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Abstract: The digital transformation of manufacturing (a phenomenon also known as “Industry
4.0” or “Smart Manufacturing”) is finding a growing interest both at practitioner and academic
levels, but is still in its infancy and needs deeper investigation. Even though current and potential
advantages of digital manufacturing are remarkable, in terms of improved efficiency, sustainability,
customization, and flexibility, only a limited number of companies has already developed ad hoc
strategies necessary to achieve a superior performance. Through a systematic review, this study
aims at assessing the current state of the art of the academic literature regarding the paradigm shift
occurring in the manufacturing settings, in order to provide definitions as well as point out recurring
patterns and gaps to be addressed by future research. For the literature search, the most representative
keywords, strict criteria, and classification schemes based on authoritative reference studies were
used. The final sample of 156 primary publications was analyzed through a systematic coding process
to identify theoretical and methodological approaches, together with other significant elements. This
analysis allowed a mapping of the literature based on clusters of critical themes to synthesize the
developments of different research streams and provide the most representative picture of its current
state. Research areas, insights, and gaps resulting from this analysis contributed to create a schematic
research agenda, which clearly indicates the space for future evolutions of the state of knowledge in
this field.

Keywords: digital transformation; digital manufacturing; Industry 4.0; smart manufacturing;
sustainable innovation; business process innovation; business model innovation; technology and
innovation management; systematic literature review; literature analysis

1. Introduction

The rapid development and adoption of the Internet and digital technologies dramatically
changed business processes, leading to a disruptive digital transformation of the global industrial
value chain [1]. In today’s highly competitive environment, digital innovation is critical for addressing
manufacturers’ key business drivers and creating value. Advanced digital tools allow manufacturing
companies to reduce costs, increase productivity, improve product development, achieve faster
time-to-market, add value to products through dedicated services, and enhance customer focus
across various elements of the value chain [2,3]. These changes provide an increasing number of new
possibilities for the development of new products, processes, and services [4].

The concept of Industry 4.0 refers to a complex evolution of the entire industrial sector that includes
technological advances in production equipment (i.e., additive manufacturing), smart connected
products and the use of internet of things (IoT) in factories, cloud and mobile computing, artificial
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intelligence (AI), data tools, and analytics, involving activities, competences, and stakeholders at
all levels. The term, Industry 4.0, derives from a project from 2011 in the high-tech strategy of the
German government for promoting the digitalization of manufacturing. This initiative represents the
evolution of manufacturing systems. For this reason, it is worth noting that other terms, such as smart
manufacturing, industrial internet, smart factories, and smart production, can be considered synonyms
since they have different geographic origins, but substantially the same meaning of Industry 4.0. [5–8].
In this new era, digital manufacturing plays a crucial role and digital manufacturing technologies
are key enablers for the evolution of this sector. Among these technologies, advanced manufacturing
solutions play a crucial role and refer to the set of autonomous, cooperating industrial robots and
to modular manufacturing systems characterised by integrated smart sensors and standardised
interfaces [9]. These advances are changing how things are designed, produced, and serviced around
the globe, but also the strategic view involved in the management of businesses [10,11]. In combination,
they can create value by connecting different players and machines in a new “digital thread” across
the value chain, relying on the availability of an unprecedented huge amount of data to address
manufacturers’ key business drivers [12,13]. Porter and Heppelmann (2015) described this trend as
“the most substantial change in the manufacturing firm since the Second Industrial Revolution” [14]. On the
other hand, some authors do not think that this is a real paradigm shift, since some of these enabling
technologies have existed for years [15].

With such a variety of developments influencing global manufacturing, a discussion of the likely
future trajectories—including spatial, technological, and operational—is both timely and necessary
and involves both the innovation of production and management models, and their sustainability 2.
The Industry 4.0 initiative has been conceived in order to face the market and social trends that are still
driving industrial companies nowadays. According to Lasi et al. (2014), manufacturing companies are
required to be more flexible and agile to respond to the customer requirements in the most effective way.
To achieve this flexibility, faster decision-making procedures are necessary. In addition, production
systems must be not only adaptive, but also self-adjusting and self-optimized [8,12].

In detail, to compete in such a dynamic environment, manufacturers have sought new fabrication
techniques to provide the necessary tools to support this need for increased flexibility and enable
economic low volume production [16]. Among them, digital manufacturing (DM)—sometimes referred
to as additive manufacturing (AM) or 3-D printing—has been compared to disruptive innovations,
such as digital books, newspapers, and music (MP3s), which enabled consumers to order their
selections online as well as firms to profitably serve small market segments, configuring supply chains
with no physical stores (i.e., e-business) and little or no unsold finished goods inventories. In this
regard, it has long been hypothesized that digital manufacturing is doing to manufacturing what the
Internet has done to information-based goods and services [17]. Indeed, the implementation of digital
manufacturing in industrial supply chains would lead to significant advantages, comparing DM to the
Internet in its ability to cause a paradigm shift [18].

Furthermore, Rayna and Striukova (2016) recently maintained that disruptive technologies are the
“bearer of radical changes in business models and ecosystems”. Digital technologies, in particular, have led
to major shifts in the industries that have adopted them. One of the key consequences of digitization
has been to turn tangible objects into intangible ones. For this reason, digitization of products is also
often referred to as a dematerialization process [19].

The industrial sector plays a crucial role in Europe, serving as a key driver of economic growth
(e.g., job creation) and accounting for 75% of all exports and 80% of all innovations [20]. This fourth
wave of technological advancement is supposed to realize the manufacturing of individual products
in a batch size of one while maintaining the economic conditions of mass production. Indeed, the core
of the so-called “smart factory” or “factory of the future” is to combine the strengths of optimized
industrial manufacturing processes with cutting-edge internet technologies and digital dynamic
skills [21,22]. Hence, it is not surprising that Industry 4.0 is currently experiencing an increasingly
amount of attention, especially in Europe.
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A fundamental element of this “smart revolution” is the collaboration between man and machine
in advanced cyber-physical systems and the transmission of digital data [23]. Alongside technological
innovation, the organization structure has undergone several major shifts, allowing companies to
become more flexible to face fast changing markets. It is not only a wave of disruptive technological
innovation, but also a fundamental cultural change [12,24]. Therefore, companies need to completely
redesign their business models and processes, in order to achieve the important benefits disclosed
by these new settings. It was argued that this process increasingly happens in the form of inter-firm
manufacturing networks, enabled by integration across value chain activities [2].

Literature and Implementation Gap

Even though actual and potential advantages are remarkable, highly reliable studies based on
surveys involving companies and top managers operating in this environment found that only a
limited number of companies have already made rapid advances by developing structured digital
strategies as well as capabilities necessary to obtain a competitive advantage [25,26].

At the same time, despite the increasing interest in this novel topic, scholarly inquiry on the
economic and managerial effects of the digital transformation of manufacturing as well as its impact
on business models’ innovation has transpired in the literature only recently, resulting in a limited
understanding of this phenomenon [19,27–35].

The existing literature focusing on the digital manufacturing ecosystem appears to suffer from a
“double disease”. First, its results are dominated by consultancy reports and reviews of practitioners,
which lack the methodological depth and the predictive power of serious research studies. Such
publications contribute to the hype without offering much analytical substance. Second, the majority
of academic literature is characterized by technical publications, which, although highly valuable,
focus on the engineering aspects of the technologies involved in this process and much less on the
specific ways they are expected to disrupt the existing manufacturing and innovation practices, in
terms of managerial strategies [33]. In fact, the models presented in the literature mainly address
technological aspects of the implementation of smart systems, while they do not consider the business
transformation aspects that are necessary to achieve the challenging vision of smart factories. Academic
literature concerning the business transformation towards digital manufacturing suggests that the
main issues in this research area are connected not only to technological evolution, but also to people
involvement and organizational aspects [8]. In addition, despite the topic of Industry 4.0 recently
attracting much attention, very few systematic and extensive reviews of the literature capture the
dynamic nature of this topic. All this suggests the need for more systematic studies focusing on
the potential managerial opportunities associated with the emergence of a digital manufacturing
ecosystem to build up theoretical foundations in this area, which still results in a nascent phase.

The purpose of this study is to assess the current state of art of the academic literature regarding the
fast-growing digital manufacturing ecosystem (DME) phenomenon and identify patterns and eventual
gaps in the literature to be addressed by future studies. Thus, the research focuses on the digital
transformation of this dynamic environment—the extended manufacturing value chain—brought
by the wide development and adoption of digital technologies and skills. Unlike the concept of
“digitalization”, which refers to the use of digital data and technology to automate and optimize
processes, digital transformation is intended as the creation of new business opportunities through the
use of digital data, technology, and mindset [36].

In order to achieve this goal, the present study provides an extensive systematic analysis and
review of the extant body of literature on the aforementioned topic in the research domains of
innovation management, operations management, and information systems (IS) disciplines to analyze
and synthesize the development of this research stream as well as provide a representative picture
of its current state. Accordingly, the keywords chosen for the literature search (i.e., Industry 4.0;
digital manufacturing and additive manufacturing) indicate the main purpose of investigating and
analysing the academic literature regarding the extensive topic of the ongoing digital transformation of
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manufacturing (represented by the umbrella terms “Industry 4.0” and “digital manufacturing”), with
a specific focus on the evolution of the production process and manufacturing operations through the
broad adoption and management of AM technologies. Insights and gaps resulting from this literature
analysis will contribute to the development of a research agenda for the evolution of the state of
knowledge in this scientific area. The contribution of this paper relies also in its innovative framework
of analysis. Indeed, it is set up on a complex analytical model based on the main research question
and several connected sub-questions responding to research objectives, which allowed the authors to
analyse the literature with a high level of detail compared to previously published literature analyses.
This model can be further applied in further studies and different scenarios. A further contribution
is represented by the specific perspective of this literature review on the evolution of the production
process and operations in this dynamic context.

