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Abstract

Additive manufacturing (AM), commonly known as 3D printing, is revolu-
tionising the manufacturing industry by boosting business profits and enhanc-
ing their competitive edge. However, simply adopting and implementing AM
technology is not enough. Manufacturing companies must integrate AM into
their existing capabilities with which is a complex challenge. Therefore, the
purpose of this thesis is to explore the integration of AM into the manufactur-
ing industry by looking into what manufacturing companies find challenging
and propose solutions to overcome the challenges. The research was con-
ducted in collaboration with a global heavy vehicle manufacturer located in
Sweden. The overall research methodology adopted a longitudinal multiple
case study. So far, three studies emerged, namely the Strategy and Tactics
study, the Gearbox study, and the Learn from Others study. Several partici-
pants were engaged in the whole or parts of the longitudinal multiple case
study including managers and engineers from different departments. The find-
ings were analysed thematically, and several tactics were used for enhancing
validity and reliability. The findings from this research suggested four AM
integration challenges, namely ambiguous ownership, cognitive fixation, sit-
uational awareness, and manufacturing fixation. To overcome these chal-
lenges, four operational capabilities were suggested, namely AM use cases,
AM creativity, AM collaboration, and AM operational practices. These find-
ings were formulated into short-term and long-term essential actions, sorted
throughout the AM integration process, and presented in a facilitation frame-
work. Manufacturing companies need to be aware that AM integration is more
complex in industrial settings and should seek support from other manufac-
turing companies and AM actors when necessary. The next steps is to evaluate
and test the facilitation framework and map AM integration challenges and
operational capabilities of critical heavy vehicle AM use cases.






Sammanfattning

Additiv tillverkning (AT) ar dven allmént kdnd som 3D-utskrift och revolut-
ionerar tillverkningsindustrin genom att 6ka foretagsvinster och forbéttrar de-
ras konkurrenskraft. Det riacker dock inte med att adoptera och implementera
AT-teknik. Tillverkningsforetag méste integrera AT med deras befintliga for-
magor, vilket 4r en komplex utmaning. Darfor ar syftet med denna avhandling
att utforska integrationen av AT i tillverkningsindustrin. Detta genom att un-
dersoka vad som ir utmanande for tillverkningsforetag och foresla 16sningar
for att Overvinna utmaningarna. Forskningen har genomforts i samarbete med
en global tillverkare av tunga fordon i Sverige. Den 6vergripande forsknings-
metodiken antog en longitudinell multipel fallstudie. Hittills har tre studier
antagits, nimligen Strategi- och Taktikstudien, Vaxelldda-studien och Léra
sig av Andra studien. Flera deltagare inklusive chefer och ingenjorer fran olika
avdelningar var engagerade i hela eller delar av den longitudinella multipel
fallstudien. Fynden fran forskningen analyserades tematiskt och flera taktiker
anvindes for att forbattra validitet och pélitlighet. Resultaten foreslog fyra
AT-integreringsutmaningar, namligen tvetydigt dgande, kognitiv fixering, si-
tuationsmedvetenhet och tillverkningsfixering. For att 6vervinna dessa utma-
ningar foreslogs fyra operativa formagor, nimligen AT-anvéndningsfall, AT-
kreativitet, AT-samarbete och AT-operativa praxis. Dessa resultat formulera-
des till kortsiktiga och langsiktiga vésentliga atgérder som sorterades genom
hela AT-integrationsprocessen och presenterades i ett underldttande ramverk.
Tillverkningsforetag méste vara medvetna om att AT-integration dr mer kom-
plex i industriella miljoer och bor soka stod fran andra tillverkningsforetag
och AT-aktorer vid behov. Nésta steg dr att utvirdera och testa det underlét-
tande ramverket och kartlagga AT-integreringsutmaningar och operativa for-
magor for kritiska AT-anvandningsfall for tunga fordon.
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Part 1
The journey






1 Introduction

This chapter introduces the importance of additive manufacturing for the
manufacturing industry. This is followed by the problems of integrating addi-
tive manufacturing into the manufacturing industry. Thereafter, the purpose
and research questions are proposed. The chapter ends with the outline of the
thesis.

1.1 Background

In 1951, Otto John Munz developed one of the first 3D printing patents of the
photo-glyph recording and was considered the origin of the stereolithography
technique (Diegel et al., 2020). Later in the early 1980s, the world was intro-
duced to the first 3D-printed cup using a commercially available stereolithog-
raphy system (Kanishka & Acherjee, 2023). This was achieved by Chuck Hull
who became the inventor of the stereolithography apparatus. A few years later,
this event paved way for the development and invention of selective laser sin-
tering by Carl Deckard in 1992 and of fused deposition modelling by Scott
Crump in 1993. In the last decades, 3D printing has now been standardised as
additive manufacturing (AM) and was theorised' (or predicted) to disrupt and
revolutionise the manufacturing industry (Kanishka & Acherjee, 2023; Steen-
huis & Pretorius, 2017; Holmstrom et al., 2016).

AM has many uses ranging from rapid prototyping to high-volume produc-
tion of complex final products (Stentoft et al., 2021; Ford et al., 2016; Gao et
al., 2015). Furthermore, AM has been highlighted as one of many key enabling
technologies for the manufacturing industry in Europe to improve sustainabil-
ity, improve agility, improve first-time-right manufacturing, and ensure capa-
bilities become widely diffused (Deliyanakis et al., 2023; European Commis-
sion, Directorate-General for Research and Innovation, 2018; Ford &
Despeisse, 2016). Previous research has presented additional benefits with
AM such as part consolidation, mass customisation, design freedom, light-
weight parts, on-demand production, rapid prototyping, and waste reduction,
among others (Gibson et al., 2021; Diegel et al., 2020; Holmstrom et al.,
2010).

! Read more about the hype surrounding AM in the articles by Davies (2023), AMFG (2022),
Peels (2022), and Simpson (2022).



Over the years, manufacturing companies have explored ways to adopt and
implement the benefits. Adopting and implementing the broad variety of ben-
efits have been prioritised differently by different industry sectors. Both the
automotive sector and the aerospace sector prioritised complexity-for-free
(design freedom), and the medical sector found customisation as the most im-
portant benefit, to name a few examples (Niaki et al., 2019). However, adopt-
ing and implementing AM technology is not enough as it does not ensure that
AM becomes an integral (i.e., necessary and important) part of the existing
capabilities, for example operational capabilities, at a manufacturing com-

pany.

“For a successful integration of AM, it is necessary not only to know about the
characteristics and benefits of AM itself. Gaining knowledge about the whole
product development and production process from new product concepts to the
production itself is crucial.” (Reiher et al., 2017, p.44)

This means that AM integration is necessary and important with existing ca-
pabilities at a manufacturing company. Previous research in the AM literature
mentioned that manufacturing companies have sought ways to enhance busi-
ness profits and sustain competitive advantage (Niaki et al., 2022; Sonar et al.,
2020; Niaki & Nonino, 2017a) by integrating new capabilities in existing
product development (Handfield et al., 2022; Turkcan et al., 2022) and pro-
duction (Singh et al., 2023; Haug et al., 2023). Integrating new capabilities
could enhance existing products and production systems, for instance, render-
ing certain process steps in product development and production obsolete
(Holmstrom et al., 2017; Kothman & Faber, 2016). Additional benefits of in-
tegrating new capabilities include, inducing new processes and operating rou-
tines (Roscoe et al., 2019), incrementally or radically improving company per-
formance (Oduro et al., 2023), and driving changes to existing business mod-
els and supply chains (Friedrich et al., 2022b, 2022c; Oberg & Shams, 2019).
However, previous research has mainly focused on technical aspects of AM
integration (see for example, Lynch et al., 2020; Renjith et al., 2020; Madden
& Deshpande, 2015; Hedrick & Urbanic, 2013) leaving an opportunity to re-
search AM integration more holistically. Manufacturing companies still find
AM integration challenging despite the efforts of previous research to provide
various potential solutions to overcome the challenges (see for example, De
Lima et al., 2023; Gao et al., 2022; Rohde et al., 2019; Tosello et al., 2019).



1.2 Problem Formulation

Manufacturing companies find AM integration challenging due to its com-
plexity (Gao et al., 2022, 2015; Yi et al., 2019; Bessant, 1985). This is related
to managers and other decision-makers having difficulty in allocating re-
sources for initiating AM investigations that lead to a business case
(Chaudhuri et al., 2019). Once an AM investigation had been initiated, the
workforce had difficulties in adapting and transitioning to the new capabilities
whereas AM either complements or replaces traditional manufacturing (Ros-
coe et al., 2023; Rylands et al., 2016). Such a scenario induces an overall hes-
itation and reluctance due to the traditional attitude of the workforce which
has been embedded in traditional manufacturing, often carrying many years
of experience (Dwivedi et al., 2017; Flores Ituarte et al., 2016). These issues
can be traced back to an overall lack of knowledge and understanding of the
new capabilities such as design for AM, AM process chain, and AM materials
(Fontana et al., 2019; Martinsuo & Luomaranta, 2018). However, these issues
only scratch the surface of AM integration challenges.

To summarise, it is not enough to merely adopt and implement AM tech-
nology. Manufacturing companies should prioritise AM integration making
the new capabilities a necessary and important part of existing capabilities.
Previous research has reported a call to action to support manufacturing com-
panies to take significant steps forward towards seamless AM integration
(Basso et al., 2022; Yi et al., 2019; Ford et al., 2016). Thereby, this research
emerged to identify what manufacturing companies find challenging with AM
integration and provide support in overcoming such challenges.

1.3 Purpose and Research Questions

The purpose of this thesis is to explore the integration of AM into the manu-
facturing industry. Based on this background, the following research questions
(RQ) are proposed.

e RQI1: What are the AM integration challenges in the manufacturing
industry?

e RQ2: How can the manufacturing industry be supported to over-
come the AM integration challenges?



1.4 Thesis Outline

This thesis comprises two parts. Part I serves as an introduction to Part II
with the following structure. Chapter 1 introduces the research and why it is
important. Chapter 2 presents the frame of reference including theoretical
concepts and related studies. Chapter 3 mentions the performed research
methodology. Chapter 4 summarises insights from the appended papers.
Chapter S discusses the findings and synthesises answers to the research
questions. Lastly, Chapter 6 concludes the key takeaways of this research.
Part II contains the main part of the thesis which includes the appended pa-
pers.



2 Frame of Reference

This chapter presents the frame of reference including the important and rel-
evant theoretical concepts and related studies.

2.1 Additive Manufacturing

AM includes several technologies allowing physical parts to be made from
digital 3D models by building the part layer-by-layer until finished. In this
thesis, the following definition is used.

AM is referred to as the manufacturing “process of joining materials to make
parts from 3D model data, usually layer upon layer” compared to traditional
manufacturing such as machining, moulding, forming, and joining
(ISO/ASTM 52900, 2021).

Integrating AM technology into different manufacturing industry sectors are
easier said than done. However, before describing what makes AM integration
challenging, it is essential to first define AM integration, beginning with a
description of technology integration.

2.1.1 Integration of Additive Manufacturing into the
Manufacturing Industry

Technology integration influences several departments (i.e., functional organ-
isations) of a manufacturing company both within and across their borders
(Gustavsson & Séfsten, 2017; Safsten et al., 2014). In the interface between
departments working with design and manufacturing, Vandevelde et al. (2002,
p-6) referred technology integration to “interaction processes involving infor-
mation exchange on the one hand and collaboration or cooperation on the
other.” Shaw et al. (2018, p.212) mentioned that technology integration goes
“beyond adoption and predicts future use”, in which they further explain that
“developers can use these predictions to produce satisfying and beneficial
products for the user.” Based on this background, in this thesis, AM integra-
tion is defined as follows.



AM integration is referred to as going beyond implementation and adoption
making new capabilities an integral part of existing capabilities as well as pre-
dicts future necessary and important capabilities for a manufacturing company.

The AM integration process is complex (see for example Rylands et al., 2016)
and is usually performed in simplified three-stage processes (see for example
Luomaranta & Martinsuo, 2022; Chaudhuri et al., 2019; Deradjat & Minshall,
2017). In this thesis, a simplified integration process (Voss, 1988) consisting
of three stages, namely pre-integration, integration, and post-integration, was
used. Throughout the process, Voss (1988) proposed different factors that in-
fluence the success or failure of integration.

e  Pre-integration refers to the overview and securing of capabilities
for the success or failure of AM integration (Deradjat & Minshall,
2017). Factors include technical planning, strategic links, acquisition
of skills, and top management support (Voss, 1988).

e [ntegration refers to ensuring the consistent and successful realisa-
tion of a working order with AM (Deradjat & Minshall, 2017). Fac-
tors include links with suppliers, workforce participation, champion,
project management, implementation by cross-functional teams, and
start-up management (Voss, 1988).

e Post-integration refers to applying continuous improvements of
business- and technical-related activities with AM (Deradjat &
Minshall, 2017). Factors include organisational change, managing
the learning process, appropriate operational control, high-perfor-
mance orientation, and changing the accounting system (Voss,
1988).

2.1.2 Factors Affecting Additive Manufacturing Integration

AM integration could be viewed on a broader and more holistic basis with the
support of various factors presented and packaged in different frameworks.
Mellor et al. (2014) proposed an AM integration framework to address the
lack of socio-technical studies and the need for guiding AM project managers.
The factors of the AM integration framework (Mellor et al., 2014) include
external forces, AM strategy, AM supply chain, AM technology, system of
operations, and organisational change.

Additionally, in the AM literature, different theories have been used to un-
derstand technology integration (Ukobitz, 2021). Among them, the technol-
ogy-organisation-environment framework (Baker, 2012; Tornatzky et al.,
1990) is an organisational theory that explores the factors of a company’s ac-
ceptance of an innovation (such as advanced manufacturing technology) using
the technology, organisation, and environment dimensions. Choudhary et al.
(2021) used the technology-organisation-environment framework to analyse

6



the barriers in the supply chain of the medical sector. Yeh and Chen (2018)
extended the technology-organisation-environment framework with the addi-
tion of the cost factor to identify critical success factors of AM integration in
the Taiwanese manufacturing industry. Umar (2021) utilised the technology-
organisation-environment-cost framework to systematically review and iden-
tify key factors of AM integration in the construction industry. Tsai and Yeh
(2019) extended the technology-organisation-environment-cost framework
with the addition of the virtual community factor to empirically understand
the decision rules of AM integration in the Taiwanese manufacturing industry.
On the other hand, Priyadashini et al. (2022) used the factors of value and risk
instead of cost in the framework to explore and prioritise the challenges of
AM integration to achieve circular economy goals.

2.1.3 Challenges in Additive Manufacturing Integration

AM technology is not the only response or solution to every opportunity or
problem in the manufacturing industry (Liu et al., 2023; Martinsuo & Luoma-
ranta, 2018; Niaki & Nonino, 2017a; Mellor et al., 2014). Certain trade-offs
and changes compared to traditional manufacturing should be considered such
as required AM expertise, available capabilities, presence or absence of AM
actors, various costs, and technology uncertainties, among others (Pri-
yadarshini et al., 2022; Yi et al., 2019; Yeh & Chen, 2018; Steenhuis & Pre-
torius, 2017).

