways

DiManEx

Dutch Army

x

x

x
x

x

Additive
Industries
x
x

x
x
x
x

x
x
x
x
x

x

x
x

x
x
x

x

x
x
x

x
x

x
x

x
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Customer – Designer
The double role of Customer and Designer was confirmed. Oceanz and Shapeways do not
employ designers but the 3D models to be printed are included in the order. A production
engineer checks the printability of the models before they are sent for print.
Customer Service
A stakeholder that was not mentioned in the literature is the Customer Service department.
Shapeways that handles numerous orders has a department dedicated to handle the
questions and requests of their clients. Other companies who interact with less clients have
a single Sales department that handles also communication with customers.
Financial Department
Additive Industries suggested that the Financial department also interacts with the IS of the
organization to create invoices, manage billing etc., tasks which, in this project, are assumed
to be undertaken by the sales department.
Executive Manager
IS also create an overview of the sales and make analysis based on the financial details of the
sales. In order to incorporate this function into a broader role, Executive Manager
stakeholder will be added, as a role who extracts data from the IS to support strategic
decision making for the organization.
3.1.2.3

Functional Requirements

In this section the Functional Requirements that were discussed during the interviews will be
presented, in order to be compared with the ones found in the literature and new ones will
be added. The overview of the identified FRs are presented in Table 10.
Table 10: Functional Requirements per interviewee

Functional
Requirements
Receive orders
Create invoice
Manage Payment
Manage orders
Plan production
Monitor status of order
Store customer details
Store 3D Models
Manage 3D Models
Manage raw material
Arrange shipping
Keep track of
maintenance details
Keep log of production
data
Keep log of operators

Oceanz

Shapeways

DiManEx

x
x
x
x
x
x
x

x
x
x
x
x
x
x
x

x
x
x

x

x

x

Dutch Army

x
x
x
x
x

Additive
Industries
x
x
x
x
x
x
x
x
x
x
x
x
x
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The functional requirements that were mentioned in the interviews, but weren’t detected in
the literature are described below.
Keep production log
It is necessary for some organizations to keep detailed track of all the information
concerning the production of a product. The information stored can have a number of
functions, e.g. tracing back to production to find the reason of a mechanical fail. Thus, it is
useful that the IS can store information such as operator who handles a printer, time of
production, status of 3D printer during production etc.
Manage 3D models
The Information System is necessary to keep a database in which the 3D models that the
manufacturer possesses, along with along the changes that have been made to them and
made them.
Manage raw material
The IS should be able to keep track of the level of raw materials and notify the Production
Manager when the levels of materials are low, in order to arrange for their replenishment.
Track maintenance
The status of the 3D printers must be monitored, in order to know when a replacement is
needed for spare parts of the machine or for the service of the machine, in order to schedule
the necessary actions and reduce downtime.
3.1.2.4

Non-functional Requirements

In this paragraph the Non-Functional Requirements of as IS architecture that were
mentioned by the interviewees will be presented. NFRs are a closed list so the interviewees
has to pick them from a list. After a search on literature in Clements et al. (2003), Chen et al.
(2013), ISO/IEC 25010:2011 (2011) an extensive list of NFRs were compiled (Appendix D).
This list contains 51 NFRs, which is a big number and it is impossible for all of them to be
presented and discussed in the short time of the interview. Thus, the list was narrowed
down to the most common of those were selected, as mentioned on Clements et al. (2003)
and Chen et al. (2013), to 15 NFRs which were presented in the interviewees in cards, with a
short definition (as shown in Appendix E), in order to be clearly understood.
During the interview process, the interviewees were shown the cards and were asked to pick
the 5 NFRs they thought to be the most important for their organization and justify their
choices. In that manner a discussion about importance was initiated. All the NFRs that were
mentioned were discussed, in order to be clearly defined so that the interviewee were sure
about their choices. In case more than 5 were considered important by the interviewee they
would all be included.
Then the interviewees were asked to rank the NFRs they picked, in order of importance. In
order to make a total ranking between the answers of the interviewees a point system was
used. Every NFR collects points based on the rank it was placed. The maximum points are
five for the first pick of every interviewee, four for the second, and so on. The responses and
the points for every answer are demonstrated in Table 11.
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Table 11: Ranked Non-Functional Requirements

Non-Functional
Requirements
Scalability
Security
Interoperability
Availability
Usability
Modifiability
Performance
Supportability
Configurability
Modularity

Oceanz

Shapeways

DiManEx

5
3
4
1
2

5
3
2

4
1
5

1
4

3
2

Dutch
Army
4
3
5

Additive
Industries
2
5
1
4
3

1
2
1

Score
16
16
15
10
5
4
4
3
2
1

The reasoning that the interviewees provided for their choices follows.
Availability
A very important quality for the system is to be able to be up-and-running as much as
possible to maintain a production and delivery schedule. Even if a part of the Information
System is down, in can create bottleneck to the production line and greatly increase the lead
time.
Modifiability
The most AM organizations are still in an infant state, as the technology is still progressing
rapidly. New function and possibilities are added, thus the IS needs to be modifiable in order
to ingrate all the new functionalities.
Interoperability
Every one of the interviewees consider interoperability important for the IS of their
manufacturing. The system need to exchange information with higher level ERP of the
company and the systems that the customers use. There is a variety of security protocols
and file types that are used and the systems need to operate seamless with all of them.
Performance
A big company that handles many orders and 3D models at the same time, requires a system
with high performance to answer all the requests. If a request needs a long time to be
answered the employee might lose their focus and lose time.
Scalability
The need for scalability is expressed by almost all the experts of the field. The AM companies
are approached by new customers and their production volumes grows every year, as AM
becomes more common. That has an impact on there is need also, as they need a scalable
system that can support that growth.
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Security
Security is a quality that is unanimously declared important. A lot of sensitive information is
stored in the IS of the manufacturer including sensitive medical data, Intellectual Property
rights of designs, financial information of order etc. It is crucial that people can access only
information they are authorized to, otherwise there is a risk of breach that can be
devastating for the company both financially and in terms of reliability.
Usability
It is important for the employees that the Information Systems is user friendly. Thus, they
are more productive and they feel it is easier to adapt to any future changes.
Configurability
The Dutch Army uses a facility that is portable. Thus every time they move the facility a lot of
parameters change. They need a system with high configurability, in order to adjust better in
every environment.
Supportability
It is important that the system is easy to be supported and maintained, without needing a
lot of personnel, as AM companies do not typically have a large IT department and arranging
support from another company can be time consuming.
3.1.2.5

ICT manufacturing technologies

In this paragraph the ICT manufacturing technologies that were discussed in the interviews
will be presented. The interviewees were asked about the ICT technologies that they
currently use or plan or consider to use in the manufacturing in the future. Additive
Manufacturing is by itself a new manufacturing technology, thus manufacturers, in this early
stage, are trying to find their limitations and problems and then try to solve them using
other technologies. The discussed technologies are presented in Table 12.
Table 12: Use of ICT manufacturing trends