The remainder of the paper is structured as follows. The next section presents a brief definition
of the terms used for the literature search. In the second part, it describes the methodology used to
gather and analyze the final sample of publications. Next, the results of the analysis are presented
and are largely discussed in accordance to the literature in Section 3. Finally, Section 4 provides the
concluding remarks and the research agenda based on a summary of the results. Recommendations
for future research on the digital manufacturing ecosystem phenomenon and managerial implications
are also included.

2. Materials and Methods

A systematic literature review was selected as the research methodology for this study. In the
current work, we follow the process and classification schemes described by Hoehle et al. (2012),
taking also into account the structure described by Wareham et al. (2005) in their meta-analysis on
electronic commerce, and Yli-Huumo et al. (2016) in their systematic mapping study [37–39]. The
purpose of a systematic literature analysis is to provide an overview of a specific research area, to
establish if research evidence exists, and to quantify the amount of evidence. Accordingly, there is an
established tradition in social science research (i.e., management and IS) of examining the existing
research literature to better understand the “state of play” of research in the field to discern patterns
in its development [39–42]. Following that tradition, the principal aim of this study is to understand
the actual state of research on the digital manufacturing ecosystem phenomenon by examining the
relevant literature published to date in the management and IS disciplines. According to these research
traditions, the subsequent steps were followed:

• Identifying, reviewing, and analysing the existing literature on the development of a digital
manufacturing ecosystem through the adoption and utilization of digital and mobile tools or
platforms in the manufacturing sector, which impact on the innovation of processes and business
models (thus, not only focused on technical issues) in the production perspective;

• identifying theoretical and methodological approaches generally used to investigate the digital
transformation of the extended manufacturing value chain through the adoption and utilization
of such applications and tools; and

• identifying research areas and possible gaps within the existing literature concerning the
adoption and impact of digital and mobile tools leading to a paradigm shift of the manufacturing
industry to redact a complete research agenda useful for further scientific contributions.

2.1. Definition of Research Question and Research Objectives

As the first stage of the systematic literature analysis, the research questions were defined
consistently with the research purpose. Thus, the primary research question that guides the present
literature analysis is as follows:

What is the “state of art” of the academic literature regarding the digital manufacturing
ecosystem phenomenon?
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To fulfill the analysis of the literature, to structure the study, and to answer the main research
question, specific research objectives were set through the following sub-questions:

• Which enabling digital manufacturing technologies have been studied?
• What is the main focus/topic of the studies?
• What are the main domains identified in the existing research?
• What industrial sectors and actors (i.e., large companies, SMEs, consumers, etc.) are involved in

this research field?
• What was the research method used?
• What was the research approach (qualitative, quantitative; empirical, conceptual)?
• What was the main contribution of the paper analyzed?
• What are the regional contexts where the research was undertaken?
• What are the current gaps in this research field?

Past literature analyses and systematic review studies demonstrated that these types of research
objectives enable researchers to successfully synthesize research fields and identify trends, gaps,
weaknesses, and possible research paths that will guide future investigations of the phenomenon
studied [37,40,43].

The following sections of the paper provide evidence and insights from the analyzed literature to
answer to each one of the questions outlined above.

Research Process

To conduct the present literature analysis in a systematic way, a predetermined phase sequence
was followed. Figure 1 illustrates the sequential research process steps and outcomes.

Figure 1. Research process flow.

As a subsequent stage after the definition of the research question and objectives it was necessary
to set the search protocol to find all the relevant scientific papers on the research topic. Pre-defining of
the methods and criteria that are used to undertake a systematic literature search is crucial to reduce
the possibility of researcher bias. The primary parameters to carry out the present literature source
were as follows:

• Keywords/search terms: The keywords chosen for the literature search were digital
manufacturing, Industry 4.0, and additive manufacturing, which are the most common, inclusive
and representative terms in the literature associated with the phenomenon under investigation.
These terms include both umbrella concepts of this paradigm shift as well as a narrower
focus on the innovation strategies concerning the additive technologies that are disrupting the
manufacturing process.

• Research fields and sources: Coherent with the research aim, only management, organizational,
and IS fields sources were selected (through databases and top journals in these research fields,
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such as ProQuest, ABI/Inform, Science Direct, Emerald Insight, etc.). Therefore, we carefully
filtered our search to exclude all the articles not related to these main paradigms. Many
results were found to exclusively concern technical aspects of the phenomenon of interest and
were related to mechanical engineering, architecture, computer science, material science, and
biotechnology fields. The literature search was conducted through comprehensive bibliographic
databases to cover a broad range of top journals. The explored sources are shown in Table 1.

• Relevant research: Given the tremendous breadth of research on this topic, referring to a high
number of disparate disciplines, we decided to select only peer reviewed/scholarly journal
articles, excluding conference proceedings not published on such journals, professional journals,
industry reports, and specialized publications in magazines. This strategy also circumvented
book reviews, editorials, and opinion statements as well as similar “non-scholarly” work. This
choice is motivated by the requirement of seeking only high quality publications from top rated
journals. The full list and frequencies of the journals included in this study are available in Table 3.

• Time period: The last 20 years. Even though the concept of digital manufacturing originated from
the use of rapid prototyping and computer aided design and manufacturing (CAD/CAM and
RP Technologies), which were adopted in the production process more than 20 years ago, this
manuscript focuses on broader applications, extended to the production of end-products, which
became a research topic more recently. Indeed, the oldest paper in our sample was published
in 2001.

• Language: English

Table 1. Selected online databases for the literature search.

Online Research Platform Databases

EBSCOhost Academic Search Complete; Business Source Premier;
Ebsco Discovery Service (EDS); etc.

ProQuest ABI/INFORM Global; Emerald Insight, etc.

Science Direct Elsevier e-journals and e-books

2.2. Sample

After designing the research protocol and choosing the abovementioned electronic databases, we
conducted the literature search, with the latest update of October 2018. From the keyword search,
limited to peer-reviewed scholarly journal publications, we carried out the first selection by excluding
papers with subjects and titles that did not fulfill our research protocol (for instance, advanced
engineering informatics, civil engineering, medical and biological engineering and computing,
computer standards and interfaces, biotechnology, etc.). To do so, we refined the results using
the advanced search tools offered by the databases. After this first selection, a total of 1426 articles
were found.

The next stage was the screening of papers. For this purpose, we examined the title and abstract
of every paper selected in the previous phase. Thus, we exported the results of our literature search to
a citation management software (i.e., Mendeley) and carefully analyzed these two elements together
with the keywords chosen by the author/s and the journal. Any article considered pertinent to the
research topic was selected for further analysis. The general guidelines for article selection included
the following:

• The central theme should be the digital transformation of manufacturing (eventually
applied to different industries connected to this transition) and applications related to the
definition/development of a digital manufacturing ecosystem; and

• papers should focus on the managerial aspects, economic/environmental and social impacts,
and/or market implications of this phenomenon (both from the demand and supply viewpoints).
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By following these criteria, we excluded all those papers not relevant to our purpose and clearly
out of the scope of this study. As an additional exclusion criterion, we decided to ignore papers
less than three pages in length. Furthermore, we compared the articles resulting from the three
different keyword sources as well as the databases and identified any duplicates, which were excluded.
In total, there were 44 articles identified more than once through the different keyword sources and
databases. Putting the selected articles together, and excluding the duplicates, the final amount was
193 publications (see Table 2). Those papers were included in the next screening phase.

Table 2. Selected publications.

Keyword Source Time Period Categories Excluded (Some Examples of the
Excluded Subjects) Papers (N)

1. Digital Manufacturing ProQuest/EBSCOhost
Science Direct 1998–2018 cooling; genetic algorithms; mechanical properties;

neural networks; semiconductors 74

2. Industry 4.0 ProQuest/EBSCOhost
Science Direct 1998–2018

agricultural policy; agricultural production;
agriculture; baby boomers; mechanical engineering;

computer science; cardiovascular disease
70

3. Additive Manufacturing ProQuest/EBSCOhost
Science Direct 1998–2018

alloys; aluminium; bioengineering; bond strength;
ceramics; composite materials; cooling; corrosion

resistance; design engineering; engineers; grain size;
issue engineering; laser sintering; lasers; materials

research; mechanical engineering; mechanical
properties; medical equipment; metals; numerical

controls; particle size; polymers; powder metallurgy;
sintering; stainless steel; temperature; titanium alloys

84

Total All databases 237

Total Duplicates excluded −44

Final Total 193

2.3. Analysis and Coding

The next stage consisted in reading entirely all the selected papers with a twofold objective:

1. Ensuring that all the selected publications were consistent with the selection criteria; and
2. Recognizing and analyzing the patterns contained within the paper through a coding process.

From this in-depth selection, we found 37 articles that did not respond to our search protocol
and inclusion criteria for different reasons (i.e., research domain, scope, main focus, contribution).
After their exclusion, the final sample was composed of 156 primary papers, which were selected for
detailed analysis.

Table 3 shows the selected articles listed by journal and year of publication. The starting date of the
literature search was 1998 since, from a prior pilot search we carried out, we found that the literature in
this area is relatively recent and no relevant publications were retrieved before that date in accordance
with our research protocol. In addition, it is noteworthy that 81% of our sample was published in the
time frame 2014–2018. To this purpose, the chart below (Figure 2) shows the distribution of articles
based on the publication year. It is easy to observe how the majority of the articles are concentrated
mainly in the time frame of 2014–2018, indicating a high growth of contributions in this research area.
As for the year of 2018, the number of publications reported is considered as not definitive since the
last update of our literature search was carried out in October 2018.
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Table 3. Selected articles listed by journal and year of publication.

