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Abstract
The needs of the manufacturing industry during the last decade have shifted from linear and
manual processes towards digital and intelligent progressions and solutions. The fourth industrial
revolution, Industry 4.0 (I4.0), has the potential to address these needs and transform traditional
business operations into collaborative and innovative industrial manoeuvres through
digitalisation. In addition, manufacturing industries implementing advanced technologies for
digitalisation and innovation strive for long-term productivity and efficiency based on industrial
value creation and sustainable development (SD) across economic, environmental, and societal
dimensions. However, the current body of conceptual and empirical research on I4.0 within the
manufacturing industry lacks an in-depth investigation of the related sustainability paradigm and
value-creation perspectives in managing I4.0-based innovation ecosystems. The purpose of this
dissertation is to contribute to the I4.0 literature by exploring the operational logics and impacts
of I4.0 on sustainable development and value creation for organisations. A theoretical and
empirical lens is applied from four different perspectives: a holistic review of the literature, an
implementation view at national level, an innovation ecosystem view, and a narrowed view at the
project level.
The dissertation adopts a qualitative approach building on the systematic mapping study
(SMS) and case study methods. The results regarding I4.0 and sustainability relationships provide
a theoretical ground for the sustainable implications of I4.0 and identify triple bottom line (TBL),
circular economy (CE), and sustainable business models (SBM) as inter-related themes under
SD–I4.0 research. An I4.0-based implementation pathway for digitalisation and sustainability is
provided with respect to drivers, barriers, and opportunities for successful digitalisation in
Finland. Furthermore, the significance of triple helix collaboration for innovation and value cocreation in an I4.0 environment is explored, and enablers for successful collaborations in the
innovation ecosystems are identified. The results further strengthen the I4.0-based collaborative
innovation literature by providing empirical evidence related to the network of interdependencies
(goal, task, resource) formed therein. Together, these interplays provide new knowledge
concerning the impact of I4.0 on sustainable development and collaborative value-creation for
practitioners and academics.

Keywords: capabilities, co-creation, collaboration, digitalisation, ecosystem, Industry
4.0, innovation, interdependencies, sustainability, sustainable development, triple helix,
value
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Tiivistelmä
Teollisuus on siirtymässä lineaarisista ja manuaalisista prosesseista kohti digitaalisia ja älykkäitä ratkaisuja. Neljäs teollinen vallankumous, Teollisuus 4.0 (T4.0), voi vastata näihin tarpeisiin
ja muuttaa perinteisen liiketoiminnan digitalisaation avulla yhteistyöhön ja innovointiin perustuviksi käytänteiksi. Hyödyntämällä uusimpia teknologioita digitalisaatioon sekä innovointiin valmistava teollisuus pyrkii pitkän aikavälin tuottavuuden ja tehokkuuden kehitykseen, perustuen
arvonluontiin ja kestävyyteen taloudellisesta, ympäristöllisestä ja yhteiskunnallisesta näkökulmasta. Nykyisestä valmistavaa teollisuutta käsittelevästä T4.0:n käsitteellisestä ja empiirisestä
kirjallisuudesta puuttuu kuitenkin tarkempi tutkimus kestävän kehityksen paradigmasta ja arvonluonnista T4.0-pohjaisten innovaatioekosysteemien johtamisessa. Tämän väitöskirjan tarkoituksena on tuottaa tietoa liittyen T4.0:n toimintalogiikkaan ja sen vaikutuksista kestävään kehitykseen ja organisaatioiden arvonluontiin. Näitä ilmiöitä tarkastellaan neljästä teoreettisesta ja
empiirisestä näkökulmasta: tutkimalla aihepiirin kirjallisuutta, kansallisen tason toteutusta, innovaatioekosysteemiä ja projektitason toteutusta.
Väitöskirjassa hyödynnetään laadullista tutkimustapaa, joka perustuu systemaattiseen kirjallisuuden kartoitustutkimukseen ja tapaustutkimusmenetelmiin. Tulokset koskien T4.0:n ja kestävän kehityksen suhdetta ja liittymäkohtia luovat teoreettisen perustan T4.0:n vaikutuksille kestävään kehitykseen. Niissä tunnistetaan kolmoistilinpäätös (triple bottom line), kiertotalous ja kestävät liiketoimintamallit keskeisiksi toisiinsa liittyviksi teemoiksi. Tuloksissa esitellään myös
digitalisaation ja kestävän kehityksen T4.0-pohjainen toteutuspolku Suomessa ja siihen liittyvät
ajurit, esteet ja mahdollisuudet. Lisäksi esitetään kolmoiskierreyhteistyön (triple helix) merkitys
innovointiin ja arvon yhteisluontiin T4.0-ympäristössä, ja kartoitetaan onnistuneen yhteistyön
mahdollistajia innovaatioekosysteemeissä. Tulokset vahvistavat T4.0-innovaatioyhteistyökirjallisuutta tarjoamalla empiiristä näyttöä verkostossa muodostuvista keskinäisistä riippuvuuksista
liittyen yhteisiin tavoitteisiin, tehtäviin ja resursseihin. Tutkimuksen kokonaistulokset tarjoavat
uutta tietoa T4.0:n vaikutuksista kestävään kehitykseen ja yhteistyössä tehtävään arvonluontiin
sekä käytännön toimijoille että tutkijoille.

Asiasanat: digitalisaatio, ekosysteemi, innovaatio, keskinäiset riippuvuudet, kestävyys,
kestävä kehitys, kolmoiskierremalli, kyvykkyydet, Teollisuus 4.0, yhteiskehittäminen,
yhteistyö
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1

Introduction

1.1

Background

The fourth industrial revolution (Industry 4.0) has brought exponential changes to
the transformation of organisations and their structures of production, operations,
and governance in almost every industry. Industry 4.0’s (I4.0) technological
developments and disruptive innovations have launched drastic changes in the
industrial landscape (Nasiri et al., 2017; Pereira & Romero, 2017). The German
concept of “Industrie 4.0’’ aims to improve digital manufacturing, computer
technologies, network communications, productivity, and process efficiencies (K.
Zhou et al., 2015). This revolutionary paradigm involves the adoption of such key
technologies as cyber-physical systems (CPS), the internet of things (IoT), cloud
manufacturing, big data (BD) and robotics to bring major changes to the industrial
and manufacturing sectors (Schmidt et al., 2015). Implementation and use of these
technologies hold the potential to significantly improve the performance of
manufacturing organizations practically by reducing the maintenance cost between
10–40%, time to market by 30–50% and improving the product quality by 10–20%,
machine lifetime by 20–40% and overall process optimisation by 5% (Wilson,
2021).
I4.0 has a strong impact on business models, opportunities for job creation, and
production technologies, thereby changing organisations’ whole value chains
(Pereira & Romero, 2017) and leading to sustainable development (SD). While the
aim of SD is to provide a good living environment for present and future
generations, the integration of I4.0 and sustainability in modern literature
represents a major trend to bring systemic changes to global production systems,
including structures, processes, and overall businesses. On a broader scale,
technologies related to I4.0 have demonstrated the potential to enable a sustainable
society (Dubey et al., 2019). Though recent research approaches adopted to
evaluate sustainability discourses in I4.0 are noteworthy, researchers and
practitioners still struggle to provide a comprehensive view of the long-term
implications of I4.0 and SD (Müller, Kiel, & Voigt, 2018; Schmidt et al., 2015).
The extant literature identifies a plethora of benefits of I4.0 adoption
(Fatorachian & Kazemi, 2018), including governmental reforms (Mexican Ministry
of Economy, 2016) and practical reports (Kagermann et al., 2013). I4.0 has the
potential to evaluate manifold opportunities and challenges related to human–
17

machine integration, cost and resource efficiencies, and organisational working
patterns (Lopes de Sousa Jabbour et al., 2018; Nara et al., 2021; Stock & Seliger,
2016). It drives innovation by changing the traditional business operations of
buying and selling and by acquiring new methods and opportunities for businesses
(Glova et al., 2014). Businesses are quickly changing due to technological
advancements, requiring markets for new methods of communication within an
integrated collaborative environment (Glova et al., 2014) and, thus, optimising
organisational capability and value-creation processes (Qin et al., 2016). I4.0 offers
new strategic choices for innovative operations, which require strong relationships
among stakeholders (Foidl & Felderer, 2016) and the development of new skills
and competencies (Erol et al., 2016).
A key aspect of industrial progressions, and technological dynamism varies
according to national policies and the way they force the manufacturing and service
industries to transform and innovate their operational and management processes
(Li, 2018; Reischauer, 2018; Schwab, 2017; Sung, 2018), thus generating novel
working environments that require upgraded mechanisms, enhanced structures,
improved strategies, new viewpoints on value and stakeholders (Lüdeke-Freund &
Dembek, 2017), and high-level competencies from participants (Camarinha-Matos
et al., 2009). This reflects the significant role of network partners in digitalisation
and innovation literature and ensures that the context of I4.0 with respect to
implementing digitalisation and sustainability is composed of a dynamic system of
stakeholders and diverse knowledge creation processes. Therefore, a synchronised
understanding of the involved organisations and their forms of collaborations
developing effective manufacturing systems through successful I4.0
implementation strategies is vital (Camarinha-Matos et al., 2013; CamarinhaMatos et al., 2009) and requires further attention as an important research challenge
(Camarinha-Matos et al., 2017).
One such collaboration is formed between the key actors of society: namely,
industries, universities, and government bodies, known as the triple helix
collaboration (Kim, 2017). The concurrent technological disruptions of I4.0 require
a thorough understanding of the roles these actors play as collaborators in an
innovation ecosystem (Reischauer, 2018) focused on joint value creation. This cocreation enables the collaborating partners to contribute to an innovation-led
economy (Smorodinskaya et al., 2017). The developments related to I4.0, therefore,
necessitate the triple-helix actors of the innovation ecosystem to explore and
evaluate the utilities and risks associated with emerging technologies (Kim, 2017).
18

Moreover, due to co-existence of formal and informal collaborations,
knowledge is incessantly integrated and reproduced. Skillsets and capabilities
continuously evolve through existing and future stakeholders’ various
collaborations, prompting the development of certain types of dependencies among
partners as traditional business operations evolve into a new, multi-layered
structure of inter-organisational projects, activities and network engagements
(Rossignoli & Lionzo, 2018). This aligns with the evolving nature of modern
technologies, revealing business modelling to be a co-evolutionary process that
changes according to new configurations of networking dependencies (Oskam et
al., 2018). Due to the changing nature of I4.0, it is important to understand the
challenges of business modelling, value creation, and resource allocation in the
context of an open and dynamic system of networks, capabilities, and everchanging social, economic, and environmental factors (Gjerding & Kringelum,
2018).
1.2

Objective and scope

I4.0 promises to have a huge impact on manufacturing enterprises due to its
tremendous digital technological offerings. It is capable of efficient and fast
delivery times, more automated solutions, and mass-customised productisations,
which justify companies’ drive towards I4.0 (Zheng et al., 2021). The impact of
I4.0 technologies like IoT, CPS, cloud manufacturing, and BD for the
manufacturing industry has been widely investigated, with researchers exploring
areas ranging from its impact on such organisational aspects as improved and
optimised operational processes (Kazancoglu & Ozkan-Ozen, 2018), increased
scalability (Zheng et al., 2021), efficient security systems (Xu & Duan, 2019),
smart and sustainable product service systems (PSSs) (Aheleroff et al., 2020),
effective worker’s skills (Kazancoglu & Ozkan-Ozen 2018), new business model
development based on the circular economy (CE) (Bressanelli et al., 2018), and
sustainability and lean thinking (Buer et al., 2018). However, the existing literature
has paid more attention to I4.0 implications for specific manufacturing processes,
which reflect only a narrow, bottom-line portion to organisational operations. A
comprehensive understanding of the implications of I4.0 around first, a researchbased narrative and second, implementation- based perspectives from different
levels, such as the national, ecosystemic, and project levels analysing
manufacturing processes is still lacking and needs further research (Piccarozzi et
al., 2018; Schneider, 2018; Zheng et al., 2021).
19

The two-fold objective of this thesis is to understand the impact and operation
of I4.0 on SD presenting a holistic review of the literature on one hand, and value
creation on different levels, ranging from a national ecosystem to a narrow, projectlevel view on the other hand (Figure 1). The dissertation contributes to the I4.0
literature in a manufacturing context by examining contemporary research trends
concerning I4.0 for sustainability, current digitalisation, and sustainability in
Finland; enablers of successful I4.0 implementation in collaborative innovation
ecosystems; and the interdependencies formed through these collaborations in an
I4.0 context.
To accomplish these objectives, this research provides a top-down view of the
I4.0–sustainability-collaborative value creation relationship (Figure 1). It first
provides a state-of-the-art literature review of I4.0 with respect to related modern
technologies and their broad implications for SD. Second, it presents and assesses
a roadmap of I4.0 implementation for successful digitalisation at the national level
in Finland. Third, the scope is narrowed to I4.0 implementation at the innovation
ecosystem level, investigating enablers for successful collaboration and innovation.
Lastly, to complete the funnel, the interdependencies formed through I4.0-based
collaborations are identified, and their corresponding impacts are analysed.
Continuously growing sustainability literature within the I4.0 paradigm strengthens
the applicability of current research and provides many possible considerations of
related areas, such as the current state of the art, I4.0’s practical implementation
across different units of analysis, its respective impact on organisational processes,
required collaborative networks, stakeholder relationships, relationship
interdependencies, and resulting innovations and value-creation processes.

20

Fig. 1. A top-down investigation of I4.0 in the current dissertation.

The dissertation encompasses four different views of I4.0 application. Two of the
original studies—I4.0 applications for SD and the I4.0 drive towards digitalisation
and sustainability—were selected because of the broader nature of their impact and
significance: first, providing a theoretical ground for the sustainable implications
of I4.0, and second, exploring a successful pathway towards digitalisation and
sustainability at the national level. The third and fourth original studies present a
comparatively narrowed view of the capabilities required for successful
collaborations in the innovation ecosystems and an examination of the respective
interdependencies formed at a project level. The interactions among the four
articles are shown in Figure 2.
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Fig. 2. The research framework.