Next, [ have summarised literature of AM integration challenges. Chekurov
et al. (2021) reported that engineers in the machine-building industry ex-
pressed a lack of the necessary experience and knowledge about design for
AM and AM materials. Yi et al. (2019) identified that the lack of knowledge
of AM technologies was the most prominent challenge in identifying suitable
AM applications. On the other hand, Flores Ituarte et al. (2016, p.240) men-
tioned that the involved company only uses AM for rapid prototyping and that
decision-making related to certain products was supported by “fake models”
produced by AM. Priyadarshini et al. (2022) identified that the lack of a com-
pany-wide strategy for AM made it difficult to align the workforce toward
sustainability goals through digitalisation. Alsaadi (2021) identified that the
workforce perceived learning about new technologies as too time-consuming.
Dwivedi et al. (2017) found there were difficulties in introducing change in
the traditional attitude of designers due to the prohibitive cost of AM integra-
tion. Martinsuo and Luomaranta (2018) identified the lack of available data
from customers, referring to the lack of data entered into 3D models. Dwivedi
et al. (2017) found that manufacturing companies had a lack of trust in AM
service providers due to lacking after-sales services, spare parts control, low
technical knowledge, and absence of communication. Flores Ituarte et al.
(2016) revealed that conservative companies and the industry in general were
still waiting for the big industry players to take the initiative with AM. Yi et
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al. (2019) found that many companies cannot exactly predict and define the
relevant benefits of AM. Niaki and Nonino (2017a, p.69) identified the pres-
ence of “hidden cost” referring to the disposal cost of filters used in AM ma-
chines. Mellor et al. (2014) reported a lack of capital for investment in AM
technology and research and development activities, thereby hindering an in-
crease in capacity and the development of production applications. Pri-
yadarshini et al. (2022) pointed out the potential legal issues with AM refer-
ring to the capability of illegal production of weapons, sharing of digital files,
and piracy. Yi et al. (2019) found that when companies perceived unpredicta-
ble risk with AM, they would prefer to stay with traditional manufacturing.
Martinsuo and Luomaranta (2018) identified that small- and medium-sized
subcontractor companies expressed being afraid to invest in AM machines due
to high investment costs and non-guaranteed payback.

2.1.4 Potential Solutions to Overcome the Challenges in
Additive Manufacturing Integration

Even though I have presented a compilation of various AM integration chal-
lenges mentioned in previous research, some studies have provided examples
of solutions to overcome them (see for example, Luomaranta & Martinsuo,
2022; Stentoft et al., 2021; Strong et al., 2018). These solutions are not a “one
size fits all” for all challenges and consider company size, industry sector,
make-or-buy scenario, selecting parts for AM, transforming use cases into
business cases, and collaboration with AM actors, for example (Oberg &
Shams, 2019; Reiher et al., 2017; Flores Ituarte et al., 2016; Knofius et al.,
2016).

Next, literature of potential solutions to overcome the challenges in AM
integration are summarised. Fontana et al. (2019) emphasised the need for un-
derstanding in design for AM and AM process chain depending on the AM
application. Martinsuo and Luomaranta (2018) emphasised the need for AM
actors to advance the maturity of AM technology and that digitalisation could
support these advancements. Friedrich et al. (2022a) identified four decision
profiles (pioneers, combiners, planners, and waverers) that demonstrated the
spectrum of governance structures guiding make-or-buy decision-makers in
industrial AM. Chaudhuri et al. (2019) identified that collaboration with AM
service providers could support companies throughout the whole AM integra-
tion process. Rylands et al. (2016) found that AM can complement traditional
value streams with limited business impact through changes in the value prop-
osition. Stentoft et al. (2021) pointed out the opportunities and limitations of
collaborating with a non-profit association referring to the signing of non-dis-
closure agreements hindering certain knowledge sharing. Rylands et al. (2016)
identified that, if AM-based value streams co-exist with traditional manufac-
turing value streams rather than replacing them, this provided the company



with market agility to respond or to anticipate change. Mellor et al. (2014)
found that the location of manufacture remained centralised and that locating
production according to demand could emerge from an established customer
base. Klahn et al. (2020) identified several value-adding benefits that impacted
many departments in a company. Deradjat and Minshall (2017) mentioned
that a company adapted to the new capabilities as AM provided innovative
technology and materials for dental applications. Rylands et al. (2016) re-
vealed that a company added metal AM to the product offering to remain com-
petitive. Roscoe et al. (2019) explained that moving from traditional learning
through trial-and-error to ad hoc problem-solving and learning-by-failing in-
creases the frequency of interactions between individuals. Deradjat and
Minshall (2017) identified that certain AM machines were more suitable for
mass customisation in the dental sector. Additionally, Deradjat and Minshall
(2017) found a need for AM-based incentives for sceptic customers and sup-
pliers referring to the free-of-charge offering of test objects taking years to
recover from.

2.2 Operational Capability Theory

A manufacturing company has two kinds of capabilities, (1) operational capa-
bilities (Wu et al., 2010), also known as ordinary capabilities? (Teece, 2019)
or organisational capabilities? (Teece et al., 1997), and (2) dynamic capabili-
ties*. Operational capabilities have been introduced as a way for manufactur-
ing companies to adapt, innovate, and reshape their existing capabilities in
response to changing environments (Teece, 2019; Wu et al., 2010; Teece et
al., 1997).

2.2.1 Operational Capabilities in a Manufacturing Company

Operational capabilities originate from the field of strategic management and
the resource-based view emphasising the role of a company’s capabilities in
creating and sustaining competitive advantage (Teece, 2019). Wu et al. (2010,
p.726) refer to operational capability as “firm-specific sets of skills, processes,
and routines, developed within the operations management system, that are
regularly used in solving its problems through configuring its operational re-
sources.” Additionally, operational capability also includes company-specific
sets of facilities, equipment, administration, and coordination (Teece, 2019).

2 Ordinary capability is not included in this thesis.
3 Organisational capability is not included in this thesis.
4 Dynamic capability is not included in this thesis.



Against this background, in this thesis, operational capability is defined as
follows:

Operational capability refers to company-specific sets of skills, processes, rou-
tines, facilities, equipment, administration, and coordination developed by the
company and used for problem-solving or fulfilling needs through combining,
joining, and mixing.

Operational capabilities are particularly interesting since they can explain a
company’s capabilities for different operational purposes (Teece, 2019; Wu et
al., 2010). Thereby, operational capability includes:

e Skill sets refer to, for instance, specific abilities, competence,
knowledge, and expertise that an individual possesses required to
perform a particular task.

e Facilities and equipment refer to, for instance, physical and digital
resources necessary for the operations of a company.

e Processes and routines refer to, for instance, systematic and repeated
actions used to accomplish tasks or achieve goals.

o Administration and coordination refer to, for instance, management
of resources and the coordination of efforts to achieve desired out-
comes efficiently and effectively.

2.2.2 Development of Operational Capabilities

The operational capability literature mentions that there is “no one-size-fits-
all model” for the development of operational capabilities (Wiengarten et al.,
2023, p.56). There are two interesting approaches to develop operational ca-
pabilities. Teece (2019) suggests that operational capabilities can be devel-
oped (or augmented) through make, buy, and rent. Recently, Momeni et al.
(2023) found that operational capabilities in the context of digital servitisation
can be developed through acquiring, building, and learning mechanisms. Both
approaches to developing operational capabilities suggest that the develop-
ment mechanisms can be used alone or in combination.

Based on this background, the following development mechanisms have
been used in this thesis:

e Acquiring refers to how companies develop operational capabilities
from external actors (Momeni et al., 2023). For example, purchasing
from external actors or hiring key people with the required know-
how.

e Building refers to how companies develop the operational capabili-
ties of internal departments, external actors, and customers (Momeni
et al., 2023). For example, connecting people with certain know-how
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to another person or group of people over a longer-lasting period to
extend their know-how base.

e Learning refers to how companies develop operational capabilities
in-house (Momeni et al., 2023). For example, selecting and develop-
ing people through training and exposing them to new know-how.

The use of operational capability theory in the AM literature is limited. Roscoe
et al. (2019) studied how individuals, processes, and structures interact form-
ing the micro-foundations of operational capability in a digital manufacturing
environment. Holmstrém et al. (2017) explored the design and integration of
AM-based operational practices in manufacturing companies and guided them
toward developing sustainable operations strategies. There are additional stud-
ies that have indirectly studied operational capability in AM contexts (see for
example Friedrich et al., 2022a; Meyer et al., 2021; Ruffo et al., 2007).

11



12



3 Research Methodology

This chapter describes the performed research methodology including the re-
search approach, research design, research process, data collection, data
analysis, research quality, and ethical considerations.

3.1 Research Approach

The research was conducted in collaboration with a global heavy vehicle man-
ufacturing company?® located in Sweden. I was accepted as an industrially fi-
nanced doctoral student in an industrial graduate school called the Automation
Region Research Academy (ARRAY-++)S. Adopting different roles, such as
being an observer, analyst, and consultant, for example (Karlsson, 2016),
throughout the research process was difficult to manage. This was mitigated
by adopting a reflective view (i.e., careful thinking) that provided me with (1)
a careful interpretation of the results and (2) a careful interpretation of the
interpretation (Alvesson & Skoldberg, 2017; Schon, 2013). For instance, care-
ful interpretation of the results was performed by checking for similarities and
differences of the results with the literature and initiating informal meetings
with industry professionals.

After initial discussions with engineers and managers at the global heavy
vehicle manufacturer and initial scanning of the AM literature, early formula-
tions of the purpose and the research questions were formulated. However,
this formulation was done in several iterations using problematisation (Alves-
son & Sandberg, 2011) throughout the research process until the finalisation
of this thesis. To summarise, the global heavy vehicle manufacturer wanted to
explore the opportunities and limitations of AM technology, a relatively new
phenomenon for the global heavy vehicle manufacturer. The phenomenon
could be (1) studied in an industrial setting, (2) meaningful and relevant gen-
erated theory could be gained through actual practice, and (3) studied where
variables are relatively still unknown, and the phenomenon not completely
understood. Additionally, previous research (see for example Niaki & Nonino,
2017b) in the AM literature has called for more case study research. Based on

3> The global heavy vehicle manufacturing company also referred to as the global heavy vehicle
manufacturer have different descriptions in the appended papers.
6 Read more about ARRAY++ here: https://sites.mdu.se/array
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this call for action, case study research was deemed suitable (Yin, 2018; Karls-
son, 2016; Eisenhardt, 1989).

3.2 Research Design

With the selection of the case study research, the next step was to specify the
case study design, case study type, case study selection, and unit of analysis.

3.2.1 Case Study Design

The research was initially planned by taking inspiration from the multiple case
study guidelines (Yin, 2018; Karlsson, 2016). Additional inspiration was
taken from longitudinal case study guidelines (Pettigrew et al., 2001; Petti-
grew, 1990, 1985) and process study guidelines (Langley et al., 2013; Langley
& Truax, 1994).

The multiple case study format was useful to explore AM integration ho-
listically throughout the company across several departments compared to
limited single-case studies (Yin, 2018; Karlsson, 2016). Holistically meant
that I could study several aspects of the AM integration phenomenon through-
out several studies. Additional inspiration from the longitudinal case study
guidelines and the process study guidelines helped me capture change over a
period that included AM technology and its industrial context. I was able to
gain an understanding of the current status by identifying the details of specific
technical and managerial changes throughout the organisation. Then, I was
able to shift to the holistic, multifaceted, and dynamic analysis of changing
over a period (Avital 2000; Pettigrew, 1990). I could capture what was and
what should or could be changing of specific technical and managerial
changes throughout the organisation.

Thereby, the selected case study design for this research was a longitudinal
multiple case study of AM integration in collaboration with a global heavy
vehicle manufacturing company. This choice provided additional insights into
previous research who used different case study designs such as multiple-case
studies (e.g., Chekurov et al., 2021; Chaudhuri et al., 2019; Martinsuo &
Luomaranta, 2018), single case studies (e.g., Flores Ituarte et al., 2018; Mellor
et al., 2014), and literature studies with empirical validation (e.g., Yeh &
Chen, 2018; Dwivedi et al., 2017).
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3.2.2 Real-Time and Retrospective Case Studies

Since this research was planned to expand over the course of five years, I had
the opportunity to perform studies both in real-time and retrospectively. The
retroactive studies allowed me to capture insights into historical events regard-
ing change over time and the process of changing to AM integration. How-
ever, disadvantages with retroactive studies relate to (1) the difficulty in de-
termining cause and effect, (2) participants may have difficulties in recalling
essential details of important events or being too biased when recalling mem-
ories, and (3) reports produced by companies might not examine all events
and might only present important events for their own benefit (Karlsson, 2016;
Voss et al., 2002; Leonard-Barton, 1990). To overcome the disadvantages of
retrospective studies, real-time studies were performed. The real-time studies
allowed me to capture insights into current events regarding change over a
longer period and the process of changing with AM integration. Disad-
vantages of real-time studies include (1) having long elapsed time, thus being
difficult to manage, (2) potential researcher influence or bias in ongoing im-
portant events, and (3) reports produced by companies are made available at
the end of an event (Karlsson, 2016; Voss et al., 2002; Leonard-Barton, 1990).

However, early on, I became aware that other manufacturing companies
were also on or had been a part of a similar AM journey as the global heavy
vehicle manufacturer. Thereby, I included insights from other companies’ AM
journeys to potentially “avoid reinventing the wheel”.

3.2.3 Case Study Selection and Unit of Analysis

I chose to collaborate with the global heavy vehicle manufacturer, in addition
that they financed the greater part of my doctoral studies, and also based on
opportunistic sampling (Patton, 2002). The following criteria were used since
the global heavy vehicle manufacturer (1) develop and manufacture complex
products such as heavy vehicles and most of their parts and components, (2)
utilise AM for different operational purposes throughout the company, and (3)
had previous experience working with AM technology.

In collaboration with the global heavy vehicle manufacturer, I initiated
three studies, namely, (1) the Strategy and Tactics study, (2) the Gearbox
study, and (3) the Learn from Others study. The Strategy and Tactics study
was selected to gain broader insights (e.g., strategic and tactical aspects of AM
integration) from the managers working at four departments, namely Technol-
ogy, Operations, Purchasing, and Sales. The Gearbox study was selected to
gain in-depth insights from engineers working with product development and
production of parts and components in gearboxes. Additionally, to explore the
potential impact of AM integration on the product development and produc-
tion of parts and components in gearboxes. The Learn from Others study was
selected to gain broader insights (e.g., lessons learned and success factors)
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from other manufacturing companies in various industry sectors and AM ac-
tors such as service providers, machine providers, universities, and research
institutes. Based on this background, the unit of analysis for the three studies
focused on AM integration in the context of AM integration-related studies.
A summary of the research design is presented in Table I.

