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ABSTRACT

Industry 4.0 (14.0) is a fast-evolving area of research, bringing together knowledge from multiple aca-
demic fields into creative solutions for manufacturing innovation. Despite the growing amount of
published work covering a wide range of 14.0 areas, there has been relatively little research devoted
to the organisational side of implementing 14.0. To address this gap, this systematic review paper
used quantitative analysis by text-mining 97 articles from 2015 to 2021. The analysis identified
eleven research streams, which were grouped into five levels, namely industry and firm, smart fac-
tory, data, human resources and supply chain. The research streams were then comprehensively
reviewed and presented. For each stream, the paper presents a number of sub-themes and highlights
important findings and areas that may require further development. We discuss three important
research avenues in the organisational management literature: (1) the impact of the pandemic on
the implementation of 14.0, (2) the tension between value creation and value protection during the
implementation of 4.0 and (3) the relevance of a contingency approach during the implementation
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of 14.0.

1. Introduction

Industry 4.0 (I4.0) represents an ongoing transforma-
tional phase for manufacturing organisations aiming to
fully interlink their business functions and production
systems with data from the entire lifecycle or End-to-
End Digital Integration (Liao et al. 2017; Castelo-Branco,
Cruz-Jesus, and Oliveira 2019). The implementation of
14.0 has been conceptualised not only in terms of the
technological dimension of the factory of the future, but
also in terms of the broader organisational dimensions,
such as strategy, people, and culture (Bibby and Dehe
2018). The 3rd industrial revolution or Digital Transfor-
mation proposed a ‘digital business ecosystem’ (Hanelt
etal. 2020) supported by the firm’s existing IT capabilities
(Wessel et al. 2021) and analytics ecosystem (Pappas et al.
2018). In contrast, I4.0 and its implementation extend far
beyond connectivity, the boundary of a single firm or a
limited set of information technologies, leveraging the
convergence of autonomous and data-driven technology
ecosystems with the human element (Schuh et al. 2017).
4.0 aims to increase the interconnection and exchange
of real-time production data between and among peo-
ple, processes, services, smart products, and produc-
tion equipment (Prause 2015; Frank et al. 2019). 14.0
technologies could potentially be applied even beyond

manufacturing, such as in construction supply chains
(Dallasega, Rauch, and Linder 2018), humanitarian sup-
ply chains (Kumar and Singh 2021), and in fighting the
current pandemic (Lepore et al. 2021).

Successful implementation of 14.0 potentially enables
a higher level of self-configuration, automation, informa-
tisation and decentralised decision-making (Stock and
Seliger 2016). Such significant transformation is enabled
by cyber-physical production systems, which sense and
act upon their immediate surroundings. These systems
are enhanced by machine learning and the Industrial
Internet of Things (IIoT) to create a digital twin of
the manufacturing environment (Negri, Fumagalli, and
Macchi 2017). As application fields widen Liao et al
(2017), the impact of implementing 14.0 is not just lim-
ited to the factory floor level (smart factory), but also
within the internal support functions of an organisation
(R&D, human resources, marketing etc.) and across sup-
ply chain partners (Ivanov, Dolgui, and Sokolov 2019). In
this context, the implementation stage follows the readi-
ness assessment and planning stage in the path towards
the adoption of 14.0 (Himang et al. 2020). The implemen-
tation strategy or method represents a crucial stage and
to a large degree influences the outcome of implement-
ing any digital transformation strategy (Correani et al.
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2020). Embarking on the path towards 14.0 implementa-
tion could potentially improve production performance
(Tortorella et al. 2019; Lorenz et al. 2020). Yet other firms
use 14.0 to enhance environmental (Miiller, Kiel, and
Voigt 2018; Ghobakhloo 2020a) and social sustainability
(Pappas et al. 2018; Margherita and Braccini 2020). At the
same time, implementation represents a major challenge
for SMEs and multinationals that aim to take advantage
of 14.0 in order to underpin new business models and
innovative human-machine work structures.