The current research poses four research questions (RQs) related to I4.0 as an
overarching context, which is approached from different levels covering its
implications for sustainability as reported in the literature to its applicability at the
national, ecosystem, and project levels (Table 1). The RQs are presented in
accordance with the research process: first, a pre-understanding of I4.0
sustainability is developed through a literature review presenting salient themes and
research areas; second, a pathway to successful digitalisation with respect to the
drivers, barriers, and opportunities in Finland is outlined; third, core enablers of
successful triple-helix collaboration in an I4.0 innovation ecosystem are studied
empirically; and finally, collaborations resulting in stakeholder interdependencies
are elaborated in an I4.0-based innovation project.

22

Table 1. Research questions.
RQ#

RQs

RQ1

What are the key research areas and interconnecting themes of I4.0 and SD?

RQ2

What are the drivers, barriers, and opportunities for I4.0 at a national level in Finland?

RQ3

How is triple-helix collaborative innovation and value creation successfully managed in an I4.0based innovation ecosystem?

RQ4

How do stakeholder interdependencies affect collaborative I4.0-based innovation projects?

The thesis comprises four separate original studies that answer the above-stated
RQs, thus contributing to the main research objective (Table 2). The first two
questions yield a holistic view of I4.0 implementation by addressing the central
themes of SD (Publication I) and by providing guidelines for sustainable
digitalisation at national level (Publication II). The third and fourth questions play
a binding role by empirically investigating core enablers in an I4.0-based
collaborative co-innovation model (Publication III) and by assessing the
advantages, disadvantages, risks, and opportunities of stakeholder
interdependencies resulting from these collaborations (Publication IV).
Table 2. Overview of the publications.
RQ#

Publication

Title of the original article

Publication forum

RQ1

I

I4.0 and SD: A systematic mapping of

Journal of Cleaner Production

TBL, CE and SBMs perspectives
RQ2

II

I4.0 in Finland: Towards Twin

Industry 4.0 in SMEs across the globe:

Transition

Drivers, barriers, and opportunities.
CRC Press, Taylor & Francis Group.

RQ3

III

Triple Helix Collaborative Innovation

International Journal of Innovation and

and Value Co-creation in an I4.0

Learning

Context
RQ4

IV

Stakeholders Interdependencies in a

Manuscript

Collaborative Innovation Project

Publication I explores key research areas under I4.0 sustainability research,
examining SD, in particular, from three different perspectives—the triple bottom
line (TBL), CE, and sustainable business models (SBMs)—and identifying salient
gaps for future research. Publication II examines how Finland has proceeded
successfully towards digitalisation and continues to move toward twin transition,
combining digitalisation and sustainability. Publication III empirically validates the
process of successful collaboration among research, academia, and government in
a co-innovation model by identifying the key enablers for respective value-creation.
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Finally, Publication IV outlines three different types of stakeholder
interdependencies—namely, goal, task, and resource dependencies—that emerged
during the I4.0-based collaborative project and explores their corresponding
advantages, disadvantages, risks, and opportunities.
1.3

Research approach

Research provides significant grounds to develop knowledge (Lancaster, 2005),
and research philosophies specify the nature of that knowledge (Saunders et al.,
2009) and contribute to knowledge development. In business research, researchers
interpret their subjects through the lens of the social world in which they live,
situating them in the context of social science (Bell et al., 2018; Bryman & Bell,
2007). Research based on social science examines a trilogy of concepts: ontology,
epistemology, and methodology (Blanche et al., 2006; Morgan, 2007). It is
important for business researchers to understand the philosophy of knowledge
(Morgan, 2007) related to their adopted research strategy, as this reflects the
researchers’ views of and assumptions about the world (Saunders et al., 2009).
Researchers should understand the philosophical underpinnings of their
research, including the ontological, epistemological, and methodological
considerations of each study they have performed during their scientific journey
(Figure 3). Ontology reflects on the constitution of reality. In other words, the
researcher is responsible for differentiating between how things really are and how
things really work (Scotland, 2012). In the context of business research, ontology
reflects on the social aspects of entities through the lenses of objectivism and
subjectivism (Brymen & Bell, 2007; Saunders et al., 2009). Objectivism refers to
entities that have realities external to social actors, whereas subjectivism refers to
the view that social reality is formed by the perceptions and actions of social actors
(Eriksson & Kovalainen, 2008; Saunders et al., 2009). However, the current
research uses a pragmatic lens for its ontological positioning.
In pragmatism, though the researcher has the freedom to position themselves
from any viewpoint (objectivism, subjectivism), they choose their perspective
based on suitability for their RQs (Saunders et al., 2009). Researchers who follow
this approach tend on focus on the practical outcomes of their research and the
contexts of their RQs and research problems, rather than philosophical positionings
(Saunders et al., 2009). Pragmatists believe that there is no single research reality,
as there can be multiple ways to conduct research and interpret reality (Saunders et
al., 2009). Moreover, they focus on the contextual interpretations of research and
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agree that there are many different approaches and methods that can be used to
assess any research problem (Creswell, 2009).
Next, epistemology concerns the nature and forms of knowledge and addresses
how knowledge can be shaped, attained, and transferred (Scotland, 2012). It refers
to the grounds of knowledge, which involves building on an understanding of the
world and then communicating it to others in the form of knowledge (Burrell &
Morgan, 2005). The debate of epistemology is viewed along the axes of positivism
and interpretivism (Bryman & Bell, 2007; Saunders et al., 2009). In positivism,
knowledge is assured through senses, as featured primarily in the field of social
sciences (Bryman & Bell, 2007). According to Saunders et al. (2009), researchers
reflecting on the philosophy of positivism tend to adopt the role of natural scientists.
In contrast, interpretivism does not interpret the social world from outside;
rather, it utilises individual experiences to seek reality from the inside (Burrell &
Morgan, 2005; Saunders et al., 2019). Interpretivists believe that there are
fundamental differences between the social sciences and the natural sciences that
prevent the methodological application of one field to the other (Bryman & Bell,
2007). They do not consider human beings to be solely a physical phenomenon;
rather, they see them as the actors who create meaning. Interpretivists assess,
understand, communicate, and transfer these meanings in the form of knowledge
to recognise organisational realities (Saunders et al., 2009).
The current research does not rely on the senses typically adopted in the
positivist epistemology used in the natural sciences. The epistemological
positioning of this study is close to interpretivism, as the aim of current research is
to examine and interpret organisations’ innovative I4.0-based perspectives: a goal
that cannot be achieved solely through the senses. To interpret reality, this study
utilises individuals’ personal experiences to capture an inside perspective that
clearly states the study’s epistemological positioning towards interpretivism.
In addition to ontological and epistemological assumptions, a methodology
also develops a research paradigm (Guba & Lincoln, 1989). A methodology depicts
the strategy and plan of action a researcher uses while choosing a particular method
(Antwi & Hamza, 2015). Together, these concepts provide a direction for
researchers to proceed from a RQ to certain conclusions (Eriksson & Kovalainen,
2016). Methodological debate usually distinguishes between qualitative and
quantitative research (Bryman & Bell, 2007). Quantitative research builds on
hypothesis testing and statistical analyses, whereas qualitative research involves
understandings, explanations, and interpretations (Eriksson & Kovalainen, 2008).
The focus in qualitative research is usually on the words describing real-life
25

contexts and respective actions, rather than numbered explanations derived from
data analyses (Bryman & Bell, 2007; Saunders et al., 2009). According to Saunders
et al. (2009), the advantage of qualitative research is that it provides detailed
conceptualisations based on insights that are difficult to obtain through numerical
and standardised data (Rynes & Gephart, 2004).
The current research uses a qualitative methodology in line with the aim of this
study, which is to clarify and improve the understanding, significance, and
implementation of I4.0. Though it is also possible to collect numerical evidence
using quantitative research or to implement a mix of qualitative and quantitative
methods, the current research uses a qualitative approach because this provides indepth knowledge that aligns with the research objectives. Further, the data were
viably obtainable using qualitative methods, which supported the understanding of
the subjects’ internal logic and reality (Shaw, 1999).

Fig. 3. Ontological, epistemological, and methodological positioning and approach of
Publications I–IV.

Saunders et al. (2009) classify theory development into two approaches: deduction
and induction. A deductive approach begins by deriving hypotheses from a given
theory, then presents results based on empirical observation (Gummesson, 2000;
Lancaster, 2005). In a deductive approach, researchers define their theoretical
grounds prior to the data collection and then design a strategy to test their
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hypotheses (Saunders et al., 2009). Thus, the research first develops a theory
already available in the domain, deduces a hypothesis based on this theory, and then
provides analyses (Brymen & Bell, 2007; Lancaster, 2005). In summary, in a
deductive approach, the theory presents itself as the first step in knowledge
production (Eriksson & Kovalainen, 2008).
On the other hand, the first step in induction is data collection and analysis,
which then leads to the development of theoretical understandings (Saunders et al.,
2009). Researchers using an inductive approach begin by collecting real-world data
(Alexander et al., 2008; Lancaster, 2005) and presenting results in the form of
classifications, concepts, and models, which ultimately lead to theoretical
development (Gummesson, 2000). The research logic in an inductive approach
flows from empirical research to theory-building (Eriksson & Kovalainen, 2008).
According to Thomas (2006), an inductive approach is useful for providing a
detailed interpretation of the raw data used to classify themes and derive concepts
through researchers’ own data interpretations.
The current research uses both deductive and inductive research approaches.
Publication I mapped the field by conducting a systematic review, which was
deductive in its methodology (i.e., the decisions made about the individual studies’
inclusion criteria, which were based on per-set theoretical groundings). Publication
II presented the digitalisation pathway of Finland by following an inductive
methodology (i.e., a generalisation of observations from policy documents, reports,
and a case study design). Publications III and IV also used a case study design and
followed an inductive approach to collect empirical data.
1.4

Research methods and data

The current thesis integrates four published studies. Publication I followed a
systematic mapping methodology to conduct a systematic review. Publication II
assessed policy documents, secondary reports, and project-level documentations.
Publications III and IV used single-case study designs to present results. Table 3
summarises the data collection methods used in the original research articles.

27

Table 3. Research methods and data used in the publications.
Publication

Research method

Data collection

I

Literature review

Qualitative data collected from 81 primary journal articles

II

Single case study

Qualitative data collected from primary journal articles,

III

Single case study

secondary reports, and project-level documentations
Qualitative case-study analysis approach used to collect
primary data through a survey and secondary data through
project plans, presentations, and final reports
IV

Single case study

Qualitative case-study analysis approach used to collect
primary data through a survey and three interviews and
secondary data through project plans, presentations, and final
reports