Journal ‘01 ‘04 ‘05 ‘07 ‘08 ‘09 ‘10 ‘11 ‘12 ‘13 ‘14 ‘15 ‘16 ‘17 ‘18 Tot. %

A I B Insights 1 1 0.64%

African Journal of Business Management 1 1 0.64%

Business & Information Systems Engineering 1 3 1 5 3.21%

Business Horizons 1 2 3 1.92%

Business Process Management Journal 1 1 0.64%

Clean Technologies and Environmental Policy 1 1 0.64%

Computer Networks 1 1 0.64%

Computers in Industry 1 1 1 1 4 2 2 12 7.69%

Creativity and Innovation Management 1 1 0.64%

European Journal of Operational Research 1 1 0.64%

European Networks Law and Regulation Quarterly (ENLR) 1 1 0.64%

Foundations of Management 1 1 0.64%

Fashion and Textile 1 1 0.64%

IFAC-PapersOnLine 1 7 8 5.13%

Industrial Management & Data Systems 2 2 1.28%

Info 1 1 0.64%

Intereconomics 1 1 0.64%

International Entrepreneurship and Management Journal 1 1 0.64%

International Journal of Innovation Management 1 1 0.64%

International Journal of Management & Information Systems (Online) 1 1 0.64%

International Journal of Precision Engineering and Manufacturing-Green
Technology 1 1 0.64%

International Journal of Operations & Production Management 2 2 1.28%

International Journal of Physical Distribution & Logistics Management 2 2 1.28%

International Journal of Production Economics 1 1 1 3 1.92%

International Journal of Production Research 1 3 4 2.56%

IUP Journal of Operations Management 1 1 0.64%

Journal of Centrum Cathedra 1 1 0.64%

Journal of Cleaner Production 4 4 8 5.13%

Journal of Engineering and Technology Management 1 1 0.64%
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Table 3. Cont.

Journal ‘01 ‘04 ‘05 ‘07 ‘08 ‘09 ‘10 ‘11 ‘12 ‘13 ‘14 ‘15 ‘16 ‘17 ‘18 Tot. %

Journal of Humanitarian Logistics and Supply Chain Management 1 1 0.64%

Journal of Industrial Engineering and Management 1 1 0.64%

Journal of Information Systems & Operations Management 1 1 0.64%

Journal of Intelligent Manufacturing 1 2 3 1.92%

Journal of International Business Studies 1 1 0.64%

Journal of Manufacturing Technology Management 1 1 2 1 4 9 5.77%

Journal of Manufacturing Technology Research 1 1 0.64%

Journal of Marketing Theory and Practice 1 1 0.64%

Knowledge Horizons - Economics 1 1 0.64%

MIT Sloan Management Review 1 1 1 3 1.92%

Mobile Networks and Applications 1 1 0.64%

Nexus Network Journal 2 2 1.28%

Northwestern Journal of Technology and Intellectual Property 1 1 0.64%

Operations Management Research 1 1 0.64%

Procedia - Social and Behavioral Sciences 1 1 0.64%

Procedia Manufacturing 2 1 3 1.92%

Proceedings in Manufacturing Systems 1 1 0.64%

Process Safety and Environmental Protection 2 2 1.28%

Production Planning & Control 1 1 2 1.28%

Rapid Prototyping Journal 2 1 1 1 1 1 2 1 10 6.41%

Research Technology Management 1 1 4 6 3.85%

Strategy & Leadership 1 1 0.64%

Studia Commercialia Bratislavensia 1 1 0.64%

Supply Chain Management 1 1 0.64%

Sustainability 5 5 3.21%

Symphonya 1 1 0.64%

Technological Forecasting and Social Change 1 1 9 1 9 21 13.46%

Technology Innovation Management Review 1 1 1 3 1.92%

Technovation 1 1 0.64%

Telecommunications Policy 1 1 0.64%

The Journal of Business Strategy 1 1 0.64%

Total 2 1 1 1 1 2 1 3 10 6 17 27 42 11 31 156 100%
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Figure 2. Articles by year of publications.

Moreover, Table 4 shows the distribution of publications ordered by the keyword used in the
keyword search. Terms listed with a slash - for instance, DM/AM or Industry 4.0/AM—indicate that
the same publication resulted in a keyword search of both terms. It is interesting to note that the term,
“additive manufacturing” (AM), obtained the highest absolute score in terms of publications until 2016
(39% of the total), in comparison to “digital manufacturing” (DM, 21%) and Industry 4.0 (15%). Further
- always counting the results obtained by the single terms; not combined together - it is worth noting
that, according to papers published only in the last two years (2017 and 2018), the trend completely
changed: Among these papers, the great majority (69%) were retrieved with the keyword, “industry
4.0”, followed by “digital manufacturing” (12%) and “additive manufacturing” (7%).

Table 4. Search keywords results by the year of publication.

Keywords ‘01 ‘04 ‘05 ‘07 ‘08 ‘09 ‘10 ‘11 ‘12 ‘13 ‘14 ‘15 ‘16 ‘17 ‘18 Tot. %
AM 1 1 1 1 4 8 8 20 3 47 30%

DM 1 1 1 1 2 2 7 1 1 7 3 2 29 19%

DM/AM 1 2 2 5 9 6 1 26 17%

Industry 4.0 2 7 8 3 26 46 29%

Industry 4.0/AM 1 1 1 3 2%

Industry 4.0/DM 1 2 2 5 3%

Total 2 1 1 1 1 2 1 3 10 6 17 27 42 11 31 156

% 1.3 0.6 0.6 0.6 0.6 1.3 0.6 1.9 6.4 3.8 10.9 17.3 26.9 7.1 19.9

As per the remaining articles, the 10% was retrieved through the combination of I4.0/DM
keywords, and the 2% through DM/AM. This evidence highlights the growing interest in the novel
topic of Industry 4.0, according to our selection criteria. Considering this, it is possible to observe that
publications related to the term, “Industry 4.0”, have quickly grown from zero to a maximum of 26
per year in the period of 2013–2018, exceeding the values of the other terms in the same years. These
dynamics can be clearly visualized in Figure 3, taking into account only each single keyword, not
combined together.
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Figure 3. Publications by single keyword search.

2.4. Coding Process

The first step undertaken for the data analysis involved a coding procedure. We followed coding
techniques outlined by Alavi and Carlson (1992) as reported in Hoehle et al. (2012), investigating all
the identified articles to address the above-mentioned research questions [37,40]. A data matrix was
designed to collect the information needed, visualized in the form of codes, as well as to highlight
similarities and differences among the various research articles. Next, as mentioned, all 156 papers
were entirely read and reviewed for the association of coding patterns. In a few cases, where the
paper was not univocally codifiable, an expert faculty was asked to codify, in turn, the paper until a
consensus between the two reviewers was achieved. The coding process gathered basic information of
the papers, including, for instance, the name(s) of the author(s), year of publication, the country based
on the author’s affiliation (based on the first author’s affiliation when different), as well as more in
depth information, such as the main focus, method, and major findings of each paper. After reading
them, we also updated the categories of the data matrix or created new ones when the papers revealed
something new. The extracted data items were collected to Excel, which helped us to organize and
analyze them. Also, R software was used during this process to run some specific analysis. First, raw
codes were created in order to collect and record all the different facets present in the sample papers.
Subsequently, these codes were clustered in macro categories to obtain a clearer understanding of the
state of the literature. Table 5 exemplifies the coding procedure by outlining the codes chosen for one
research article as an example.

Table 5. Example of data items for the coding process.

Codes Publication

Technology/Process Type 3D Printing
Country/Regional Context USA
Focus/Main Topic Business Model Innovation
Domain/Research Field Technology and Innovation Management
Sector/Industry/Firm Size Manufacturing
Research Design Literature Survey
Research Approach Qualitative
Source of Data Secondary
Key Contribution Insights
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3. Results and Discussion

3.1. Technologies

Given the breadth of our sample and the different keywords used for the literature search, the
classification of the technologies encountered in the literature gave several diverse results.

Table 6 reports the five macro categories created to label the nature of the technologies described
in the papers. To do so, we referred to the definition given by authors and to the technology standards
(e.g., ASTM—American Society for Testing and Materials International). However, these categories
are so broad that such a categorization conveys limited information. As a consequence, we added a
description as well as the single specific codes to further qualifying these high-level categories.

Table 6. Technology categories.