Table I Overview of the Research Design

Case Study Study Type Unit of Analysis RQ Paper
Strategy and Tactics Real-time AM integration 1,2 L1II
Gearbox Real-time AM integration 1,2 I III
Learn from Others Retroactive AM integration 2 v

RQ refers to the research question. Descriptions of the sample: Internal refers to
samples originating from the global heavy vehicle manufacturer. External refers to
samples originating from other sources outside the global heavy vehicle manufacturer.

3.3 Research Process

In the research, I would freely move between theory and empirical data back
and forth with several starting points and exits throughout the research process
(Van de Ven, 2007).

The longitudinal multiple case study started in 2019 and was officially
kicked off following the start of my doctoral studies on the 1% of April 2021.
Shortly thereafter, I summarised and presented my research proposal. The
Strategy and Tactics study started in September 2019 and the Gearbox study
started in September 2021. The initial results from the Strategy and Tactics
study were published in September 2022 (see Paper ). Thereafter, initial re-
sults from the Gearbox study were published in September 2023 (see Paper
II). Then, the combined results from both the Strategy and Tactics study and
the Gearbox study were synthesised and sent to a journal for a 1* review in
February 2024 and 2" review in June 2024 (see Paper I11). In November 2022,
the Learn from Others study started, and initial results were published in Sep-
tember 2023 (see Paper IV). An overview of the research process is presented
in Figure 1.
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Figure 1 Overview of the Research Process

3.4 Data Collection

In the longitudinal multiple case study, three different studies were initiated
to collect data from and provide answers to the research questions.

3.4.1 The Strategy and Tactics Study

The Strategy and Tactics study collected broader insights from managers fo-
cusing on the strategic and tactical aspects of AM integration.

Qualitative data was collected to provide rich descriptions of AM integra-
tion (Creswell, 2014). Before starting my doctoral studies, a focus group’
(Coghlan & Brydon-Miller, 2014) was set up at the global heavy vehicle man-
ufacturer with managers in various roles from four departments such as Tech-
nology (i.e., research and development, and product development), Operations
(i.e., production), Purchasing, and Sales (see Table II). The included depart-
ments were selected due to their relevancy to technology integration (Andre-
asen & Hein, 1987). Throughout the research process, the participants in the
focus group changed over time due to the changing of roles within the com-
pany, or leaving the company for other opportunities, for instance.

The focus group sessions were selected to enable the participation of all
participants in the same (digital) space and provide engaging discussions
about AM integration. The questions used and the overall focus group design
is presented in Appendix A. A total of three focus group meetings (Session 1

7 At the global heavy vehicle manufacturer, the focus group was also a reference group or steer-
ing committee as part of my doctoral studies. This group provided me with additional support
and a channel for me to report back various insights and findings throughout the doctoral stud-
ies.
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in May 2021, Session 2 in March 2022, and Session 3 in August 2023) were
conducted as part of the data collection and were between 30 minutes to 1 hour
long. If a participant was unable to participate in a focus group session, a sep-
arate interview was scheduled. In cases where the participant did not want to
participate in an interview, an email was sent instead. The interviews were
semi-structured with a similar design and the same questions as in the focus
group sessions. Semi-structured interviews were selected to enable the partic-
ipants to freely answer the questions and let the overall discussion flow while
adding subsequent questions as guidance. All focus group sessions and inter-
views were held online through Teams and both audio and video were rec-
orded. I collected additional data from informal meetings with company em-
ployees and external AM experts, observations (for example, tours in some of
the company’s factories, online and offline seminars, and workshops), com-
pany files (documents, reports, and presentations, etc.), and extensive field
notes from informal meetings, project meetings, observations, and company
files.
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Table II Overview of the Participants in the Strategy and Tactics study

Designation® Role’ Department ~ Work Geographic AM
Expe- Location 1 Knowledge
ri-
ence'’

Participant A Head of aftermar- Sales 3 Sweden Beginner

ket parts

Participant B Project manager Purchasing 7 Sweden Beginner

of parts

Participant C” Head of manufac-  Operations 5 Sweden Beginner

turing technology
development and
governance

Participant D* Head of research Technology 6 Germany Beginner

engineers

Participant E® Head of research Technology 5 Sweden Beginner

strategy

Participant F® Head of advanced  Operations 4 Sweden Beginner

manufacturing en-
gineering and re-
search

Participant G Head of strategic Purchasing 11 United States Beginner
procurement

Participant H Head of virtual Technology 19 Sweden Beginner
product develop-
ment

Participant I Head of purchas- Purchasing 13 Sweden Beginner
ing controls

Participant J® Head of research Technology 5 Sweden Beginner
strategy and inno-
vation

Participant K® Head of business Purchasing 1 Sweden Beginner
development

Participant L* Head or research Technology 1 Sweden Beginner
strategy

Participant M® Head of advanced  Operations 1 Brazil Beginner
manufacturing en-
gineering and re-
search

Participant N* Head of sustaina- Technology 1 Sweden Beginner
ble materials

a: Changed roles in 2024, : Changed roles in 2022, y: Left company in 2024, 3: Left com-
pany in 2023, &: Started this role in 2023

8 Additional participants (Participants K-M) were included (seen in Paper III but not in Paper
I). Participant N was not part of the data collection process of the study (i.e., not included in
Paper I & I1I). However, Participant N made significant contributions to other areas in the study.
Participant B switched roles in 2024 compared to what was reported in Paper I & III.

° Participant B and Participant D switched roles within the company in 2024. Participant C left
the company in 2024. Participant E and Participant F left the company in 2023. Participant J
switched roles within the company in 2022. Participants K-N started their roles in 2023.

19 Work experience is shown for the current role only. The compilation of work experience
reported in Paper III shows differences in years compared to Paper I depending on whether the
participants were still in their current roles, switched roles, or left the company.

! Participant M moved to Sweden in 2024,
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3.4.2 The Gearbox Study

The Gearbox study collected in-depth insights from engineers focusing on the
product development and production aspects of AM integration based on parts
and components in gearboxes.

Qualitative data was collected to provide rich descriptions of AM integra-
tion (Creswell, 2014). Quantitative data was collected to provide numerical
explanations to certain descriptions and variables of AM integration (Cre-
swell, 2014). This study emerged as a call to action by previous research (see
for example Niaki & Nonino, 2017b) to dive deeper into AM use cases. The
gearbox was selected based on the following criteria'? (1) it was a product that
was currently or has been designed and produced by the global heavy vehicle
manufacturer, (2) the product is complex due to a significant number of parts
and components, multi-functionality, and multi-material, (3) the product is
highly driven by customers’ requirements, (4) previous research showed in-
teresting results to the design and production of other gearboxes, and (5) the
product is a critical part of heavy vehicles. Then, I selected machine elements
such as gears, shafts, and gear stages or gear trains for further data collection,
analysis, and synthesis. A total of 12 design concepts of gears, shafts, and gear
stages or gear trains were developed. In other words, I created four design
concepts for each of the selected machine elements. I followed the action de-
sign research guidelines (Sein et al., 2011) using Creo 9 CAD software with
AM-related applications when designing the concepts. The concepts high-
lighted the following designs of a gear, shaft, and gear stage or gear train: (1)
the original design, (2) using gyroid lattice structures in the design, (3) using
topology optimisation in the design, and (4) combining gyroid lattice structure
and topology optimisation in the design. The purpose of the design concepts
was to use them as part of the interviews, to showcase the potential of AM
integration into the design of such machine elements and the whole gearbox,
and to gain insights into further developing the design concepts.

In addition to collecting data for the creation of the design concepts, I also
conducted semi-structured interviews with five of the participants (Partici-
pants O-S in Table III). I collected qualitative data from the interviews about
the product development and production of gears, shafts, gear stages or gear
trains, the interface between product development and production, as well as
insights on AM integration. The questions used for the interviews are pre-
sented in Appendix B. All the interviews averaged 1 hour in length, were held
online through Teams, and both audio and video were recorded. I conducted
the interviews in January and February of 2023.

I collected additional data from informal meetings with company employ-
ees and external AM experts, observations (for example, tours in some of the
company’s factories, online and offline seminars, and workshops), company

12 Additional criteria were added to strengthen the selection of the gearbox compared to what
was presented in Paper II.
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files (documents, reports, and presentations, etc.), and extensive field notes
from informal meetings, project meetings, observations, and company files.

Table II1 Overview of the Participants in the Gearbox study

Designation'>  Role (Area of  Depart- Work Experi- Geo- AM
Expertise) 4 ment ence!’ graphic Knowledge'®
Location
Participant O Product devel-  Technology 28 Sweden Beginner

opment engi-
neer (gears and
shafts)

Participant P Design engi- Technology 16 Sweden Intermediate
neer (Gears)

Participant Q Manufacturing ~ Operations 25 Sweden Beginner
engineer
(Gears)

Participant R Product devel-  Technology 35 Sweden Beginner
opment engi-
neer (Shafts)

Participant S Production en-  Operations 23 Sweden Beginner
gineer (Shafts)

Participant T Research Technology 1 Sweden Beginner
owner (Ma-
chine concept)

3.4.3 The Learn from Others Study

The Learn from Others study collected broader insights from other manufac-
turing companies and AM actors focusing on the lessons learned and success
factors of AM integration.

This study emerged as a call to “avoid reinventing the wheel” and gain
insights from other companies on AM integration. I collected both qualitative
data and quantitative data from specific AM use cases. In contrast to the de-
scription of a case study, a use case is referred to as the “...application of a
technology for a specific operational purpose” (Maghazei et al., 2022, p.568).
Qualitative data provided rich descriptions of AM integration and quantitative
data was extracted as a complementary explanation of AM integration (Cre-
swell, 2014). The collected data from the use cases was secondary data that
was already published online as customer stories by three AM actors, namely
EOS, Materialise, and 3D Systems. I selected the AM actors based on intensity
sampling (Patton, 2002) since they presented information-rich use cases that

13 Participant T was not part of the data collection process of the study (i.e., not included in
Paper II & III). However, Participant T made significant contributions to other areas of the
study.

141 had to schedule a second interview to finish the interview guide with Participant S. Partici-
pant T switched roles in 2024.

15 Work experience is shown for the current role only.

16 Participant P mentioned that they have AM experience and knowledge from using AM ma-
chines or desktop 3D printers using polymer materials in their spare time.
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manifest AM intensely but not extremely. The selection criteria included (1)
the AM actor had a significant impact in the AM field in terms of research and
development, (2) the AM actor had a clear connection and collaboration with
the manufacturing industry, and (3) the AM actor had a relatively large port-
folio of AM use cases with insights from a wide variety of sectors.

A total of 42 retrospective AM use cases (see Table IV) were selected. 1
selected the use cases based on opportunistic sampling (Patton, 2002) since
they provided insights into AM integration in various contexts. The selection
criteria included (1) the use cases having structured information mentioning
one or several challenges, solutions, and results, and (2) the use cases having
relevant information beneficial for manufacturing companies in the heavy ve-
hicle sector. Data about the AM use cases was collected in November 2022.

Table IV Overview of the selected AM Use Cases for the Learn from Others study

Designation!’ Use Case Type Sector Country

Case 01 Flow measurement probes Enhanced design Aerospace Germany

Case 02 Knuckle (axle-pivot) Enhanced design Academia Germany

Case 03 Door handle cover Custom products Automotive  France

Case 04 Drill bit and rotary steerable ~ Enhanced design Energy United
system States

Case 05 Heat exchanger Enhanced design Automotive  Australia

Case 06 Small burner Enhanced design Energy Germany

Case 07 Rapid repair of burner tips Process concentra- Energy Sweden

tion

Case 08 Tool insert and injection Production tools Production Czechia
moulding component

Case 09 Air cooling system Enhanced design Academia Germany

Case 10 Oil cooling system Enhanced design Academia Germany

Case 11 Spare parts management Improved delivery Automotive  Germany
system

Case 12 Vacuum gripper Enhanced design Production Canada

Case 13 Robotic hand Enhanced design Production Germany

Case 14 Circuit carrier Improved delivery Production Germany

Case 15 Bionic gripper Enhanced design Production Germany

Case 16 Grip system Enhanced design Production Austria

Case 17 Extraction gripper Production tools Production Germany

Case 18 Software-based configura- Incremental product  Production Germany
tor launch

Case 19 Fluorescent tube fixtures Custom products Transporta- ~ Germany

tion

Case 20 Physical scale model of so- Prototyping Academia Belgium
lar car

Case 21 Personalised car speaker Custom products Automotive  Belgium
grill

17 Reference for each of the selected AM use cases can be found in Paper IV since the same
designation is used.
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Table IV (Continued)

Designation'8 Use Case Type Sector Country

Case 22 Production fix- Production tools Automotive Belgium
tures

Case 23 Shift gear Enhanced design ~ Automotive Germany

Case 24 Investment cast- Production tools Production United States
ing pattern

Case 25 AM facility Incremental Academia Belgium

product launch

Case 26 Injector head Enhanced design ~ Aerospace Germany

Case 27 Injection mould Enhanced design ~ Production United States

Case 28 Investment cast- Production tools Production United States
ing pattern

Case 29 Conformal cool- Production tools Production United States
ing inserts

Case 30 Investment cast- Production tools Production United States
ing pattern

Case 31 Cooling system Enhanced design ~ Production The Netherlands

Case 32 Semiconductor Enhanced design ~ Production The Netherlands
original equip-
ment manufactur-
ers

Case 33 Customised cars Custom products ~ Automotive United States

Case 34 AM for prototyp-  Prototyping Production United States
ing

Case 35 Accumulator Enhanced design ~ Automotive United Kingdom

Case 36 Automotive de- Incremental Automotive Switzerland
velopment product launch

Case 37 Quality control Improved deliv- Marine Germany
system ery

Case 38 Autonomous un- Prototyping Academia United States
derwater vehicle

Case 39 Industrial fixtures  Improved deliv- Production China

ery

Case 40 Moulded elasto- Improved deliv- Automotive United Kingdom
meric parts ery

Case 41 Gearbox Enhanced design ~ Automotive New Zeeland

Case 42 Water pump Enhanced design ~ Automotive United States
housing

18 Reference for each of the selected AM use cases can be found in Paper IV since the same

designation is used.
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3.5 Data Analysis

All collected data from the studies was continuously analysed with a varied
in-depth frequency throughout the longitudinal multiple case study. Before
starting the initial data analysis in each of the studies, all collected data was
manually transcribed' and compiled into Word documents. All the tran-
scribed data was labelled and listed. Thereafter, I compiled all transcriptions
into Excel documents for further analysis and synthesis.

In the Strategy and Tactics study and the Gearbox study, I had to consider
a strategy for managing confidential data. Thereby, removing certain data
that did not provide significant relevance and substance in the analysis pro-
cess. The selected strategy was the winnow approach (Guest et al., 2012) since
it is a “process focused in on some of the data and disregarding other parts of
it” (Creswell, 2014, p.245).

Since I would be collecting a lot of qualitative data from all the studies, the
most suitable strategy would be to use thematic analysis. Themes (i.e., patterns
in the data that are particularly interesting or important) of different abstrac-
tion levels were identified. The themes were used to interpret and make sense
of the data. Inspiration®' was taken from different thematic analysis methods
(for example, Eisenhardt, 2021, 1989; Miles et al., 2019; Gioia et al., 2012) in
a three-stage analysis process.