ICT manufacturing
Big Data
RFID
Cloud Computing
Sensors

Oceanz

Shapeways

DiManEx

x
x

x

x
x

x
x

Dutch
Army

Additive
Industries
x
x
x
x

Dutch Army is using AM in an infant stage, as they still have not managed to properly
introduce it in their operations in a routine basis. Hence they do not use any other
technologies yet and do not have a plan to do so, until they are able to fully utilize AM.
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Big Data
Big Data are gathered for after production data analysis. Sensors gather data during
production, which are saved and then are analyzed to find ways to improve the 3D printing
process. Big Data are also used by B2C companies to analyze the behavior of the customers.
RFID
RFID is mainly used for identification purposes. Every object that is manufactured can be
given an identity and in case of failure, it can be matched with all its production data, in
order to identify the irregularities that caused the failure. In the future it can be used to
store information in the part itself, which has led to the introduction of passive UHF tags
that store up to 8KB of data (Venkatesan, 2017; Xerafy).
Sensors
Sensors are used inside the chamber of the 3D printer, in order to measure parameters as
air pressure, temperature, humidity etc. During the production, sensors enable complete
monitoring of the process, making it possible to measure abnormalities and intervene to
correct the procedure or cancel it, if it cannot be fixed, hence improving quality and saving
time. The data of the sensors are saved after the print and can be used in Big Data to receive
useful insight.
Cloud Computing
Manufacturers use Cloud Computing for storing data in servers that are accessible at any
time. A B2C company can use a Cloud server to save customer data, such as 3D models that
have uploaded, personal information, past orders etc. Another way that Cloud Computing is
used, is to use remotely computer services to run printing simulations, in order to avoid
mishaps during production.

3.2 Conclusion
Practitioners were interviewed, in order to receive the set of required insights about the
organizational needs of AM and the modern technologies that can be used to support the
activities of an AM organization. In the next step of this project the, all the acquired data,
from both literature and interviews, will be used for the modelling part, following the
COMET methodology.
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4. Modelling
In this chapter, the business models that were created based on the literature and the
interviews will be presented and justified. By describing these models, the scope of the
project will become clear and the stakeholders that interact with the Information System of
an AM organization. The elements of the IS that perform different tasks will be pinpointed
and the relationships with each other and with the stakeholders will be shown. The models
follow the COMET methodology, to derive in the final Architecture. The modelled IS will be
referred as Additive Manufacturing Information System (AMIS).
As already mentioned, COMET methodology take technology into account in the last stage,
after modelling of the conceptual design. However, in this project ICT manufacturing
technologies need to be integrated into the architecture. To achieve that, technologies will
be considered as resource, as in Figure 10, or integrated as Functional Requirements, for
instance, sensors are needed to keep production data and Big Data to analyze them. The
presence of these technologies and their role in the system are demonstrated in Appendix
H.
The Stakeholders of an AM organization have been presented in Table 1 and further
discussed in Paragraph 3.1.2.2. Based on these discussion the Context Statement Model is
derived as follows.
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Figure 6: Context Statement

4.1 Goal Model
The purpose of the Goal Model is to present the goals of the organization, in order for all the
Business Stakeholders (as presented in the Context Statement) to agree on them and
implement them throughout the life of the Information System. This model serves as a
reference throughout the IS's life, that ensures that a full assessment may be made of all the
business implications of any proposed changes to the IS which have any impact on the
business processes it supports (Berre, et al., 2007).

4.1.1 Top Goal Model and Hierarchy
The Goal Model describes a loose hierarchy of goal of the organization, starting with a main
business goal and breaking him down to sub goals. Normally, the Goal Model is discovered
by a process of workshops and interviews involving all the relevant Stakeholders. However,
in the context of this project that was not feasible, as it is not possible to interview all the
roles mentioned in the context statement and there is not enough time in the course of a
Master Thesis. Hence, the model is based primarily on the AM process that was excavated
during the interviews. To ensure the validity of the Goal Model, as well as the rest of the
models, it was reviewed with practitioners.
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As the aim of this project is to propose an architecture as general as possible to cover the
need of diverse organization. Diverse organizations, have also diverse goal thus not all the
identified goal correspond to every organization. For instance, MakeProfit and
IncreaseRevenue goal will not be found in a Non-Profit or a Government organization, (e.g.
Army) and AttractNewCustomer is not relevant to a company who is producing part for
internal use. But other goals, like DecreaseCost, are universal.

Figure 7: Business Goals

The main goal of the business is to be profitable. That can be achieved on one hand, by
increasing revenue and on the other hand, by decreasing the costs. Sub goals that contribute
to the increase of the revenue are attracting new customers, increasing sales and increase
production. Sub goals that reinforce the decreasing of cost are reduce lead time and
improve processes. The hierarchical relationships of the Business Goals, as well as their
relationships (whether one goal adds up to the accomplishment of another goal or creates a
compromise), can be seen in Figure 8.
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Figure 8: Goal Hierarchy
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4.1.2 User Goals
This paragraph demonstrates the goals of the stakeholders of AMIS. Table 13 structures the
user goals for each stakeholder that is involved in the system. Each stakeholder goal is linked
with the business process that is directly involved in achieving it. Furthermore, each
stakeholder goal is linked with the Organization goals that are defined in the Top Goal Model
and Goal Hierarchy.
Table 13: List of User Goals

Stakeholder

Goal

Business Process

Organization
Goals
Order products
CreateOrder
4.1, 4.2
Receive products
HandleShipping
4.1, 4.2
Customer
Request
order ReceiveOrderInformation 4.3, 4.6
information
Designer
Design Product
DesignNewModel
3.1, 4.3
IT Support
Keep high IT quality
MaintainQuality
4.5
Register order
CreateOrder
4.1
Sales employee
Customer support
ReceiveOrderInformation 4.3, 4.6
QueuePart
3.3, 4.4. 4.5
Production Manager Minimize lead time
ManufacturePart
Keep order status UpdateOrderStatus
4.6
updated
Production employee Check quality of 3D Check3Dmodel
3.3, 4.3
model
Manufacture Part
ManufacturePart
3.3, 4.4
Overview System for RetrieveHistoricalData
4.3, 4.4, 4.5
Executive Manager
improvement

4.2 Community model
The Community Model is a container for that part of the Business model that details the
business processes and business resources that are relevant to the IS. It is called
"Community Model" because the concept of Community (which represents a collection of
resources working together, in one or more processes, to achieve one or more goals) is the
key to performing recursive, parallel, and decomposition of both behavior and structure,
essential for successful business process modelling (Berre, et al., 2007). In this section are
described the Business Processes (4.2.1) and the Resource Model (4.2.2). The WARM models
of the process that could be formed are presented in Appendix G.