Clustered Codes Description F % References

AM Technologies

Different technologies referable to additive manufacturing:
3D Printing (3DP), 3DP/AM, 3DP/DDM, AM, AM/3DP,
AM/RP, Consumer 3DP, Home fabrication, Direct Digital
Manufacturing (DDM), Digital Fabrication (DF), Digital
Manufacturing Technologies, DM, Rapid Manufacturing
(RM), Rapid Prototyping (RP)

71 46% [2,10,16,18,19,
30–34,44–104]

Advanced
Manufacturing Systems

(Industry 4.0/IIoT)

Technological tools and advanced systems employed in the
manufacturing sector, often related to the Industry 4.0
framework and IoT concept:
Robotic Process Automation, Advanced Manufacturing
Technologies (AMTs), Advanced Materials Technologies,
Advanced Production Systems (CPPS), Advanced systems of
additive technologies, Cloud-integrated Cyber-Physical
Systems (CCPS), Cyber-Physical Manufacturing Systems
(CPMSs), Smart Factories, Cyber-Physical Systems (CPS),
Smart Factories, Digital systems, Open-source collaboration
platform, smart sensors, digital enterprises, Smart Factories,
Industry 4.0, IoT, Industrial Internet of things (IIoT), Smart
Factories/Industry 4.0, Online 3DP Platforms, Smart
Factories/Industry 4.0, Web-based RP & Manufacturing
systems, Automated Guided Vehicles (AGVs), Digital Supply
Chain (DSC), Smart Manufacturing,
Distributed Manufacturing

45 29% [8,9,12,17,29,
105–144]

ICT

Information and communication technologies for the DME:
3D sensors, AR and Web technologies; Big Data Analytics;
Cloud computing; Digital Technologies; Digitally driven
technologies (ICT); ICT; Industry 4.0 enabling technologies
(ICT); Information Systems, Enterprise resource planning
software (ERP)

21 13% [25,35,145–163]

Innovation Process

Focus on the innovation process:
Manufacturing process innovation; Innovation; Technological
Innovation Activities; Assessment of the digital maturity of
companies; Transition to I 4.0; Evolution of Chinese
Manufacturing through China 2025; Technological
ECO-Innovation

16 10% [4,20,28,36,164–
175]

Digital Design Tools

Digital tools employed in the design phase of products and
spare parts:
CAD/CAM tools; Digital Design Tools/RP;
Prototyping Technologies

3 2% [176–178]

TOT 156 100%

Looking at their distribution, it is possible to identify that almost half of the sample (46%) was
focused on additive manufacturing technologies, also identified as 3D Printing (e.g., [44–49]; etc.),
DDM, digital or home fabrication (e.g., [50,51]; etc.), and rapid manufacturing technologies (e.g., [52,53];
etc.). All these technologies can be included in the additive manufacturing category. Digital and home
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fabrication are often associated to studies focused on the user-producer perspective (also known as
“prosumer”) and related to the consumer products/services sector.

Secondly, 45 publications (29% of the sample) were found to be focused on digital technological
tools developed and applied for the creation of advanced manufacturing systems. For instance,
cyber-physical manufacturing systems (CPMSs), smart factories, open-source collaboration platforms,
industrial internet of things (IIoT), 3DP platforms, and web-based rapid prototyping and
manufacturing systems are the basic elements of the Industry 4.0 framework (e.g., [17,105–108,145]).

The third category (13%) includes information and communication technologies (ICT), which
are fundamental for the creation of a digital-enhanced ecosystem, such as information systems, smart
sensors and products, web technologies, cloud computing, and big data analytics (e.g., [109,146–148];
etc.). It must be noted that the categories of advanced manufacturing systems and ICT sometimes
referred to similar or identical technologies, but the characterization is based on their main/final
application in a more complex and advanced system connected to the concept of Industry 4.0 or a
smart factory.

The last two categories include Innovation process/activities (accounting for 10% of the sample),
such as, for instance, the assessment of the digital maturity of businesses [4,164–167]; and papers
focused only on digital design tools (2%), such as rapid prototyping and CAD/CAM tools [176–178].

3.2. Main Focus

The next step was to identify the main focus of the primary papers. Thus, each article was
classified primarily according to the definitions given by the authors. The codes were than grouped in
macro-themes to facilitate the analysis of the results.

From the coding process, 14 main categories of different topics were identified. Table 7 shows
that these categories were highly fragmented. Considering their frequency values, it is possible to
highlight that only two of them have a value greater than 10%, which was analysed above in detail:

• Manufacturing supply chain reconfiguration (32.7%): This category concerns papers focused
on the radical paradigm-shift occurring in manufacturing settings and operations’ configurations due to
innovative technologies’ development and adoption (e.g., the evolution of manufacturing through mass
production, mass customization, and 3DP/digital manufacturing processes, CPPS and smart digital
factories characterizing Industry 4.0, etc.). This technological radical change comes in response to the
need of reducing costs, lead times, and the time to the market of standard manufacturing processes
while at the same time making the system adaptable to the changing needs of customers [106].

The impact of technology was investigated both at the firm level, in terms of shifts in value
propositions and the creation of additional value streams [54–56], as well as on global manufacturing
industry processes and competitive dynamics [57].

In detail, some studies analyzed the extent to which disruptive digital manufacturing technologies
drive structural shifts in supply chain management and configurations by revolutionizing the
production process as well as rethinking many traditional operations’ management practices (i.e.,
inventory management, job shop scheduling, and batch sizing), leading to value-added achievement
through distributed manufacturing strategies [18,58–60]. For instance, in their explorative study,
Laplume et al. (2016) investigated the potential implications of open-source AM and 3D printing
technologies for the configuration of new global value chains (GVCs) or the modification of existing
ones. The study suggests that the diffusion of 3D printing technologies in an industry is associated
with a development toward shorter and more dispersed global value chains. Therefore, in some
industries, the new manufacturing technology is likely to pull manufacturing value chains in the
direction of becoming more local and closer to the end-users [61]. A further significant example comes
from the study of Büyüközkana and Göçer (2018), who proposed a conceptual framework based on
their review of the literature, which was centered on the concept of the digital supply chain (DSC)
and aimed to deploy smart, value-driven, and efficient integration among digitalization, technology
implementation, and supply chain management [110].
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Table 7. Main focus of the papers ordered by frequency.

Focus (Clustered Codes) Characterization F %

Manufacturing Supply
Chain Reconfiguration

Digitally-Enabled Collaborative Manufacturing Networks;
Digitally-Enabled Project Manufacturing; E-commerce channels
for AM; Reconfiguration of Manufacturing (Advanced
Manufacturing); Supply Chain Planning Optimization Models;
Value Chain/Supply Chain Reconfiguration; Supply Chain
reconfiguration and Sustainable Development; Digital
Transformation of Supply Chains; Smart Manufacturing
Revolution; The impact of DDM on the Fashion Industry

51 32.7%

Democratization of Manufacturing

Democratization and Disintermediation of Manufacturing;
Open-source Innovation; Makers and FabLab Movements; Peer-to
Peer Exchanges; Prosumption; Technology-User/Consumer
Interaction; Users’ Technology Acceptance; Value co-creation and
Social Innovation; Social Manufacturing

18 11.5%

Policy-driven Economic/Competitive
Impact of Digital Transformation

Back-shoring of Value Chain activities; Digital Competitiveness;
Economic impact of AM; Macro-Economic Impact of Community
Innovation; Reindustrialization; Technological discontinuity and
New Ecosystems; Dynamics of the evolution of manufacturing
industry due to digital transformation on a country-level (e.g.,
China, Korea, etc.); Green Servitization impact; Policy-driven
innovation for Industry 4.0

14 9.0%

AM Features/Applications AM/3DP Features and Applications; AM/DM Implementation; 12 7.7%

Business Model Innovation Business Model Innovation; Digital Transformation of Companies;
How SMEs change due to Industry 4.0 12 7.7%

Sustainability

Humanitarian 3DP; Sustainable Product Design, Development
and Manufacturing, Eco-Innovation; Environmentally-sustainable
manufacturing; Sustainability with advanced manufacturing;
Sustainable value creation

12 7.7%

Technological Development Dynamics

Contribution of Standards to innovation; Enterprise 3D Printing
Adoption; Technological Development Alignment; Technological
Forecasting and Fiction; Technological Process Innovation;
Technological paradigm shift; Digital Transformation of Business
Processes; Technology Assessment and Evolution; Innovative (not
redundant) solutions for the transition to I 4.0

12 7.7%

Digital Transformation of
Products/Services

Dematerialization due to Increased Digital Consumption; Digital
Service Management; Digitalized Product-service systems (PSS);
Digitally Enhanced New product development (NPD);
Smart-Connected Products; Servitization/App-izzation;

8 5.1%

Technology Assessment and
Comparison

Cost-Benefit Analysis/Estimation; Technology Assessment and
Evolution; Industry 4.0 technologies classification 7 4.5%

Digital Knowledge Dissemination AM Users Education and Engagement; Digital Knowledge
creation/dissemination and Value Creation 4 2.6%

Impact on Value Proposition Customer Satisfaction; Impact of Disruptive Technology on
Value Proposition 2 1.3%

Intellectual Property Law Anti-Piracy Strategies; Intellectual Property Protection 2 1.3%

Multiple Intellectual Property Law and Democratization of Manufacturing 1 0.6%

Job Sustainability and Insecurity Relationships among perceived job insecurity, technology usage,
and long-term projection in the transition toward Industry 4.0 1 0.6%

Total 156 100%

The abovementioned studies mainly present either insights or propositions and conceptual
frameworks/scenarios that may serve as a starting point for further research, as well as a fewer
number of conceptual models to be tested (see Table 15). The impact of this new ecosystem on the
personalized products market, namely the potential of digital manufacturing to increase the level to
which customers are virtually integrated in a manufacturer’s supply chain [62] and the modification of
the value chain activities, has received very limited investigation in existing research [63].

A further stream of research included in this category investigates the phenomenon of
digitally-enabled collaborative manufacturing networks, indicating industrial networked structures
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where collaboration among different players comes through the intense cooperation and knowledge
sharing between loosely connected entities (i.e., large companies and SMEs – Small and Medium
Enterprises, users, consumers), improving innovation processes and creating value. For instance,
Beckmann et al. (2016) studied the digitization of design and manufacturing through a web platform
(DMC platform—digital manufacturing commons), which supports the democratization of design
and manufacturing model development and has the ability to bring together SMEs, large enterprises,
software vendors, researchers, and intermediaries into an ecosystem in which participation is mutually
beneficial, in order to promote the manufacturing competitiveness of SMEs. These collaborative
networks and platforms represent the foundations of Industry 4.0 regardless of firm size [111].