1. The compiled data was open-coded by using various colours and
grouping text into first-order concepts.

2. Axial coding was used for grouping the first-order concepts into sec-
ond-order themes.

3. A higher-level abstraction of the axial coding was used by compar-
ing second-order themes to third-order dimensions?.

19 1 have explored the software NVivo for qualitative data analysis, but I have yet to establish a
good working routine with the software as I genuinely like the “old school” way better for some
reason.

20 An example of such data could be that the participant started answering the question but at
some point, continued to talk about other irrelevant things.

21 When looking back at the appended papers, “taking inspiration from” is a more suitable de-
scription of how we analysed collected data compared to what was written in the actual papers.
For example, when looking into how Gioia et al. (2012) present their methodology by going
from data structure to grounded theory, our results are not 100% solely based on Grounded
Theory as such. We tried to see which of the data and how the data would fit into already
existing theoretical frameworks, while simultaneously looking at the data that would not fit,
thereby potentially highlighting new findings.

22 We initially described third-order dimensions as aggregated dimensions based on Gioia et al.
(2012), however, based on my collective understanding of the thematic analysis methods (see
e.g., Eisenhardt, 2021, 1989; Miles et al., 2019; Gioia et al., 2012) the description is clarified
in this thesis.
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This three-stage analysis process helped me identify overlapping or emerg-
ing concepts that potentially contribute to new theoretical insights (Eisenhardt
& Graebner, 2007; Eisenhardt, 1989). In all the studies, both the data collec-
tion and data analysis processes were performed with several iterations until
reaching theoretical saturation® (Braun & Clarke, 2021; Low, 2019; Row-
lands et al., 2016; Bowen, 2008). This meant that additional collected data or
analysed data did not add any significant new insights to the research findings.
Additionally, during the iteration process, I followed the guidelines of theo-
rising (Swedberg, 2012) to (1) see, observe, and contemplate emerging theo-
retical concepts, themes, and dimensions in the data, and (2) name, conceptu-
alise, explore analogies, metaphors, and types, develop tentative theories, and
explain emerging theoretical concepts, themes, and dimensions in the data.
Moreover, triangulation®* (Flick, 2018) was used during the entire data analy-
sis process to constantly compare findings from multiple sources. On the other
hand, in the Learn from Others study, I performed a descriptive analysis to
describe the findings based on a range of scores (Creswell, 2014). For in-
stance, a percentage distribution of AM use case types, sectors, and country.

The three-stage analysis process and triangulation were used to make sense
of the findings and provide answers for RQ1 (What are the AM integration
challenges in the manufacturing industry?) and the first part of answers for
RQ2 (How can the manufacturing industry be supported to overcome the AM
integration challenges?). The AM integration framework (Mellor et al., 2014)
was initially used to analyse the findings. Thereafter, the technology-organi-
sation-environment-value-risk framework (Priyadarshini et al., 2022) was
used to analyse the findings. This analysis was performed to gain a holistic
understanding of AM integration extending beyond a company’s acceptance
of an innovation and the existing AM integration framework (Mellor et al.,
2014). The second part of the answers for RQ2 took inspiration from the con-
text-intervention-mechanism-outcome framework (Holmstrom et al., 2017;
Denyer et al., 2008) in making sense of and formulating the findings. For in-
stance, to overcome a challenge (outcome) in an integration stage (context),
an operational capability (intervention) should be developed (mechanism)
based on the selected strategy (context) by the responsible department (con-
text).

23 To determine when data collection and data analysis has reached theoretical saturation was
(and still is) highly difficult to know. When it was time to report the results from a project (e.g.,
present and publish a conference paper), we decided that then, the findings were theoretically
saturated enough.

24 Triangulation was not explicitly mentioned in Paper I, but the analysis process matched the
triangulation description which was clarified in this thesis.
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3.6 Research Quality

To examine the sufficient quality of the case study research, it is suggested to
test research quality concepts such as construct validity, internal validity, ex-
ternal validity, and reliability (Yin, 2018). A summary of the applied tactics
for enhancing validity and reliability is presented in Table V.

Concerning construct validity. Triangulation was used in both the Gearbox
study and the Learn from Others study but was not explicitly mentioned in
Paper II and Paper IV. In the Learn from Others study, the findings were re-
ported back to the global heavy vehicle manufacturer but were not explicitly
mentioned in Paper IV. Moreover, there was only a single data collection
method used but was mitigated by collecting data from multiple sources.

Regarding internal validity. Adopting the reflective view (i.e., careful
thinking) in data collection and data analysis reduced the influence of other
factors, for instance, when making wrong assumptions. This was mitigated by
communicating the assumptions with colleagues, other researchers and indus-
try professionals, and revisiting the literature, for instance.

Referring to external validity. Findings from the Strategy and Tactics study
and the Gearbox study are heavily influenced by the heavy vehicle sector and
should be critically reflected upon before being applied to other sectors. Find-
ings from the Learn from Others study have so far been adapted to support the
heavy vehicle sector.

Respecting reliability. Protocols were developed over time in the Strategy
and Tactics study, the Gearbox study, and the Learn from Others study. In the
Strategy and Tactics study and the Learn from Others study, pilot testing has
yet to be performed, and only initial evaluation was done with the participants.
This also included the Gearbox study and only initial evaluation of design
concepts was done. The Learn from Others study has yet to include primary
data, so an interview guide and audio and video recordings have not been used
but were mitigated by a large amount of collected secondary data.
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Table V Applied Tactics for enhancing Validity and Reliability (Inspiration from
Smith, 2018; Yin, 2018, Bruch, 2012, Olausson, 2009)

Concept Tactics
Construct Key concepts from previous research
validity Multiple data collection methods
Review from stakeholders
Triangulation
Informal meetings
Presentations at events
Academic and industrial supervisors and
mentors
Internal Discussions with colleagues
validity Associated literature
Color-coding
Pattern matching
Triangulation
Communication of assumptions
External Transparency
validity Replication logic
Generalisability
Transferability
Reliability Extensive field notes
Review of documents
Systematic work procedures
Observations
Online meetings
Offline meetings
Interview guide
Audio recordings
Video recordings
Protocols
Evaluation
Pilot testing
Steering committee
Academic and industrial supervisors and
mentors
Informal meetings X X X

Description of the studies; Study A: Strategy and Tactics study, Study B: Gearbox
study, and Study C: Learn from Others study. Description of the tactics; X: used tac-
tics, (X): partially used tactics, and N/A: used tactics not available/applicable.
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3.7 Ethical Considerations

In all the studies, it was important for me to consider intersubjectivity (Wheel-
don, 2010; Morgan, 2007). This concerned the sharing of subjective experi-
ences with different stakeholders within and across the different studies. The
language I used in which the experiences were shared needed to be adapted
depending on the intended or unintended recipient. For example, it was not
beneficial to use academic terms with industry professionals who may or may
not be familiar with those terms, thus potentially hindering the transferability
of knowledge. I informed all involved participants before data was collected
(for example from focus group sessions and interviews) and intended for re-
search purposes (data analysis and reporting in publications, etc.). The partic-
ipants were allowed to actively choose to participate or leave at any time dur-
ing data collection. The data I collected was usually summarised before re-
porting back to the individual respondent or collective focus group.

Another important area I had to consider was the access to and use of con-
fidential information such as information security, information classification,
information lifecycle, and intellectual property. Regarding information secu-
rity, I followed company guidelines for handling specific documents (reports,
and presentations) and other files (CAD, CAE, CAM files, etc.). Then, for
information classification, I classified specific information (metadata, for in-
stance) before sharing, thus making sure the recipients had the necessary ac-
cessibility to specific information. Concerning the information lifecycle, I had
an initial plan in the research proposal for the creation and collection of infor-
mation from the data collection methods, use of data in data collection and
data analysis methods, distribution (sharing and spreading) of information,
maintenance of information (for example using the company’s database for
data storage), and disposal of information (regularly emptying the trashcan on
the computer, and using specific paper shredders, for instance). Lastly, in in-
tellectual property, I had to contain certain information and be careful when
sharing information to consider different property rights such as trademarks,
copyrights, and potential patents.
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4 Summary of Appended Papers

This chapter summarises the appended papers that are published and papers
that are in the review process, as well as the contributions of the appended
papers to this thesis.

4.1 Paper I: Exploring Challenges in the Integration of
Additive Manufacturing

This section provides a summary of Paper I and the main contributions to the
thesis.

4.1.1 Summary of Paper |

The purpose of this paper was to identify the challenges in the integration of
AM that management faces in large manufacturing companies. 20 AM inte-
gration challenges were identified and synthesised from a focus group of 10
participants working in four department and additional data collection. The
results suggested the emergence of the added value dimension, thus extending
the existing AM integration framework. Three (not essential but rather exem-
plified) actions to overcome an AM integration challenge in each integration
stage were proposed. Lastly, future research should investigate solutions con-
taining proper actions and capabilities to overcome AM integration challenges
to facilitate AM integration step-by-step.

4.1.2 Contributions of Paper I to the Thesis

The main contributions of this paper are:
e The paper emerged from the Strategy and Tactics study.

e Identification of AM integration challenges that were sorted into the
three stages of integration to provide answers to RQ1.

e Proposal of exemplified actions to overcome (a few) AM integration
challenges to provide answers to RQ?2.
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4.2 Paper II: Integration of Additive Manufacturing in
an Industrial Setting: The Impact on Operational
Capabilities

This section provides a summary of Paper II and the main contributions to the
thesis.

4.2.1 Summary of Paper Il

The purpose of this paper was to explore changes in operational capabilities
and their impact when integrating AM into a traditional manufacturing com-
pany. 57 operational capabilities were identified. Whereof, 27 operational ca-
pabilities were identified in the empirical findings from semi-structured inter-
views with engineers, action design research involving the use case of parts
and components in a gearbox of heavy vehicles, and additional data collection.
The remaining 30 operational capabilities were identified in the literature. The
findings were categorised based on an existing operational capability frame-
work, in which two new factors had emerged namely stakeholders and strat-
egy. All the identified operational capabilities were compiled, and the findings
suggested six priorities of operational capabilities that the global heavy vehi-
cle manufacturer should consider as the next step in AM integration. Lastly,
future research should investigate operational capabilities from other AM use
cases, develop dynamic capabilities, and transform required operational capa-
bilities and suggested priorities into guidelines and best practices for industry
professionals such as engineers, managers, and other decision-makers at the
global heavy vehicle manufacturer and other manufacturing companies.

4.2.2 Contributions of Paper II to the Thesis

The main contributions of this paper are:
e The paper emerged from the Gearbox study.

e Identification of operational capabilities based on findings from an
industrial use case and literature to provide answers to RQ?2.

e Suggested a set of priorities consisting of operational capabilities for
AM integration and highlighting potential changes to existing opera-
tional capabilities to provide answers to RQ?2.
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4.3 Paper III: Additive Manufacturing Integration: An
Operational Capability Perspective

This section provides a summary of Paper III and the main contributions to
the thesis.

4.3.1 Summary of Paper III

The purpose of this paper was to explore AM integration in a global manufac-
turing company from an operational capability perspective. The findings pre-
sented in Paper I and Paper II of identified AM integration challenges were
combined with additional findings from industry professionals in engineering
roles and additional data collection. Initially, the data was categorised based
on the technology-organisation-environment-value-risk framework. The anal-
ysis suggested the emergence of additional factors such as usage, tradition,
and image, further extending the framework and the discourse about integra-
tion in the AM literature. The results suggested the emergence of four chal-
lenges and four operational capabilities in AM integration. The challenges and
operational capabilities were sorted into the three stages of integration, which
revealed the addition of the need stage before the pre-integration stage. There-
after, which operational capabilities were required to overcome the challenges
were mapped, thus proposing four essential actions. Lastly, future research
should propose activities for each operational capability to realise the pro-
posed essential actions throughout the AM integration process, investigate the
transformation of the AM use case into a business case, and showcase how
dynamic capabilities are developed from operational capabilities.

4.3.2 Contributions of Paper III to the Thesis

The main contributions of this paper are:

e The paper emerged from both the Strategy and Tactics study and the
Gearbox study.

e Identification of AM integration challenges to provide answers to
RQI.

e Identification of operational capabilities to provide answers to RQ2.

e Identification of short-term and long-term essential actions to over-
come the AM integration challenges with the operational capabilities
to provide answers to RQ?2.
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4.4 Paper I'V: Exploring the Integration of Additive
Manufacturing: Lessons Learned and Success
Factors of Use Cases

This section provides a summary of Paper IV and the main contributions to
the thesis.

4.4.1 Summary of Paper IV

The purpose of this paper was to present propositions for facilitating the inte-
gration of AM for manufacturing companies in the heavy vehicle sectors
based on identified success factors and lessons learned from use cases with
different operational purposes. Six success factors emerged from analysing
the AM use cases based on the technology-organisation-environment-cost
framework and five lessons learned emerged from thematically analysing the
data of the AM use cases. These findings were based on 42 retroactive AM
use cases containing secondary data published online as customer stories by
three world-renowned AM companies, namely EOS (19 use cases), Material-
ise (4 use cases), and 3D Systems (19 use cases). The success factors consisted
of technology infrastructure, relative advantage, organisational readiness,
competitive pressure, expectations of market trends, and trading partners. On
the other hand, the lessons learned included additive thinking, AM manage-
ment (named management aspects in the paper), practice makes perfect, AM
acceptance, and AM experts. On this basis, the success factors and lessons
learned were sorted into the three stages of integration. Thereafter, three prop-
ositions were presented, one proposition for each integration stage, to facili-
tate AM integration. Lastly, future research should investigate the emergence
of additional success factors and lessons learned, the relationships between
them, turning the success factors and lessons learned into guidelines and best
practices, and investigate operational capabilities and dynamic capabilities.

4.4.2 Contributions of Paper IV to the Thesis

The main contributions of this paper are:
e The paper emerged from the Learn from Others study.

e Identification of success factors and lessons learned in AM integra-
tion based on a wide variety of AM use cases to provide answers to
RQ2.

e Derived propositions of facilitating AM integration to provide an-
swers to RQ2.
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5 Discussion

This chapter discusses the findings from the appended papers with the extant
frame of reference and synthesises answers to the suggested research ques-
tions. To recap the purpose of this thesis is to explore the integration of AM
into the manufacturing industry.

5.1 Challenges in Additive Manufacturing Integration

Based on the purpose, and to recap RQ1 which states, “What are the AM inte-
gration challenges in the manufacturing industry?”, this section provides an-
swers to RQ1 and discusses the findings of the Strategy and Tactics and the
Gearbox studies with the literature. To conclude, the findings revealed four
categories of AM integration challenges, namely ambiguous ownership, cog-
nitive fixation, situational awareness, and manufacturing fixation (see Figure
2).