4.2.1 Business Processes
The business processes that occur in the AMIS to support Additive Manufacturing are
demonstrated in Figure 9.
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Figure 9: Additive Manufacturing Business Processes

The definition of each Business process is given in Table 14.
Table 14: Definition of Business Processes

Business Process
Create Order
Check3Dmodel
DesignNewModel
HandleShipping

MaintainQuality
ManufacturePart
PostProcessPart

BatchPart
QueueBatch
ReceiveOrderInformation
UpdateOrderStatus

ManageRawMaterials

Definition
A new order is created in AMIS.
AMIS checks the validity of a 3D Model. If it
is valid it can be printed.
A new 3D model is created and saved.
The different parts that constitute an order
are gathered together and shipped to the
customer.
The process of maintaining and improving
the quality of AMIS.
A part is printed in a 3D printer.
A printed part passes through the
predetermined
post
manufacturing
processing.
A part is assigned to a production batch.
A batch enters the production queue.
Information about a particular order is
retrieved from AMIS.
After a step of the manufacturing process is
completed the status of the order is updated
in AMIS.
Keeps track of the raw material and informs
when restocking is needed.

In an Additive Manufacturing Production facility, typically the produced parts are quite small
compared to the maximum capacity of the 3D printer. For that reason, more than one
different parts are batched together in one print, in order to save setup time. The batching is
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determined primarily on the volume and the shape of the objects. Then, the batches are
queued based on urgency criteria. Each manufacturer uses specific criteria to carry out these
tasks which are out of the scope of this projects. Thus, processes BatchPart and QueueBatch
are taken into account without looking into them.

4.2.2 Business Resource Model
The Business Resource Model is an Information Model that defines the main concepts and
actors relevant to an IS and the relationships that connect them. In Figure 10 the Resource
Model of Additive Manufacturing process is demonstrated.

Figure 10: AM Business Resource Model

The Class Order is divided into one or more part that are described in the class Part. The
class Part, which also contains the class 3Dmodel, which is Binary Large Object (blob) type, is
combined into class ProductionBatch, which takes part in a manufacturing activity. The class
ManufacturingActivity represents a 3D printing activity and uses classes RawMaterial,
3Dprinter, ProductionEmployee and ProductionBatch as resources. It also produces a
production log which is described in class HistoricalData. Managers access the data that
have been gathered from various production activities, in order to optimize processes or
trace back finished products to their production, for various reasons.
Class ShippingActivity represents the activity of batching together finished parts in an order
and sending them to the customer. PostProcessingActivity represents every activity that the
printed part must pass through, in order to be turned into finished product.

4.3 Requirement modelling
The requirements model identifies the system requirements. These include functional
requirements, non-functional requirements (quality of service) and constraints. Based on all
the previous work, the Context Statement model (Figure 6) will be enriched with the

39

Chapter 4| Modelling
Business Processes which are link to the Stakeholders of the System that interact with them,
and so the Boundary model (Figure 11) occurs.

4.3.1 Use case model
In the Boundary model, the different stakeholders are presented connected to the business
processes that they are associated with. In Table 15 a number of use cases are described
explaining the connections between stakeholders and processes and linking them to
Functional Requirements.
ReceiveIOrderInformation interacts with the customer, the Sales Employee, who can place
an order, and the ERP of the organization. ReceiveOrderInformation access AMIS to retrieve
information about an order. It uses the UpdateOrderStatus process and provides
information to the customer, the Sales employee or the ERP. HandleShipping is initiated by
the ProductionEmployee, who prepares an order for shipping and provides information to
the Customers are the shipping of their order.

Figure 11: System Boundary model

MaintainQuality is connected to the IT support department because they are in charge of
maintaining the quality of AMIS and also with managers as they influence changes in AMIS.
CreateNewModel is done by the designer. The ManufacturePart, PostProcessPart, BatchPart
and QueueBatch business processes are executed by ProductionEmployee and supported by
ProductionPlanner. ManageRawMaterials is handled by ProductionPlanner. Check3Dmodel
process involves a manual as well as an automatic check of the model thus
ProductionEmployee and ProductionPlanner are connected to it. Lastly,
RetrieveHistoricalData is connected to the manager role who process these data to get
information about the performance of the system, in order to improve it.
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Table 15: Use cases

Use case

Description

Actor

Process

FR

Create order

The user places on order
on the system.
The customer puts the
details of its order to the
system to learn a price.
The sales employee
submits an order in the
System for a customer.
The
production
employee prepares the
order and sends it to the
customer.
The customer enquires
the systems about the
status of their order.
A new 3D model of a
part is required.

Customer

CreateOrder

Receive orders

Customer

CreateOrder

Receive orders

SalesEmployee

CreateOrder

Receive orders

ProductionEmployee

HandleShipping

Arrange
Shipping

Customer

ReceiveOrderInformation

Monitor status
of order

Designer

Dedign3Dmodel

Changes in a saved 3d
need to be made.

Designer

Design3Dmodel

Numerous models need
to be batched in order to
be produced in one run.
The production manager
needs to retrieve data
about production.

ProductionEmployee

BatchParts

Manage 3D
models
Manage 3D
models
Plan
Production

ProductionManager

RetrieveHistoricalData

Update the status of an
order when it finishes a
production stage.

ProductionEmployee

UpdateOrderStatus

Make enquiry
Manual order
Ship order

Ask about
order
Design model
Redesigning
model
Batch models
Get
Production
Information
Update Order
Status

Keep log of
production
data
Monitor status
of orders

4.3.2 Non-Functional Requirements
In this paragraph a summary of the identified NFRs will be presented. The NFRs discovered
in the literature were presented in Paragraph 2.2.3, while those that were mentioned in the
interviews were described in Paragraph 3.1.2.4.
Table 16: Non-Functional Requirements of AMIS

NFR
Availability
Modifiability
Interoperability
Security
Performance
Scalability
Usability
Configurability
Supportability
Modularity

Description
The system needs to have a high uptime
The systems needs to be susceptible in changes.
The systems needs to be able to interact with other systems.
The system needs to be secure.
The system needs to have a high performance.
The system needs to be able to adapt to bigger loads.
The system needs to be easy to use.
The system needs to be easy to configure.
The system needs to be easy to maintain.
The system needs to be divided into autonomous modules.
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3.3, 4.5
4.6
3.1, 4.1, 4.4
2.2, 4.3
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3.1
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4.3, 4.6
4.6
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4.3.3 Architecture Analysis
In this paragraph the System Boundary model (Figure 11) will be partitioned into clusters.
Every one of these clusters is a tool of the system that delivers a specific service, thus the
processes are grouped based on their relevance with each other. These tools present the
relationships of the stakeholder with each other and with the elements of AMIS and will be
part of the architectural model. Hence, four groups of processes are formed, those which
interact with the customer (CustomerSupportService), the group that prepares
manufacturing of parts (PreManufacturingService), the one who conducts the manufacturing
(ManufacturingService) and the processes responsible for the quality of the system
(QualityService).
The processes that involve the customer, namely order, shipping and enquiry of order
information are grouped in the CustomerSupportService. The QualityService involves the
processes of retrieving historical data from the system, to use them in order to get useful
insights of the system, and the process of maintaining the quality of the system.
The processes that are conducted before the manufacturing of the part and are crucial for
the quality of the part are integrated in PreManufacturingService, while the manufacturing
process and the data collection during it are part of the ManufacturingService. The modeled
clusters appears in Figure 12.
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Figure 12: AMIS clustered Boundary Model

4.4 Architecture
In this paragraph the Conceptual architecture for AMIS will be presented. The architectural
model is demonstrated in Figure 13 and explained in Paragraph 4.4.1.
To evaluate the models a second round of interviews was conducted. Representatives of the
organizations that were mentioned in Paragraph 3.1.1 were approached again and review
sessions were scheduled. During a session all the models of Chapter 4 were presented and
explained to practitioners, to get feedback for them and ensure that they present a realistic
picture of and Additive Manufacturing organization. After that the practitioners were asked
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to provide scenarios from their experience, which occur to their organization. The
performance of the system to these scenarios is presented on Chapter 5.