Given the technical underpinning of 14.0, it is not
surprising that initially the organisational dimension
of implementing I4.0 remained overlooked and under-
studied. Therefore, previous literature reviews have
approached implementation from a technology-centric
viewpoint. For instance, 14.0 technologies have been clas-
sified (Oztemel and Gursev 2020) and application fields
have been reviewed in the context of manufacturing
(Zheng et al. 2020) and remanufacturing (Kerin and
Pham 2019). Others reviewed the data-driven paradigm
of 14.0 technologies (Klingenberg, Borges, and Antunes
Jr 2019) and technology lifecycle (Nuiiez-Merino et al.
2020). Similarly, literature review papers have exam-
ined I4.0 technology-centric design principles, including
interoperability and predictability (Butt 2020) to under-
stand maintenance transformation (Silvestri et al. 2020),
the predictive maintenance capabilities of 14.0 (Zonta
et al. 2020) and additive manufacturing (Hernandez
Korner et al. 2020). Other reviews have also investigated
specific operational aspects. For instance, Xu, Xu, and Li
(2018) examined both the technological and operational
perspectives of implementation, focusing on the smart
factory environment.

As reviews like those mentioned above have covered
the technology in detail and touched upon operational
plant or factory aspects, reviewing 14.0 implementation
from the organisational perspective remains an impor-
tant research gap. Undertaking such a review in a more
granular manner can inform our understanding of imple-
mentation beyond the purely technological aspects of the
ongoing industrial transformation. There is a pressing
need to review the literature from such a vantage point,
due to the rapidly increasing number of empirical publi-
cations related to the management of implementing 14.0
(Schneider 2018; Piccarozzi, Aquilani, and Gatti 2018).
Also, routine disruptions (e.g. market volatility) and the
recent pandemic have created a context of uncertainty
regarding organisational value creation with a pressing
need for shifting operations towards digitisation and
automation (McKinsey & Company et al. 2020; Papa-
giannidis, Harris, and Morton 2020; Seifert and Markoft
2021).

Scholars have recently started to review various man-
agement aspects of 14.0. For example, reviews have inves-
tigated 14.0 maturity and readiness models (Hizam-
Hanafiah, Soomro, and Abdullah 2020; Hajoary 2021) or
more commonly the implications for sustainability and
the process integration of 14.0 (Kamble, Gunasekaran,
and Gawankar 2018). In the same vein, Sony and Naik
(2020) systematically reviewed the design mechanism for
implementing 14.0 from a socio-technical perspective,
acknowledging the role of the human element in 14.0.

Extant reviews have to some degree investigated 14.0,
regarding specific yet narrow aspects related to differ-
ent types of business model and work design (Wagire,
Rathore, and Jain 2019), and increasingly lean prac-
tices (Erro-Garcés 2019; Bittencourt, Alves, and Ledo
2021). Most notably, Schneider (2018) provided a com-
prehensive review of the relevant management literature
from 2010 to 2016, recognising the role of the manager
and the importance of management strategy for change
and leadership, yet not elaborating specifically on 14.0
implementation. Similarly Piccarozzi, Aquilani, and Gatti
(2018) have reviewed studies published from 2014 to
2018 and defined the managerial working definition of
14.0, aiming to understand developments at the single
firm level with limited elaboration on 14.0 implemen-
tation resources, stages, and outcomes. Although some
light has been shed on specific organisational aspects,
the full picture of what implementation encompasses
remains fragmented. Implementation of 14.0 solutions is
an evolving process dependent on the implementation
style (Geels et al. 2021). However, the areas of use for 14.0
(i.e. factory, project, product, process, etc.) have so far not
been effectively linked to the organisation.

Given the above and the gaps in the 14.0 reviews, the
purpose of this paper is to address the following two
research questions: (a) What are the antecedents and
outcomes of 14.0 implementation for organisations? (b)
What is the research agenda on the implementation of
14.0 from an organisational perspective and how can we
synthesise and address the limitations? Viewing 14.0 from
an organisational perspective amalgamates the opera-
tional (Xu, Xu, and Li 2018), management (Piccarozzi,
Aquilani, and Gatti 2018) and the relatively well-studied
technical considerations. Such an approach helps delin-
eate the stages of implementation (Stornelli, Ozcan, and
Simms 2021) and the wider complexities of implementa-
tion at multiple levels. We start by presenting the reason
for the review methodology adopted for this systematic
review in Section 2 and the results of the text-mining
analysis in Section 3. The identified research streams
were grouped within five levels and critically reviewed
(Section 4). Lastly, we present and discuss potential



avenues for future research on implementing 14.0 from
an organisational perspective.

2, Methodology

The current review employed a methodology based
on Tranfield, Denyer, and Smart (2003) and guided
by Denyer and Tranfield (2009), following the process
shown in Figure 1. During the preparation stage, the
guidelines for the review were set out and the research
focus and goals were defined. These shaped the research
questions and direction of the study.