Ambiguous ownership emerged because of the marginalisation of AM tech-
nology throughout the company and perceived inherent AM technology risks
by the workforce (Paper II1). The marginalisation of AM technology is con-
nected to the challenges regarding organisational change, system of opera-
tions, and AM strategy (Paper I). On the other hand, the perceived inherent
AM technology risks relate to the challenges regarding AM technology, AM
supply chain, organisational change, and system of operations (Paper I). The
findings suggested that the workforce throughout the company were waiting
for one department to make a decision. Managers and engineers from the Op-
erations and Purchasing departments expressed the need for someone at the
Technology department to confirm certain AM activities or initiatives. For in-
stance, to confirm that certain AM polymer materials were ok to use for certain
spare parts and that certain AM parts could be used in daily production. The
waiting issue can be seen at a company level rather than on a department level
in the manufacturing industry (Flores Ituarte et al., 2016). On the other hand,
managers from the Technology department expressed that each department
should be responsible for using AM in their respective functions. The waiting
issue then became an ownership issue. This was caused by the limited coordi-
nated responsibility and difficulty in prioritising AM initiatives coupled with
the limited awareness of technical risks in the workforce throughout the
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company. Consequently, this leads to the limited willingness to further invest
in and use AM technology in traditional manufacturing (Martinsuo & Luoma-
ranta, 2018).

Cognitive fixation resulted from the AM knowledge gap and a narrow per-
ception of AM technology by the workforce (Paper III). The AM knowledge
gap is linked to AM technology, organisational change, and system of opera-
tions (Paper I). On the flip side, a narrow perception of AM technology is
associated with AM technology, organisational change, system of operations,
and AM strategy (Paper I). For instance, it was mentioned that a Skg weight
reduction on a hydraulic manifold block mounted on a 5-ton heavy vehicle
machine had low value. The suitability of AM for hydraulic manifold blocks
could be questioned. Depending on whether the parts were designed for AM
or simply adapted for AM and requested operational performance (Diegel et
al., 2020). On the other hand, there were no requests in enhanced operational
performances in addition to the weight reduction on the hydraulic manifold
block. The exemplified knowledge gap and narrow perception are still an issue
among industry professionals embedded in traditional manufacturing (Yi et
al., 2019; Mellor et al., 2014). Meaning that the way of thinking and reasoning
are limited to traditional manufacturing.

Situational awareness stemmed from the limited awareness of AM suppli-
ers and the cognitive shift with AM technology in the workforce (Paper III).
The limited awareness of AM suppliers is affiliated with the AM supply chain
(Paper I). Conversely, the cognitive shift with AM technology is linked to or-
ganisational change (Paper I). When ordering the same part (e.g., cover) with
the same material (e.g., nylon) from three or more AM suppliers, managers
and engineers need to be aware that the part will look different, have different
tolerances, and have different mechanical properties, etc. (Chekurov et al.,
2021). Therefore, managers and engineers in the Purchasing department faced
difficulties in identifying and selecting suitable AM actors for low-volume
AM polymer spare parts production. Consequently, this leads to the workforce
not knowing there are AM suppliers in the first place due to the lack of
knowledge in AM. Previous research has not specifically mentioned the
awareness issue of AM suppliers by manufacturing companies but rather high-
lighted the lack of additional post-processing capabilities (Chaudhuri et al.,
2019) and the lack of trust in AM suppliers (Dwivedi et al., 2017).

Manufacturing fixation stemmed from the limited knowledge of the utili-
sation of AM technology and the limited understanding of value realisation
with AM technology by the workforce (Paper III). The limited knowledge in
the utilisation of AM technology is associated to the AM technology, AM
supply chain, organisational change, system of operations, AM strategy, and
external forces (Paper I). Then again, the limited understanding of value real-
isation with AM technology is connected to organisational change, system of
operations, AM strategy, and added value (Paper I). For instance, the design
engineers expressed having a limited view that specifically targeted traditional

34



manufacturing aspects when exploring new design concepts of an incremen-
tally or radically improved gearbox. The manufacturing aspects ranged from
limited knowledge in design for AM, selecting and using suitable AM mate-
rials and AM processes to understanding what value (e.g., enhanced opera-
tional performance and other benefits) could be gained from using AM tech-
nology for the gearbox. Additionally, the findings suggested that if the work-
force had seen a clear value with AM, then the global heavy vehicle manufac-
turer would have progressed more with AM. Today, AM technology still has
unpredictable value and risk, thus implying that many manufacturing compa-
nies will continue to use traditional manufacturing (Yi et al., 2019).

Marginalisation of AM

technology AM knowledge gap

Ambiguous Cognitive
AM technology risks ownership fixation Narrow perception of AM
technology
Challenges
in AM
Integration

Awareness of AM suppliers Utilisation of AM

Situational Manufacturing technology
awareness fixation
Cognitive shift with AM Value realisation with AM
technology technology

Figure 2 Challenges in AM Integration

5.2 Supporting the Manufacturing Industry to
Overcome the Additive Manufacturing Integration
Challenges

Based on the purpose, and to recap RQ2 which states, “How can the manufac-
turing industry be supported to overcome the AM integration challenges?”,
this section provides answers to RQ2 and discusses the findings of the Strat-
egy and Tactics, the Gearbox, and the Learn from Others studies with the lit-
erature in two sub-sections.

5.2.1 Operational Capabilities in Additive Manufacturing
Integration

The findings from the Strategy and Tactics and the Gearbox studies, revealed
four categories of operational capabilities, namely AM use cases, AM creativ-
ity, AM collaboration, and AM operational practices (see Figure 3).

AM use cases emerged from the capitalisation of quick wins with AM tech-
nology and the recognition of critical AM applications by the workforce
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(Paper III). The capitalisation of quick wins with AM technology is connected
to strategy, skill set, processes, and routines (Paper II). On the other hand, the
recognition of critical AM applications is related to skill set, strategy, facili-
ties, and equipment (Paper II). Over the years, the global heavy vehicle man-
ufacturer has been pursuing attainable and low-risk opportunities (i.e., low-
hanging fruit) mainly for low-volume AM polymer spare parts, production
tools, and rapid prototyping. Therefore, these applications of AM technology
should be integrated into all factories at the global heavy vehicle manufac-
turer. However, to pursue other value-driven opportunities (e.g., enhanced de-
sign, custom products, process concentration, and incremental product launch)
a certain understanding of both design for AM and the AM process chain is
required (Fontana et al., 2019). Additionally, the findings suggested a need to
demonstrate critical parts and applications relevant to the heavy vehicle sector.

AM creativity resulted from proficiency in AM design, AM production, and
AM economics and the cultivation of AM thinking for the workforce (Paper
IIT). The proficiency in AM design, AM production, and AM economics is
associated with skill set, facilities, equipment, administration, and coordina-
tion (Paper II). In contrast, the cultivation of AM thinking is affiliated with
skill set, processes, routines, facilities, and equipment (Paper II). The global
heavy vehicle manufacturer must have trained designers in today’s modern
knowledge and tools, referring to AM technology, since previous knowledge
in traditional manufacturing has started to become outdated. There is a need
to learn about optimisation and simulation compared to the trial-and-error ap-
proach that was still being used by the workforce. Additionally, ad hoc prob-
lem-solving and learning-by-failing (Roscoe et al., 2019) coupled with suffi-
cient re-engineering and redesigning parts for AM (Luomaranta & Martinsuo,
2022) should not only increase product development speed but also enhance
operational performance. The findings suggested a need to extend existing tra-
ditional manufacturing creativity with AM creativity in the workforce.

AM collaboration stemmed from the involvement of people and teams with
AM expertise and the support from key AM actors for the workforce (Paper
III). The involvement of people and teams with AM expertise is attached to
administration, coordination, stakeholders, facilities, equipment, processes,
and routines (Paper II). Conversely, the support from key AM actors is related
to skill set, stakeholders, and strategy (Paper II). It is important to hire indi-
viduals engaged in AM on a part-time or full-time basis and thereby gradually
making AM an inherent capability for the workforce. However, having one or
a few individuals engaged in AM in-house is not enough and collaboration
with external AM actors is needed. Manufacturing companies are encouraged
to collaborate with non-profit organisations (Stentoft et al., 2021) and centres
of competence (Roscoe et al., 2019) to lower the AM integration threshold
and enhance existing operational capabilities. However, the findings have not
suggested what kind of collaboration is needed for the global heavy vehicle
manufacturer.
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AM operational practices stemmed from a new way of working with AM
technology and value capture with AM technology by the workforce (Paper
IIT). A new way of working with AM technology is affiliated with facilities,
equipment, processes, and routines (Paper I1). However, value capture with
AM technology is linked to processes, routines, administration, coordination,
and strategy (Paper I1). AM should be utilised where it aligns with logical and
strategic imperatives and where AM technology is placed closer to end-users.
For instance, there was a new way of working in a production line by employ-
ing AM for rapid prototyping to assess the manufacturability of a new shaft
before proceeding with serial production. Shifting from the traditional trial-
and-error to ad hoc problem-solving and learning-by-failing might take time
and should be embraced by the workforce (Roscoe et al., 2019). It is recom-
mended to start with small-scale experiments and research without a definitive
and immediate direct business case benefit and then scale up AM deliveries in
selected niche products (Roscoe et al., 2019; Martinsuo & Luomaranta, 2018).
The findings have not suggested the full impact of AM integration on existing
operational practices.

Capitalisation of quick wins Proficiency in AM design,
with AM technology production, and economics
AM AM
.. .. it
Recognmon‘ of F;ntlcal AM use cases creativity Cultivation of AM thinking
applications .
Operational
Capabilities
in AM
Integration . .
Involvement of people and AM New ways of working with
teams with AM expertise AM N AM technology
. operational
collaboration .
practices
Support from key AM Value capture with AM
actors technology

Figure 3 Operational Capabilities in AM Integration

5.2.2 Essential Actions to Overcome the Additive
Manufacturing Integration Challenges with Operational
Capabilities

The findings from the Strategy and Tactics study, the Gearbox study, and the

Learn from Others study, revealed several short-term and long-term essential

actions to overcome the challenges with operational capabilities throughout a

four-stage AM integration process (see Figure 4).

Short-term essential actions are actions that the global heavy vehicle man-
ufacturer has performed before or can perform today in current and upcoming
AM integration projects starting within one year. In the need stage, short-term
acquisition and building of AM use cases are required to overcome ambiguous
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ownership (Paper I1I). This action enabled the workforce to determine whether
AM could address the specific needs of the global heavy vehicle manufacturer
by mainly relying on external operational capabilities. For instance, the iden-
tification of suitable low-volume AM spare parts using certain AM polymers
was provided by an external AM supplier and initiated by the Purchasing de-
partment. AM spare parts with certain AM polymers sourced from different
external AM actors might be produced using different AM machines, thereby
gaining different surface finishes and different material properties at varied
costs (Luomaranta & Martinsuo, 2022). In the pre-integration stage, short-
term acquisition and building of AM creativity is required to overcome cog-
nitive fixation (Paper III). This action can enable the workforce to secure rel-
evant capabilities to succeed or fail with AM integration by mainly relying on
external operational capabilities. For instance, departments can hire consult-
ants with knowledge and experience in AM or purchase services from AM
actors. In the integration stage, short-term acquisition and building of AM col-
laboration are required to overcome situational awareness (Paper I11). This
action enabled the workforce to ensure the successful and consistent realisa-
tion of a working order with AM technology by mainly relying on external
operational capabilities. For instance, the production of low-volume AM spare
parts using certain AM polymers was conducted by an external AM supplier
and initiated by the Purchasing department on an on-demand basis. It is im-
portant to leverage external AM actors that possess post-processing capabili-
ties to avoid leveraging additional internal post-processing capabilities or
other additional external AM actors (Chaudhuri et al., 2019). In the post-inte-
gration stage, short-term acquisition and building of AM operational practices
are required to overcome manufacturing fixation (Paper III). This action can
enable the workforce to apply continuous improvements of business and tech-
nical-related activities with AM technology by mainly relying on external op-
erational capabilities. For instance, departments can utilise online free of
charge software, purchase new, or upgrade existing CAD, CAE, and CAM
software with AM-based applications. The choice of software needs to be suit-
able for the design and production of certain products, such as heavy vehicles
(Yietal., 2019; Deradjat & Minshall, 2017).

Long-term essential actions are actions that the global heavy vehicle man-
ufacturer can perform in future AM integration projects starting after three
years. In the need stage, long-term building and learning of AM use cases is
required to overcome ambiguous ownership (Paper I1I). This action can ena-
ble the workforce to determine whether AM can address the specific needs of
the global heavy vehicle manufacturer by mainly relying on internal opera-
tional capabilities. For instance, the identification of suitable high-volume AM
spare parts using certain AM polymers or metals as well as AM production
can be conducted in-house by the Purchasing and Operations departments re-
spectively. Transitioning from short-term acquiring and building to long-term
building and learning of AM use cases requires extensive knowledge and

38



experience in AM and investments in specific in-house AM machines that ad-
dress the specific needs of the global heavy vehicle manufacturer (Friedrich
et al., 2022a; Chaudhuri et al., 2019; Martinsuo & Luomaranta, 2018). In the
pre-integration stage, long-term building and learning of AM creativity is re-
quired to overcome cognitive fixation (Paper III). This action can enable the
workforce to secure relevant capabilities to succeed or fail with AM integra-
tion by mainly relying on internal operational capabilities. For instance, the
workforce should opt into AM education and training programs provided ei-
ther in-house or by an external AM actor. Investing in AM creativity will ex-
pand the workforce’s capacity to explore and exploit new opportunities such
as designing for AM, new AM supply chains, and enabling product customi-
sation (Klahn et al., 2020; Fontana et al., 2019). In the integration stage, long-
term building and learning of AM collaboration to overcome situational
awareness (Paper I11). This action can enable the workforce to ensure the suc-
cessful and consistent realisation of a working order with AM technology by
mainly relying on internal operational capabilities. For instance, manufactur-
ing AM production tools in metal AM material and in-house serial production
of AM spare parts and AM products can be conducted in-house by the Oper-
ations department through requests by the Purchasing and Technology depart-
ments. Transitioning to in-house AM production can be facilitated through
collaboration with non-profit organisations, academia-industry centres, and
other AM collaboration networks (Stentoft et al., 2021; Chaudhuri et al., 2019;
Martinsuo & Luomaranta, 2018). In the post-integration stage, long-term
building and learning of AM operational practices is required to overcome
manufacturing fixation (Paper III). This action can enable the workforce to
apply continuous improvements of business and technical-related activities
with AM technology by mainly relying on internal operational capabilities.
For instance, departments can involve AM actors when setting up a new way
of working with certain AM technology in-house. Transitioning to in-house
AM operational practices will have a certain impact on existing capabilities
(Rylands et al., 2016). Applying these changes to existing capabilities depends
on the overall strategy of the global heavy vehicle manufacturer and the need
to be competitive with AM in the heavy vehicle market (Friedrich et al.,
2022a; Oberg & Shams, 2019).
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study (Paper IV)

Lessons learned and success factors from the Learn from Others

-

Exemplified actions from the initial findings of the Strategy and
Tactics study (Paper I)