4.4.1 Conceptual-level Architecture
The Customer communicates with the system via the CustomerSupportService. An order can
be placed by submitting an order form to the system and customer receives a quote back
with the details of its order. If the customers agrees with the quote submit the order along
with the payment details. When the customer needs to learn the status of the order, places
an enquiry to the system and receives back a response message with the status of the order.
Some customers prefer to place an order to a person. In that case the SalesEmployee
submits the order in the System, or enquires the details of an order to inform a client. The
Customer can also send and receive a number of files regarding an order.
The OrderEngine subsystem is the back office that handles all the interaction between the
system and the clients. It is connected to the Customer database, which contains all the
information about the customers and the Order Database, which contains information about
the orders (Customer and Order classes of Figure 10). It also receives status updates for all
orders and updates the Order Database.
The PreManufacturingService module involves all the activities that must be conducted
before the actual manufacturing of a part. It receives the parts that will be produced from
OrderEngine subsystem along with the corresponding 3D models, if they are available.
Alternatively the 3D models can be received from the 3D model Database, which contains all
the valid 3D model files that the organization has the right to preserve, or straight from the
Designer.
The ProductionPlanner receives the valid, ready-to-be-printed 3D models and assist the
ProductionEmployee to group them to batches, of parts that can be produced in the same
print. That depends on the material, quality and whether they fit together in terms of
volume and shape. Then the batches are sent to the corresponding 3D printer.
ManufacturingService involves the production of the parts. It receives the batch from the
ProductionPlanner, which is allocated to the corresponding 3D printer and is printed and
after that, some parts are post processed. During the production, sensors are monitoring the
conditions of production and a log is created. These logs are saved in the History Database,
to be used in the future for either to study and improve the system or trace a part to its
production.
The QualityService involves maintaining the quality of AMIS which is handled by the IT
department. It also involved the quality of the organization as a whole. For that reason it
accesses the Customer, Order and History Databases and provides data to the managers that
they can use to improve the organization.
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Figure 13: AMIS Conceptual Level Architecture
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5. Evaluation
To review the produced architecture of Paragraph 4.4.1 a scenario based review will be
conducted. Scenario based techniques provide one of the most general and effective
approaches for evaluating an architecture. Due to the lack of time in the course of this
project and the inability to gather all stakeholders in a workshop, a simple scenario based
review was conducted.
The organizations of the first round of interviews were approached for a second round of
interviews. Out of those, only four interviews were arranged (a contact from Shapeways,
could not be approached during the time period that the interviews took place). In the case
of Oceanz, the IT manager were approached for the second round, as he is considered a
more appropriate role to review the architecture.
In every session there were two phases. In the first phase the models of Chapter 4 were
shown and explained to the interviews, to discover any point of disagreement and improve
the models, in order to be more practical. In the second phase the interviewees were asked
to provide scenarios that occur in an AM organization, and based on discussion, it was
determined how AMIS tackles these scenarios and what improvements or corrections could
be made.

5.1 Scenario 1
The first scenario describes the situation, where a customer, who wants to print a 3D model,
submits an order to the system. It was provided by Dutch Army and DiManEx.

Figure 14: Scenario 1

The first step is that the customer logs into the system and submits the details of the order
and the 3D model. The price of the order is determined and the customer receives back a
quotation. After agreeing to the order the customer submits the payment details and
finalizes the order (step 3), receiving back an invoice (step 4). Then the order is saved in
customer’s history and in the Order Database (step 5).
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Table 17: Scenario 1 information path

Name
Contribution to goals

1
2
3
4
5

Message
SubmitOrder
SendQuotation
ConfirmOrder
SendInvoice
SaveOrder

External Order with 3D model
2.1 IncreaseRevenue
3.2 IncreaseSales
4.4 ImproveEaseOfOrdering
Information elements
OrderForm, 3Dmodel
Quotation
PaymentDetails
Invoice
OrderForm, 3Dmodel, PaymentDetails

5.2 Scenario 2
The second scenario concerns the situation of an internal order and it was provided by
Dutch Army. In this situation there is no customer, as the organization is producing a part for
internal use. In this case the role SalesEmployee might be given to an employee of the AM
production department, who handles all the requests from other departments.

Figure 15: Scenario 2

In that case the first step is that SalesEmployee compiles the order, including the 3D model,
and submits it into AMIS. Then the OrderEngine receives the order (step 2) checks its validity
and saves it to the Order Database (step 3). The order then it sent to
PreManufacturingService to proceed to manufacturing.
Table 18: Scenario 2 information path

Name
Contribution to goals

1
2
3

Message
SubmitOrder
ForwardOrder
SaveOrder

Internal Order with 3D model
2.1 IncreaseRevenue
4.4 ImproveEaseOfOrdering
4.5 IncreaseProduction
Information elements
OrderForm, 3Dmodel
OrderForm, 3Dmodel
OrderForm, 3Dmodel
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5.3 Scenario 3
The third scenario is about redesigning a 3D model that is currently in the 3D model
Database. The Dutch Army provided this scenario. It is common for companies who own 3D
models to modify them in order to improve a design, make a custom fix solution for a client
or give more functionalities a core model. In that case an existing model is used as base for
the creation of a new model.

Figure 16: Scenario 3

The first step is retrieving the 3D model, which will be modified. The Designer retrieves the
model from the 3D model Database, via the PreManufacturingService (step 1, 2). After the
Designer finishes editing, the new model is sent to PreManufacturingService module (step3),
which saves the new 3D model to the Database, attaching relevant data about its editing
(step 4) (e.g. editor, time, changes).
Table 19: Scenario 3 information path

Name
Contribution to goals

1
2
3
4

Message
Request model
Receive model
SaveNewModel
SaveModeltoDatabase

Redesing 3D model
3.1 AttractNewCustomers
3.3 ReduceLeadTime
4.3 IncreaseQuality
4.6 ImproveProcess
Information elements
3Dmodel
3Dmodel
3Dmodel
3Dmodel, EditingLog

5.4 Scenario 4
Scenario 4 concerns the case, where a client is placing an order without providing a 3D
model. This scenario was provided by DiManEx. In that case, it is assumed here that the
designer of the company is creating a 3D model for the customer, based on which a
quotation will be produced and after that the customer will decide to submit the order or
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not. While that is a common case, other organizations prefer other tactics, for instance
charging the customer for the design or finding an independent designer for the client.