Following the first step, the articles were filtered, eval-
uated, and rated to validate the relevance to the research
objectives. The third stage included the text-mining
operation (Davlembayeva, Papagiannidis, and Alamanos
2019; Pavlidou, Papagiannidis, and Tsui 2020), followed
by the qualitative review. Each step is discussed in more
detail below.

2.1. Review preparation

The preparation stage included the planning and formu-
lation of the review protocols based on the gaps identified
within the literature. A preliminary examination of the
literature was conducted to facilitate the identification
and clarification of the research gaps within the literature
from multiple angles, supporting the formulation of the
research objectives. An initial review of extant studies on
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implementing 14.0 supported the need to undertake the
review.

2.2. Selection and assessment

To capture the full spectrum of data contained in the
pool of papers on 14.0 all the articles with the keywords
‘Industry 4.0’ and ‘Tmplementation’ mentioned in the
title, keywords or abstract of the paper were selected from
the Scopus database, as of February 2021. Scopus is user-
friendly, includes a wide range of journals (approx. 20%
more coverage compared to WoS) and is more consis-
tent than other databases like Google Scholar (Falagas
et al. 2008). Articles available in full text and in English
were included in the initial search criteria. No limits were
set on the publication year. Subject areas were filtered
to exclude highly technical domains (e.g. mathematics,
chemical engineering, medicine) while including subject
areas relating to or within the boundaries of manage-
ment, which reduced the number of articles to 506. The
articles were then subjected to an independent screening
by all the authors, who reviewed the meta information
(title, abstract, keywords). At this final screening stage,
all papers were rated from zero to two, based on the
relevance to the review’s research objectives.

After rating, 52 papers were given an average rat-
ing of 2, indicating a direct link to implementation and
45 papers were rated between 1.5 and 2, indicating a
high link to implementation. Another 375 papers were
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days yio
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o
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Figure 2. (a) Cases by year of publication, (b) cases by country of origin, (c) cases by subject area, (d) cases by methodology, (e) units-of-

analysis.

rated below 1.5, showing indirect or only partial rela-
tion to implementation. In total, 97 articles rated above
1.5 were included in the review, while the remaining 375
papers were excluded due to limited elaboration on actual
implementation or partial data. The pool of 97 articles
were predominantly published in the period from 2018
to 2021 (see Figure 2(a)) as ‘I4.0 implementation’ has
only recently surged in popularity. Articles originated
from a diverse background, from both developing and
developed nations (see Figure 2(b)). Studies predomi-
nantly represent the business domains. Multidisciplinary
studies often overlapped with engineering and computer
science subject areas, which were also represented (see
Figure 2(c)). From a methodological perspective, most
studies (84%) were empirical, including 39 surveys and
questionnaires and 23 case studies. The remainder of the

papers (16%) was conceptual (see Figure 2(d)). Lastly, the
studies have researched I4.0 at different units-of-analysis,
including several at the individual and asset level, but
mostly at the organisation level and rarely at the industry,
plant, or group level (see Figure 2(e)).

2.3. Text mining

The data extraction stage included the text-mining oper-
ation, consisting of three sub-stages of pre-processing,
the text-mining operation, and clustering of themes. The
pre-processing stage aimed to clean the data presented
in the articles to reveal the relevant textual data for the
next stage of the text-mining process. For the purposes
of this research, figures and images as well as the data
contained within brackets ‘()’ and braces © were removed,



as this presented irrelevant information like references.
Also, due to the range of similar terms with the same
meaning throughout the corpus, terms were thematically
substituted and represented by single keywords (e.g. firm
and company). Similarly, a number of plural and sin-
gular versions, as well as acronyms, were standardised
and replaced with single word terms to avoid duplicate
results. In addition, to simplify the synthesis process,
potentially redundant or duplicated segments scattered
across the documents (e.g. references or journal details)
were excluded from the synthesis.

Following the pre-processing stage, the processed text
was imported into Wordstat (QDA miner add-on soft-
ware) for quantitative full-text analysis. In order to clar-
ify the existing themes within the corpus, the keyword
frequency analysis (limited to 100 results) and phrase fre-
quency was reviewed to illustrate the most frequent terms
and phrases within the corpus. This was accomplished by
examining the keyword-in-context for every term, which
exposed the list of case segments (article sections) from
which the term had originally been extracted. In addi-
tion, the term frequency-inverse document frequency
(TF+IDF) of every keyword was reviewed to distinguish
the keywords with high frequency, yet low case occur-
rence. Topic extraction and keyword levelling revealed
the relation of similar terms that had the same meaning
or are used within the same context, characterising the
content of the corpus (Ananiadou et al. 2009). Building a
topic model for identifying levels based on keywords and
sentence coherence across the full spectrum of the topics
discussed within the corpus allowed for a more accurate
interpretation of the management complexities.