Example: Seeking support from AM actors in the

identification and definition of business cases

Example: Making sure industry professionals have

~
Pre-Integration
*  Technology infrastructure (Success factor)
* Organisational readiness (Success factor)
« Expectations of market trends (Success factor)
* Additive thinking (Lessons learned)
¢ AM experts (Lessons learned)
¢ AM management (Lessons learned)
~
Integration
« Trading partners (Success factor)
* AM acceptance (Lessons learned) )
N
Post-Integration
« Relative advantage (Success factor)
« Competitive pressure (Success factor)
+ Practice makes perfect (Lessons learned)

access to necessary resources for operational
planning and organisation

Example: Industry professionals getting the

opportunities to prioritise AM initiatives to increase
engagement and increase the number of initiatives

v

Applying
Short-term
essential actions
to current projects

Acquiring and building
AM use cases
to overcome
ambiguous ownership

Essential actions from the latest findings of the Strategy and Tactics study and the Gearbox study (Paper III)

AM Integration

Expanding the
utilisation of AM
throughout the company

Acquiring and building
AM creativity
to overcome
cognitive fixation

Pre-Integration

Transforming use cases
into business cases

Acquiring and building
AM collaboration
to overcome
situational awareness

Acquiring and building
AM operational
practices to overcome
manufacturing fixation

Integration

Developing AM
knowledge and
experience over time

Building and learning
operational capabilities

Applying
long-term essential actions
to new projects over time

infrastructure

change

L)
Priorities from the Gearbox study (Paper II)
Skill sets Facilities and Processes and Administration Stakeholders Strategy
Design for AM equipment routines and coordination AM research AM management
AM AM process AM team partners

Figure 4 Facilitation framework for overcoming the AM Integration Challenges
with Operational Capabilities
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Moreover, the global heavy vehicle manufacturer should consider the success
factors and lessons learned from other manufacturing companies that under-
went a similar AM integration journey. In the pre-integration stage, other man-
ufacturing companies saw success from having technology infrastructure, or-
ganisational readiness, and expectations of market trends. However, they
learned that it was imperative to have additive thinking, AM experts, and AM
management in-house (Paper IV). For instance, it is important to seek support
from AM actors when identifying and defining AM business cases (Paper I).
In the integration stage, other manufacturing companies saw success from
having trading partners, such as service providers and machine providers, and
learned to increase the AM acceptance throughout the company (Paper 1V).
For instance, the workforce need to have access to the necessary capabilities
for operational planning and organisation of a working order with AM (Paper
I). Lastly, in the post-integration stage, other manufacturing companies saw
success from having a relative advantage and competitive pressure with AM.
On the other hand, they learned that practice makes perfect, emphasising on
failing early and often (Paper IV). For instance, the workforce should get the
opportunity to prioritise AM initiatives to increase their engagement and in-
crease the number of initiatives throughout the company. The findings from
the Gearbox study suggested that to succeed with AM integration based on the
gearbox use case, the next steps should prioritise design for AM, AM infra-
structure, AM process change, AM team, AM research partners, and AM man-
agement (Paper II). These priorities share similarities with the identified suc-
cess factors and lessons learned.

5.3 Scientific Implications

Scientific implications are pointed out through the following insights. First,
AM integration challenges. The initial 20 AM integration challenges con-
firmed similarities with previous research (see for example Mellor et al., 2014)
but lacked significant novelty. Later, cognitive fixation and manufacturing
fixation shared similarities with previous research (see for example Yi et al.,
2019). However, ambiguous ownership and situational awareness stand out
from the global heavy vehicle manufacturer and have not been recorded in the
AM literature. Second, operational capabilities in AM integration. The initial
57 operational capabilities confirmed similarities with previous research (see
for example Friedrich et al., 2022a, 2022b; Deradjat & Minshall, 2017) but
lacked significant novelty. Later, three of the four operational capabilities,
namely AM creativity, AM collaboration, and AM operational practices
shared similarities with previous research (see for example Luomaranta &
Martinsuo, 2022; Stentoft et al., 2021; Martinsuo & Luomaranta, 2018). How-
ever, AM use cases stand out due to the heavy vehicle sector and have not
been recorded in the AM-based operational capability literature. Third, an
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extension of existing frameworks in the literature. The initial findings from
the Strategy and Tactics study suggested the extension of an existing AM in-
tegration framework (Mellor et al., 2014) with a seventh dimension namely
added value. Additionally, the latter findings from the Strategy and Tactics
study and the Gearbox study suggested the extension of an existing technol-
ogy-organisation-environment-value-risk framework (Priyadarshini et al.,
2022) with three additional factors namely usage, tradition, and image. More-
over, the initial findings from the Gearbox study suggested two additional di-
mensions, namely stakeholders and strategy (Teece, 2019; Teece et al., 1997).
Thereby, extending the existing operational capability framework (Teece,
2019; Wu et al., 2010), and initially confirming dynamic capabilities (Teece,
2019; Teece et al., 1997). Fourth, the utilisation of a simplified integration
process. The latter findings from the Strategy and Tactics study and the Gear-
box study suggested the extension of an existing three-stage integration pro-
cess (Voss, 1988) with a fourth stage, namely the need stage (Andreasen &
Hein, 1987). Despite efforts from previous research to map AM integration
challenges in similar three-stage integration processes (see for example
Chaudhuri et al., 2019; Deradjat & Minshall, 2017), previous research has not
mapped operational capabilities throughout the four-stage integration process.
Fifth, essential actions to overcome the AM integration challenges with oper-
ational capabilities. The latter findings from the Strategy and Tactics and the
Gearbox studies suggested the emergence of short-term and long-term essen-
tial actions to overcome the AM integration challenges with operational capa-
bilities. The short-term and long-term essential actions share similarities with
previous research (see for example Friedrich et al., 2022a) that investigated
make-or-buy decision-making. However, the AM literature has not investi-
gated operational capabilities as a specific solution to AM integration chal-
lenges. Thereby, this highlights novel findings that contribute to the ongoing
discourse in the AM operational capability literature (Roscoe et al., 2019;
Holmstrom et al., 2017). The findings also suggested that it is imperative that
manufacturing companies share their success and lessons learned with each
other which was confirmed by previous research (Martinsuo & Luomaranta,
2018; Yeh & Chen, 2018).
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5.4 Managerial Implications

The following insights are implications for management to consider. First,
AM integration challenges. Managers across several departments share re-
sponsibility in identifying and providing solutions to overcome AM integra-
tion challenges. Second, operational capabilities in AM integration. Today,
manufacturing companies that have started their AM integration journey have
incorporated some operational capabilities. Managers should extend existing
operational capabilities and develop new ones, preferably in collaboration
with external AM actors. Third, an extension of existing frameworks in the
literature. The extended AM integration framework, the extended technology-
organisation-environment-usage-value-risk-tradition-image framework, and
the extended operational capability framework showcase a holistic and com-
plex overview of AM integration in an industrial setting. Managers need to
consider that AM integration will introduce a wide variety of changes to ex-
isting capabilities throughout the company. Fourth, the utilisation of a simpli-
fied integration process. The AM integration process can be simplified which
was shown in this research. However, managers need to be aware that AM
integration is complex and should use the four-stage integration process after
careful reflection in industrial settings. Fifth, essential actions to overcome the
AM integration challenges with operational capabilities. The identified short-
term and long-term essential actions to overcome the AM integration chal-
lenges with operational capabilities should be used as guidance for managers
across several departments. This will help to map the current situation and
propose ways of moving forward with AM integration. Additionally, manag-
ers should seek support from other manufacturing companies or AM actors to
facilitate AM integration.
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6 Conclusion

This chapter concludes the key takeaways of this thesis highlighting various
contributions, research methodology implications and limitations, and recom-
mendations for future research.

6.1 Concluding Remarks

The purpose of this thesis is to explore the integration of AM into the manu-
facturing industry. The main contributions of this research are listed below.

1.

Manufacturing companies, including the global heavy vehicle manu-
facturer, find AM integration challenging due to ambiguous owner-
ship, cognitive fixation, situational awareness, and manufacturing fix-
ation.

Manufacturing companies, including the global heavy vehicle manu-
facturer, should secure the required operational capabilities such as
AM use cases, AM creativity, AM collaboration, and AM operational
practices.

Manufacturing companies, including the global heavy vehicle manu-
facturer, should incorporate short-term and long-term essential ac-
tions to overcome the AM integration challenges with operational ca-
pabilities to take the next steps with AM integration.

This research extended existing frameworks in the literature including
the existing AM integration framework, the existing technology-or-
ganisation-environment-value-risk framework, and the existing oper-
ational capability framework.

There is a need to have awareness that AM integration is more com-
plex in industrial settings despite efforts from previous research to
simply AM integration. It is suggested to seek support from other
manufacturing companies and AM actors.
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6.2 Research Methodology Implications and
Limitations

Conducting research can be a bit difficult and the following implications and
limitations were encountered in this thesis.

The research approach showed that I had to switch between several roles
making it difficult, and at certain times impossible, to determine when certain
findings emerged throughout the research process. This was mitigated by
adopting a reflective view allowing frequent careful thinking throughout the
research process.

The research design may have been influenced by certain biases due to the
early involvement by and collaboration with a single global heavy vehicle
manufacturer. The main benefit was the ability to gain interesting and relevant
empirical insights on AM integration with access to certain facilities, project
opportunities, informal meetings, and daily interactions with industry profes-
sionals. On the other hand, this may have been a limitation by not including
insights from other manufacturing companies. To mitigate this limitation the
Learn from Others study was included.

The research process was challenging due to me being (and still being) the
only AM expert at the global heavy vehicle manufacturer, limiting the fruitful
AM-related discussions throughout the research process. This was mitigated
by launching the Learn from Others study, immersing myself into national and
international AM-based doctoral student networks as well as AM-based re-
search communities, and frequently having informal meetings with various
national and international AM actors.

The data collection initially considered a limited number of participants
working in management and engineering roles and involvement in studies
from a single global heavy vehicle manufacturer. This limitation was miti-
gated by the Learn from Others study which considered insights from other
companies besides the global heavy vehicle manufacturer. Moreover, the cur-
rent insights from the Learn from Others study might be affected by bias since
the data was published as customer stories by three AM actors. Additional
studies involving the global heavy vehicle manufacturer and other AM actors
should mitigate these limitations as part of future research.

The data analysis mainly focused on interpreting findings, based on quali-
tative data, using thematic analysis. With the addition of the Gearbox study
and the Learn from Others study, quantitative data has been included.
Grounded theory or other qualitative and quantitative data analysis methods
could be interesting to use as part of future research.

The research quality could be improved by enhancing the generalisation of
the findings and transferability to other contexts and sectors. Certain general-
isation tactics could be emphasised more in future studies. Even though the
findings are transferable to other contexts and sectors, researchers and indus-
try professionals need to critically reflect before applying the findings.
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Transferability can be improved by providing rich and detailed descriptions
of the contexts and sectors as part of future research.

The ethical considerations could be improved in the upcoming studies by
continuing to reduce subjectivity (e.g., iterate findings with participants more
frequently) and use confidential information (if relevant) throughout the
whole data analysis process.

6.3 Recommendations for Future Research

AM integration is still an ongoing journey for the global heavy vehicle man-
ufacturer and other manufacturing companies that share similarities. There-
fore, the following recommendations for future research are suggested.

1.

Evaluate and test the facilitation framework and map AM integration
challenges and operational capabilities of critical heavy vehicle AM
use cases.

Explore the technical opportunities and limitations and the make-or-
buy decision-making scenarios in AM integration of critical heavy
vehicle AM use cases.

Explore operational capability and dynamic capability theories in
AM integration of critical heavy vehicle AM use cases.

Explore the transition from an AM use case to an AM business case
in the heavy vehicle manufacturing industry.

Explore the AM integration journeys of manufacturing companies in
other sectors regarding technical opportunities and limitations,
make-or-buy decision-making, and transition from an AM use case
to an AM business case, for example.

47



48



References

Alsaadi, N. (2021). Prioritization of Challenges for the Effectuation of
Sustainable Additive Manufacturing: A Case Study Approach. Processes,
9(12), 2250. https://doi.org/10.3390/pr9122250

Alvesson, M. & Skoldberg, K. (2017). Reflexive Methodology: New Vis-
tas for Qualitative Research (3" edn). SAGE, London.

Alvesson, M. & Sandberg, J. (2011). Generating research questions
through problematization. Academy of Management Review, 36(2), 247-271.
https://doi.org/10.5465/AMR.2011.59330882

AMFG. (2022, December 23). Additive Manufacturing in 2022.: The Ulti-
mate Rundown. AMFG. https://amfg.ai/2022/12/23/additive-manufacturing-
in-2022-the-ultimate-rundown/#

Andreasen, M.M. & Hein, L., (1987). Integrated product development.
London: Springer-Verlag.

Avital, M. (2000). Dealing with Time in Social Inquiry: A Tension Be-
tween Method and Lived Experience. Organization Science, 11(6), 665-673.
https://doi.org/10.1287/orsc.11.6.665.12532

Baker, J. (2012). The Technology—Organization—Environment Frame-
work. In: Dwivedi, Y., Wade, M., Schneberger, S. (Eds), Information Sys-
tems Theory. Integrated Series in Information Systems (vol 28). Springer,
New York, NY. https://doi.org/10.1007/978-1-4419-6108-2 12

Basso, M., Betti, F., Cronin, 1., Schonful3, B., Meboldt, M., Omidvarkar-
jan, D., Horstkotte, R., Loock, J., Schmitt, M. & Seidel, C. (2022). An Addi-
tive Manufacturing Breakthrough: A How-to Guide for Scaling and Over-
coming Key Challenges [White paper]. World Economic Forum.
https://www3.weforum.org/docs/WEF Additive Manufacturing Break-
through 2022.pdf

Bessant, J. (1985). The integration barrier; problems in the implementa-
tion of advanced manufacturing technology. Robotica, 3(2), 97-103.
https://doi.org/10.1017/S026357470000179X

Braun, V. & Clarke, V. (2021). To saturate or not to saturate? Question-
ing data saturation as a useful concept for thematic analysis and sample-size
rationales. Qualitative Research in Sport, Exercise and Health, 13(2), 201-
216. https://doi.org/10.1080/2159676X.2019.1704846

49



Bruch, J. (2012). Management of design information in the production
system design process (Publication No. 119) [Doctoral Dissertation, Malar-
dalens University]. DiVA.

Chaudhuri, A., Rogers, H., Soberg, P. & Pawar, K.S. (2019). The role of
service providers in 3D printing adoption. Industrial Management & Data
Systems, 119(6), 1189-1205. https://doi.org/10.1108/IMDS-08-2018-0339

Chekurov, S., Salmi, M., Verboeket, V., Puttonen, T., Riipinen, T. &
Vaajoki, A. (2021). Assessing industrial barriers of additively manufactured
digital spare part implementation in the machine-building industry: a cross-
organizational focus group interview study. Journal of Manufacturing Tech-
nology Management, 32(4), 909-931. https://doi.org/10.1108/JIMTM-06-
2020-0239

Choudhary, N., Kumar, A., Sharma, V. & Kumar, P. (2021). Barriers in
adoption of additive manufacturing in medical sector supply chain. Journal
of Advances in Management Research, 18(5), 637-660.
https://doi.org/10.1108/JAMR-12-2020-0341

Coghlan, D. & Brydon-Miller, M. (2014). Focus Groups. In: The SAGE
Encyclopedia of Action Research (pp. 1—7). SAGE, London.
https://doi.org/10.4135/9781446294406

Creswell, J.W. (2014). Research Design: Qualitative, Quantitative, and
Mixed Methods Approaches (4™ edn). SAGE, London.