Publication I is a literature review study underlining I4.0 and sustainability with
respect to dominant research areas using a systematic mapping study (SMS)
methodology (Kitchenham et al., 2011). Mapping studies use the same
methodological logic as systematic literature reviews (SLRs). However, systematic
mapping studies aim to identify and classify all studies related to a broad topic,
whereas typical SLRs tend to focus on questions concerning the qualities and
applicability of different methods, technologies, and concepts (James et al., 2016;
Kitchenham et al., 2011). Thus, an SMS suits the research aim of the current study,
which focuses on the categorisation and thematic examination of the focal literature
topic. A systematic mapping review comprises three phases: planning, conducting,
and documenting.
The first step in this SMS was defining and clarifying the object (i.e., domain
topic) and boundaries of the study. Accordingly, the review examined studies about
these topics published between January 1, 2012, and April 17, 2020. The year 2012
was chosen as the starting year because the term ‘I4.0’ was first publicly presented
at Hannover Fair in 2011. In the conducting phase of the SMS, the researcher
defined a search strategy and data sources. Search strings were formulated
according to the scope of the study and were outlined based on established ideas of
‘population’ and ‘intervention’ (Kitchenham et al., 2011). In literature reviews,
population denotes the application area, whereas intervention refers to exposure. In
the present SMS, these were ‘I4.0’ and ‘sustainability/SD,’ respectively. A total of
4,291 articles were retrieved from four databases: Scopus, Web of Science, IEEE
Explore, and ProQuest. As a first step, the results—including such metadata as
author, year, publication type, and abstract—were imported to a Microsoft Excel
spreadsheet. During this phase, the retrieved articles were filtered based on
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publication date (January 1, 2012–April 17, 2020) and publication language
(English). This process excluded 1,233 papers, leaving 3,058 for further analysis.
In a second step, conference papers, book chapters, and duplicates were removed,
and selected articles were analysed based on title, abstract, keywords, and
document type (journal articles only). This condensed the number of publications
to 757.
The assessment criteria of these 757 articles was based on their abstracts,
introductions, and conclusions. The inclusion criterion was that all papers had to
discuss I4.0 (either as a concept or analysed with respect to its related technologies)
in relation to at least one SD concept (TBL, CE, or SBM). This iterative selection
process yielded 120 articles. In the final step, 120 papers were analysed by reading
their full texts. These papers were assessed explicitly based on their study
objectives, descriptions of their contexts (I4.0), and their relationships. This process
resulted in the exclusion of 39 papers, which only marginally addressed I4.0-based
SD relationships in terms of TBL, CE, or SBM and would not have added value to
the current research. Altogether, the final selection resulted in 81 articles.
Publication II assessed Finland’s pathway towards digitalisation and further
investigated drivers, barriers, and future opportunities for I4.0 implementation in
Finland. A framework of these three dimensions was created based on a literature
review of the subject. An initial search was constructed using the search strings
“I4.0 in Finland” and “drivers, barriers and opportunities of I4.0” in Google Scholar.
After that, the best papers and reports specifically relevant to the Finnish context
were included in the study. The contents of the papers and reports were carefully
reviewed, and I4.0-based barriers, drivers, and opportunities were handpicked
using the identified documents. Subsequently, each individual item’s relevance to
Finland was analysed based on existing policies and research. This was
complemented by the authors’ expertise on the topic, gained, for example, from
conducting several research projects, such as Reboot IoT Factory (2018–2019).
Publication III used a qualitative case study analysis approach (Yin, 2009)
based on a survey and secondary data sources, such as project plans, presentations,
and final reports. The case studied in Publications III and IV was the Reboot IoT
Factory project (Table 4), which is a large national innovation project focused on
the digitalisation of the manufacturing industry in Finland. The case was chosen
because it entailed all the significant constructs of this dissertation, such as I4.0 and
its sustainable implications, triple helix collaborations, ecosystems, and innovation
perspectives therein. The aim of the case project was agile integration of
information and communication technologies (ICTs) and IoT technologies into
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manufacturing environments to enable fast industry transformation, thereby
strengthening Finland’s global competitive edge. The aim was collectively
addressed by a group of leading Finnish companies, research institutes, and smallto medium-sized enterprises (SMEs). Thus, the project participants included large
manufacturing companies, SMEs, research organisations, and government bodies,
constituting a triple helix environment.
The empirical data included observations and notes made in project meetings,
sprint reviews, and factory visits by the authors. To further evaluate the success of
the collaboration, a self-administered questionnaire was distributed among the
project participants from August to October of 2019. All the survey items were
extracted from the existing literature and developed to fit the I4.0 context. The
survey questions were designed based on an actor–dependency model (Yu &
Mylopoulos, 1993) to understand the dependencies, problems, and benefits from
the perspective of the project participants. This model was selected as the basis for
designing the survey questions because of its roots in a network-based collaborative
environment comprising organisational actors linked through different types of
dependencies. Further, to ensure that the survey questions were clear and objective,
the survey was pilot tested on the managers of parent companies. Based on their
feedback and recommendations, the survey was further modified.
Finally, the questionnaire was e-mailed to 116 participants of the Reboot IoT
Factory project. Responses were scored on a five-point Likert scale ranging from 1
(strongly disagree) to 5 (strongly agree). In total, 33 useable responses were
received, constituting a 28% response rate. Most of the respondents (49%) were
from the research partners, and 33% and 18% were factory and SME respondents
respectively. In addition to the survey data, project documentation, project plans,
presentations, and reports, as well as observations and notes made in project
meetings, sprint reviews and factory visits were analysed. The data analysis was
based on a qualitative content analysis (Krippendorff, 2018; Schreier, 2012), which
supported a structured approach and made the data more systematic and flexible
(Schreier, 2012).
Publication IV was also a single case study conducted following a qualitative
research approach (Creswell, 2009; Yin, 2009). It extracted data from the same
project as Publication III: the Reboot IoT Factory project. The project participants
were the same as in Publication III, large manufacturing companies, SMEs, and
research organisations. The empirical data for Publication III were drawn from a
survey; the same data set used in Publication III. However, complementary data
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such as interviews, and secondary data sources, such as project reports, plans, and
presentations were also used for the analyses.
A self-administered survey questionnaire was designed based on an actor
dependency model (Yu & Mylopoulos, 1993), which supported an exploration of
the different types of interdependencies and their advantages and risks in relation
to the project. The questionnaire to understand the interdependencies in innovationbased projects was adopted from the work of Tjosvold et al. (2004). The
questionnaire and interview items were further developed to fit the context of the
current study with the help of two experienced researchers in the field and later
validated using a pilot study.
Of the 116 responses collected between August 19 and September 30, 2019, 33
were usable, constituting a response rate of 28%. Since the number of responses
was limited, additional empirical data were collected by conducting three further
interviews and analysing the project documentation and reports. Each interview
lasted for one hour, and the interview questions included the following: “Do you
observe dependency in the Reboot IoT project?” “What kinds of dependencies do
you see within the project?” “Do you see those interdependencies as sustainable
advantages or risks?” The interviewees were managers from each participating
organisation (i.e., the factories, SMEs, and research partners). The interview data
were analysed using qualitative content analysis.
Table 4. Facts about the Reboot IoT Factory project.
Project Parameter

Description

Working years

2018–2019

Industry domain

Manufacturing

Companies (Industry)

ABB, GE Healthcare, Kongsberg Maritime, Nokia, and Ponsse

Research institutions (University)

VTT Research Institute of Finland, University of Oulu,
and Åbo Akademi

Funding body (Government)

Business Finland (external evaluator with no direct involvement in
the technology solutions)

Complexity (stakeholder/task)

High level of complexity

Structured innovation process

Open structure (inclusion of new applications in the ecosystem
and a high level of commercialisation)

Approach to I4.0 innovation

Solving GCs
Data-driven supply chain and production
Robotics fusion
Labour in the digital work environment
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Project Parameter

Description

Examples of PoC to solve GCs

Value of services enabled by digital solutions
Use of mobile robots in material handling
Gamification on the factory floor

Critical success factors for innovation Adaptivity
Experience sharing
Scale up
SME co-innovation
Achievements in terms of innovation

Successful development and implementation of the co-innovation
model
Purchase of services worth €800,000 from 32 SMEs
20 PoCs at the factory stage, 3 PoCs at the
commercialisation stage

Achievements in terms of triple helix

Trust created: addition of 4 more partners to the consortium

innovation

IoT research exploring the industrial domain:
200+ researchers visited the factories
Cross-ecosystem dissemination:
1000+ participants were part of the experience-sharing activities
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2

Literature review

The following literature review provides an overview of the theoretical
perspectives and literature streams deployed in this dissertation (Figure 4). Section
2.1 discusses I4.0 as a concept and its related technologies. An overview of the
former revolutionary paradigms with respect to the widespread implementations of
related modern technologies for value creation is presented.
In section 2.2, sustainability applications of I4.0 are outlined, including
economic, social, environmental, technical, and organisational perspectives.
Section 2.3 provides a theoretical understanding of the coupling relationship
between digitalisation and sustainability. In section 2.4, collaboration as one of the
main enablers of I4.0 transformation and implementation is reviewed. This section
also provides further insights into collaborations resulting in innovation and value
creation from an ecosystem perspective. Different forms of interdependencies
arising from close collaborations are further reviewed and explained in section 2.5.

Fig. 4. The literature applied in this dissertation.
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2.1

The paradigm of Industry 4.0

During the rise of the 21st century, the world has seen massive digital
transformation in the business world, generally referred to as the fourth industrial
revolution, or I4.0 (Ghobakhloo, 2020). These transformations progressed in four
stages, called industrial revolutions. These progresses aimed to increase human–
machine interaction and general productivity. The former three industrial
revolutions focused primarily on upsurging productivity levels determined by
systematisation, electricity, and information technology (Veza et al., 2015).
The first industrial revolution in the 18th century saw the rise of manufacturing
technology focused mainly on efficient manufacturing and productivity. The
second industrial revolution centered on electricity, a new paradigm that brought
significant advances to productivity (Türkeș et al., 2019). Manufacturing systems
experienced an exponential leap after the third industrial revolution, which
combined IT, such as robotics, with high-end automation systems, resulting in
increased flexibility and improved efficiency. Finally, progress towards automation
and productivity led businesses towards a fourth industrial revolution—a term
coined as ‘Industrie 4.0’ at the 2011 Hannover Fair (Kagermann et al., 2013;
Nascimento et al., 2018).
The definitions and impacts of I4.0 have since been explored from a variety of
perspectives by researchers, practitioners, academics, government bodies, and
business organisations. While some specialists have defined I4.0 as a new level of
value chain organization and product lifecycle management (Kagermann et al.,
2013) or a collective term for technologies and concepts of chain organization
(Hermann et al., 2016), it has also been described as “integrating complex machines
and physical devices with sensors and networking in the network, the software used
to predict, control and plan better results in business and in society” (Industry
Innovation Consortium, 2013). Simply put, I4.0 is a ‘modern manufacturing system
driven by IT’ with the goal of digitising and automating manufacturing
environments by integrating new technologies to increase productivity and
decrease resource consumption.
2.1.1 Core Industry 4.0 technologies and applications
I4.0 is a topic widely debated for its technologies and their beneficial implications
for organisations. The concept of I4.0 derives mainly from progress in ICTs and
data. The key technologies under I4.0 driving continuous improvements are the IoT,
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BD, cloud computing, additive manufacturing, and CPSs (Barreto et al., 2017;
Trompisch, 2017; Wagner et al., 2017).
Each component of I4.0 has its own role. For instance, CPSs control physical
systems and make operational environments more adaptable (Ivanov et al., 2016).
IoT enables machine-to-machine interactions, producing optimal accuracy and
efficiency without human interaction (Da Xu et al., 2014). Cloud computing uses
remote locations to deliver IT services, such as storage, or leverages servers and
databases to optimise operations, accessibility, and speed of service provision (Liu
& Xu, 2017). BD analytics support real-time data collection to comprehensively
improve decision-making processes, resulting in energy-efficient solutions and
improved product quality through predictive maintenance (Li et al., 2017).
These technologies have widespread applications, all supporting a common
goal of forming a network of software and sensors to communicate and channel
information and data. For instance, CPS provides control mechanisms for different
human–machine interfaces, uses world-wide available data and services, stores and
evaluates data within a system environment, and generates connectivity through
global digital networks (Geisberger & Broy, 2012). IoT has wide-ranging
applications in a variety of domains, such as health, transportation, manufacturing,
transport, energy, and smart cities, with such roles as facilitation, development, and
improvement of prevailing users. Such interconnected machines create immensely
large amounts of data, otherwise known as BD (Lee, Kao, & Yang, 2014). On the
other hand, clouds can also be private and self-contained, used for a specific
company or as open community clouds for global networking, providing IT support
and services to locally distributed users (Bauernhansl et al., 2016). In addition, the
application of BD has opened many new forms of behavioural interpretations and
value creation for service innovations (Kagermann et al., 2013). Though there is a
dominant literature on the positive streams addressing the beneficial sides of I4.0,
the dark sides of implementing these technologies and its negative implications
such as machines/robots replacing human race (Dreyer et al., 2017; Helbing et al.,
2019) data abuse and security issues such as privacy and data breaches (Pigni et al.,
2018) are unavoidable and needs further scientific considerations from the scholars.
2.2

Sustainable development (SD)

Sustainability and SD are debateable concepts that cannot be defined in the way
that physical science defines standards (Diesendorf, 2000); however, the
Brundtland Report (World Commission on Environment and Development, 1987)
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provides a well-known broad definition: “SD is development that meets the needs
of the present without compromising the ability of future generations to meet their
own needs” (Diesendorf, 2000, p.3). In contrast, sustainability is a conceptual term
referring to efforts to prevent the depletion of natural resources by focusing on
issues related to biodiversity, preservation, and environmental integrity (Axelsson
et al., 2011; Ekins et al., 2003; Ramakrishnan, 2001). However, these terms are
used interchangeably in the literature.
The pursuit of SD has significantly changed from its origins in the 1990s. Since
the Brundtland Report, Our Common Future, 1987, which sought to “ensure
sustainable consumption and production patterns,” people’s and organisation’s
approaches have transformed from sole profit maximisation towards
environmentally sustainable practices. Contemporary societies expect industrial
operations and productions to become increasingly sustainable, following a TBL
approach aiming equally for economic, environmental, and social benefits
(Elkington, 1998).
Increasing globalisation trends have projected manifold challenges and
opportunities regarding environment and development. The inclusion of new actors,
such as civil society organisations, as well as modern technologies based on
computing and IT, has transformed and shaped resource management and
development in increasingly better ways (Elliott, 2013). Nevertheless, these new
forms of inclusions introduce risks, which give rise to the need to explore SD from
different perspectives. While the world has acknowledged sustainability as a major
policy goal and accepted its significance for today’s environment and development,
there is still a growing need to critically assess which endeavours are to be
accomplished, whose interests and values are dominant, what costs and benefits
sustainability entails, and how it intervenes in policies and decision making for the
local environment, people, and the globe (Elliott, 2013).
2.2.1 Industry 4.0 and sustainable development
In the context of I4.0, SD fosters a holistic contemplation that considers all relevant
elements of a process, including products, lifestyles, ecologies, processes, and
structures. In line with this evolutionary curve of the industrial revolution, I4.0 aims
to transform and enhance production systems and society, focusing specifically on
developing economic, environmental, and social advantages (Schulz & Flanigan,
2016).
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Referring to I4.0, economic sustainability seeks the value creation, flexibility,
and customisation of products and services (Kagermann et al., 2013). These
objectives are supported by digitisation and automation, which lead to
manufacturing cost evaluations (Peukert et al., 2015). Machinery and sensors
enabled by CPS yield many economic advantages, such as increased process
transparency in inter- and intra-firm logistics (Schuhmacher & Hummel, 2016),
which ultimately reduce storage time (Hofmann & Rüsch, 2017) and overall
logistics costs (W. Zhou et al., 2017).
From the environmental sustainability perspective, I4.0 practices like databased carbon footprint analyses contribute to ecological sustainability in
production via the reduction of greenhouse gas emissions (Peukert et al., 2015),
waste, and resource consumption (Herrmann et al., 2014). Furthermore, production
focused I4.0, such as IoT, can support the reuse of resources, tools, and damaged
goods, as well as the retrofitting of machinery (Stock & Seliger, 2016). The social
aspect of sustainability in I4.0 focuses on the betterment of society. Enhanced
communication through human–machine interfaces and intelligent systems are
being developed (Herrmann et al., 2014; Peukert et al., 2015), and the automation
of simple tasks can help employees with decision-making, continuous monitoring,
training, and collaboration, thereby raising overall employee satisfaction and
supporting a sustainable organisation (Kiel, Arnold, & Voigt, 2017).
Since technology is the core of today’s society, it plays a significant role in SD.
The technological viewpoint of sustainability focuses on pollution-free production,
the creation of local employment, and renewable solutions (van Lente et al., 2017).
It emphasises techniques and tools to improve efficiency in processes and
machinery performance. For example, many IoT and CPS applications help to
improve transportation, health, energy, and manufacturing, facilitating new
technological developments while improving old ones (Bonilla et al., 2018). The
co-evolutionary relationship between technology and society emphasises the
importance of technology in sustainability. For instance, technological change
gives rise to new options to create social change, which, in turn, develops new
requirements, prerequisites, and situations for technology (van Lente et al., 2017).
Integrating I4.0 practices into organisational culture can improve
organisational performance in a variety of ways. For example, technologies like
IoT and CPS have paved the way for service-oriented business models to achieve
higher customer satisfaction, develop value for businesses, and have less
environmental impact via smart product-service systems (PSSs) and data-driven,
platform-based approaches (Watanabe et al., 2016). Likewise, cloud manufacturing
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can be used in PSSs to develop advanced manufacturing technologies and new
business models (Charro & Schaefer, 2018). From a supply chain development
perspective, the integration of I4.0 technologies like IoT and BD analytics can help
organisations develop usage-focused business models to implement such CE
paradigms as resource efficiency and lifespan extension (Bressanelli et al., 2018).
2.3