2.4. Qualitative analysis and synthesis

The qualitative review of individual cases was divided
into two sequential steps. Initially, the abstracts of the
papers were reviewed to clarify the diverse spectrum of
studies and the main topics discussed. This was followed
by a systematic and critical review to determine the aim
of the study, clarify the methodology, and assess the find-
ings of the paper by carefully reading through the body
of the text. Synthesis remains a complex process in the
review as it is necessary to describe the set of the research
identified, assess the reliability of the research outcomes,
combining similar findings into groups (Ananiadou et al.
2009).

2.5. Reporting and dissemination

Multi-document summarisation aims to extract and con-
dense the most salient information collected during the
text mining and review stage (Okazaki, Matsuo, and
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Ishizuka 2005). A summary of the most predominant
levels represented by the principal research streams is
presented. For the purpose of this research, particular
attention has been paid to following a coherent article
structure, choosing the right balance between breadth
and depth, and focusing on concepts (concept-centric)
by thematically structuring the review section as opposed
to a chronological or alphabetical structure of the extant
publications (Fisch and Block 2018).

3. Results

According to Wordstat collection statistics, a total of
21,046 sentences, 216,870-word forms (tokens), and 926-
word types have been analysed. The keyword frequency
results (see Table 1) show the keywords based on the
highest frequency representing the importance of a word
within the context of the larger corpus. The higher the
TF«+IDF the scarcer a term is within the corpus, yet it does
not denote an importance level for any specific term.

To further clarify the relation of the keywords beyond
the frequency list, a dendrogram analysis was under-
taken. Removing the word levels that consist of fewer
than nine words reveals the groups of terms highly related
throughout the corpus. Levels within the dendrogram
results show three predominant research levels. The top-
level linked management principles like lean produc-
tion and lean supply chains with technologies. The sec-
ond level highlighted the interconnection of the industry
level impact of 14.0 and the performance outcome at
the factory level. In comparison, the third level grouped
14.0 technologies, but only those on the factory floor
(Figure 3).

The keyword frequency analysis and the dendrogram
analysis illustrate the complex and widespread group of
studies and emerging research areas of 14.0. For instance,
the top level is formed by twelve similar terms on lean and
other management aspects. Similarly, the second level is
formed by terms related to the impact of 14.0, followed
by the third level, which highlights some technologies.
Therefore, to expand beyond the qualitative and single
level view of 4.0 implementation it was necessary to have
a more in-depth interpretation of the dominant research
levels.

3.1. Clustering

For the clustering, a Non-negative Matrix Factorisa-
tion (NMF) approach was conducted. A total of twenty
research clusters was generated by the text mining based
on the coherence of the dominant keywords within each
cluster, which were then further grouped together (see
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Table 1. Top 50 term results based on frequency.

Keyword FREQ No. CASE TF«IDF Keyword FREQ No. CASE TF«IDF
INDUSTRYF 4096 94 55.9 ORDER 515 78 48.8
COMPANY 3299 93 60.3 RELATIONSHIP 513 69 759
PRODUCT 1175 89 43.9 KNOWLEDGE 489 76 51.8
MODEL 1020 86 533 COMPETENCY 487 42 177
PERFORMANCE 954 74 1121 SUPPLYCHAIN 475 60 99.1
ORGANISATION 914 85 524 APPLICATION 471 77 47.2
SME 780 34 355.1 ADOPT 438 73 54.1
CUSTOMER 756 83 51.2 DIGITALISATION 420 56 100.2
DESIGN 744 79 66.3 BARRIER 414 45 138.1
CHALLENGE 742 84 46.4 CAPABILITY 411 62 79.9
SERVICE 725 81 56.8 EFFECT 409 59 88.3
RESOURCE 687 82 50.1 ROLE 404 73 49.9
FACTOR 625 81 489 CONTEXT 403 66 67.4
EMPLOYEE 620 69 91.7 SOLUTION 395 72 51.1
DIGITAL 586 80 49 SECTOR 389 66 65.1
INTEGRATION 558 77 56 LEAN 386 28 208.3
INNOVATION 553 69 81.8 TOOL 383 73 47.3
CASE 552 73 68.1 MATURITY 380 30 193.7
IMPACT 548 80 45.9 ACTIVITY 361 68 55.7
SUSTAINABILITY 546 57 126.1 MANUFACTURER 348 47 109.5
PRACTICE 539 77 54.1 COUNTRY 339 66 56.7
PROJECT 536 53 140.7 INFLUENCE 339 61 68.3
10T 529 43 186.9 IMPROVEMENT 337 69 49.8
NETWORK 523 74 61.5 CHAIN 336 68 51.8
ORGANISATIONAL 520 71 70.5 EXPERT 335 51 93.5
]
] |_
(-
[ — ]
C
[
]
(.