Davies, S. (2023, December 11). “Additive manufacturing still needs to
cut down on hype” — Olga Ivanova. TCT Magazine. https://www.tctmaga-
zine.com/additive-manufacturing-3d-printing-industry-insights/technology-
insights/additive-manufacturing-still-needs-to-cut-down-on-hype-olga-/

De Lima, A.F., Satyro, W.C., Contador, J.C., Fragomeni, M.A., Gon-
calves, R.F., Martens, M.L. & Pereira, F.H. (2023). The “V” model for deci-
sion analysis of additive manufacturing implementation. Journal of Manu-
facturing Technology Management, 34(3), 414-434,
https://doi.org/10.1108/IMTM-10-2022-0377

Deliyanakis, N., Lindberg, M. & Mascalchi, E. (Eds.) (2023). Trends in
advanced manufacturing R&I: advanced manufacturing projects and what
they tell us about the future of the manufacturing industry. European Com-
mission, Directorate-General for Research and Innovation. https://data.eu-
ropa.eu/doi/10.2777/209329

Denyer, D., Tranfield, D. & van Aken, J.E. (2008). Developing Design
Propositions through Research Synthesis. Organization Studies, 29(3), 393-
413. https://doi.org/10.1177/0170840607088020

Deradjat, D. & Minshall, T. (2017). Implementation of rapid manufactur-
ing for mass customization. Journal of Manufacturing Technology Manage-
ment, 28(1), 95-121. https://doi.org/10.1108/IMTM-01-2016-0007

Diegel, O., Nordin, A. & Motte, D. (2020). A Practical Guide to Design

for Additive Manufacturing. Springer Nature, Singapore.

50



Dwivedi, G., Srivastava, S.K. & Srivastava, R.K. (2017). Analysis of bar-
riers to implement additive manufacturing technology in the Indian automo-
tive sector. International Journal of Physical Distribution & Logistics Man-
agement, 47(10), 972-991. https://doi.org/10.1108/IJPDLM-07-2017-0222

Eisenhardt, K.M. (2021). What is the Eisenhardt Method, really? Strate-
gic Organization, 19(1), 147-160.
https://doi.org/10.1177/1476127020982866

Eisenhardt, K.M. & Graebner, M.E. (2007). Theory Building from Cases:
Opportunities and Challenges. The Academy of Management Journal, 50(1),
25-32. https://doi.org/10.5465/amj.2007.24160888

Eisenhardt, K.M. (1989). Building Theories from Case Study Research.
The Academy of Management Review, 14(4), 532-550.
https://doi.org/10.5465/amr.1989.4308385

European Commission, Directorate-General for Research and Innovation,
(2018). Re-finding industry: defining innovation. https://data.cu-
ropa.eu/doi/10.2777/927953

Flick, U. (2018). Doing triangulation and mixed methods. SAGE, Lon-
don.

Flores Ituarte, 1., Chekurov, S., Tuomi, J., Mascolo, J.E., Zanella, A.,
Springer, P. & Partanen, J. (2018). Digital manufacturing applicability of a
laser sintered component for automotive industry: a case study. Rapid Proto-
typing Journal, 24(7), 1203-1211. https://doi.org/10.1108/RPJ-11-2017-0238

Flores Ituarte, 1., Khajavi, S.H. & Partanen, J. (2016). Challenges to im-
plementing additive manufacturing in globalised production environments.
International Journal of Collaborative Enterprise, 5(3/4), 232-247.
https://doi.org/10.1504/IJCENT.2016.082335

Fontana, F., Klahn, C. & Meboldt, M. (2019). Value-driven clustering of
industrial additive manufacturing applications. Journal of Manufacturing
Technology Management, 30(2), 366-390. https://doi.org/10.1108/JIMTM-
06-2018-0167

Ford, S., Mortara, L. & Minshall, T. (2016). The emergence of additive
manufacturing: introduction to the special issue. Technological Forecasting
& Social Change, 102, 156-159. https://doi.org/10.1016/j.tech-
fore.2015.09.023

Ford, S. & Despeisse, M. (2016). Additive manufacturing and sustainabil-
ity: an exploratory study of the advantages and challenges. Journal of
Cleaner Production, 137, 1573-1587. https://doi.org/10.1016/j.jcle-
pro.2016.04.150

Friedrich, A., Lange, A. & Elbert, R. (2022a). Make-or-buy decisions for
industrial additive manufacturing. Journal of Business Logistics, 43(4), 623-
653. https://doi.org/10.1111/jbl.12302

Friedrich, A., Lange, A. & Elbert, R. (2022b). Supply chain design for in-
dustrial additive manufacturing. International Journal of Operations &

51



Production Management, 42(11), 1678-1710.
https://doi.org/10.1108/1IJOPM-12-2021-0802

Friedrich, A., Lange, A. & Elbert, R. (2022¢). How additive manufactur-
ing drives business model change: The perspective of logistics service pro-
viders. International Journal of Production Economics, 249, 108521.
https://doi.org/10.1016/].ijpe.2022.108521

Gao, M., Li, L., Wang, Q., Ma, Z., Li, X. & Liu, Z. (2022). Integration of
Additive Manufacturing in Casting: Advances, Challenges, and Prospects.
International Journal of Precision Engineering and Manufacturing-Green
Technology, 9, 305-322. https://doi.org/10.1007/s40684-021-00323-w

Gao, W., Zhang, Y., Devarajan, R., Ramani, K., Chen, Y., Williams,
C.B., Wang, C.C.L., Shin, Y.C., Zhang, S. & Zavattieri, P.D. (2015). The
status, challenges, and future of additive manufacturing in engineering. CAD
Computer Aided Design, 69, 65-89.
https://doi.org/10.1016/j.cad.2015.04.001

Gibson, 1., Rosen, D., Stucker, B. & Khorasani, M. (2021). Additive Man-
ufacturing Technologies (3rd edn). Springer Nature Switzerland AG.

Gioia, D.A., Corley, K.G. & Hamilton, A.L. (2012). Seeking qualitative
rigor in inductive research: notes on the gioia methodology. Organizational
Research Methods, 16(1), 15-31.
https://doi.org/10.1177/1094428112452151

Guest, G., MacQueen, K.M. & Namey, E.E. (2012). Applied thematic
analysis. Sage, Thousand Oaks, CA.

Gustavsson, M. & Sifsten, K. (2017). The Learning Potential of Bound-
ary Crossing in the Context of Product Introduction. Vocations and Learn-
ing, 10, 235-252. https://doi.org/10.1007/s12186-016-9171-6

Handfield, R.B., Aitken, J., Turner, N., Boehme, T. & Bozarth, C. (2022).
Assessing Adoption Factors for Additive Manufacturing: Insights from Case
Studies. Logistics, 6(2), 36. https://doi.org/10.3390/1ogistics6020036

Haug, A., Wickstrem, K.A., Stentoft, J. & Philipsen, K. (2023). Adoption
of additive manufacturing: A survey of the role of knowledge networks and
maturity in small and medium-sized Danish production firms. International
Journal of Production Economics, 255, 108714.
https://doi.org/10.1016/].ijpe.2022.108714

Hedrick, R.W. & Urbanic, R.J. (2013). Integration of Additive Manufac-
turing and Virtual Verification Strategies within a Commercial CAM Sys-
tem. Computer-Aided Design, 10(4), 567-583. https://doi.org/10.3722/ca-
daps.2013.567-583

Holmstrom, J., Liotta, G. & Chaudhuri, A. (2017). Sustainability out-
comes through direct digital manufacturing-based operational practices: A
design theory approach. Journal of Cleaner Production, 167, 951-961.
https://doi.org/10.1016/j.jclepro.2017.03.092

Holmstrém, J., Holweg, M., Khajavi, S.H., & Partanen, J. (2016). The di-
rect digital manufacturing (r)evolution: definition of a research agenda.

52



Operations Management Research, 9(1-2), 1-10.
https://doi.org/10.1007/s12063-016-0106-z

Holmstrém, J., Partanen, J., Tuomi, J. & Walter, M. (2010). Rapid manu-
facturing in the spare parts supply chain: Alternative approaches to capacity
deployment. Journal of Manufacturing Technology Management, 21(6),
687-697. https://doi.org/10.1108/17410381011063996

ISO/ASTM 52900: 2021. Additive manufacturing — General principles
— Fundamentals and vocabulary. Switzerland: ISO/ASTM International.

Kanishka, K. & Acherjee, B. (2023). Revolutionizing manufacturing: A
comprehensive overview of additive manufacturing processes, materials, de-
velopments, and challenges. Journal of Manufacturing Processes, 107, 574-
619. https://doi.org/10.1016/j.jmapro.2023.10.024

Karlsson, C. (2016). Research methods for operations management. New
York: Routledge.

Klahn, C., Fontana, F., Leutenecker-Twelsiek, B. & Meboldt, M. (2020).
Mapping value clusters of additive manufacturing on design strategies to
support part identification and selection. Rapid Prototyping Journal, 26(10),
1797-1807. https://doi.org/10.1108/RPJ-10-2019-0272

Knofius, N., van der Heijden, M.C. & Zijm, W.H.M. (2016). Selecting
parts for additive manufacturing in service logistics. Journal of Manufactur-
ing Technology Management, 27(7), 915-931.
https://doi.org/10.1108/JIMTM-02-2016-0025

Kothman, I. & Faber, N. (2016). How 3D printing technology changes the
rules of the game Insights from the construction sector. Journal of Manufac-
turing Technology Management, 27(7), 932-943.
https://doi.org/10.1108/JIMTM-01-2016-0010

Langley, A., Smallman, C., Tsoukas, H., & Van de Ven, A. H. (2013).
Process studies of change in organization and management: Unveiling tem-
porality, activity, and flow. Academy of Management Journal, 56(1), 1-13.

Langley, A., & Truax, J. (1994). A process study of new technology
adoption in smaller manufacturing firms. Journal of Management Studies,
31(5), 619-652.

Leonard-Barton, D. (1990). A Dual Methodology for Case Studies: Syn-
ergistic Use of a Longitudinal Single Site with Replicated Multiple Sites.
Organization Science, 1(3), 248-266. https://doi.org/10.1287/orsc.1.3.248

Liu, W., Liu, X., Wang, J., Evans, S. & Yang, M. (2023). Unpacking Ad-
ditive Manufacturing Challenges and Opportunities in Moving towards Sus-
tainability: An Exploratory Study. Sustainability, 15, 3827.
https://doi.org/10.3390/sul15043827

Luomaranta, T. & Martinsuo, M. (2022). Additive manufacturing value
chain adoption. Journal of Manufacturing Technology Management, 33(9),
40-60. https://doi.org/10.1108/IMTM-07-2021-0250

Lynch, P., Hasbrouck, C.R., Wilck, J., Kay, M. & Manogharan, G.
(2020). Challenges and opportunities to integrate the oldest and newest

53



manufacturing processes: metal casting and additive manufacturing. Rapid
Prototyping Journal, 26(6), 1145—-1154. https://doi.org/10.1108/RPJ-10-
2019-0277

Madden, K.E. & Deshpande, A.D. (2015). On Integration of Additive
Manufacturing During the Design and Development of a Rehabilitation Ro-
bot: A Case Study. Journal of Mechanical Design, 137, 111417.
https://doi.org/10.1115/1.4031123

Maghazei, O., Lewis, M.A. & Netland, T.H. (2022). Emerging technolo-
gies and the use case: A multi-year study of drone adoption. Journal of Op-
erations Management, 68, 560-591. https://doi.org/10.1002/joom.1196

Martinsuo, M. & Luomaranta, T. (2018). Adopting additive manufactur-
ing in SMEs: exploring the challenges and solutions. Journal of Manufactur-
ing Technology Management, 29(6), 937-957.
https://doi.org/10.1108/JIMTM-02-2018-0030

Mellor, S., Hao, L. & Zhang, D. (2014). Additive manufacturing: A
framework for implementation. International Journal of Production Eco-
nomics, 149, 194-201. https://doi.org/10.1016/].ijpe.2013.07.008

Meyer, M.M., Glas, A.H. & EBig, M. (2021). Systematic review of sourc-
ing and 3D printing: make-or-buy decisions in industrial buyer—supplier rela-
tionships. Management Review Quarterly, 71, 723-752.
https://doi.org/10.1007/s11301-020-00198-2

Miles, M.B., Huberman, A.M. & Saldafia, J. (2019). Qualitative Data
Analysis: A Methods Sourcebook. SAGE.

Momeni, K., Raddats, C. & Martinsuo, M. (2023). Mechanisms for devel-
oping operational capabilities in digital servitization. International Journal
of Operations & Production Management, 43(13), 101-127.
https://doi.org/10.1108/IJOPM-04-2022-0259

Morgan, D.L. (2007). Paradigms Lost and Pragmatism Regained: Meth-
odological Implications of Combining Qualitative and Quantitative Methods.
Journal of Mixed Methods Research, 1(1), 48-76.
https://doi.org/10.1177/2345678906292462

Niaki, M.K., Nonino, F., Tafakkori, K., Torabi, A. & Kazemian, I.
(2022). The influence of manufacturing contexts on additive manufacturing-
enabled competitive capabilities. Journal of Manufacturing Technology
Management, 33(6), 1102-1123. https://doi.org/10.1108/IMTM-07-2021-
0241

Niaki, M.K., Torabi, S.A. & Nonino, F. (2019). Why manufacturers adopt
additive manufacturing technologies: The role of sustainability. Journal of
Cleaner Production, 222, 381-392. https://doi.org/10.1016/j.jcle-
pro.2019.03.019

Niaki, M.K. & Nonino, F. (2017a). Impact of additive manufacturing on
business competitiveness: a multiple case study. Journal of Manufacturing
Technology Management, 28(1), 56-74. https://doi.org/10.1108/JMTM-01-
2016-0001

54



Niaki, M.K. & Nonino, F. (2017b). Additive manufacturing management:
a review and future research agenda. International Journal of Production
Ressearch, 55(5), 1419-1439.
https://doi.org/10.1080/00207543.2016.1229064

Oduro, S., De Nisco, A. & Mainolfi, G. (2023). Do digital technologies
pay off? A meta-analytic review of the digital technologies/firm performance
nexus. Technovation, 128, 102836. https://doi.org/10.1016/j.technova-
tion.2023.102836

Olausson, D. (2009). Facing interface challenges in complex product de-
velopment. (Publication No. 1278) [Doctoral Dissertation, Linkdping Uni-
versity]. DiVA.

Patton, M.Q. (2002). Qualitative Research & Evaluation Methods (3rd
edn). Sage, London.