Figure 17: Scenario 4

The first step is that the customer logs into the systems and submits the order, providing all
the technical details needed for the designer to create a model. The next step is for his order
to be forwarded to the designer (step 2). The designer creates the model and is sent to the
OrderEngine, to create a quotation for the customer (steps 3, 4, 5, 6). The customer then
submits the order, along with the payment details (step 7) and receives and invoice (step 8).
The order is registered in the system (step 9) and the accepted model is registered in the
database (step 10).
Table 20: Scenario 4 information path

Name
Contribution to goals

Message
1 SubmitOrder
2 SendRequest for design
3 Send3Dmodel
4 Forward3Dmodel
5 SendQuotation
6 SendQuotaion
7 SendPaymentDetails
8 SendInvoice
9 SaveOrder
10 Save3Dmodel

External Order without 3D model
2.1 IncreaseRevenue
3.2 AttractNewCustomers
3.2 IncreaseSales
4.4 ImproveEaseOfOrdering
Information elements
OrderForm
RequestForDesign
3Dmodel
3Dmodel
Quotation
Quatation
PaymentDetails
Invoice
OrderForm, PaymentDetails
3Dmodel
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5.5 Scenario 5
The fifth scenario involves the handling of defect parts. This scenarios was provided by
Oceanz. As every manufacturing process Additive Manufacturing sometimes produces parts
that are inferior to the standards of the manufacturing plant (e.g. cracks, bad texture). In
case the defect product can’t be improved with post manufacturing processes it must be
rejected and produced anew.

Figure 18: Scenario 5

A defect product is identified during the post processing quality control phase. In this case
the ProductionEmployee interacts with the ManufacturingService module (step 1) changing
the status of the part from “InManufacturing” to “Received”. The ManufacturingService
updates the status of the part informing the OrderEngine (step 2), which update the Order
Database. In that way the part goes again in the queue waiting to be manufactured.
Table 21: Scenario 5 information path

Name
Contribution to goals

1
2
3

Message
Updatepartstatus
Forwardpartstatus
SavePartStatus

Identify defect part
4.3 IncreaseQuality
4.6 ImproveProcess
Information elements
OrderStatus
OrderStatus
OrderStatus

5.6 Scenario 6
Scenario 6 concerns the situation where despite all checks a defect part reaches the
customer and it was provided by Oceanz. This is a scenario that doesn’t occur often,
however it is crucial for an AM organization to be able to handle it properly, in order to
minimize the dissatisfaction of the customers and prevent losing them. The database is
informed about the defect, thus when the managers are looking into the historical data for
improvement they can trace back the defect parts to the manufacturing condition and
identify causes of corruption.
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Figure 19: Scenario 6

When customers receives a part that do not comply with their standards, they contact the
company using AMIS and send a complaint (step 1). CustomerSupportService receives the
complaint and sent back and response with an apologizing message, notifying the customer
that a replacement is being manufactured. The next step is creating to contact the
OrderEngine (step 3), find the order in question in Order Database (step 4), mark the part in
question as defect and create a new order for that part (step 5). The 3D model of the part is
saved in 3D model Database and is retrieved from there (step 6).
Table 22: Scenario 6 information path

Name
Contribution to goals

1
2
3
4
5
6

Message
SendComplaint
SendResponse
ForwardComplaint
UpdateOrderDatabase
SendRequestForManufacturing
Receive3Dmodel

Client receives defect part
4.3 IncreaseQuality
4.6 ImproveProcess
Information elements
ComplaintTicket
ComplaintResponce
ComplaintTicket
OrderStatus
PartID
3Dmodel

5.7 Conclusion
The organizations that participated on the second round of interviews gave their feedback
on the models of Chapter 4 and provided scenarios for the evaluation of Chapter 5. The
experts considered the models to be valid and to represent with accuracy an AM
organization. Minor changes were proposed that were integrated in the models of Chapter
4. The behavior of the proposed architecture for AMIS was examined in every one of the
provided scenarios. In this level of abstraction AMIS performed well and covered all the
needs that were provided by these scenarios. It is concluded that the conceptual
architecture is a valid model that can work as a Reference Architecture for an AM
organization.
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6. Conclusion
This chapter is the conclusion of this project. The research questions are revised and the
answers provided in the course of this project are described. The method and limitation of
this project are also discussed and suggestions for future research are given.

6.1 Research Questions
The aim of this project is the creation of a Reference Architecture, which can work as a
guideline for any AM organization, no matter its size and diversity of operations. This aim is
made explicit in the main research question, which was analyzed in five research question.
The answers to the research questions will be presented analytically below.
Research Question 1: Which are the business processes that take place in an AM
environment?
The answer for this question was searched both in literature and in practice, by conducting
interviews. An abstract model of the business process of AM, from the moment an order is
placed until the produced item reaches its destination is presented in Appendix I.
Every article and organization presents a process focusing on a certain view and a certain
case and for that reason differences can appear. From all these different data and
viewpoints a generalization was drawn, which is presented on Table 8.
Based on the previous work and following the COMET methodology those tasks were
incorporated into business processes that AMIS performs to support AM and are presented
in Figure 9.
Research Question 2: Which are the Functional and Non-Functional Requirements of an AM
environment?
Based on the processes of the RQ1 the functionalities of the system that support an AM
organization were identified. Same as with RQ1, some functionalities of an AM system are
case dependent. The literature study delivered the six Functional Requirements of Paragraph
2.2.2. After the interviews some of the FRs were divided in more than one, in order to be
more detailed and some new ones were added.
The search for Non-Functional Requirements was challenging, as the literature for AM from
the Information System, or in general IT perspective is poor. Direct discussion about NFRs
was difficult to be identified thus articles from other domains with indirect mentions had to
be considered. Therefore, the interviews had a great impact in identifying NFRs. The NFRs
that were met in the literature are presented in Paragraph 2.2.3 and the ones that are
mentioned in the interviews in Paragraph 3.1.2.4. A complete list in presented in the
Paragraph 4.3.2, as part of COMET modeling.
Research Question 3: Which ICT manufacturing technology trends can support the IS
architecture of an AM environment?
Additive Manufacturing is still a niche technology addressing a niche market. In that sense,
the possibilities of the technology itself have not been fully explored neither the options of
the combination of AM with other technologies. Thus, one of the objectives of this project
was to look into the ICT technologies that can collaborate with AM and yield better results.
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Even though AM is a hot topic, literature including cooperation with other technologies is
difficult as both academics and practitioners are trying at this time to define the limits of the
technology itself. A typical example for this is the response of a practitioners when asked for
other smart technologies that they use besides AM: “3D printing in a smart technology by
itself”. The list of identified technologies is mentioned in paragraph 3.1.2.5.
Out of these technologies Big Data and sensors have a relatively wide use in practice. Cloud
computing is used in certain cases but the rest even if practitioners consider adopting them,
they lack the structure plan to integrate them in manufacturing. They are more of an
unstructured idea for the future.
Research Question 4: Which are the business models of the reference architecture that
supports AM environment?
The answers from RQ1, RQ2 and RQ3 were used as data for the modeling of the reference
architecture. Using the COMET methodology the business models for an AM organization
occurred. The methodology is briefly described in Appendix A and the modeling is
demonstrated in detail in Chapter 4. The Reference Architecture is demonstrated in Figure
13 and explained in Section 4.4
Research Question 5: Is the proposed reference architecture fit and useful for an AM
environment?
After the modeling part a validation of the model took place using interviews. All the models
of Chapter 4 were shown to the interviewees and they were described and discussed. They
provided their feedback and based on this minor improvements and corrections were made.
In terms of the Reference Architecture, the practitioners provided several scenarios from
their experience. These scenarios are demonstrated in Chapter 5. As the behavior of the
systems covers all these scenarios, it can be concluded that AMIS is a solid reference
architecture design that can support the operations of an Additive Manufacturing
organization.