Finally, another important topic is connected to the multiplication of channels necessary for the
full exploitation of AM technologies. The implementation of e-commerce channels is to transfer design
files for additive manufacturing implications for supply chain management and business value chain
activities [64]. Although this topic seems to be based on the research field under investigation, it has
not received much attention in the existing research.

• Democratization of manufacturing (11.5%): This category also includes different research
streams and topics. It describes radical changes in the entire value chain around how products are
designed, funded, sourced, manufactured, and distributed [65]. Digital manufacturing and home
fabrication revolutions are expected to substantially contribute toward the democratization and
disintermediation of inventions, the economy, market, and society (enabling more people not only
to receive, but also to conceive new knowledge). The increasingly widespread availability of the
Internet and these digitally enabled tools have made production processes more accessible to private
individuals, introducing new opportunities for personal fabrication and social manufacturing [148]. 3D
printing has the potential to bring personal digital fabrication to everyone and to boost the creation of
new products and businesses, thanks to the open source innovation and the emergence of collaborative
design among communities of connected users, turning consumers into creators and, as a result, into
competitors of incumbent companies.

Some studies focused on maker and FabLab movements, seeking to identify how digital
fabrication technologies combined with new services (through “fab–spaces”, that is fabrication
spaces) can help transfer familiar principles from the digital to the physical world, by empowering
user-entrepreneurs to turn their ideas into real prototypes or products to start a business
in a comparatively easy way [50,179]. Mortara and Parisot (2016), in their work, map the
current fab—spaces landscape and provide a detailed hierarchical classification of these emerging
organizations by taking the particular perspective of those who use the Fab–spaces to launch
entrepreneurial ventures [66]. From these settings, a research stream investigating the concept of
the prosumer emerged. It refers to the important social change of individuals directly involved
in the design and production of the goods they consume. Innovations enable end-users to have
authority over the design and production of their own original one-off goods, reshaping the traditional
role of passive consumers in the production process by providing them with the highest level of
involvement [112,113,149].

Another stream representing a sub-level of this category is the body of research concerning peer-to
peer exchanges. It is focused on the trade or exchange of 3D designs/models over the web, similar to
the sharing of music and movie files in online peer-to-peer exchanges [67].

The category of democratization of manufacturing is strictly connected to the topics covered
by the digital transformation of products/services category (5.1%), but while the latter adopts
a business strategy perspective (see, for instance, [114,150]), the former is focused on the
user/consumer perspective.

The category of policy-driven economic/competitive impact of digital transformation (9%)
includes articles with a macro-level (i.e., national, international, worldwide) and long-term perspective
on industrial evolution dynamics, as dependent on public policies, legal frameworks, societal reactions,
and homogeneous/heterogeneous dissemination of digital infrastructure and knowledge. Industry



Sustainability 2019, 11, 891 16 of 38

4.0 is viewed as a policy-driven innovation discourse in manufacturing industries, which aims to
institutionalize innovation systems that encompass business, academia, and politics [173]. In addition,
while for “policy-driven economic/competitive impact of digital transformation”, the level of analysis
is often the entire industry or country, for “digital transformation of products/services”, the focus is
on firms and their customers.

The category of AM features/applications (7.7%) presents publications concerning the state of
the art, evolution, and trends of additive manufacturing and 3D printing technologies. Technological
characteristics, phases of the production process as well as main advantages and disadvantages of
AM applications in comparison to conventional techniques in terms of efficiency, times, and costs
are presented [45,68]. Recent applications in different industries are considered and possible future
scenarios are outlined to assess any disruptions and consequences of the technology that might impact
the firms and consumers [69]. Data from our sample show that this category of publications is quite
well covered, and provides insights (see Table 16) based mainly on research commentary studies (10
papers out of a total of 14, the 71%).

Also, research on business model innovation was found in 12 papers (7.7% of the sample).
Publications in this category focused on how digital manufacturing technologies modify business
model components and key processes, allowing large companies and SMEs to create and capture value
as well as satisfy customers’ needs (e.g., [28,115]). The low amount of publications is further confirmed
by the limited attention received by the connected category of impact on value proposition (1.3%).
Bogers et al. (2016) explored how AM technologies may influence viable business models within the
consumer goods manufacturing industry, with the aim of answering the question of how emerging
AM technologies affect business model development and operations in this context [10]. Business
model innovation is not only about implementing more and better technologies. It also involves digital
congruence, the process of aligning a company’s culture, people, structure, and tasks. Indeed, history
has shown that technological revolution without adequate business model evolution is a pitfall for
many businesses [19].

Research on the topic of sustainability (7.7%) concerns the implications of the digital
transformation in terms of economic, ecological, and social aspects, referring to the triple bottom
line (TBL) dimensions of sustainable development and value creation. The ongoing evolution of the
production and industrial process along the fourth industrial revolution, and its related technologies,
was studied to understand the potential impact on both the environment and society. Benefits, risks,
and challenges connected to the implementation of Industry 4.0 in this perspective were considered.
For instance, Bonilla et al. (2018) outlined four different scenarios to evaluate the impacts of the
Industry 4.0 production context and its underpinning technologies on environmental sustainability
aspects: Industry 4.0 deployment, operation, and technologies, integration, and compliance with the
sustainable development goals, and long-term scenarios. By analysing these scenarios, the authors
identified positive and negative impacts related to the basic production inputs and outputs flows,
respectively: Raw material, energy, and information consumption; products, waste, and end-life
products disposal [138]. Moreover, the topic of productive synergy between Industry 4.0 and
environmentally-sustainable manufacturing, which organisations should consider carefully when
implementing their industrial strategies through the analysis of the integration of economic and
environmental issues into sustainable operations management, requires investigation into identifying
the critical success factors capable of unlocking this process. Despite the importance of this research
domain and perspective in connection to the topic under consideration, the issue of sustainability has
received limited attention until now in the Industry 4.0 literature [139].

The subsequent two categories listed in Table 7—digital transformation of products/services and
technology assessment and comparison—present a similar frequency value in terms of the number
of publications, with low results probably due to the strong connections of these topics to the main
categories already presented above, of which they represent important aspects.
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Finally, only one paper of our final sample was identified that focused on the meaningful and
critical relationships among perceived job insecurity, technology usage, and long-term projection in
the transition toward the fourth industrial revolution [168].

3.3. Research Domain

As per the previous focus category, there are a few domains that were clearly dominant in our
sample. Domains were classified primarily according to the definitions given by the authors, their
research field, and our interpretation of each paper. Indeed, a broad look at the top-level codes indicates
a concentration of the research principally in four main categories (with a relative frequency value
of at least 10%): Technology and innovation management; supply chain management/operations
management (SCM/OM); research that interest multiple domains, and innovation. The “multiple”
category includes studies referring to several academic disciplines in a single paper, such as strategic
management and decision making, marketing, and manufacturing research. The innovation category
concerns papers that study through theoretical frameworks and empirical methods, the dynamics of
the innovation process applied to several aspects concerning this environment. Production economics,
more specifically, concerns the design and development of advanced manufacturing information
systems and platforms as well as studies focused on the growing phenomenon of Industry 4.0. Table 8
represents the distribution of the different domains within the analyzed sample.

Table 8. Domain codes.

Category N %

Technology and Innovation Management 25 16%
SCM/OM 23 14.7%
Multiple 15 9.6%
Innovation (Process) 15 9.6%
Production Economics 11 7.1%
Decision Making (for Innovation) 8 5.1%
MIS 7 4.5%
Sustainable Development/Innovation 7 4.5%
Industrial Economics 6 3.8%
Education 5 3.2%
Entrepreneurship and Business Research 5 3.2%
Service Science 5 3.2%
IP Law 4 2.6%
Sharing Economy 4 2.6%
Strategic Management 4 2.6%
Consumer Research 3 1.9%
Organization Science 3 1.9%
Manufacturing Economics 2 1.3%
Circular Economy 1 0.6%
International Business Research 1 0.6%
Multichannel Management 1 0.6%
Product/Service Innovation 1 0.6%
Total 156 100%

As a confirmation of the evidence from the previous focus categories, domains, such as
entrepreneurship and business research (3.2%) and strategic management (2.6%), did not receive
enough interest in connection to the topics under investigation. Moreover, as already observed in
the previous section, the domain of multichannel management, which represents one of the trending
research streams of the last decade in marketing and IS, which resulted in only one publication within
our sample concerning the implementation of e-commerce channels for AM.
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3.4. Industrial Sector/Industry

The analysis of the sector/industries that are interesting to digital transformation shows results
that can be clustered in four main categories (see Table 9, sorted in alphabetical order due to the
high heterogeneity of the results). Indeed, 33.78% of the overall sample (50 publications) presented
studies concerning the broad manufacturing sector, in some cases, focusing on a specific firm category,
such as: Large enterprises [166], SMEs [35,55,106,151], or multinational enterprises [61]. Moreover, 42
publications did not focus on a specific sector or industry, but provided applications and cases from
multiple sectors among which healthcare and medical industry, jewelry, dental implants, orthopedics,
education, automotive, aerospace, etc. were included in the DME [2,48,70,71,148,152,169].

Table 9. Sectors listed in alphabetic order.