Peels, J. (2022, May 9). Where is 3D Printing in Gartner’s Hype Cycle?
3DPrint.com. https://3dprint.com/291020/is-3d-printing-in-gartners-trough-
of-disillusionment-or-slope-of-enlightenment/

Pettigrew, A. M. (1990). Longitudinal field research on change: Theory
and practice. Organization Science, 1(3), 267-292.

Pettigrew, A. M. (1985). Contextualist research and the study of organiza-
tional change processes. Research Methods in Information Systems, 1, 53—
78.

Pettigrew, A. M., Woodman, R. W., & Cameron, K. S. (2001). Studying
organizational change and development: Challenges for future research.
Academy of Management Journal, 44(4), 697-713.

Priyadarshini, J., Singh, R.K., Mishra, R. & Kamal, M.M. (2022). Adop-
tion of additive manufacturing for sustainable operations in the era of circu-
lar economy: Self-assessment framework with case illustration. Computers
& Industrial Engineering, 171, 108514.
https://doi.org/10.1016/].cie.2022.108514

Reiher, T., Lindemann, C., Jahnke, U., Deppe, G., & Koch, R. (2017).
Holistic approach for industrializing AM technology: from part selection to
test and verification. Progress in Additive Manufacturing, 2, 43-55.
https://doi.org/10.1007/s40964-017-0018-y

Renjith, S.C., Park, K. & Kremer, G.E.O. (2020). A Design Framework
for Additive Manufacturing: Integration of Additive Manufacturing Capabil-
ities in the Early Design Process. International Journal of Precision Engi-
neering and Manufacturing, 21, 329-345. https://doi.org/10.1007/s12541-
019-00253-3

Roscoe, S., Cousins, P.D. & Handfield, R. (2023). Transitioning additive
manufacturing from rapid prototyping to high-volume production: A case
study of complex final products. Journal of Product Innovation Manage-
ment, 40, 554-576. https://doi.org/10.1111/jpim.12673

55



Roscoe, S., Cousins, P.D. & Handfield, R. (2019). The microfoundations
of an operational capability in digital manufacturing. Journal of Operations
Management, 65(8), 774-793. https://doi.org/10.1002/joom.1044

Rowlands, T., Waddell, N. & McKenna, B. (2016). Are We There Yet? A
Technique to Determine Theoretical Saturation. Journal of Computer Infor-
mation Systems, 56(1). https://doi.org/10.1080/08874417.2015.11645799

Ruffo, M., Tuck, C. & Hague, R. (2007). Make or buy analysis for rapid
manufacturing. Rapid Prototyping Journal, 13(1), 23-29.
https://doi.org/10.1108/13552540710719181

Rylands, B., Béhme, T., Gorkin, R., Fan, J. & Birtchnell, T. (2016). The
adoption process and impact of additive manufacturing on manufacturing
systems. Journal of Manufacturing Technology Management, 27(7), 969-
989. https://doi.org/10.1108/IMTM-12-2015-0117

Schon, D.A. (2013). The Reflective Practitioner: How Professionals
Think in Action. Ashgate.

Sein, M.K., Henfridsson, O., Purao, S., Rossi, M. & Lindgren, R. (2011).
Action Design Research. MIS Quarterly, 35(1), 37-56.
https://doi.org/10.2307/23043488

Shaw, H., Ellis, D.A. & Ziegler, F.V. (2018). The Technology Integration
Model (TIM). Predicting the continued use of technology. Computers in Hu-
man Behavior, 83, 204-214. https://doi.org/10.1016/j.chb.2018.02.001

Simpson, T.W. (2022, August 19). Productivity Gains Set to Transform
AM. Additive Manufacturing Media. https://www.additivemanufactur-
ing.media/articles/productivity-gains-set-to-transform-am

Singh, S., Mohanty, R.P., Mangla, S.K. & Agrawal, V. (2023). Critical
success factors of additive manufacturing for higher sustainable competitive
advantage in supply chains. Journal of Cleaner Production, 425, 138908.
https://doi.org/10.1016/].jclepro.2023.138908

Smith, B. (2018). Generalizability in qualitative research: misunderstand-
ings, opportunities and recommendations for the sport and exercise sciences.
Qualitative Research in Sport, Exercise and Health, 10(1), 137-149.
https://doi.org/10.1080/2159676X.2017.1393221

Sonar, H.C., Khanzode, V. & Akarte, M. (2020). A Conceptual Frame-
work on Implementing Additive Manufacturing Technology Towards Firm
Competitiveness. International Journal of Global Business and Competitive-
ness, 15, 121-135. https://doi.org/10.1007/s42943-020-00015-3

Steenhuis, H-J. & Pretorius, L. (2017). The additive manufacturing inno-
vation: a range of implications. Journal of Manufacturing Technology Man-
agement, 28(1), 122-143. https://doi.org/10.1108/IMTM-06-2016-0081

Stentoft, J., Philipsen, K., Haug, A. & Wickstrem, K.A. (2021). Motiva-
tions and challenges with the diffusion of additive manufacturing through a
non-profit association. Journal of Manufacturing Technology Management,
32(4), 841-861. https://doi.org/10.1108/IMTM-04-2020-0125

56



Strong, D., Kay, M., Conner, B., Wakefield, T. & Manogharan, G.
(2018). Hybrid manufacturing — integrating traditional manufacturers with
additive manufacturing (AM) supply chain. Additive Manufacturing, 21,
159-173. https://doi.org/10.1016/j.addma.2018.03.010

Swedberg, R. (2012). Theorizing in sociology and social science: turning
to the context of discovery. Theory and Society, 41(1), 1-40.
https://doi.org/10.1007/S11186-011-9161-5

Séfsten, K., Johansson, G., Lakemond, N. & Magnusson, T. (2014). Inter-
face challenges and managerial issues in the industrial innovation process.
Journal of Manufacturing Technology Management, 25(2), 218-239.
https://doi.org/10.1108/IMTM-10-2013-0141

Teece, D.J. (2019). A capability theory of the firm: an economics and
(Strategic) management perspective. New Zealand Economic Papers, 53(1),
1-43. https://doi.org/10.1080/00779954.2017.1371208

Teece, D.J., Pisano, G. & Shuen, A. (1997). Dynamic Capabilities and
Strategic Management. Strategic Management Journal, 18(7), 509-533.
https://www.jstor.org/stable/3088148

Tornatzky, L.G., Fleischer, M. & Chakrabartit, A.K. (1990). The Pro-
cesses of Technological Innovation. Lexington Books, Lexington.

Tsai, C-A. & Yeh, C-C. (2019). Understanding the decision rules for 3D
printing adoption. Technology Analysis & Strategic Management, 31(9),
1104-1117. https://doi.org/10.1080/09537325.2019.1584287

Turkcan, H., Imamoglu, S.Z. & Ince, H. (2022). To be more innovative
and more competitive in dynamic environments: The role of additive manu-
facturing. International Journal of Production Economics, 246, 108418.
https://doi.org/10.1016/].ijpe.2022.108418

Ukobitz, D.V. (2021). Organizational adoption of 3D printing technology:
a semisystematic literature review. Journal of Manufacturing Technology
Management, 32(9), 48-74. https://doi.org/10.1108/JIMTM-03-2020-0087

Umar, T. (2021). Key factors influencing the implementation of three-di-
mensional printing in construction. Management, Procurement and Law,
174(3), 104-117. https://doi.org/10.1680/jmapl.19.00029

Van de Ven, A.H. (2007). Engaged Scholarship: A guide for organiza-
tional and social research. Oxford University Press.

Vandevelde, A., van Dierdonck, R. & Clarysse, B. (2002) Is design-man-
ufacturing integration that important? (Woking Paper). Vlerick Leuven Gent
Management School.

Voss, C., Tsikriktsis, N. & Frohlich, M. (2002). Case research in opera-
tions management. International Journal of Operations and Production
Management, 22(2), 195-219. https://doi.org/10.1108/01443570210414329

Voss, C. (1988). Implementation: a key issue in manufacturing technol-
ogy: the need for a field of study. Research Policy, 17(2), 55-63.
https://doi.org/10.1016/0048-7333(88)90021-2

57



Wheeldon, J. (2010). Mapping Mixed Methods Research: Methods,
Measures, and Meaning. Journal of Mixed Methods Research, 4(2), 87-102.
https://doi.org/10.1177/1558689809358755

Wu, S.J., Melnyk, S.A., & Flynn, B.B. (2010). Operational Capabilities:
The Secret Ingredient. Decision Sciences, 41(4), 721-754.
https://doi.org/10.1111/j.1540-5915.2010.00294.x

Yeh, C.C. & Chen, Y.F. (2018). Critical success factors for adoption of
3D printing. Technological Forecasting & Social Change, 132, 209-216.
https://doi.org/10.1016/j.techfore.2018.02.003

Yi, L., GlaBner, C. & Aurich, J.C. (2019). How to integrate additive man-
ufacturing technologies into manufacturing systems successfully: A perspec-
tive from the commercial vehicle industry. Journal of Manufacturing Sys-
tems, 53, 195-211. https://doi.org/10.1016/j.jmsy.2019.09.007

Yin, R.K. (2018). Case Study Research: Design and Methods (6th edn).
Sage, Thousand Oaks.

Oberg, C. & Shams, T. (2019). On the verge of disruption: rethinking po-
sition and role — the case of additive manufacturing. Journal of Business &
Industrial Marketing, 34(5), 1093—1105. https://doi.org/10.1108/JBIM-10-
2018-0293

58



Appendix

Contents
Appendix A — Focus group design for the Strategy and Tactics study

Appendix B — Interview guide for the Gearbox study



Appendix A — Focus group design and ques-
tions for the Strategy and Tactics study

Focus group session 1

Round table introductions by all participants.

What is the status of AM in the company? (Round table presenta-
tions)

What challenges and barriers do you see when integrating AM into
the company? (Group discussion, 3-5 participants in each group)
Why has AM not progressed or matured enough within the com-
pany? (Group discussion, 3-5 participants in each group)

Focus group session 2

Round table introductions by all new participants.

Has anything new related to AM happened since last time. What is
the status of AM in the company? (Round table presentations)

A map of the challenges from the previous focus group session and
additional findings was presented to the focus group.

What mitigation actions or solutions do you see to overcome the
challenges? (Group discussion, 3-5 participants in each group)
What operational capabilities do you see are required to overcome
the challenges? (Group discussion, 3-5 participants in each group)

Focus group session 3

ii

All identified challenges and operational capabilities were summa-
rised and presented to the focus group.

The participants were asked to do matchmaking, meaning selecting
which operational capabilities were best suited to overcome the chal-
lenges. (Group discussion, 3-5 participants in each group)



Appendix B — Interview guide for the Gearbox
study

Introduction

What is your name?

What is your current job role?

How many years have you had this position?

How many years have you worked at the global heavy vehicle man-
ufacturer?

The following design questions were asked of those working with design.
Designing of gears /shafts

What are the important mechanical properties and material proper-
ties of a gear/shaft?
What are the common load cases for a gear/shaft?
Which materials are commonly used for gears/shafts?
How do you design gears/shafts? What are the general activities
step-by-step?
Do you see a need to change the current design of the gears/shafts?
o Ifyes, what changes would you suggest?
o Ifnot, why not?
What input would you need to refine the new design of the
gears/shafts? From whom do you need input? Internal, external, or
both?
What needs to be evaluated in the new design of the gears/shafts be-
fore moving to (final) production?
o What are the design criteria?
Do you use any “design for X” guidelines for gears/shafts?
o Ifyes, what “design for X’ guidelines do you use?
o Ifnot, why not?
What kind of competence, know-how, or skill set do you think is
needed to design gears/shafts with current production systems?
What do you think will change in the design of new gears/shafts in
the near future?
Do you think it is possible to design gears/shafts with AM?

iii



o Ifyes, how?
o Ifnot, why not?

The following production questions were asked of those working in produc-
tion.
Production of gears/shafts

e  What are the important aspects to consider when producing
gears/shafts?

e How do you prepare the production system for gears/shafts now?
For example, who sets up the production planning?

e How do you produce gears/shafts? What are the general activities
step-by-step?

e Do you see a need to change the current production process/system
of gears/shafts?

o Ifyes, what changes would you suggest?
o Ifnot, why not?

e What input would you need to refine the new production pro-
cess/system of the gears/shafts? From whom do you need input? In-
ternal, external, or both?

e What needs to be evaluated in the new production system of the
gears/shafts before moving to (final) production?

e What kind of competence, know-how, or skill set do you think is
needed to develop a new production system for gears/shafts?

e What do you think will change in the production system of new
gears/shafts in the near future?

e Do you think it is possible to produce new gears/shafts with AM?

o Ifyes, how?
o Ifnot, why not?

The following interface questions were asked of all participants.
Interface Design and Production

e How are the people from production engaged in the development
phase of designing gears/shafts?

e Do you see any specific barriers or challenges in the involvement of
people from production in the development phases of designing
gears/shafts?

e Do you see any specific opportunities or benefits in the involvement
of people from production in the development phases of designing
gears/shafts?

e How can we improve collaboration and increase engagement be-
tween people from both design and production in the development
phase of designing gears/shafts?

v



How are the people from design engaged in the development phase
of the production system for gears/shafts?

Do you see any specific barriers or challenges in the involvement of
people from design in the development phase of the production sys-
tem for gears/shafts?

Do you see any specific opportunities or benefits in the involvement
of people from design in the development phase of the production
system for gears/shafts?

How can we improve collaboration and increase engagement be-
tween people from both design and production in the development
phase of the production system gears/shafts?

If AM is an available production method

Does your current work role include activities regarding AM?

o Ifyes, what are/were your activities?

o Ifnot, why not?

What is your current knowledge level regarding AM?

o Superior knowledge (5)

o Adequate knowledge (4)

o Basic knowledge (3)

o Minimal knowledge (2)

o No knowledge (1)

Do you know if your company has an AM strategy?

o Ifyes, do you have any goals related to the design and pro-
duction of gears/shafts? What activities are you currently
doing that are related to the goals?

o Ifnot, what goals would you like to have related to the de-
sign and production of gears/shafts? What activities would
you suggest having related to the goals?

What opportunities or benefits do you see with AM when designing
and producing gears/shafts?

What barriers or challenges do you see with AM when designing and
producing gears/shafts?

SHOW CONCEPTS OF THE GEARS/SHAFTS
General questions regarding the design of the concepts

What benefits do you see in the concepts in terms of design?
What challenges do you see in the concepts in terms of design?
What changes would you propose in the concepts in terms of de-
sign? What are the activities?



e Based on your current level of AM knowledge and work situation,
what competence, capacity, or resources do you think are missing to
design the concepts for AM?

General questions regarding production of the concepts

e  What benefits do you see in the concepts in terms of production?

e What challenges do you see in the concepts in terms of production?

e What changes would you propose in the concepts in terms of pro-
duction? What activities would you suggest?

e Based on your current level of AM knowledge and work situation,
what competence, capacity, or resources do you think are missing to
produce the concepts with AM?

SHOW THE CONCEPT OF THE COMBINED GEARS AND SHAFT SYS-
TEM AND USE THE SAME GENERAL QUESTIONS FOR THE CON-
CEPTS
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