Twin transition: Towards digitalisation and sustainability

Modern operational environments clearly acknowledge the potential of I4.0, as they
represent a willingness to invest heavily in digital transformation (Bauer et al.,
2014). Companies see digitalisation as a critical driving force for strategic decisionmaking. Digitalisation has also gained significant momentum amid the COVID-19
pandemic, forcing industries to re-evaluate their digitalisation strategies and rethink the ways in which they do business (Priyono et al., 2020; Savić, 2020).
Digitalisation today is recognised as an essential empowering concept and
technology for industrial transformation (Lee et al., 2019) and as an outcome for
innovation (Urbinati et al., 2021). I4.0 and digitalisation, therefore, work together
to foster industrial change and improve overall business outcomes (Lee et al., 2019).
Today, digitalisation and sustainability have become fully intertwined with
both each other and the business world (Isaksson et al., 2018). This combination is
called the twin transition: a phenomenon that leads societies to adopt ecologically
friendly digital solutions. The significance of the twin transition has been widely
acknowledged by practitioners, academics, and policy makers (Cobo-Benita et al.,
2020; Lange & Santarius, 2020). Businesses require the twin transition (i.e.,
digitalisation and sustainability) not only to achieve high-end goals and competitive
advantages, but for basic survival (Ogrean & Herciu, 2021).
Sustainability has increasingly become an area of concern and an ambitious
goal for all types of stakeholders anxious to support the environment and society
while addressing digitalisation-related disruptions (Calderon-Monge et al., 2020;
Ivanov & Dolgui, 2021; Tapaninaho & Kujala, 2019). While sustainability can set
diverse goals for the digital era, adaptations of modern digitalisation can also drive
sustainable transformations (Seele & Lock, 2017). Sustainable implications for the
environment and society have been reported through prominent I4.0 technologies,
such as BD, to promote transparency and accountability, thereby opening ways to
outline, monitor, interconnect, and administer sustainability (Heemsbergen, 2016;
Helbing, 2012).
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While traditional business strategies have focused solely on the enablement of
IT solutions, today’s business infrastructures are forced to incorporate
environmental and social prospects into their aimed discourses. It is no longer
possible to detach digitalisation strategies from sustainability trends (AksinSivrikaya & Bhattacharya, 2017). Both digitalisation and sustainability are integral
to modern corporate strategies, which are only possible to achieve if organisations
collaborate and exchange information within the ecosystem to form networkoriented structures for sustainable businesses. However, sustainable businesses
require huge investments, knowledge-intensive institutions, and innovation-driven
sectors (Ogrean & Herciu, 2021). Thus, the twin transition requires quality public
and private institutions and highly skilled labour to help companies adopt new I4.0
technologies and sustainability-oriented business models.
Achieving digitalisation and sustainability goals together can be realistic if coexisting businesses join hands to achieve the twinning of environmental and digital
transitions in the broader ecosystem (Gerlitz & Meyer, 2021). The ecosystem
approach supports the overall aim of SD by providing the basis for efficient
resource sharing and allocation, co-creation through knowledge sharing, and coevolution using human–capital interactions (Dushenko et al., 2018). The move
towards twin transitions within an ecosystem will successfully enable businesses
to catalyse their futures towards smart business developments and corresponding
sustainable implications for society as a whole (Ogrean & Herciu, 2021).
2.4

Innovation ecosystems and collaborative innovation

The concept of I4.0 builds on a close integration of human–computer interactions,
symbolising improved digitalisation and interconnectivity among manufacturing
systems, offered products, value connotations, and business models (CamarinhaMatos et al., 2017). The literature also identifies ‘interconnection’ and
‘collaboration’ as major enablers for the successful implementation of I4.0
(Hermann et al., 2016). Whereas interconnection refers to system and technological
connectivity, collaboration reflects a joint activity performed by different entities
that share resources, information, and tasks to create shared value in the pursuit of
a common goal. Modern literature suggests that collaborations among different
actors facilitate the co-creation of new innovative value: a significant aim of I4.0
(Smorodinskaya et al., 2017). These innovations are the result of a network-based
approach that operates in an ecosystemic manner. Innovation ecosystems function
as “collaborative arrangements through which firms combine their individual
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offerings into a coherent, customer-facing solution” (Adner, 2006, p. 1) or
“dynamic collaborative networks of people and organizations formed around
projects with an innovation objective” (Smorodinskaya et al., 2017, p. 5245).
Innovation ecosystems can result from networks focused on developing
sustainable businesses or communities to support innovation. A recent form of an
innovation ecosystem identified in the literature is the triple helix innovation
ecosystem. The triple helix as a core model comprises of research institutions,
companies, and government bodies (Etzkowitz & Leydesdorff, 1995), which is
extended to a broader model called quadruple helix focusing on stakeholders from
civil society and quintuple helix converging environment and sustainability
(Carayannis et al., 2018; Kahn, 2016; Rosenlund et al., 2015, 2017). Within these
helices, each collaborating entity interacts to develop joint innovations and new
business opportunities (Camarinha-Matos et al., 2009) using a shared pool of
resources for individual benefit.
For example, ongoing technological disruptions force research organisations in
innovation ecosystems to step out of their comfort zone and adapt to the culture of
experimentation and ‘learning by doing’ (Kim, 2017), thereby seizing opportunities
to validate their knowledge through practical cases. Similarly, companies with
limited resources collaborate to gain wider access to pools of resources from big
businesses and research organisations, while government bodies regulate the
overall innovation process by evolving the inter-disciplinary communication
(Brown & Katz, 2019). From this perspective, I4.0 provides discourses for policydriven collaborative innovation, which is the combined effort of stakeholders
working together to innovate. This yields sustainable growth for all collaborating
parties in the ecosystem (Reischauer, 2018), creating a platform within which
actors can co-evolve and contribute to one another’s performances while
simultaneously preserving their innovative autonomy (Etzkowitz & Zhou, 2017).
2.4.1 Collaborative capabilities and value co-creation
During the process of collaborative innovation within an ecosystem, actors coengage with one another on the basis of mutual trust, constructive competition, and
long-term commitment. These characteristics can be combined under the construct
of collaborative capability, which is defined as an actor’s capability to manage and
develop trust, commitment, and communication (Blomqvist & Levy, 2006). Trust
ensures positive relationships and predicts risks for future collaborations (Seppänen
et al., 2007), commitment integrates measurable actions and investments (Cullen
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et al., 2000), and communication guarantees transparent collaborative intentions
(Mohr et al., 1996).
The collaborative capabilities of the partners in an innovation ecosystem hold
transformational potential to continuously evolve in relation to new technological
advancements (Garud & Nayyar, 1994): a phenomenon that mirrors the
continuously evolving nature of I4.0. In such technologically disruptive settings,
collaboration within ecosystems can nurture innovation in its truest sense, resulting
in value co-creation. Value co-creation can be defined as an active, creative, and
social process based on collaboration between producers and users (Roser et al.,
2009). It acts as a business strategy through which actors can collaborate to
articulate organisation and design interaction mechanisms, including knowledge
generation, distribution, and allocation, to sustain innovation (MacGregor &
Carleton, 2011). In an I4.0 environment, in which value co-creation processes
change with the changes in business models and technological operations, a
collaborative model based on collaborative capabilities can be key to successful
digital transformation in the triple helix innovation ecosystem.
2.5

Stakeholder interdependencies

Dependency is defined as a relationship between two actors dependent on each
other to accomplish some internal intention, either at the actor level or at an element
level (Gulati & Sytch, 2007; Yu & Mylopoulos, 1993). Likewise, stakeholder
interdependencies refer to the extent to which outcomes of one unit (activity) are
directly controlled by or contingent upon the actions of another unit (activity)
(Malone & Crowston, 1990, p. 4; Victor & Blackburn, 1987, p. 490). The
intentional element of stakeholder interdependencies is categorised into three types
of interdependencies: goal, task, and resource dependencies.
All collaboration mechanisms experience these interdependencies in one form
or another. Goal-dependent actors (dependees) aim to satisfy goals and can freely
choose how they want to accomplish that. Task dependees follow the ways
dependers prescribe to execute tasks. In cases of resource dependency, dependers
ensure resource availability for dependees (Gulati & Sytch, 2007; Yu &
Mylopoulos, 1993).
The modern industrial landscape (I4.0) has modified and advanced working
patterns and organisational structures, thereby challenging businesses to innovate
their ways of doing business, their strategies, and their processes (CamarinhaMatos et al., 2017; Pereira & Romero, 2017; Reischauer, 2018; Sung, 2018). These
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changes require key players, such as companies, government institutions, and
universities, to change their traditional interaction methods in a business
environment and to reflect on their roles while working in collaboration
(Camarinha-Matos et al., 2017). The willingness of these players to co-exist for
collaboration will lead to collaborative innovation (Sørensen & Torfing, 2012),
resulting in shared value-creation (Crosby et al., 2017).
Collaborative innovation provides the basis for effective communication
through the active exchange of knowledge and the establishment of a platform for
mutual learning through the sharing of competencies (Hartley et al., 2013; Roberts,
2000). In situations, where some researchers highlight the negative aspects of I4.0,
they assure that holistic and mutual strategies based on responsible research and
shared innovation frameworks may bring huge benefits and ease the negative and
harmful consequences (Memon & Ooi, 2021). However, in a shared environment
in which actors share a joint pool of resources, various interdependencies arise
(Teece, 2018). The degree of these interdependencies varies due to the changing
nature of actors joining and leaving the ecosystem, leading to uncertainty
(Rossignoli & Lionzo, 2018). This indicates a need to understand the participatory
organisations in the innovation ecosystem, their collaboration patterns, and their
respective interdependencies (Camarinha-Matos et al., 2009, 2017; Teece, 2018).
2.6

Summary of the literature review

This section synthesises the literature streams addressing I4.0 as a context from
different perspectives. Table 5 below identifies the topics, definitions, key concepts,
and their inter-connection presented in the literature section of this dissertation. The
synthesis first describes the literature by analysing I4.0 and related key
technologies with respect to their potential of developing sustainable and
innovative implications for manufacturing industry. It then explains the need to
examine and develop digitalisation and sustainability as twin concept for
sustainable business transformations.
While collaboration is considered an enabler of modern I4.0-based innovations,
the triple helix plays an important role in forming effective collaborations in
innovation ecosystems. The partners tend to develop collaborative capabilities
based on close collaborations in the ecosystem. However, during the process of
collaboration, stakeholders face certain interdependencies that may affect how they
reach their innovative goals. The literature identifies different types of stakeholder
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interdependencies. Table 5 below summarises some of the key constructs of the
current thesis.
Table 5. Synthesis of the key constructs used in this dissertation.
Key constructs

Definitions

Key concepts

Inter-connection between key

I4.0

A modern manufacturing

Progression towards the I4.0- The need for modern

system driven by IT with

fourth industrial

manufacturing industries to

the goal of digitising and

revolution, IoT, CPS,

build sustainable and

constructs

automating manufacturing BD, and cloud
environments by

computing as central

integrating new

technologies

innovative future

technologies to increase
productivity and decrease
resource consumption.
SD

SD is development that

TBL (economic,

I4.0 as a significant

meets the needs of the

environmental, and

contributor/enabler

present without

social), CE, and SBMs

to SD

A transition based on

Digitalisation and

The potential of I4.0-based

climate-neutral digital

sustainability together,

digitalization and

solutions seeking

the need for and

sustainability as a dyad

sustainability and

significance of twin

promoting twin transition

digitalisation side by side

transition in a

compromising the ability
of future generations to
meet their own needs
Twin transition

contemporary world,
digital technologies’
paving of ways towards
sustainable solutions
Triple helix

Research institutions,

Industry, academia, and Implementation of twin

collaboration

companies, and

government forming

transition requires business

government bodies

collaborations,

transformations which further

collaborating and

collaboration as an

necessitates dynamic ways of

interacting to develop joint enabler of innovation,

collaboration across entities

innovations and new

collaborative capabilities (triple helix)

business opportunities

as a basis for I4.0
transformation
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Key constructs

Definitions

Key concepts

Inter-connection between key

Innovation

The result of networks

Collaborative

Ecosystem as an efficient

ecosystems

aiming to develop

arrangements through

medium for successful

constructs

sustainable businesses or which firms combine

collaborations between triple

communities focused on

their individual offerings

helix partners

innovation

into coherent, customerfacing solutions

Collaborative

The combined effort of

Sustainable innovations Innovation as a common goal

innovation

stakeholders working

resulting in growth for all between collaborating

together towards

collaborating parties in

stakeholders in the

innovation

the ecosystem

ecosystem

Collaborative

Stakeholders bringing

Innovation ecosystems

Collaborative innovation

capabilities

innovation based on trust, necessitating that actor

results in developing mutual

commitment, and active

co-engage with one

collaborative capabilities

communication

another using their

between partners

collaborative capabilities
Value co-creation

An active, creative, and

The role of value co-

All the parties use their

social process based on

creation as a business

collaborative capabilities to

collaboration between

strategy between actors strive for value co-creation as

producers and users

to sustain innovation

Stakeholder

The extent to which the

Collaboration developing The process of collaboration

endpoint/common goal

Interdependencies

outcomes of one unit

interdependencies,

and value co-creation

(activity) are directly

common

develops strong ties between

controlled by or contingent interdependencies being the stakeholders and raise
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upon the actions of

goal task and resources certain types of

another unit (activity)

dependencies

interdependencies

3

Research contribution

3.1

Industry 4.0 and Sustainable development: TBL, CE and SBM
perspectives

Publication I explored the state-of-the-art sustainable implications of I4.0. It
mapped the broader field of SD under the I4.0 framework from three perspective:
TBL, SBMs, and CE (Figure 5). TBL consists of synchronised benefits to the
economy, environment, and society, whereas SBMs represent innovate business
processes for sustainability using such CE strategies as narrowing, slowing, and
closing the resource loop. I4.0 is known to advance organisational and economic
mechanisms, such as productivity, efficiency, and competitiveness, as well as social
and environmental constraints geared towards sustainability.
The systematic mapping review yielded 81 primary studies out of 4,291 total
published between January 1, 2012, and April 17, 2020, from four databases:
Scopus, Web of Science, IEEE Explore, and ProQuest. The research identified TBL
as the most-studied research theme and IoT as the most commonly used technology
under I4.0. It further showed that SD contributes to CE purposes by advancing
SBMs to achieve social, economic, and environmental benefits. The study further
explored emerging research themes under I4.0 and SD. Fig. 5 showed that TBL
studies focus mainly on I4.0 adoption and implementation, sustainable supply
chains, smart and sustainable cities, and smart factories. CE and SBMs are
contemporary emerging research themes that focus on I4.0 adoption and
implementation, as well as sustainable supply chains.
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Fig. 5. Key research areas and topics studied under I4.0 and SD (Under CC BY 4.0
license from Publication I © 2021 Authors).