Category Characterization F Tot %

3D Printing Industry 3D Printing 1
3 1.9%

3D Printing (Startups) 2

Aerospace Industry Aerospace Industry 3
5 3.2%

Aerospace Industry (SMEs) 2

Automotive Industry 2 2 1.3%

Ceramic Industry 1 1 0.6%

Construction Industry 1 1 0.6%

Consumer Goods/Services 12 12 7.7%

Digital Trade 4 4 2.6%

Education Industry 2 2 1.3%

FabLabs 4 4 2.6%

Fashion 1 1 0.6%

Food Industry 2 2 1.3%

Footwear Industry 1 1 0.6%

Handicraft Industry 1 1 0.6%

Hearing Aid Industry 1 1 0.6%

Industrial Service Industry 2 2 1.3%

Lamp Industry 1 1 0.6%

Manufacturing Sector Manufacturing Sector 42

52 33.3%
Manufacturing Sector (Large Enterprises) 1

Manufacturing Sector (Multinational Enterprises) 1

Manufacturing Sector (SMEs) 8

Multiple Multiple 44
47 30.1%

Multiple (SMEs) 3

NGO 1 1 0.6%

No Industry Specified (theoretical) 11 11 7.1%

Plastics Industry 1 1 0.6%

Public Sector 1 1 0.6%

Total 156 156 100%

In addition, 7.7% of the publications studied the effects of disruptive digital manufacturing
technologies on the consumer goods and services sector. For instance, Steenhuis and Pretorius (2016)
explored the adoption of consumer-level 3D printing and its potential disruptive impact on the existing
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manufacturing industry by investigating how competitive consumer printed products are compared
to industrially manufactured ones [51].

From the previous evidence, it is clear that some important areas, such as the public sector (0.6%),
education and industrial service industries (1.3%), and the FabLab network phenomenon (2.6%),
received only limited investigation in the existing literature. The 3D printing industry can be added to
the latter, which is related to the development and commercialization of different types of 3D printers
(desktop, industrial, etc.), materials, and connected services.

3.5. Research Method

Primarily based on the research method stated in each article, the classification presented below
was developed according to the authors of the papers considered in the final sample. In the cases
where this indication was missing, a classification was made by interpreting the author’s design.
Indeed, to investigate whether the literature concerning the digital transformation of manufacturing is
dominated by intuition-based reasoning and conceptual analysis (conceptual research category) rather
than empirical research, a categorization was needed to classify the selected articles [39,43]. In this
analysis, all the studies originating from or based on direct observation or experience were considered
“empirical research”, including, in some cases, articles in which the researcher gathered data through
secondary sources (e.g., case studies based on information collected from secondary data collection
sources, such as websites, databases, etc.). Mixed methods studies include publications based on two
or more different research methods, among them, at least one is always empirical, which employs
either qualitative or quantitative research or both [180].

Articles characterized by intuition-based reasoning and academic literature reviews were classified
as “conceptual research”.

Looking at the aggregated frequency values, the sample appears split into two main groups
characterized by almost equal amounts of studies, with a slightly higher percentage of empirical studies
(80 papers, in comparison to 76 conceptual papers). Table 10 presents the distribution found in the
sample. Conceptual research (48.7%) included articles based either on authors’ subjective opinions and/or
literature reviews, literature surveys, and research commentary. One paper classified as conceptual
research in the category of “technology assessment” [72] was found to be based on a primary data
collection. However, the majority of the publications included in this macro-category were “research
commentary” (34.5% of the entire sample), which is the main research method of our sample.

The frequency of methods in our sample indicates that empirical articles are the most prevalent
type of research (51.3%). Empirical articles were classified as those publications mainly relying on
direct or field observations, usually captured through several methodological research techniques,
such as case studies, field surveys, field studies/interviews, as well as laboratory and field experiments.
By far, the most frequent research method in this category was “multiple-case study research” (12.8%
of the sample); at the same time, the category of “case study” represents the third cluster in terms of
the number of papers in the empirical group (7.7%). This evidence can be explained by the fact that the
phenomena and technologies under investigation are relatively young and present limited empirical
evidence [28,71], thus the research is exploratory in nature. For this reason, an inductive approach
based on exploratory case studies, frequently through in-depth interviews or expert evaluations
(e.g., the Delphi method), was often adopted [113]. This kind of theory building research is not
oriented towards general laws or correlations between dependent and independent variables, but
instead aims to uncover the social dynamics and mechanisms that underlie certain processes. When
based on multiple data-sources, this method allows for triangulation to enrich and corroborate the
findings [46,181]. Furthermore, the research questions identified are mainly “how” questions. Yin
(1994) suggests the case study methodology is well suited to meet the requirements of answering “how”
questions, such as the ones raised to examine a contemporary phenomenon in a context, like the digital
transformation of manufacturing. A case study is an objective, in-depth examination of a contemporary
phenomenon where the investigator has little control over events [55,182]. Scholars have used case
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studies to develop theories about topics as diverse as group processes [183], internal organizations [184],
and strategies [185]. Building theories from case studies is a research strategy that involves using one
or more cases to create theoretical constructs, propositions, and/or midrange theories from case-based,
empirical evidence [30,186]. For instance, Milewski et al. (2015) adopted an exploratory case-based
research design and conducted a multiple-case study of five large successful manufacturing companies
operating in different industries in Germany to investigate the management of technological change,
organizational change, and systemic impact at different stages of the innovation lifecycle (ILC) in large
manufacturing companies [166].

Table 10. Categorization of research methods.

Category Sub-category N %

Conceptual Research Market Assessment 3 2.03%

Literature Survey 5 2.70%

Technology Assessment 4 2.70%

Literature Review 13 7.43%

Research Commentary 51 34.46%

Sub-Total 76 48.7%

Empirical Research Grounded Theory 1 0.68%

Action Research 1 0.68%

Focus Group 1 0.68%

Empirical Study 2 1.35%

Interviews 3 2.03%

Experiment 4 2.70%

Survey 8 4.05%

Simulation 10 6.76%

Case Study 12 8.11%

Mixed Methods 18 10.81%

Multiple-Case Study 20 12.84%

Sub-Total 80 51.3%

Total 156 100%

The second largest category is “mixed methods” (11.5%), which includes studies developed
through different phases and research methods, where one of them is always based on empirical
research (e.g., [4,153,175]).

Furthermore, the low relative frequency values of “survey” (5.1%) and “experiment” (2.6%)
categories—typically characterized by a quantitative approach to research—highlight the lack of
publications based on these methods in this field. This datum will be further analyzed in the research
approach section.

In addition, it is worth noting that only one paper of the sample was based on grounded theory.
Table 10 shows the evidence presented in this section.
The above chart (Figure 4) represents the publications divided into the two main research method

categories (i.e., conceptual and empirical research), ordered by year. It is useful to examine the
evolution of the publications in this field through the considered period. In particular, it is possible
to observe an overall increase in the number of empirical publications starting from 2014. This trend
was not confirmed for 2017; in addition, the datum from 2018, which contains a majority of empirical
studies (16 in comparison to 15 conceptual), was not considered definitive since the literature search
was completed in October of the same year.
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Figure 4. Research method distribution per publication year.

At the same time, in Figure 7, a similar increasing trend is recorded concerning the number of
publications based on secondary data.

3.6. Research Approach

Following Alavi and Carlson (1992), our primary papers were classified as qualitative research if
they had an emphasis on both the description and understanding of the context and the environment
of the research phenomenon [40]. On the other hand, studies based on the use of numerical analysis
to illustrate the relationship among factors concerning the phenomenon studied were classified as
quantitative research. Papers that used both quantitative and qualitative methods were categorized as
“mix”. Steenhuis and Pretorius (2016), in their exploratory study on the adoption of consumer-level 3D
printing and its potential impact, followed a two-methods research approach. The authors initially
used a qualitative research method similar to an in-depth exploratory case study to determine user
friendliness and the role of technological characteristics of a consumer-level 3D printer. In the follow-up
research, they used a questionnaire-based survey as well as a bibliometric analysis as part of a
triangulation strategy to explore the adoption of 3D printer technology by consumers more broadly
and confirm their previous conceptualizations through quantitative research [51].

Table 11 and Figure 5 present the distribution found in the sample. Clearly, the most common
research approach was qualitative (66.7%), which presents a value more than four times higher than
the quantitative approach. These datum results are coherent with the high frequency recorded by the
“conceptual research” category, typically characterized by a qualitative approach, as well as the overall
case study research (counting together the case study and multiple-case study), whose results were
based on a qualitative approach for 78% of its total results (see Table 13). In addition, 29 papers of
the sample (18.6%) were based on a mix of both a qualitative and quantitative approach (i.e., "mix"
category in the table above).
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Table 11. Research approach categories.

Category N %

Qualitative 104 66.7%
Quantitative 23 14.7%

Mix 29 18.6%
Total 156 100%

Figure 5. Distribution of research approach categories.

Table 12 shows a cross-analysis between the domain and approach categories, ordered
alphabetically. The most significant evidence is represented by the relatively high frequency
values (respectively, 18 and 14 publications) of the technology and innovation management and
supply chain management-operations management (SCM-OM) domains in connection to qualitative
research. Moreover, the latter presents the highest frequency in terms of quantitative research
(seven publications).

Table 12. Research domain vs. approach.

Domain/approach Qual. Quant. Mix

Circular economy 1 0 0
Consumer research 2 0 1
Decision making for innovation 5 2 1
Education 3 0 2
Entrepreneurship and business research 2 0 3
Industrial economics 2 0 4
Innovation (process) 9 1 5
International business research 1 0 0
IP law 4 0 0
MIS 4 2 1
Manufacturing economics 2 0 0
Multichannel management 1 0 0
Multiple 12 3 0
Organization science 2 1 0
Product/service innovation 1 0 0
Production economics 6 3 2
SCM-OM 14 7 2
Service science 4 0 1
Sharing economy 3 0 1
Strategic management 4 0 0
Sustainable Development/Innovation 4 2 1
Technology and innovation management 18 2 5
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Furthermore, from Table 13, it is possible to observe that research commentary and multiple
case study research present the highest values in terms of qualitative studies, with almost their
entirety composed of qualitative studies. In addition, the research method characterized by the highest
frequency value of quantitative studies was found to be simulation.