COMNVEYOR

Figure 3. Dendrogram.

Table 2). The coherence, a measure of the logical inter-
connections between the keywords that shape the cluster,
and both the frequency and case occurrence, show a high
representation of the articles in the corpus, while more
clearly distinguishing between streams of research at each
level.

.  E—
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SLAVE I
OBIECT
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SLIDER
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4. Literature review

Based on the text-mining analysis, eleven distinct streams
of research that are related to the implementation of
14.0 have been identified. The results directly address
the first research question: What are the antecedents and
outcomes of 4.0 implementation for organisations?



Table 2. Clustering of 14.0 literature streams.
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LEVEL STREAM DESCRIPTION KEYWORDS COHERENCE FREQUENCY NO. CASES
INDUSTRY AND FIRM INDUSTRY DRIVERS Examining the relevance DRIVER; RELE- 0.374 1814 94
AND BARRIER of implementing VANT; BARRIER;
14.0 within the larger GLOBALISATION;
regional and industry PERCEIVE
context
ORGANISATIONAL Investigating the effect NEGATIVE; EFFECT; 0.362 413 59
ENABLERS OF 14.0 of organisational 14.0 POSITIVE; ACCEP-
enablers TANCE; POSITIVE
EFFECT; EFFECT
MANUFACTUR-
ING COMPANY;
CHALLENGES
REGARD
ORGANISATIONAL Using models and tools to MATURITY; ASSESS- 0.335 883 85
READINESS AND assess the organisational MENT; MODEL;
MATURITY readiness for practising READINESS; FOCAL;
14.0 based on level of MATURITY MODEL;
maturity MATURITY ASSESS-
MENT; INDUSTRYF
MATURITY; MATU-
RITY LEVEL; DIGITAL
MATURITY
14.0 TECHNOLOGIES Identifying and grouping IDT; SMARTMAN- 0.356 632 38
AND FACTORY 14.0 enabling technolo- UFACTURING;
ENABLERS gies and describing DETERMINANT;
the determinants for KNOWLEDGE COM-
adoption at the factory PETENCY; ADOPT
SMIDT
EFFECT ON FACTORY Studying the indicators PERFORMANCE; 0.360 992 84
PERFORMANCE and effect of 14.0 on OPERATIONAL;
the operational and FINANCIAL;
financial performance IMPROVEMENT;
LEAN; LEANPRO-
DUCTION; BUSINESS
PERFORMANCE;
LEAN PRACTICES;
PERFORMANCE
INDICATORS
EFFECT ON FACTORY Describing the indicators GUIDELINE; ERP; 0373 529 52
SUSTAINABILITY and effect of 14.0 on STEPS ACTIVITIES;
factory, environmental SUSTAINABILITY
and social sustainability ASPECTS; ENVI-
RONMENTAL
SUSTAINABILITY;
IMPLEMENTATION
GUIDELINES
DATA BIG DATA ANALYTICS Examining data ecosystem BIGDATA; ANALYTICS; 0.351 266 42
for collection, transfer, 10T; BDA; BIGDATA
storage, and analytics ANALYTICS; I0T
using loT and BDA ECOSYSTEM; BDA
SCM
CLOUD Researching data mobility CLOUD; HYBRID; 0.342 514 66
and decentralised PRIVATE; PUBLIC;
accessibility LAYER; IAAS LAYER;
SUPPLYCHAIN
NETWORKS
JOB PROFILES & Investigating new job JOB; COMPETENCY; 0.365 724 72

COMPETENCY

profiles, new skills,
and competency
requirements for
employees and the
future workforce

PROFILE; SKILL;
EMPLOYEE; KEY
COMPETENCY;
COMPETENCY
MISMATCH;
JOB PROFILE;
COMPETENCY
DEVELOPMENT;
COMPETENCY
MODEL; COM-
PETENCY
REQUIREMENTS

(continued)
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Table 2. Continued.