6.2 Method validity and limitations
This project uses sources from both literature and industry, in the form of interviews. In that
manner the inputs from both sides, on one hand are supplemented each other, covering all
the possible aspects and, on the other hand, are cross validated, so that all the inputs are
coherent. The COMET methodology was used to design the business models, which is
appropriate for creating reference models and capturing the functionality that drives the
decisions made. Finally, the models were discussed with the experts, who ensured their
validity and scenarios were run by them to verify that the architecture has the desired
behavior against scenarios from the AM field.
A premise for COMET methodology, as well as any Business Information System Architecture
methodology, is the deep understanding of the organization in question. That can happen in
the form of interviews with all the stakeholders of the IS or workshops with participation of
all of them to clear any kind of contradictions. This was not possible in this project, as it was
not conducted inside an organization but the aim was to find the middle ground between
common organizations. Thus, instead of interviewing many stakeholders from one
organization, one stakeholder from many organizations were interviewed. That helped in
creating a general picture for the domain but not in forming a clear and in-depth picture of
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any organization. Furthermore, by consulting only one person from a company there exists
the risk of biased opinion.
Customers were not interviewed because of time limitation. Another issue is that at this
point the customers of AM are really diversified from companies who produce novelty
promotional items to patients who order medical products. Hence, profiling all the customer
types and their needs in general was not possible.

6.3 Contribution
The purpose of this project was to have a contribution of both scientific, as well as practical
value, as explained in Section 1.1. That goal was achieved by using resources from both
academic literature and practical experience.
This project covers all the aspects of Figure 4. In the side of Environment interviews were
taken by organizations to identify people, organization and technology. In the side of
knowledge base COMET methodology was primarily used for modelling and other scientific
methods for extracting data for literature and conducting interviews. In the IS research
domain, business models were design and were evaluated using interviews with the
practitioners.
Theoretical
As mentioned in Section 1.1 a few approaches have been made for an IS architecture for
Additive Manufacturing (Kim, Witherell, Lipman, & Feng, 2015; Wang, Yao, Yang, & Chen,
2016) or around it, as the customer interaction approach of Modekurthy et al. (2015). This
work closed the research gap that was identified by providing a more complete approach,
providing a blueprint that integrates the important need of the customer as mentioned by
Modekurthy et al. (2015).
An important aspect of Additive Manufacturing is the business aspect, which is not covered
enough in the literature (Wang, Yao, Yang, & Chen, 2016; D’Antonio, Segonds, Bedolla,
Chiabert, & Anwer, 2015). This project approached AM organization structure from the very
basic concepts identifying roles that are involved, their relationship and the business
processes in which they participate.
Practical
This project adds another information tool to support to promote and support the
capabilities of Additive Manufacturing, as the literature in this field is scarce (D’Antonio,
Segonds, Bedolla, Chiabert, & Anwer, 2015).
Business aspects of Additive Manufacturing have been studied from literature point of view,
as well as practical. This study provided some valuable insights from different points of view,
e.g. manufacturer, supplier etc. Practitioners can look into their insights and compare them
to their own, in order to form a more global insight about the field of AM.
Last but not least, the Conceptual Architecture is an important practical contribution. This
architecture functions as a reference for IS architects, who can consult the models of
Chapter 4, as well as the drivers that lead to these models, project them to their
organization and gain important insights, whether they are designing their own IS or making
changes to it.
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Chapter 6| Conclusion

6.4 Future Research
This project research provides some useful insights which could lead to further research
topics in the future.
A straightforward suggestion that results from this project is the application of the reference
architecture to an AM organization. Working inside an organization can give better insights
about the needs of the specific organization. Therefore, based on AMIS a concrete
architecture can occur that is custom made to an organization and better insight on the
stakeholders and their view can be obtained with interviews or workshops.
Additionally working inside an organization can bring contacts with the customers, in the
case of a manufacturer who sells products to external clients. Hence, the customers, who
are less diverse in the case of a specific organization can be profiled and a market level
architecture can be modelled, by designing the front office of the client side and study
better the interaction between customer and manufacturer.
Starting this project the requirements of an AM organization, as well as the manufacturing
process, was not very well documented. For that reason semi-structured interviews were
conducted, in order to get as much information from the interviewees as possible, as the
questions that need to be asked were open. Now that an insight has been formed,
questionnaires can be constructed, so as to reach a much bigger and more diverse sample
and confirm, supplement or discard the findings or this project.
Research is missing in the topic of ICT manufacturing technologies in cooperation with
additive manufacturing. The practitioners are still trying to define Additive Manufacturing as
a service, what it can provide to the customers and who the key customers are for AM,
hence they do not pay attention to other technologies, since there is room for improvement
in AM itself. Therefore, more research can be conducted there from a more technical point
of view.
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Appendix A
COMET Methodology
COMET (COmponent and Model based development METhodology) is a process is a
structured set of development methods, procedures and modelling techniques that are used
for the specification, development, testing and deployment of products, systems, or
components (Berre, et al., 2007).
The object-oriented paradigm for modelling is followed in COMET, which means that the
real world as well as the software systems are viewed and modelled as a set of collaborating
objects. It also component-oriented as it describes methods and techniques that encourage
use of components and business objects as building blocks to build open, flexible and
dynamic software systems.
COMET encourages reusability within product families with the reference model concept. A
reference model provides a means of standardizing concepts, models, and patterns, and
provides a framework for reuse within a domain. This trait makes it ideal for this project as
the goal is the creation of a reusable reference architecture.
The component development process is model driven. There are four models involved: The
Business Model, the Requirements Model, the Architecture Model and the Platform Specific
Model. These models contain work products that provide the viewpoint specifications for
the component-based system or the individual component that is being developed. The
models with their work products are the outcome of the system development activities.
They are described in the following sections.
Business Modelling
The Business Model is used to express the part played by the system being developed in the
context of the business that will use it. It also provides the elements that link extremely well
the Architecture Model.
The Business Model includes goals, business processes, steps within business processes,
roles and resources. The scope of the model is any part of the world defined as interesting
for a company, organisation or others, and which has some impact on the required
behaviour or other characteristic of the system. The business model might be broadly or
narrowly scoped, e.g. describing the entire business of a company or describing the
immediate environment and context of a system under consideration. Thus, the business
model is recursive in the sense that some business models might detail aspects of another
more broadly scoped/higher level business model.
Requirements Modelling
The requirements model identifies the system requirements. These include functional
requirements, non-functional requirements (quality of service) and constraints.
Use cases and scenario descriptions are used to capture the functional requirements. These
use cases and scenario descriptions are also used to structure some of the non-functional
requirements and constraints.
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Non-functional requirements are statements concerning qualities of the systems, for
instance performance, availability, security, reliability and so forth. There are also other
requirements specifying constraints that will have impact on the system to be developed, for
instance available resources, special customer preferences, company strategy etc.
Architecture Modelling
The Architecture Model describes the overall architecture of the system and the partitioning
into components in terms of collaborations of components and subsystems, component
structures, component interactions, and component interfaces and protocols. It describes
two aspects of the component collaboration, namely the static, which presents the structure
of the system and dynamic, which demonstrates the behavior of the system. The static
model describes the components, their dependencies, and their interfaces; the dynamic
model describes the component interactions and protocols. The result is to define
components in terms of what interfaces they provide, what interfaces they use, and how
these interfaces should be used (protocol).
Platform-specific modelling
Platform-specific model of a system is linked to a specific technological platform (e.g. a
specific programming language, operating system, document file format or database). This
model defines the result of mapping the component model to an implementation on a
particular infrastructure. Platform-specific models are indispensable for the actual
implementation of a system. This modelling phase is omitted in the case of a Reference
Architecture, as there is no specific platform.
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Appendix B
Additive Manufacturing Process based on literature
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Appendix C
Interview Protocol
Introduction
Thank you very much for participating in this study. My aim is to understand how additive manufacturing
companies operate, in order to develop a generic Enterprise Architecture for Additive Manufacturing. To
facilitate my note taking, I would like to ask your permission to audio tape this conversation. Only I will have
access to these files. All files will be kept in strict confidence, in my computer. Please confirm now whether you
agree to the recording; if not we may continue without recording.
You have been selected to speak with us today because you work for an organization relevant to Additive
Manufacturing. Namely, [about organization]. Also because you are knowledgeable about how your
organization benefits from and contributes to the innovative domain of AM. My research project as a whole
focuses on the Information System aspect of Additive Manufacturing.
During this interview, I would like to cover questions in four main themes, after briefly reviewing some
background information. If time begins to run short, it may be necessary to interrupt you in order to push
ahead and complete the overall line of questioning. I am, however, open to extending the discussion as your
schedule and interests allow.
0 Background questions
0.1 According to what I was able to document, you have been in your current position for xx
years. The core business of [xx], is [Additive Manufacturing]. Your company [insert
activity]. Is this information correct?
0.2 Do you have only businesses as customers? What is the range of the orders you receive
for a product? Min:
Max:
0.3 Do you use other methods of processing, for instance, subtractive manufacturing, milling,
lathing etc. If yes, which?
Now, let’s start with our first main theme.
1 Manufacturing Process I would like to talk about the whole process of manufacturing the product, from
the moment that you receive the order from the client, until the order leaves your client to the customer.
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 -