Table 13. Research design vs. approach.

Design/approach Qual. Quant. Mix

Action research 1 0 0
Case study 9 2 1
Empirical study 0 1 1
Experiment 1 1 2
Focus group 1 0 0
Grounded theory 1 0 0
Interviews 3 0 0
Literature review 11 1 1
Literature survey 5 0 0
Market assessment 1 1 1
Mixed methods 5 3 10
Multiple case study 16 0 4
Research commentary 47 0 4
Simulation 2 7 1
Survey 0 5 3
Technology assessment 1 2 1

3.7. Nature of Data Collection

The present section concerns the distribution of data sources in our sample. We categorized
data based on the main collection approach used in each study. It should be noted that 66% of the
publications are based on secondary data collection, that is, data that were already collected and were
readily available from other sources, such as public datasets, websites, industrial reports, etc. (see
Table 14 and Figure 6). Interestingly, this frequency has an almost identical value to the frequency of
publications based on a qualitative approach. For instance, Chiarello et al. (2018) generated an enriched
dictionary of Industry 4.0 enabling technologies by using technical documents and the Wikipedia
free online encyclopedia through automatic text extraction, field delineation, and clustering, aiming
to create a shared semantic for Industry 4.0 [105]. Moreover, Kim (2018), in his study concerning
Korea’s preparedness for Industry 4.0, used the Bank of Korea’s statistical database for private sector
analysis, and cost benefit analysis results from the government’s major research projects for public
sector analysis [171]. On the contrary, primary data relies on original data sources, in which the data
are collected firsthand by the researcher for a specific research purpose or project. The most common
techniques of primary data collection are self-administered surveys, interviews, field observation,
case-study research, and experiments. Primary data collection is quite expensive and time consuming
compared to secondary data collection [187]. For these reasons, our sample shows that only the 31% of
publications present this type of data collection.

Table 14. Nature of data collection categories.

Category F %

Primary 48 31%
Secondary 103 66%

Mix 5 3%
Total 156 100%
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Figure 6. Distribution of nature of data collection categories.

The chart above (Figure 7) represents the publications sorted by the nature of the data collection
categories (i.e., primary, secondary, mix) and ordered per year. The figure further confirms an overall
increasing trend in the number of publications based on secondary data collection (which represents
the main category of the sample).

Figure 7. Nature of data collection per publication year.

3.8. Main Contribution

An analysis of the main contribution of each article was also conducted. Many authors clearly
highlighted the main contributions of their papers. However, as per other classifications, due to
the lack of information given by the authors in some cases, the present classification required a
reviewer’s judgment. Table 15 shows the findings. The fact that research commentary was the
most common research method undoubtedly resulted in insights/overview (39.7%) and, to a lesser
extent, in conceptual frameworks (26.9%) emerging as the most common type of contribution of the
articles reviewed.
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Table 15. Main contribution of the sample publications.

Main Contribution F %

Theory Building 4 2.56%
Multiple 10 6.41%

Research Agenda 13 8.33%
Conceptual Model 25 16.03%

Conceptual Framework 42 26.92%
Insights/Overview 62 39.74%

Total 156 100%

Only four papers resulted in building a new theory as the main contribution (see theory
building). Moreover, 10 papers showed a combination of more than one main contribution;
for instance, [70,73,74,116] present both “insights” and “research agenda” as main contributions.
Therefore, these articles were classified as “multiple”.

Table 16 presents a cross-analysis between the “focus” and “main contribution” categories.

Table 16. Focus/main contribution cross analysis.

Focus/Main Contribution Conceptual Model Conceptual Framework Insights Research Agenda Theory Building

AM Features/Applications 0 1 10 3 0

Business Mode Innovation 3 5 2 3 0

Democratization of Manufacturing 1 5 11 4 1

Digital Knowledge Dissemination 1 2 1 0 0

Digital Transformation of
Products/Services 3 0 4 1 0

Policy-driven Economic/Competitive
Impact of Digital Transformation 2 1 10 1 0

Grounded Theory 0 0 0 0 1

Impact on Value Proposition 0 1 1 0 0

Intellectual Property Law 0 0 2 0 0

Job Sustainability and Insecurity 1

Manufacturing Supply Chain
Reconfiguration 9 20 14 6 3

Multiple 0 0 1 0 0

Sustainability 1 4 6 1 0

Technological Development
Dynamics 3 4 2 3 0

Technology Assessment and
Comparison 2 1 3 1 0

From this inter-dependence test, the following results were identified:

• The stream category of “manufacturing supply chain reconfiguration” shows the highest number
of contributions in terms of all the different contribution categories indicated in the table, including
a very high score in terms of conceptual frameworks;

• “manufacturing supply chain reconfiguration” shows also the highest score in terms of theory
building contributions over the entire sample, although the absolute value results are very
low; and

• papers in the categories of “economic/competitive impact of digital transformation”, “AM
features/applications”, and “democratization of manufacturing” contributed mainly with insights
into the current research in this field.

In addition, we crossed the results concerning the method and contribution categories. Among
the information derivable from Table 17, the most meaningful results are:
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• Research commentary publications show the highest values in terms of “insights” (34) and
“research agenda” (12) contributions. This evidence confirms the exploratory nature of this type
of study; and

• simulation and survey are the categories with the highest score in terms of the conceptual model
as the main contribution (5). Together with the relatively high frequency value for the conceptual
framework type of contribution, this result indicates that this category of publications tends to
contribute to the literature by offering structured models or frameworks that can be useful for the
development of future studies as well as for theory building in this research field.

Table 17. Method/contribution cross analysis.

Method/Contribution Conceptual Model Conceptual Framework Insights/Overview Research Agenda Theory Building

Action Research 0 1 0 0 0
Case Study 1 5 6 0 0
Empirical Study 0 1 1 0 0
Experiment 2 1 1 0 0
Focus Group 0 0 1 0 0
Grounded Theory 0 0 0 0 1
Interviews 1 1 1 0 0
Literature Review 1 3 5 3 1
Literature Survey 1 3 0 1 0
Market Assessment 0 2 1 0 0
Mixed Methods 4 5 7 2 0
Multiple-Case Study 1 8 10 2 0
Research Commentary 3 8 34 12 2
Simulation 5 4 0 1 0
Survey 5 0 2 1 0
Technology Assessment 1 2 0 1 0

The totals of the last two tables are higher than 156 since publications with more than one main
contribution were counted twice.

3.9. Geographical Distribution

Finally, our sample was analysed in terms of the regional context of the publications.
As mentioned, the nationality of the research was assigned to a country based on the first author’s
affiliation. Figure 8 shows the distribution of papers per country.

By observing the graphical representation provided in Figure 8, it is clear that the largest number
of papers (21, corresponding to 13.5% of the sample) were written by researchers or academics
working in the USA. It is worth noting that one of these papers concerns the evolution of Chinese
manufacturing by comparing Germany’s Industry 4.0 and China’s “Made-in-China 2025”, the
Chinese governmental project aimed at enhancing its industrial capability through innovation-driven
manufacturing, optimization of the structure of the Chinese industry, emphasis of quality over quantity,
the training and attracting of talent, and achievement of green manufacturing and environmental
sustainability [170]. The manufacturing sector is at the core of the American economy. With American
leadership in advanced manufacturing at risk due to changes in the global economy and new
competitors rising across the globe, in March 2012, the U.S. President Barack Obama announced an
investment of $1 billion in the National Network for Manufacturing Innovation (NNMI) to support U.S.
manufacturing innovation and encourage insourcing (or re-shoring) of these activities. The key focus is
on new technology paradigms that can improve the competitiveness of American manufacturing—with
particular attention to small and medium enterprises (SMEs)—through the digitalization of design
and manufacturing, democratization of technology, and collaborative design and analytics to sustain
leadership across the U.S. manufacturing ecosystem [111]. These settings have pushed American
universities, companies, and institutions in orienting scientific and professional research to these
subjects. We can further argue that in general, also including other countries (e.g., Germany and the
UK), the strong presence of universities, scientific journals, and multinational companies represents an
important driver for research on these specific topics.
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Figure 8. Chart of the regional distribution of publications.

A similar background makes Germany the second country for the number of publications within
the analyzed sample, with a frequency value of 20. Germany relies heavily on manufacturing to
fuel its economy as well as Europe. Twenty-two of its top 100 small and medium-sized enterprises
are machinery and plant manufacturers, with three of them among the world’s top 10. “Industrie
4.0”, Germany’s response to the so-called “fourth industrial revolution”, is a cornerstone of the
German government’s industrial 2020 high-tech strategy initiated by Industry Science Research
Alliance. Investment in research is essential to realize all the initiatives needed for the industrial digital
transformation, and plenty of funding will be needed. The idea has already spurred collaboration
in Germany’s research community. Electronics and engineering giant, Siemens, has formed an
industrial automation and digitization research alliance with the state funded Technical University
Munich (TUM), the Ludwig-Maximilians University (LMU), the German Research Center for Artificial
Intelligence (DFKI), and the Fraunhofer Institute for Applied and Integrated Security (AISEC). Doctoral
and postdoctoral programs offered by the technical universities will enable up to 100 doctoral
candidates to pursue their studies while collaborating on automation and digitalization research [188].
These growth strategies have certainly strongly influenced scientific production in this field. A similar
strategy was implemented by the Italian government (Ministry of Economic Development), concerning
objectives and incentives for the period of 2017—2020, under the name of “Piano Nazionale Industria
4.0”. The latter was renovated this year as “ Piano Nazionale Impresa 4.0“ to emphasize the opportunity
offered to firms (especially SMEs, which represent almost an entirety of the Italian industrial sector)
to seize the chances related to digital transformation and the fourth industrial revolution [189]. The
importance given by the Italian government to the ongoing industrial revolution is also reflected by
the number of Italian studies found in the sample (12).