The results highlighted several benefits noted in the literature across and within the
sustainability paradigm (TBL, CE, SBM) related to I4.0 including augmented
resource efficiency, improved organisational structures, employee well-being and
skill development, and thriving business value. The terms TBL and CE represent
different notions, referring to environmental benefits and financial benefits,
respectively. Individually, however, TBL leads to the development of social,
economic, and environmental objectives, whereas CE supports the ‘3Rs’ (reduce,
reuse, and recycle) and ‘6Rs’ (reduce, reuse, recycle, recover, remanufacture, and
redesign) as useful approaches to complement these objectives. In addition, efforts
made to achieve TBL, and CE objectives together suggest numerous benefits, such
as enhanced decision-making, energy efficacy, impartial distributions of costs, and
eco-design-based developments. Such coordinating efforts further support a
baseline for SBMs.
The results show that, together, the I4.0 principle of connectivity and the CE
principle of resource amalgamation led to the development of triple-layered and
information-driven business models based on traceability and transparency. These
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sustainability-driven business models further pave the way for PSSs, which create
value. These types of business models are focused on waste minimisation and
reductions in inefficiencies and non-value activities.
Another important contribution of the study was its presentation of salient
future research directions. The findings suggest an extension of TBL to quintuple
the bottom line by including the organisational and technological aspects of
sustainability, as organisations, societies, environments, and technologies are
mutually reliant and significant variables under I4.0. The study further suggests that
proper planning and standardisation of potent I4.0 technologies, such as cloud
computing (CC) and data analytics in smart cities and smart factories, can yield
numerous benefits, including reverse logistics, remanufacturing, and product
recycling. In addition, technologies like additive manufacturing and CC can be
used to assess product quality via inline sensing and monitoring, real-time
evaluation, and sampling inspection.
The results indicate that social sustainability is an important but neglected
construct of SD. Developing various I4.0 technologies with respect to social
sustainability may yield multiple benefits for the communities and smart cities of
future. Furthermore, quantified research and evaluation of I4.0 and its relation to
all aspects of sustainability and their respective interplays is required. Combining
the strategy literature with quantitative and temporal data will provide a toolkit for
successful I4.0 adoption and implementation and for capabilities and skillsets
assessments. In addition, increased awareness of sustainable manufacturing
practices will yield improvement in both firm and overall industry performance. As
the literature seeks to determine the positive implications of I4.0 and the
sustainability paradigm, further research is needed to explore potential risks during
transition periods and other context-related risks, such as IT security and
stakeholder interdependencies in the supply chains.
3.2

A journey towards twin transition: Digitalisation and
sustainability

Publication II explored I4.0 and a corresponding digitalisation roadmap in Finland
(Figure 6). The research examined the drivers and current challenges Finland faced
as it worked to become a frontrunner in the contemporary era of digitalisation
(Table 6). It further identified future opportunities related to twin transition,
focusing on the need to maintain a close association between digitalisation and
sustainability. The results were achieved through analysing a national ecosystem47

level project based on I4.0, policy documents, and related previous research. The
project was one the first pilot projects in the Finnish digitalisation program Reboot
IoT Finland, which aims to facilitate the digital transformation of Finnish
manufacturing.
The Finnish roadmap towards I4.0, developed in 2011, considers digitalisation
a key contributing factor to gain a global competitive advantage earlier in 2011.
The first step in the I4.0 roadmap taken by the Katainen and Stubb governments
(2011–2015) was strategizing pre-set visions and plans for the I4.0 transition,
culminating in ICT and the emergence of terms like ‘Finnish Industrial Internet’ to
support the I4.0 transition in manufacturing industries. This period was followed
by Sipilä’s government (2015–2019), which emphasised the adoption of new
technologies and solutions development based on IoT and artificial intelligence (AI)
by fostering a culture of experimentation. In 2018, the government shifted focus to
the third step of I4.0 implementation in Finland: ecosystemic collaboration and
data-driven value creation through ecosystem thinking.
The current government (Marin & Rinne) advanced and proposed a shift in
governmental reforms towards sustainable, inclusive, and carbon-neutral societies
(Finnish Government, 2019a, 2019b). Ecosystem thinking is now considered a
driving force for sustainable growth and development. In Finland, current
government programs are in line with the EU’s green deal ideology of promoting
digitalisation through AI- and data-driven business models and a platform economy,
while keeping sustainability as a core outcome. Thus, Finland is sharing and
promoting twin transition by simultaneously advancing digitalisation and
improving business’ sustainability using circular and low-carbon strategies. This
current progression of an ecosystem-based twin transition towards the future can
be called a ‘sustainable I4.0 ecosystem’.
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Fig. 6. Evolution of I4.0 strategy in Finland / I4.0 roadmap in Finland (Reprinted, with
permission, from Publication II © 2022 Authors).

Numerous elements of I4.0 were successfully implemented at the right time,
consistent with national policies. Key drivers supporting high-level digitalisation
were identified as a high level of education, development of a supporting national
infrastructure, collaborative and trust-based business environment traditions, triple
helix collaborations, a strong culture of experimentation, early adoption of new
technologies, rapid testing and innovation, high levels of research and development
(R&D) investments, and a transition to innovation ecosystem-based thinking for
value creation.
Table 6. Drivers, barriers, and opportunities of I4.0 in Finland (Adapted, with permission,
from Publication II © 2022 Authors).
Drivers

Barriers

Opportunities

High market competition

Single-source solutions for

Growing global markets

unique needs are difficult to
find
National

SMEs lack monetary and

Competitive advantage

infrastructure supporting I4.0

strategic support

through smart and sustainable
manufacturing
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Drivers

Barriers

Opportunities

Culture of innovation and R&D

SMEs are hesitant

Involving SMEs to create new

to digitalise their operations

innovations in business
ecosystems

Highly skilled workforce

Aging population, fewer

Societies as innovation platforms

potential employees with new
skills
Culture of triple helix collaboration

Issues related to data

Collaboration platforms for

security, ownership, and trust industrial symbiosis, value creation
in digital ecosystems

networks, and business
ecosystems

Business model innovation

Lack of methodological

SBMs, organisations, processes,

approaches, such as best-

and products

practice examples, toolsets,
and distilled information

Nevertheless, there are multiple barriers that hold the potential to hinder full
utilisation of I4.0 and subsequent digitalisation. The results show the leading
barriers to be an aging population, perceptions of technology implementation costs
as high, struggles in finding single-source solutions due to customised offerings,
and SMEs’ reluctance to engage in high-end digitalisation due to insufficient
resources.
Based on these findings, future opportunities were outlined. Finland’s high-end
digitalisation enables companies to join the global value-chain and understand the
multi-dimensional global occurrences in businesses, such as supply chains,
geographic variances, and industrial operations. This opens venues for a highly
skilled workforce to understand global diversity. The Finnish curriculum supports
the workforce in developing critical thinking skills by enabling life-long learning
and complex problem-solving skills that mitigate the shortage of young and
talented workers in the manufacturing industry. The Finnish culture of
collaborations and ecosystem thinking will further pave the way for tech start-ups
to join hands with big companies and move forward. Collaborations resulting in
cross-company joint ventures and industrial symbiosis will also support the
building and sharing of new strategic and operative business processes and
structures through active experience sharing. Overall, Finland has adopted and
developed according to the needs of I4.0-based operational models. However, the
government still aims to move from ecosystemic collaboration to collaboration
among ecosystems. Moreover, the companies are grasping the transition
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opportunities provided by I4.0 and are forging the pathway from linear to circular
operations.
3.3

Triple helix collaboration and value co-creation for innovation

Publication III explores the roles of industry, academia, and government
institutions in forming a triple helix in the I4.0 era of technological disruption.
Together, these entities form an innovation ecosystem that requires close
interaction for successful collaboration and value co-creation. Publication III
investigated the capabilities required for successful triple helix collaboration in an
I4.0-based innovation ecosystem context. The studied case was a national research
project called Reboot IoT Factory, which involves stakeholders from five global
manufacturers, three research institutions, and several SMEs. The project has
developed a novel triple helix innovation model, yielding an interesting and timely
research scenario in the context of digitalisation and I4.0.
The empirical data collection approaches used in this project included notes
from project meetings, sprint reviews, and industrial visits by the authors. Over the
course of the study (August to October of 2019), a self-administered questionnaire
was distributed among the project participants to evaluate the fruitfulness of the
collaboration. Existing literature was used to form the survey items, which were
then further tailored for the I4.0 use case. The starting point of the project was the
introduction of a co-innovation model, as shown in Fig. 7, which aligned the
different stakeholders involved in the project with a common goal of accelerated
digitalisation. The model was centered around Grand Challenges (GCs), which
were based on industry needs in a triple helix environment. The GCs included: (i)
data-driven supply chain and production, (ii) fusion of robotics, and (iii) labour in
the digital work environment. The stakeholders were assigned roles and
responsibilities within the triple helix.
The identification of real-life factory needs was the beginning of the
operationalisation of the innovation model. Following the identification of needs,
factory employees, researchers, and SMEs jointly proposed a feasible solution. The
proposals were implemented as PoCs through technological trials and economic
feasibility at a factory. The findings from different PoCs were shared among the
participants, leading to rapid adoption of the proposed solution. The top solutions
were commercialised by the SMEs and distributed to Reboot’s global project
factory partner network via a scale-up process that benefited the companies. The
project experience was also shared with companies outside the Reboot project
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(second-tier factories), as shown in Figure 7. This led other companies to follow
and implement the solutions that had already been tested by the factories involved
in Reboot.

Fig. 7. Illustration of the Reboot innovation model (Reprinted, with permission, from
Publication III © 2022 Inderscience Enterprises Ltd.).

The first step of this project was the introduction of a co-innovation model, as
shown in Figure 7, to align project stakeholders with the goal of accelerated
digitalisation.
The results of the study were two-fold. The first benefit was the application of
the existing patterns of triple helix collaboration for value co-creation in an I4.0
environment. The findings revealed that, due to the triple helix requirement of such
collaborative capabilities as trust, commitment, and communication in the
innovation ecosystem; strong interdependencies; and the arrangement of actors
toward a common goal without direct competition, made boundary-spanning in the
innovation ecosystem easy and workable (Figure 8). In such projects, the
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composition of actors and their effective management are important factors to avoid
conflicts and power issues.

Fig. 8. Enablers for value co-creation in an I4.0 triple helix innovation ecosystem
(Reprinted, with permission, from Publication III © 2022 Inderscience Enterprises Ltd.).