How do you receive orders?
How are the orders queued?
In what ways is payment possible?
Creation of 3D model by designer.
Validation of 3D model.
Manufacturing of product
Post processing
Prepare for shipping
Shipping

Please free to add any steps that I have omitted.
Thank you for your answers. The next theme will be about the stakeholders.
2 Stakeholders In this point I would like to talk about the people that take part in the manufacturing
process and interact with the system supporting it.
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Customer
Designer
Production Manager
Production worker
Sales engineer
Supply Chain Manager
IT support

[After listening to the answers ask about roles that you expect to hear but didn’t appeared]
Thank you again for your answer. We will go on to the next theme which concerns the system’s
functionalities.
3. Functional Requirements Functional requirements describe what a system is supposed to accomplish.
Based on all the steps that we talked about before what are the goals of the information system?








Take orders
Arrange payments
Manage orders (e.g. queue)
Manage 3D models
Monitor stage of order
Store models
Arrange shipping

Thank you once more. We talked about what the system should to, now I would like to discuss about how it
is desirable to do it.
4 Non-Functional Requirements Non-Functional requirements are a description of how the system should
operate - as opposed to what it should be functionally capable of. Based on scientific literature about
Information System Architecture in general and in particular Additive Manufacturing, I have gathered the
most important. I would like you to pick the five that you consider most important among them and justify
your choices.
[Show cards with Non-Functional Requirements]
Thank you for your answers. We now proceed to the last theme.
5 ICT Technologies Additive Manufacturing is a niche technology and its full potential has not been yet
unlocked. Do you use other ICT manufacturing technologies to assist AM? Also called smart manufacturing
technologies?






Wireless manufacturing – RFID
Big Data
Cloud Computing – Cloud Manufacturing
Internet of Things
Sensors

Conclusion
Thank you very much for your time. We look forward to presenting the results of our study to you in my
final report. Would you have any remaining questions about our study?
In the future, I plan to conduct follow-up interviews with a selection of participants to review the result of
my work. Would there be someone you’re your company that is relevant to Information System
Architecture willing to participate in the follow-up round?
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Appendix D
List of Non-Functional Requirements
1. Accessibility
3. Audit and control
5. Availability (see service level
agreement)
7. Backup
9. Capacity, current and forecast
11.Certification
13.Compliance
15.Configuration management
17.Dependency on other parties
19.Deployment
21.Documentation
23.Disaster recovery
25.Efficiency (resource consumption for
given load)
27.Effectiveness (resulting performance in
relation to effort)
29.Emotional factors (like fun or absorbing
or has "Wow! Factor")
31.Environmental protection
33.Escrow
35.Exploitability
37.Extensibility (adding features, and carryforward of customizations at next major
version upgrade)
39.Failure management
41.Fault tolerance (e.g. Operational System
Monitoring, Measuring, and
Management)
43.Legal and licensing issues or patentinfringement-avoidability
45.Interoperability
47.Maintainability
49.Modifiability
51.Network topology

2. Open source
4. Operability
6. Performance / response time
(performance engineering)
8. Platform compatibility
10.Price
12.Privacy
14.Portability
16.Quality (e.g. faults discovered, faults
delivered, fault removal efficacy)
18.Recovery / recoverability (e.g. mean
time to recovery - MTTR)
20.Reliability (e.g. mean time between
failures - MTBF, or availability)
22.Reporting
24.Resilience
26.Resource constraints (processor speed,
memory, disk space, network
bandwidth, etc.)
28.Response time
30.Reusability
32.Robustness
34.Safety or Factor of safety
36.Scalability (horizontal, vertical)
38.Security

40.Software, tools, standards etc.
Compatibility
42.Stability

44.Supportability
46.Testability
48.Transparency
50.Usability by target user community
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Appendix E
Cards with Non-Functional Requirements
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Appendix F
Supply Chain Operation Reference (SCOR)
Supply-chain operations reference (SCOR) model was developed and endorsed by the Supply
Chain Council as the cross-industry, standard diagnostic tool for supply chain management.
The SCOR model describes the business activities associated with satisfying a customer's
demand, which include plan, source, make, deliver, and return. Use of the model includes
analyzing the current state of a company's processes and goals, quantifying operational
performance, and comparing company performance to benchmark data. SCOR has
developed a set of metrics for supply chain performance, and Supply Chain Council members
have formed industry groups to collect best practices information that companies can use to
elevate their supply chain models.
The framework of the model is based on process description. As illustrated in Figure 20,
SCOR uses a “building block” approach based on five management processes to describe
supply chains. This building block approach allows a supply chain description to be
“assembled” across organizations, internal and external, across industry segments, and
across geographies. Through the use of this approach, it is not only easy to model
outsourced activities, it provides an invaluable tool for evaluating third party performance
and determining the strategic/financial advantage of outsourcing supply chain activities.