3.10. Defining the Digital Manufacturing Ecosystem

Based on the results presented as well as the key terms and definitions encountered in the analyzed
literature, it is possible to provide our comprehensive definition of a digital manufacturing ecosystem
(DME), which is understood as:
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The transformation of the manufacturing sector driven by an extended set of enabling digital
tools and internet technologies, but also renovated strategies, capabilities, and business processes.
These settings provide an increased level of flexibility, reconfigurability, and intelligence. Such a smart,
value-driven, and efficient context reshapes the way goods are designed, produced, delivered, and
updated; creates new business opportunities and models; and modifies the relationships among all the
different actors of the supply chain.

Consequently, deriving from the above definition of digital manufacturing as an extensive
ecosystem that includes different value activities and business functions, specific technologies (e.g.,
3D printing, cyber-physical systems, IoT, smart products, digital platforms, advanced robotics, cloud
computing and data analytics, etc.) and definitions (e.g., additive manufacturing, digital fabrication,
home fabrication, prosumption, Industry 4.0, industrial internet, smart manufacturing, etc.) are here
considered as constitutive elements of this context.

4. Concluding Remarks and Research Agenda

This paper presents an extensive systematic review of the most relevant existing literature on the
deep changes brought by the digital transformation of the manufacturing process, operations, and
value chain. The aim was to provide researchers and practitioners with a clear overview on this topic.
Published between 2001 and 2018, 156 peer-reviewed papers made up the sample of this study and
were deeply analyzed in the review. Several research objectives guided the analysis of these papers
and allowed identification of the main research streams and gaps in this field. Particularly, in this
paper, we shed light on past and current research concerning digital transformation of manufacturing
to provide a detailed picture of this field through a categorization and statistical analysis of scholarly
journal publications. This paper contributes to a deeper comprehension of this topic of interest from
the specific perspective of the evolution of the production process and operations in this dynamic
context, as well as the different parties involved in this transition. The evolution of the research
outcomes in the last 10 years demonstrates a progressive, but rapid shift (especially in the last two to
three years) of the focus from the analysis of single technological trends to a comprehensive, holistic
analysis of their integrated adoption in advanced manufacturing systems through industrial value
networks and supply chains. Indeed, the findings presented above provide evidence that there is an
increasing interest of scholars from several research domains as well as a rapid growth of the body
of literature connected to the parallel technological evolution of the sector mainly due to the huge
investments made in the USA, Europe, and many other industrialized countries of the world (e.g.,
South Korea, China, etc.). However, the literature analysis shows that although some research streams
have received much attention from the academic community, others require further research efforts.

Based on our evidence, the applicability of digital manufacturing technologies varies considerably
across the different industries in the manufacturing sector and presents a growing number of technical
tools, industrial and managerial strategies as well as end-users’ applications. In some industries—or
industry segments—digital manufacturing is technologically, but not economically feasible. Overall,
the analyzed literature shows that the diffusion of digital manufacturing in industries is often associated
with a development toward shorter and more dispersed global value chains. Hence, in some industries,
this new ecosystem is likely to pull manufacturing value chains in the direction of becoming more local
and closer to the end-users [61]. At the same time, in this way, digitalized industrial supply chains
become smart and value-driven, and create efficient processes that are able to generate new forms of
revenue and business value for organizations [110]. Regardless, these assumptions require extensive
research to confirm and determine the dimensions of this trend.

From our systematic literature review, the following patterns and gaps were highlighted:

• Within our sample, we found a high concentration of articles focused on digital and AM
technologies employed in the reconfiguration of operations in the manufacturing supply chain;

• some specific topics have received limited investigation, including the consequent innovation of
business models and value chain activities, multi-dimensional evaluation (i.e., from an economic,
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social, and environmental viewpoint) of the sustainability of digital transformation, as well as the
digitalization of customized one-off products, leading to an integration of customers/end users
in the manufacturer’s supply chain;

• the sample was well-balanced regarding empirical and conceptual research;
• within this last broad category, a high number of papers were found to be “research commentary”,

which represents the larger category of the whole sample. Moreover, the very limited number of
systematic literature analyses/surveys as well as the absence of grounded theory studies must
be mentioned [139]. In light of this result, the present systematic and extensive analysis of the
literature appears to be necessary;

• publications were characterized mainly by exploratory qualitative research based, in the large
majority of cases, on secondary data collection;

• empirical studies were strongly dominated by exploratory case-study research. The analysis of
the distribution highlighted an important lack of quantitative research based, for instance, on
surveys and experimental studies; and

• from the analysis of the main contributions, a high frequency of “insights" and, at the same time,
a lack of “theory building” contributions were observed.

As the body of research into the digital transformation of manufacturing grows, this field is likely
to develop and mature as a research tradition of its own. However, our analysis suggests that for
this outcome to happen, researchers in this field should begin to focus their efforts more carefully. In
particular, according to the gaps found in the literature, hereby, we propose the following research
agenda of areas representing promising candidates for future research:

• Research focused on the impact of AM on value chain activities, with possible important
implications on the re-organization of internal business functional units. This topic is connected
to the involvement of customers and end-users in the creation of customized products through a
multichannel strategy (value co-creation);

• in connection to the previous point, more relevant research is needed in the area of business
model innovation and value creation/capturing. These topics are closely linked since a company’s
business model describes its logic of creating and capturing value [190–192]. There is a growing
consensus that DM technologies are going to be one of the next major technological revolutions.
While a lot of work has already been carried out on what these technologies will bring in terms
of product and process innovation, little has been said on their impact on business models and
business model innovation [19]. While much more value can be created, capturing value can
become extremely challenging. Hence, research should focus on developing a suitable business
model to capture this value;

• quantitative research based on primary data collection: The existing body of literature involves
a disproportionately large amount of research characterized by qualitative studies based on
secondary data collection. More research based on quantitative studies (e.g., surveys and statistical
model testing) needs to be carried out to address this gap;

• specific research areas and topics: Some important research domains and perspectives are
represented by a limited number of studies in connection with the main topic. For instance, the
comprehensive and multi-dimensional concept of sustainability (concerning economic, ecological,
and social aspects) in the context of this new production paradigm has received limited attention
in terms of academic studies [139]. Furthermore, Piccarozzi et al. (2018) recently suggested that
sustainability issues should be considered as core drivers of the Industry 4.0 strategy, together
with other related aspects, such as social innovation and democratization of manufacturing [144].
Moreover, other important topics, such as intellectual property law issues connected to the
online trade of digital projects/models, job sustainability and insecurity due to the disruptive
technological transition, as well as the educational perspective about the digital knowledge
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dissemination, represent interesting, but understudied fields, which require more attention
from researchers;

• impact on performance/competitive advantage: We found very few studies concerning the impact
of this new ecosystem on business and organizational performance intended as a sustainable
competitive advantage (SCA), enhanced value proposition, customer satisfaction, market share,
etc. To understand and measure this impact, it is necessary to investigate how this disruptive
change can confer or drive organizations to build essential dynamic capabilities and core
competence to allow them to successfully compete in highly competitive and turbulent business
environments; and

• theory development: To gain a solid theoretical foundation, this field needs contributions aimed
at creating specific theories, in addition to the application of existing reference theories.

Through consideration of future avenues and managerial implications suggested by the results
obtained through this research, it is clear that digitally-enabled technologies lead to a disruptive
paradigm shift of industrial production. Business process digitalization reconfigures every aspect of
organizational and operating activities along the entire value chain. Manufacturing companies need to
adopt a systematic approach by drawing a digital roadmap to address business opportunities across
their value chain: (i) First, they should clearly outline the strategic business objectives to be achieved.
Objectives need to be explicitly defined and committed to by all functions before starting the project.
(ii) Secondly, manufacturers should identify and select potential innovations that can be applied
and further developed, and that are able to improve manufacturing processes and provide business
value. To do so, companies need to achieve a good understanding of the latest digital platforms
and applications across the manufacturing value chain through market analysis and running specific
simulations to verify the real achievable benefits. (iii) Finally, they must prioritize initiatives based
on the perceived business benefits (e.g., social-environmental-financial, internal, and for customers)
and ease of implementation, according to the specific market and long term objectives. Innovation
projects are often technology driven. While, in the majority of cases, technology is mature for almost
any industrial application, greater commitment must be given to redesigning business models to be
aligned with the technological paradigm shift to achieve a real, sustainable competitive advantage on
the market.

Finally, some limitations also characterize the present study. While our sample was extensive
and systematically updated, it was fully comprehensive. Indeed, as mentioned we only included
peer-reviewed publications from scholarly journals in our sample, excluding many other potentially
excellent papers out of this category (e.g., conference proceedings not published in scholarly journals,
working papers, etc.). Moreover, our search criteria may have excluded those papers that did not
respond to the terms used for the keyword search, but that were potentially interesting in terms of
content and analyses in connection to the topic of interest. Also, the choice of the databases used for
the literature search (listed in Table 1) could have excluded some interesting papers not present in
those platforms. In addition, sometimes it was necessary to interpret the articles during the coding
process to classify them according to our coding scheme. This process, although it was carried out
in the most rigorous way possible and only in cases where the authors had not explicitly stated the
nature of their research, this may have resulted in a source of biases in the evaluation of the articles.

In conclusion, our intention was to take stock of the existing literature and extend research on
the digital manufacturing ecosystem by drawing on its foundations. In doing so, this study seeks to
propel more focused theory building and discussion concerning effective and sustainable performance
and implications of this phenomenon for businesses and society.
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