The second part of this study identified four enabling factors for the successful
execution of I4.0 triple helix collaboration: (i) adaptivity, (ii) experience sharing,
(iii) SME co-innovation, and (iv) the ability to scale up. The results highlight the
potential for accelerating digitalisation in the Finnish manufacturing industry
through a co-innovation model based on experience sharing. The project
demonstrated an efficient way of addressing research needs, implementing fast
trials, and scaling up developed solutions. The key to successful operation in
dynamic projects demands the adoption of the ecosystem approach with mutual
trust, collaboration, and identification of common aims among the participants. The
results illustrate a novel, experimental operating model with the potential to achieve
effective collaboration, in addition to outlining the collaborative capabilities
required for value co-creation in the innovation ecosystem.
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3.4

Stakeholder interdependencies in collaborative innovation

Publication IV investigated the nature and impact of the interdependencies
stakeholders develop during closed collaborations for innovation and digital
transformation. To understand these interdependencies, the Reboot IoT Factory
Project was studied, which leveraged several resources, processes, and practices to
successfully combine modern technologies in manufacturing in a competitive and
sustainable way. The stakeholders involved in the project were mainly factories,
research organisations, and SMEs.
A qualitative research approach was carried out using a single case study. A
self-administered survey questionnaire was designed using an actor dependency
model (Yu & Mylopoulos, 1993) to understand the different types of
interdependencies and the advantages and risks associated with the project. The
model supported an understanding of different kinds of work patterns among the
actors and built upon various interdependencies with the ability to foster or limit
the end goal. Due to a low survey response rate (33 responses out of 116 distributed
surveys), additional empirical data were collected by conducting three interviews
and analysing the project documentation and reports. The interviews, which sought
to complement the survey results, were conducted with managers of each
participating organisation.
The results showed that participants reached their common goals (digitalisation,
commercialisation, innovation, and scale-up solutions) by performing independent
tasks (research and outsourcing) using a shared pool of resources (information,
knowledge, skillsets, and physical infrastructure). It is clear that factories need to
outsource their requirements first to research organisations to identify the right
solutions and then to SMEs to implement the proposed solutions. Research
organisations will likely require accurate information from stakeholders to
accomplish their tasks. SMEs experience resource dependency due to a lack of
monetary support, knowledge, skills, and competencies, all of which can be
attributed to their limited scale of operations. In this scenario, a clearly defined goal
active information and experience sharing, aligned tasks, and mutual availability of
resources are all key to successful collaborative innovation.
Finally, the stakeholder dependency model was investigated to assess the
participating actors’ dependencies and structures for either expanding their
capabilities or becoming vulnerable in the pursuit of innovation-based goals. The
participants referenced both the positive and the negative sides of
interdependencies in the project, as listed in Table 7.
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Table 7. Advantages,

Advantages,

disadvantages,

opportunities,

and

risks

of

interdependencies in the studied project (Reprinted, with permission, from Publication
IV © 2022 Authors).
Advantages and opportunities of interdependencies Disadvantages and risks of interdependencies
Advantages

Disadvantages

•

Productive use of resources

•

Improved information sharing

•

•

Increased experience sharing

•

Closer collaboration

•

New approaches for solution creation

•

More complex scheduling

•

Faster development

•

Narrow focus in solution creation (only

•

Higher quality of solutions

Decreased independence in the
development work

•

Delays in certain tasks due to
dependencies

specific use cases)
•

Additional costs for external
collaboration

Opportunities

Risks

•

Creation of new knowledge

•

Growing network of expertise

•

Identification of new synergies among

•

Misalignment of goals

partners

•

Inefficiencies and unnecessary

•

complexity
•

Competence development through
diversity and multi-disciplinarity

Delays due to sharing of research
resources

Deeper and more successful
collaboration

•

•

Information-sharing delays among
multiple partners

•

Conflicts in individual and shared goals

The participating stakeholders agreed on the benefits of interdependent
relationships, such as the efficient use of resources and advanced information
sharing, resulting in fruitful and long-term collaboration opportunities. SME and
research organisations highlighted the benefits of identifying high-quality solutions
by proposing several approaches (i.e., efficient communication), resulting in the
formulation of new opportunities not only for competency and expertise
development, but also for the creation of new knowledge.
On the other hand, participants also identified common disadvantages of the
proposed approach. For example, one actor reported delays in certain tasks due to
dependencies on other actors’ tasks, giving rise to unnecessary complexity. Industry
partners (factories) were focused primarily on their own solutions, risking a
misalignment of goals with other participating actors. Meanwhile, SMEs faced a
lack of resources, which hindered their growth in external collaborations.
Interdependent relationships made the assignment of tasks and resources more
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complex, potentially delaying the sharing of mutual resources and increasing risks
in terms of conflicts related to individual and shared goals.
3.5

Summary of the results

The objective of this dissertation was to understand the operation and impact of
I4.0 on value creation for organisations and overall SD. I4.0 has shown enormous
opportunities for SD with respect to social, economic, and environmental benefits.
A sustainable I4.0 paradigm contributes to TBL, CE, and SBM discourses, which
foster resource efficiency, the overall enhancement of organisational structures,
employee well-being, skill advancements, and upgraded business value. I4.0 has
created a competitive environment due to its revolutionary ability to bring change
to organisational production, operations, and governance. These structural changes
require a more in-depth understanding of sustainable research trends, new business
models, collaborative networks, and stakeholder relationships designed to support
innovation and value co-creation in the innovation ecosystem.
The core findings of this research are synthesised in Table 8 below. First, to
fully understand the current state of I4.0 in the literature, the key research areas and
implications of I4.0 contributing to SD were identified through a state-of-the-art
literature review. Second, I4.0 implementation was assessed at a national level with
respect to drivers, barriers, and opportunities. In addition, a roadmap towards twin
transition integrating digitalisation and sustainability was developed. Third, an
ecosystem-level view of I4.0 was presented, outlining the basis for a successful
collaborative project constituting academia, factories, and the government (triple
helix) to support innovation and value co-creation. Finally, I4.0 and its impact on
collaborative innovation were viewed through a narrowed, project-level lens. As a
result, stakeholder interdependencies, advantages, disadvantages, opportunities,
and risks for collaborative innovation were identified.
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Table 8. Key research findings.
Publication

RQ

Key findings

I

What are the key research areas/

- Recognises/defines TBL, CE, and

implications of I4.0 and SD?

SBM as interrelated themes under
SD–I4.0 research
- Identifies that most I4.0
sustainability research focuses on
conceptual analysis and that
the IoT is primarily cited with an
emphasis on achieving TBL benefits
- Determines that TBL studies focus
mainly on I4.0 adoption and
implementation, sustainable supply
chains, smart and sustainable cities,
and smart factories
- Identifies CE and SBMs as
emerging research themes requiring
a greater research focus on smart
and sustainable cities and factories

II

What are drivers, barriers, and opportunities - Identifies the roadmap Finland has
for I4.0 at a national level in Finland?

taken towards current digitalisation
- Classifies drivers and barriers in
the Finnish I4.0 innovation
ecosystem
- Lists opportunities related to twin
transition: a path towards
simultaneous digitalisation and
sustainability

III

How is triple helix collaborative innovation

- Provides empirical evidence of

and value creation successfully managed in

successful collaboration in a co-

an I4.0-based innovation ecosystem

innovation model

context?

- Illustrates triple helix collaboration
for innovation and value co-creation
- Presents key enabling factors
affecting triple helix collaboration in
an I4.0 innovation ecosystem
context
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Publication

RQ

Key findings

IV

How do stakeholder interdependencies

- Provides empirical evidence

affect collaborative I4.0-based innovation

related to the network of

projects?

interdependencies (goals, tasks,
resources) formed during a
collaborative innovation project
- Identifies the impact of these
interdependencies by outlining
advantages, disadvantages, risks,
and opportunities participants face
in the pursuit of innovation-based
goals

Figure 9 shows the overarching impact of I4.0 on sustainable value creation and
reflects on the literature from a broader scientific view to a narrower
implementation at the project level. For this, firstly, it was important to examine
the sustainable implications of I4.0 identified in the literature. The review showed
that, in relation to I4.0, SD is considered an umbrella term combining TBL, CEs,
and SBMs. To derive the advantages of synergies among TBL, CE, and SBMs, SD
should be reflected as a policy-driven, holistic approach emphasising the practice
of I4.0 to attain sustainable value through co-optimising business, social value, and
resource efficiency, which collectively benefit the environment, the economy, and
society. A well-organised I4.0 implementation approach, followed by innovative
strategies in a diffused social and institutional environment consisting of the
quintuple bottom line (social, economic, environmental, technological, and
organisational) and the quintuple helix (industry, government, university,
environment, and society) requires further examination.
Secondly, to validate the implementation of I4.0, a broader analysis of drivers,
barriers, and opportunities was conducted at the national level. Overall, as a society,
Finland has remained at the forefront of digitalisation for some time, enabling
Finnish industries to successfully adopt and develop I4.0 solutions and new
operating models. However, structural characteristics of Finnish society, such as its
aging population and high labour costs, indicate that staying on top of global trends
and technological change is necessary for Finland to remain globally competitive.
Adapting and staying on the forefront of innovation remains a primary concern, as
sustainability and circular-economy-based operating models are becoming a new
standard in global business.
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Thirdly, I4.0 was shown to bring value co-creation through triple helix
collaboration in an innovation ecosystem. The findings identified four main
enabling factors contributing to value in I4.0 triple helix collaboration: adaptivity,
experience sharing, SME co-innovation, and scale-up solutions. However, there is
a need to focus more on individualistic views and small steps capable of generating
knowledge societies and green economies, both of which may support a more
holistic understanding of collaboration, innovation, and value co-creation in I4.0
ecosystems.
Lastly, to present a narrower view of I4.0 implementation at a project level,
stakeholder interdependencies were identified as a significant variable in
collaborative innovation processes. Key interdependencies, such as tasks, goals,
and resource interdependencies, outlined various advantages in terms of new
knowledge creation, closer collaborations, customised solutions, and increased
information and experience sharing, yielding opportunities to form a network of
expertise, develop competencies, and realise active learning and new knowledge
creation. On the other hand, interdependencies may cause certain task delays and
lead to more complex scheduling and extra costs for external collaborations,
thereby increasing the future risk of goal misalignment, delays in information
sharing, and conflicts of interests. Further research should explore how, beyond
adopting a more holistic collaborative innovation approach, combining the
expertise of large companies, SMEs, and research organisations to support twin
transition may foster additional sustainable business opportunities.
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Fig. 9. Synthesis of the results.

4

Discussion

This section summarises the key contributions of the dissertation with respect to
the relevant literature. The current research contributes mainly to the I4.0 literature
within the field of manufacturing by examining it at four different levels. First, the
literature was reviewed to develop a broad view of the sustainable implications of
I4.0 and related technologies. Second, I4.0-based digitalisation and its
implementation were assessed at the national level, highlighting the need for twin
transition. Third, I4.0 implementation in an innovation ecosystem was examined
and enabling factors for value co-creation were identified. Fourth, a stakeholder
view on developing different types of interdependencies during a co-innovation
project was analysed. The dissertation also provides insights into other research
streams, such as triple helix collaborations, collaborative capabilities, and
collaborative innovations. Next, it outlines the key theoretical contributions and
practical implications, then discusses the reliability and validity based on the
empirical findings. The chapter concludes with a presentation of the limitations of
current research and future work recommendations.
4.1