Figure 20: Five management processes of SCOR (Stephens, 2001)

Each organizational element within the chain has Plan, Source, and Deliver activities. Plan
activities balance resources and demand and provide integration. This reference model
enables users to address, improve, and communicate supply chain management practices
within and between all interested parties in the extended enterprise.
These five management processes are decomposed into three levels of detail as shown in
Figure 21. At Level 1 (Plan, Source, Make, Deliver, and Return) supply chain performance can
be directly tied to the business objectives of the organization. Level 2 and Level 3 processes
elements are used to describe more and more detailed activities to provide greater insight
into the operation of the supply chain. Because this is a cross-industry Model and because
each organization’s operations are unique, the Model must be extended by the
implementing organization to Level 4.
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Figure 21: Four level of SCOR model (Stephens, 2001)
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Appendix G
Work Analysis Refinement Models (WARMs)
In this appendix the WARMs of two processes will be demonstrated and explained. It is not possible
to exhibit WARMs for all the processes, because, as it is explained earlier, some of them are not
known with every detail or they are different for each manufacturer, so they are treated as black
boxes, a practice that does not interfere with the goals of this project. Others are not explained in
detail (e.g. shipping) as they do not present any difference between an AM organization and any
other, thus it is not considered important to be explained.

CreateOrder WARM
The first model presents the process of an existing customer logging into AMIS to submit an order. In
that case the customers use their credentials to log into AMIS. After Authentication succeeds they can
submit their order by uploading the 3D files that they want to be produced and choose the relevant
parameter, such as material, quality, color etc. After that OrderEngine processes the given detail,
calculates the cost of the order and sends a quotation to the customer. The customer after receiving
the offer confirm the order or cancels it. After the customer confirms the order, chooses the form of
payment and submits the order. If the order is valid, it is stored in AMIS and sent to
ProductionPlanner, in order to start processing it. If there is an error with the order the process starts
over.

71

Appendices

Figure 22: WARM CreateOrder
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Check3dmodel WARM
The second WARM concerns the validation process of the 3D model. It is executed by three
stakeholders, namely ProductionPlanner, ProductionEmployee and Customer. As soon as
ProductionPlanner receives a 3D model runs a validation test, to ensure the quality of the model and
that is possible to be printed. It can check for instance if the file contains a closed surface and if the
model size is within the capacity of the printer. If the model is valid then it is sent to the Production
Employee for further checks that cannot be automatically conducted. In case the model is valid it is
sent to the 3D model database of AMIS and to be processed for production. In case the model has
flaws it is corrected it is sent to the Customer for correction, as there might be Intellectual Property
Rights involved or critical changes needed. If editing is impossible then the production is aborted. In
case a designer of the company created the model the Customer swim lane is substituted by
Designer, who performs the same actions.

Figure 23: WARM Check3Dmodel
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Appendix H
Technology
In this chapter the technological aspect of Additive Manufacturing Information System will
be discussed. AMIS presents a reference architecture, thus some details that are case
specific cannot be addressed, but suggestion for the common part will be provided where
possible.
Most of the modules of AMIS can be implanted using buy-approach. Buying an Advanced
‘common-of-the-shelf’ (COTS) can be a fast solution for an AM organization, as the
parameterization of a readymade system is faster that creating one from a clean slate and
also less expensive. Some modules, for instance, ProductionPlanner may need to created
based on make approach, depending on the degree of automation that the manufacturer
wants to achieve.
AMIS is divided in two parts: The Application part and the Infrastructure part. On the first
part the User Interface and the Applications are included, via which all the human actors
interact with the system, upload and download files and submit requests. The Infrastructure
part includes the Back end of the System that users do not see, such as the operating
software, hardware, databases etc.
Customers can submit their orders via the internet. The connection between the Application
interface, with which the customers interact, and the Infrastructure is, as most
interconnectivity links within the system, typically provided by middleware. Middleware is
software designed to effectively and efficiently facilitate the interconnection of a large set of
software modules in a complex environment. Message-oriented middleware is program-toprogram communication middleware that relies on the exchange of message. It is preferred
in this case, because it offers loosely coupled asynchronous communication which allows
dynamic system landscapes (Grefen, 2015).
AMIS employs four Databases to store relevant data that are used by the system. These
need corresponding database management systems (DBMS) which are systems that handle
queries for data. Customer and Order Databases contains simple data thus relational
database management system (RDBMS) is suggested, which supports the well-known
relational data model and the SQL language for database querying and manipulation. Most
modern-day business applications rely on a RDBMS for their data management needs
(Grefen, 2015). The 3D model database, uses an object-oriented database management
system (OODBMS), which is a DBMS supports an object-oriented data model and is ideal for
engineering applications contexts, such as CAD models.
The History Database uses a multi-dimensional database management system (MDDBMS),
which is a system that is designed to work with a multi-dimensional data model. It is typically
applied in complex data analysis (or data mining) environments for online analytical
processing (OLAP) applications (Thomsen, 2002). OLAP include business reporting for sales,
marketing, management reporting, business process management (BPM), budgeting and
forecasting, financial reporting and similar areas.
AMIS is designed as a greenfield situation, which is a system for a totally new environment,
without concern for integrating with other systems. However, AMIS can be a subsystem that
interacts with a higher level ERP of the organization. It is possible that this is a legacy system.
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In that case a method to moderate the communication between contemporary and legacy
systems. A possible solution to this problem is a schema crosswalk. Crosswalk tables are
often employed within or in parallel to enterprise systems, especially when multiple systems
are interfaced or when the system includes legacy system data (Chan & Zeng, 2006).
Another solution would be the use of a wrapper. A wrapper is middleware which
encapsulates the older systems and acts as a translator between the legacy systems and the
new information system. By using a wrapper the information system can gradually be
changed without losing functionalities.
Customer, Order and History Databases can be accessed using Big Data analytics. Big data
analytics is the process of examining large data sets to discover patterns, correlations,
market trends, customer behavior and other useful information that can help organizations
make informed business decisions. Driven by specialized analytics systems and software, big
data analytics can provide various business benefits, including new revenue opportunities,
more effective marketing, better customer service, improved operational efficiency and
competitive advantages over rivals.
The 3D model database can be in certain cases online, for instance in a cloud. That way in
can be used with partners in different locations. One example is the use of remote
supercomputers for model checking or printing simulations, which require a tremendous
amount of computational power that normal computers do not have and purchase of
computer system that can achieve it is costly. Such services can improve the quality of
printing as imperfections or any other unwanted results can be prevented beforehand.
Security is a very important quality in a system such as AMIS, as sensitive data are involved
(e.g. intellectual property rights). In AMIS every user uses username and password to log
into the system. After they enter the systems the users can only see and access files (such as
3D models) and logs (e.g. order history, order status) relevant to their role.
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Appendix I
Additive Manufacturing Process
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