Theoretical implications

The current dissertation provides new theoretical insights into I4.0 implementation
and implication at four different levels: existing literature, national level, ecosystem
level, and project level. Publication I provided the theoretical contribution by
systematically analysing the I4.0 research landscape in relation to the synthesised
concept of SD, incorporating the TBL, CE, and SBMs research streams. Previous
literature has shown that SD has a broad spectrum and the potential to leverage a
variety of aspects, such as human growth, optimal resource utilisation, and
amplified business connections (Brown et al., 1987; Mieg, 2012; Strandhagen et
al., 2017). In addition, I4.0 holds great potential to foster industrial value creation,
competitive advantages, and TBL benefits based on CE strategies and SBMs
(Bocken et al., 2014; Geissdoerfer et al., 2017; Stock & Seliger, 2016). In line with
these studies, Publication I revealed that I4.0 technologies that fall under the
sustainability paradigm can produce resource efficiencies, enhance organisational
structures, improve employees’ well-being, and boost business value, thereby
contributing to social, environmental, and economic benefits for organisations.
The findings show that the I4.0 literature stream relating to the sustainability
paradigm is more inclined towards TBL benefits (Jabbour et al., 2020; Kuo & Smith,
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2018; Machado et al., 2020; Ribeiro et al., 2020), whereas CE (Alcayaga et al.,
2019; Nobre & Tavares, 2017; Rosa et al., 2020) and SBMs (Ritala et al., 2018;
Strandhagen et al., 2017) are still emerging themes in the literature. Moreover, a
detailed analysis of these inter-related themes and their crossovers pertaining to
I4.0 advantages is still required.
In an effort to see the combined effects of these themes, the present research
outlined how TBL and CE together could advance decision making, reduce
workloads, develop energy-efficient solutions, and support equal cost distributions,
all of which are aligned with the recent research (Birkel & Müller, 2021;
Ghobakhloo, 2020). The principles of connectivity and resource integration
provide a further basis for innovative and novel SBMs (Ejsmont et al., 2020), which
cultivate value in terms of profitability, corporate sustainability, and long-term
competitiveness. Thus, synergising TBL, CE, and SBMs under the umbrella
concept of SD will yield a policy-driven holistic approach to achieve I4.0 benefits
based on business, resource, and social value optimisation for a better economy,
environment, and society. However, future research must include other
sustainability dimensions, such as technological and organisational sustainability,
in addition to TBL. A well-defined I4.0 implementation strategy comprising all
sustainable dimensions from all the stakeholders, including the environment,
society, academia, the government, and industries, will flourish in today’s
digitalised world.
In addition to providing a holistic and broader view of I4.0 and sustainability
relationships, along with their respective benefits, this research provides an
overview of the dominant research areas in which this relationship has been studied.
The results show that, while I4.0 adoption and implementation for TBL, CEs, and
SBMs have been widely studied, research on the contributions of CE and SBMs to
smart factories, smart cities, and sustainable supply chains is lacking. This is in line
with the findings of Kamble et al. (2020) and Lopes et. al. (2018), who called for
more BD research on product recycling and reverse logistics in smart factories, as
well as predictive analysis-based quantitative research on supply chain complexity.
The results also identified conceptual analysis as the most common method used to
implement the dominant I4.0 technology in the IoT literature. However, similar to
Piccarozzi et al. (2018), it proposes quantitative evaluation methods and more
temporal data for effective I4.0 transformation, implementation and management.
Within the manufacturing industry, ICT is known to support industrial
competitiveness (Känkänen et al., 2013). Digital communications and media
infrastructures pave the way towards digitalisation (Brennen & Kreiss, 2016),
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which contributes significantly to a country’s potential on the road to I4.0 readiness
(Castelo-Branco et al., 2019). Thus, Publication II assessed I4.0 adoption and
implementation in Finland and articulated a roadmap towards successful
digitalisation on the scale of global competitiveness. Therein, the theoretical
contribution was made by identifying Finland’s key drivers, barriers, and future
opportunities to reach the digitalisation forefront.
The trends and drivers of accepting and executing I4.0 vary from country to
country. The digitalisation journey towards I4.0 for some of the world’s major
players, such as Germany, has focused on product quality (Türkeș et al., 2019)
whereas the US and China have emphasised cost minimisation and efficient product
delivery (Müller & Däschle, 2018; Zhu & Geng, 2013). Since the 1990s, Finnish
industries have cornered their niche in the global digitalisation journey with a focus
on increasing productivity through the effective implementation of digitalisation
processes. Large businesses currently emphasise new product and service offerings
based on the quality of smart products. These findings are similar to those of KaivoOja et al. (2018), who found that the distinguishing characteristics of Finnish
manufacturing lie in its reliability and flexibility, which balance regional value
chains.
Apart from its business model perspective, Finland has acknowledged the
human 4.0 part of I4.0, developing human–robot collaborations that have yielded
efficient decision-making systems and the building of smart factories. With
excellent political support from government organisations, Finland has been able
to build on state-of-the-art technologies, taking the lead on initiatives in a variety
of sectors, such as telecommunication, health, and energy. In this regard, DESI
2020 scores Finland as the most progressive country committing to cloud services.
Furthermore, Finland’s openness to industry–academia collaborations has
promoted innovation ecosystem-based thinking, thereby strengthening
collaborations for joint value creation and building a platform for experience
sharing. In summary, the government’s financial support, technological innovations
based on extensive R&D, the educated and skilled workforce, and effective
collaborations between academia and industry have performed as key enablers for
Finland’s current digitalisation trends, making it the global frontrunner in its
preferred areas of focus.
However, Finland has also realised certain barriers along its digitalisation
journey. Finland’s aging population is a rapidly growing problem for the Finnish
economy (Finnish Institute for Health and Welfare, 2020). As Santos et al. (2017)
noted, an aging population leads to a lack of young resources required to meet
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future needs for technological development, creating a gap between traditional
factories and the transformational requirements to develop smart factories in the
future.
Another barrier identified in I4.0 in Finland is the low involvement of SMEs.
While major players in the field move rapidly towards digitalisation advancements,
their collaborations with the SMEs in the operating ecosystem are still insignificant.
On the other hand, while SMEs and startups have the potential to build their
company profiles through expanded solutions, they currently lag behind due to low
visibility and lean budgets. Larger companies must scale down their digitalised
solutions and provide methodological toolkits for best practices exemplifying
business operations (Sahi et al., 2020), as this will strengthen strategic partnerships
and open multiple pathways for SMEs and startups to come forward and improve
their digital skills (Mittal et al., 2020). Another barrier to achieving standardised
I4.0 implementation is the actual business benefits versus perceived benefits of the
high-technology transformational process. In other words, companies consider
implementation costs to be higher than actual benefits. This is especially true for
SMEs, which shy away from investing larger amounts to test and implement
advanced technologies, such as AI (Artificial intelligence) and digital twins (a realtime digital counterpart of physical object or a process) , due to a lack of resources
and fear of failure (Moeuf et al., 2020).
Nevertheless, there are still many opportunities to theorise solutions for
addressing these barriers. The Finnish educational system is developed and
evolving to ensure agile education, preparing the modern industrial workforce with
the skills necessary for analytical and critical thinking, programming, active
learning, and complex problem-solving. The emerging culture of connected
platforms, networks, and ecosystems presents another opportunity for Finland to
build innovative societies and industrial symbiosis through efficient collaborations
between already matured ecosystems, thereby integrating information systems,
capacity building, and competency development. These kinds of collaborations
present further opportunities for cross-vertical data sharing in I4.0-based verticals,
such as GAIA-X (Vahti, 2020). Emerging ecosystems consisting of triple helix
actors are now seizing the opportunity to focus on best practices, aiming towards
circular solutions centering on twin transition: that is, the simultaneous targeting of
digitalisation and sustainability. In a nutshell, though Finland is already at the
digitalisation forefront, sustainability- and circularity-oriented economic and
business models developing I4.0-based solutions for global competitiveness remain
necessary.
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Collaboration focusing on innovation has become an integral to the
digitalisation process. A dominant form of collaboration in the literature is the triple
helix model of innovation, which refers to a set of interactions in pusuit of
economic and social development among academia, industry, and government
(Etzkowitz, 2008; Etzkowitz & Leydesdorff, 1995). While triple helix patterns of
collaborations in the knowledge economy are well-known (van Geenhuizen, 2016),
the factors that enable successful triple helix collaborations in the context of I4.0
and today’s digital global requirements must be further investigated (Ranga &
Etzkowitz, 2013). Publication III acknowledges the significance of triple helix
collaboration and attempts to understand its role in I4.0-based innovation
ecosystems for value co-creation contributing to both individual and aligned value.
A key enabler identified in this research is ‘adaptivity’, which operates as an
aligning feature throughout the ecosystem. Adaptivity provides a shared platform
for partners and aligns profitability with SBMs within the value network, thereby
tackling the goal alignment challenge and innovation risks in digital business stated
by many researchers (Dellermann et al., 2017; Ghanbari et al., 2017). The second
enabler, ‘experience sharing,’ supports an active knowledge flow that fulfils the
experimentation requirement of digitalisation. Active experience sharing is based
on mutual trust, commitment, and communication (Blomqvist & Levy, 2006),
leading to the development of collaborative capabilities. Collaborative capabilities,
in turn, boost project collaboration (Camarinha-Matos et al., 2017) and encourage
the adoption of digital innovations (Liao et al., 2017). Experience sharing further
promotes knowledge creation, sharing, and transferring to support collaborations
and value co-creation (MacGregor & Carleton, 2011), thereby allowing boundary
spanning (Champenois & Etzkowitz, 2018) for partners operating in the ecosystem.
The findings also propose ‘SME co-innovation’ as a third enabler that is mostly
overlooked in the literature and in practice due to SMEs’ resource limitations
(Müller, Buliga, & Voigt, 2018; Piccarozzi et al., 2018). However, SMEs’ inclusion
in networks and alliances in innovation ecosystems can help them utilise available
pools of resources and connections with larger enterprises to speed up their
development of technological solutions and implementations. The final enabler for
digital transformation is ‘scale-up solutions’, which emphasises boosting digital
innovations to a larger audience on a global scale. This could attract new global
partners and support the development of commercial solutions for existing partners
in I4.0-based innovation ecosystems, thereby promoting the ecosystems in the
ecosystems concept and creating pools of opportunities for industry, academia,
government, and SME partners.
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The established research shows that various organisations collaborate to
nurture I4.0-based digital transformations, innovations, and value propositions
(Crosby et al., 2017). However, during the collaborative process, stakeholders
participating in the innovation ecosystem engage with one another for joint value
creation, which develops certain interdependencies (Rossignoli & Lionzo, 2018).
Publication IV extends stakeholders’ understanding when participating in I4.0based collaborative innovation ecosystem projects by exploring different types of
stakeholder interdependencies and their respective advantages, disadvantages, risks,
and opportunities.
The findings show that stakeholders depend on one another for goal and task
accomplishment using a shared pool of resources within the ecosystem. Some
studies have reported that a collective goal can be achieved by actively performing
tasks and sharing knowledge, skills and resources, leading to successful
cooperation and collaboration (Tjosvold, 1998; West, 2002). The findings also
support social interdependence theory, which implies that when actors link their
goals with other actors’ goals, they tend to maximise one another’s
accomplishments (Johnson et al., 1984). This phenomenon is similar to findings
concerning the advantages of inter-dependencies, which suggest that mutual
information and experience sharing can limit the need for individual
experimentation and support the productive use of shared resources through close
collaborations. Stakeholders working towards a common goal can pursue faster
development of their own interests and customised solutions through collaborations.
Overall, this yields opportunities for independent actors to make strategic decisions
about future collaborations, synergies, and network extensions.
However, the interdependencies in a collaborative innovation project may also
present certain disadvantages. Stakeholders who participate only to maximise their
own interests may hinder the timely occurrence of some interdependent tasks,
thereby delaying the achievement of common goals. This could introduce various
risks, such as a mismatching of ultimate goals, which could complicate time and
resource sharing and subsequently impact organisational inefficiencies and
complexities in the overall innovation process. These risks can be avoided by
developing clear strategies to categorise and manage project-specific
interdependencies before a project begins. Such steps may help participating
stakeholders create new knowledge, learn from others, grow their expertise,
develop competencies, build synergies, and develop system-level thinking.
In a nutshell, it can be concluded that I4.0 is the need for modern manufacturing
industries as it is significantly changing the way businesses are managed. It has the
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potential to tackle the issues both related to SD and innovation. On the one hand,
technologies related to I4.0 are playing a significant role in social, economic, and
environmental developments by offering robust technological processes, products,
and services; on the other hand, modern ICT is driving innovative, efficient, and
effective progressions by cultivating a culture of resource and information sharing
across the sectors (Berawi, 2019; Sangwan & Bhatia, 2020). The ability of the
product to travel with the crucial information throughout the product life cycle
maintains the value of the products which helps transitioning into CE- based SBMs
(Ortega-Gras et al., 2021). This kind of sustainability thinking regarding digital
transformation leads to the idea of ‘twin transition; green and digital’. However,
the implementation level of twin transition varies according to different contexts
and countries. Recent literature has identified a well-planned strategies and national
policies, adequate knowledge and skillsets, and enhanced R&D activities as drivers
to twin transitioning (Ortega-Gras et al., 2021).
In addition to sustainable outcomes, another focal point of I4.0 is value creation
through innovation. As the nature of I4.0 resides on the complex systems of
interconnected technologies, it develops close connection between partners which
demand an approach of value co-creation which further necessitates the concept of
innovation ecosystem (Benitez et al., 2020). Active collaboration between actors in
the ecosystem is considered as the key enabler of innovation-based solutions.
Collaborations between academia, industry and government can be one way to cocreate value by integrating and sharing their resources in the ecosystem. However,
in addition to co-creation, due to the complex interconnectedness the stakeholder
participating in the ecosystem develop high level of interdependencies. These
interdependencies can be both positive and negative depending on the results to be
either helpful or preventive (Freytag et al., 2017). Nevertheless, timely planning
and understanding the significance and impact of these interdependencies can deter
the disadvantageous outcomes. In summary, I4.0, sustainability and innovative
implications including stakeholder dynamics are significant constructs which hold
diverse implications for modern industry renewal and value-creation (Benitez et al.,
2020; Freytag et al., 2017; Ortega-Gras et al., 2021).
4.2

Practical implications

Despite growing interest in I4.0 and its several digitalisation benefits, many
organisations remain unsure about the successful adoption, implementation, and
transformation of I4.0 technologies. First, organisations need to understand the
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significance of I4.0 as a major requirement for success in today’s global businesses.
Those with a clear understanding of this requirement and a focused strategy for I4.0
adoption at both the organisational and individual levels can build a strong base for
successful I4.0 implementation. While the significance of I4.0 is somewhat
understood and considered, mostly by larger enterprises with significant available
resources, little is known about the sustainable implications of I4.0 within and
emerging research trends for SMEs. Furthermore, an exploration of applied
sustainability development concepts and domains is timely, as this will generate an
overall understanding of the advancement of I4.0 agenda.
This study’s literature review of I4.0 and SD showed that I4.0 adoption can
lead to knowledge-intensive organisations, circular economies with sustainable
business modelling, social capital integration, and innovation. This implies that
practitioners can take control of processes, use real-time problem solving and
efficient decision-making, and thus gain competitive advantages for their
respective organisations. Overall, addressing these challenges in a positive way will
foster more sustainable and positive improvements in the manufacturing industry.
In summary, sustainability is a crucial element in I4.0. While I4.0 technologies
support SD, inclusion of all possible factors involved in the process will support a
smooth transition and bring many benefits related to innovation and profitability,
especially in overlooked sectors like agri-food, transportation, and healthcare.
Furthermore, a holistic understanding of the empirical and practical layouts of
possible technological installations, practical possibilities, business modelling
based on competitive advantages, and sustainability as a systemic process will
alleviate corresponding hurdles and develop effective interventions.
While examining the characteristics of successful I4.0 implementation leading
to advanced digitalisation, this research explored Finland as a frontrunner in the
global ranking of digitalisation. Early adoption of I4.0-based technologies emerged
as key driver in moving practical implications from early adoption and
implementation to an advanced level of management. To sustain I4.0 innovations,
practitioners are advised to invest in developing management qualities, skills, and
practices, such as active information sharing and collaborations. In addition, the
study findings may help existing organisations identify new, joint sustainable
practices or adopt novel business models to support the transition towards
sustainability and innovativeness (twin transition). The acceleration of green
transition is encouraged by the European Commission with the aim to reshape the
New Industrial Strategy and the Digital Strategy to deploy a new reality based on
digitalisation and sustainability (European Commission, 2020a, 2020b). The
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implications further suggest that managers should promote lifelong learning and
develop workforce competences to tackle disruptive changes. For Finnish
companies to remain globally competitive and stay at the forefront of innovation,
they must adapt sustainability- and circularity-based business and operating models
for the future.
Though collaborations have been proven to be a significant component of I4.0,
the logic of value co-creation through effective interaction and efficient
collaboration remains unclear. The ecosystem approach, consisting of triple helix
actors, can bring manifold benefits to individual stakeholders. As this research
provides insights into collaboration patterns and capabilities within an I4.0-based
triple helix innovation ecosystem project (Reboot IoT Factory), it offers
practitioners valuable information on the types of good practices required in
innovation ecosystems. Practitioners can learn their appropriate positioning in the
ecosystem according to the proposed enablers in the co-innovation model.
Identifying their placements will help them further develop their practical strategies
to tackle potential barriers and disruptions to ongoing and planned innovations.
The research findings further contribute to opportunity advancement processes
through innovation research encompassing research on business model innovation.
Sharing co-innovation models with other actors in the ecosystem will enable
practitioners to identify and develop collaborative capabilities, thereby helping
them reach the ultimate goal of effective collaborations. The findings also propose
that decision makers and larger business involve SMEs in the ecosystem, thereby
benefiting SMEs through resource availability and larger enterprises through the
development of high-tech, customised solutions.
Despite the manifold benefits of collaborations in an I4.0-based innovation
ecosystem, it is crucial to understand the different forms of inter-dependencies
formed during the collaborative innovation process. The results of this research
show that stakeholders develop interdependencies to achieve goals, perform tasks,
and share resources. The results help participating organisations determine the
nature of their own interdependencies and the extent to which stakeholders are
connected. The results further support the inter-linking of organisations,
stakeholders, and managers to identify operational and management patterns that
could potentially enhance business growth and productivity. Table 9 below
summarises the key theoretical and practical implications and future research
directions of Publications I–IV.
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Table 9. Theoretical and practical implications of the dissertation.
Publication Theoretical and Practical

Future research directions

Implications
I

- Provides researchers and

- Sustainability definitions and interpretations of I4.0

practitioners with ideas relating to

from different fields of knowledge and industries

current I4.0 trends towards

- An extension of impact assessment of I4.0 on

sustainability

sustainable outcomes beyond economic, environment,

- Highlights the interconnecting

and social outcomes, thus including technological and

points of each sustainability

organizational outcomes also

paradigm, including the subsequent - The exploration of I4.0-driven business models aiming
approaches used to achieve

circularity and sustainability in neglected areas such as

sustainability objectives

smart factories, and smart cities research

- Provides a clear idea of which I4.0 - Quantified and temporal data of I4.0 implementation
technologies and relevant methods

for sustainability to validate high-impact factors

have room for more research in
managing sustainable and circular
businesses models
II

- Describes and explains the drivers - Comparative research on effective I4.0-based
and steps Finland has taken to

digitalisation practices in developed and under-

reach the forefront of the I4.0

developed countries to identify the enabling factors

digitalisation era

from developed countries and present them as learning

- Enhances the global

points to developing countries

understanding of the barriers other
countries may face
- Provides a toolbox for the
successful exploitation of
opportunities in I4.0-based
innovation ecosystems
- Highlights the need to approach
digitalisation and sustainability
simultaneously
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Publication Theoretical and Practical

Future research directions

Implications
III

- Highlights insights into

- Collaboration patterns according to different cultures

collaboration patterns and

and contexts

capabilities within an I4.0 triple helix - Collaborative dynamics aiming innovation in
ecosystem

quadruple and quintuple helixes to understand the

- Suggests that practitioners

expanded ecosystem-based thinking

position their organisations as
actors in the innovation ecosystem
and develop practical strategies for
collaborative innovation and value
creation
- Builds a basis for large businesses
to create useful engagement
strategies for SMEs to become a
part of innovation ecosystems
- Provides a set of enablers on
which decision makers can focus
based on their ecosystem
requirements
IV

- Suggests that managers identify

- Experimental and numerical validations exploring

interdependencies in the beginning

stakeholder interdependencies

of the project and understand that

- Examining intrinsic nature of the stakeholders and

they are important variables in the

their affiliations to SMEs or big companies

collaboration and innovation
process
- Provides a basis to understand the
building of interdependency levels
and strategy
- Identifies how a co-innovation
model platform provides a basis for
interactions among people with
multidisciplinary competencies

4.3

Critical evaluation of the research

According to (Ketokivi & Choi, 2014) the core of case-oriented research centres
on the dual nature of being situationally grounded while questing for generality.
Being situationally grounded refers to an empirical disposition responding to
contextual issues already existing in the data collection phase. Generality implies
transcending the empirical context to seek a general theoretical understanding
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through abstraction. However, there are no definite criteria to evaluate qualitative
research; thus, every researcher can choose their own criteria (Lichtman, 2013).
This dissertation followed the ‘eight big-tent’ criteria approach to reflect on the
qualitative research conducted (Tracy, 2010). A reflection based on these criteria,
considered through the lens of the duality criterion, is presented below (Table 10).
Table 10. Reflection based on eight big-tent criteria.
Criterion

Reflection

Worthy topic

The topic of this dissertation explains different aspects of a revolutionary paradigm
in the I4.0 industrial landscape, which is considered to be a prerequisite for modern
business operations around the globe. The demonstrated aspects of I4.0 present
the timely results and discussions needed for ongoing digitalisation. The results
extend the state of existing scientific work and help practitioners understand various
I4.0 implementation logics.

Rich rigor

This dissertation is approached from different perspectives, ensuring the variety of
methods that fulfils the requirements of a complex study. This answers the concept
of ‘requisite variety,’ which reflects the need to use complex tools and instruments to
study complex systems (Weick 2007). Subsequently, a holistic mind-set is
leveraged to pursue manifold directions. More specifically, the included research
papers explain the research methods, including the data collection and analysis, in
such a way as to address the issue of process transparency, thereby ensuring
adequate rigor in the research.

Sincerity

The researcher has been open to critical suggestions and reviews throughout the
writing process. She has made sincere efforts to meet all required criteria for writing
good quality papers. To achieve this purpose, challenges and limitations faced
during the process were acknowledged and presented clearly within the articles and
during the dissertation work.

Credibility

An important aspect in achieving credibility is presenting findings based on in-depth
knowledge about the used context, as this allows the reader to draw their own
conclusions. Special attention has been paid to delivering sufficient details to
achieve this goal. Specifically, this dissertation attempts to triangulate and crystalise
the findings of each research article.

Resonance

The work in this dissertation does not resonate explicitly with vivid storytelling;
rather, it focuses on the basis of transferability and natural generalisability. This
means that researchers and practitioners involved with I4.0 and digitalisation
research can relate to the presented work and reflect in their own contexts.
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Criterion

Reflection

Significant

This dissertation does not develop any new theory; rather, it aims to extend the

contribution

current scientific views on I4.0 research trends and identify various aspects of I4.0
implementation for practitioners. The dissertation contributes to the I4.0 literature in
a manufacturing context by examining contemporary research trends under I4.0 for
sustainability, current digitalisation, and sustainability drifts; identifying enablers of
successful I4.0 implementation in collaborative innovation ecosystems; and
analysing respective interdependencies formed through these collaborations in an
I4.0 context in Finland.

Ethicality

The research followed strict ethical guidelines, ensuring subject anonymity,
informed consent, and voluntary participation throughout the dissertation process.
An iterative method was followed to verify participants’ answers during interviews,
which included the subjects checking and verifying their statements and providing
corrections until the stage of publication.

Meaningful

Best attempts according to researcher’s ability have been made to ensure coherent

coherence

logics flowing from an introduction to the literature, through the study findings, and
finally to interpretations.

Reflecting on the stated criteria above, it can be concluded that this dissertation
attempts to summarise the elements of the individual publications in a way that
fulfils the adequacy requirement for the intended purpose. Furthermore, to ensure
research quality, several actions addressing the reliability and validity issues of
each original study are summarised below (Table 11).

73

Table 11. Ensuring reliability and validity of original studies.
Publications

Reliability

Validity

I

-Standardised data collection method

-The research approach was iteratively

-Journal article selection as a data source

discussed with supervisors, co-authors, and

for a literature review study rooted in

practitioners in the field

professional literature

-The article passed a double-blind review

-Quality assessment of primary studies

process

based on characteristics agreed with other
authors
-Another researcher’s running of the search
string to verify the search results and
reviewing and commenting on the data
-A pilot evaluation was conducted of at least
10 articles from two authors, prompting
further comparison of their agreements,
disagreements, refinements, and category
formation
II

-Standardised data collection method

-The research approach was iteratively

-Policy documents and reports

discussed with supervisors, co-authors, and
practitioners in the field
-The article passed a double-blind review
process

III, IV

-Standardised data collection method

-Use of data triangulation

-Interviews, survey, case documents and

-Assured confidentiality, anonymity and

reports

freewill

-Questionnaire items discussed with

-The research approach was iteratively

supervisors and other researchers

discussed with supervisors, co-authors, and

-Questionnaire pilot with research and

practitioners in the field

company personnel

-Publication III passed a double-blind review

-Presence of other researcher during

process, and Publication IV is under review

interviews to validate the points noted and
improve objectivity
-Recordings of the interviews
-Another researcher’s review of the data
analysis and presentation of mutually
agreed results
-Sharing of interview data and results with
the participants to validate the
interpretations
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The original studies leading to the compilation of the table above address the
reliability concern, which states the probability of same results emerging if similar
methods are followed and the explains the extent to which those results will be
consistent (Bryman & Bell, 2007; Saunders et al., 2009). In this regard, though each
original study can be repeated in different contexts, the results might vary due to
differences in social and temporal contexts.
Validity concerns the establishment of a study setting in relation to the used
concepts (construct validity), causality not previously studied (internal validity)
and generalisability of the results in other contexts (external validity) (Saunders et
al., 2009; Yin, 1989). Validity was ensured throughout the research by data
triangulation using multiple sources, such as interviews, surveys, internal notes,
company documents, and reports, following an active process of feedback with the
subjects and researchers. The informants were asked to analyse the results based
on the data they provided.
4.4

Limitations of the research

Limitations are inseparable part of any research, and this work is no exception.
Publication I mapped the field of I4.0 and sustainability, providing answers to ‘how’
and ‘what’ concerning the used theoretical constructs; however, it did not deliver
or justify empirical cause and effect. Quantified evidence of the significant
variables in I4.0 sustainability research is necessary to support further theoretical
and conceptual constructions. In addition, a consolidated theoretical perspective
from the management theories is lacking in current research. Further research
reflecting on theories such as resource-based view, social-exchange theory,
dynamic capabilities, and stakeholder theory will yield critical analysis of
theoretical contributions and research design.
This research is subject to the conventional limitation of case studies, which
states that despite the ability of case study research to yield a deep understanding
of the study context, theorising may produce narrow results (Eisenhardt, 1989).
This means that, during the case study building theory, elements of the data specify
the generalisability of the theory, producing results that distinctively characterise
the specific case and, thereby, limiting the generalisability of the results beyond the
case context. In this dissertation, the generalisability of the single case study
analysed in Publication III can be considered to be low. To tackle this limitation in
Publication IV, the single case study results from the survey were supplemented
with further interviews, projects reports, observations, and documentations.
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Certainly, the reality that a single case study approach limits the generalisability of
the results cannot be questioned. For instance, in Publication II, the steps taken
towards Finland’s successful digitalisation are evident; however, these steps cannot
be generalised to the context of any other country operating with different dynamics.
The generalisability issues are also affected by the empirical findings. The case
project used in this research presented a novel co-innovation model and stakeholder
dynamics in Finnish ecosystem-based projects. It would be interesting to assess the
differences in results characterising diverse empirical contexts, such as other
industries or countries.
The quality of the data was ensured by conducting interviews with experienced
partners who knew the operational logic of ecosystem very well, in addition to
surveys from all the participants working at different levels, thereby ensuring the
grassroots view of the people. However, the limited number of both survey
responses and interviews is still a limitation. Furthermore, the data were collected
retrospectively and over a relatively short time period, which may introduce some
bias. Longitudinal data collection and quantification of the results would provide
more detailed, comparable, and objective answers.
4.5

Recommendations for future research

This dissertation provides two-fold perspectives based on new and emerging
industry-specific knowledge related to, first, I4.0 and sustainability, and second,
I4.0 and co-innovation and value-creation dynamics. As a key to digitalisation, I4.0
provides several future research opportunities for academics and a testbed for
practitioners working in the field. While the research variable and themes covered
in current research have explored multiple viewpoints on I4.0 and related concepts,
other lenses and theorising could be useful in further excavating the field.
In general, there are significant research opportunities concerning I4.0
transition mechanisms and integrated process requirements for successful
implementations. More research is needed on, for instance, I4.0 for sustainable
industrial value creation. Sustainability definitions and interpretations of I4.0 are
difficult for companies working in distinct industries to adapt; therefore, these
should be made clearer. Moreover, keeping the sustainability paradigm in mind, the
impact assessment of I4.0 should not only be limited to traditional economic,
environment, and social outcomes; rather, it should also address technological and
organisational benefits. Regarding sustainable organisational aims, more I4.0
outcome-based research is needed on, for example, the ratio of significance for
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I4.0-related technologies, knowledge production, management support, employee
acceptance levels, and absorptive capacity.
From a business model perspective, the need for circularity and SBMs related
to I4.0 is emerging. It is crucial to apply I4.0-driven models for sustainability and
assess their contributions to supply chains, smart factories, and smart cities research.
Again, properly planned and standardised sustainable strategies developed before
executing circular solutions will be beneficial. Quantified and temporal evidence
of industry-specific essentials, such as industry performance, corporate social
responsibilities, and customer preferences, will create effective results by helping
to identify and categorise high-impact factors. Furthermore, an exploration of
innovation-based capability creation, development, and management at the
organisation level will provide a baseline for experimenting with different types of
business models (Karlsson et al., 2018).
More research should be done to develop awareness related to sustainable
manufacturing practices, which could further facilitate overall decision-making
processes. Furthermore, on a national level, comparative research on effective I4.0based digitalisation practices in developed and under-developed countries may
identify the enabling factors from developed countries and present them as a
baseline from which under-developed countries can begin.
While collaborations are identified as good practices in I4.0-based innovation
ecosystems, more research is required to validate and identify the distinct pattern
by which collaborations vary in relation to various contexts. This dissertation builds
on effective triple helix collaborations, including industry, academia, and
government, for innovation and value co-creation in I4.0 ecosystems. However,
there is a need to expand the ecosystem-based thinking lenses related to knowledge
and business capabilities (Kokkonen et al., 2021) and include societal and
environmental factors contributing to the quadruple and quintuple helixes for
further research. Integrating these perspectives into an I4.0 setting will yield a
holistic view of collaborative innovations and respective value-creation patterns,
which will, in turn, generate further knowledge societies and green economies.
Studies on experimental methods building on collaborative research for twin
transition are also needed. Finally, future research should explore ways to combine
the expertise of SMEs and big companies.
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