LEVEL STREAM DESCRIPTION KEYWORDS COHERENCE FREQUENCY NO. CASES
SUPPLY CHAIN HORIZONTAL Examining the links PRODUCT; CUSTOMER; 0.333 603 57
INTEGRATION of 14.0 and supply SUPPLY; CUSTOMER
chain partners and USERS; EPR;
stakeholders PRODUCT DESIGN;
PRODUCT LIFE
CYCLE; PRODUCT
DEVELOPMENT
RECYCLING & RE- Describing 14.0 enabled EEE; WEEE; REMAN- 0.348 180 9
MANUFACTURING recycling and reuse UFACTURE;
of products and the RECYCLING;

relation of 14.0 to the
circular economy

Table 3. Industry drivers and barriers.

Table 4. Organisational enablers of 14.0.

Sub-themes Indicative references

Sub-themes Indicative references

Government policies and
regulations

Prause (2015); Lin et al. (2018); Slusarczyk,
Haseeb, and Hussain (2019); Grencikova,
Kordos, and Sokol (2019); Herceg et al.
(2020); Yu and Schweisfurth (2020);
Kumar, Vrat, and Shankar (2021)

Alekseev et al. (2018); Lin et al. (2018);
Saniuk and Saniuk (2018); Mdiller,

Kiel, and Voigt (2018); Tortorella and
Fettermann (2018); Tortorella et al.
(2019); Ghobakhloo and Ching (2019);
Bosman, Hartman, and Sutherland
(2019); Himang et al. (2020); Szabo et al.
(2020); Pech and Vrchota (2020)

Competitive pressure and
imposition by local
environment

The literature landscape on ‘industry 4.0 implemen-
tation’ is represented by five broad levels, namely indus-
try and firm, smart factory, data, human resource and
supply chain. The following section presents the insights
on the main themes covered by each stream within each
of the levels related to the organisation. In addition,
indicative references are presented for each sub-theme.
The Appendix shows the full list of references attributed
to each stream.

4.1. Level 1:industry and firm level

In this section, we summarise and contextualise the
drivers of implementing I4.0 at the industry level
(Table 3) and the organisational enablers at the firm level
(Tables 4 and 5). Solutions to barriers, as well as manage-
ment topics, have been increasingly studied in relation to
a different aspect of implementation.

4.1.1. Stream 1:industry drivers and barriers

Drivers for adopting 14.0 vary due to different govern-
ment policies and regulations across different regions
and countries. The literature distinguishes the relative
significance of adopting 14.0 within regional (Pessot
et al. 2020) and country-specific contexts (Singhal 2020)
at the industry level. Overcoming unique regional and

Flattening managerial
hierarchy and experience

Jerman, Peji¢ Bach, and Aleksi¢ (2020);
Veile et al. (2019); Cimini et al. (2020);
Vrchota et al. (2021)

Hauer, Harte, and Kacemi (2018); Salimon
et al. (2019); Veile et al. (2019); Bosman,
Hartman, and Sutherland (2019);
Chofreh et al. (2020); Stentoft and
Rajkumar (2020); Himang et al. (2020);
Yu and Schweisfurth (2020); Vrchota
et al. (2021); Robert et al. (2020); Devi
et al. (2021); Wagire et al. (2021); Butt
(2020); Raj et al. (2020); Bag et al. (2021)

Kohnova, Papula, and Salajové (2019);
Slusarczyk, Haseeb, and Hussain (2019);
Barata et al. (2019); Wagire et al. (2021);
Robert et al. (2020); Butt (2020); Kumar,
Vrat, and Shankar (2021); Bag et al.
(2021)

Gerlitz (2015); Prause (2015); Pfeiffer, Lee,
and Held (2019); Herceg et al. (2020);
Himang et al. (2020)

Bibby and Dehe (2018); Miller, Kiel, and
Voigt (2018); Veile et al. (2019); Kohnova,
Papula, and Salajova (2019); Rajput and
Singh (2019b); Rauch, Dallasega, and
Unterhofer (2019); Sader, Husti, and
Daréczi (2019); Zangiacomi et al. (2020);
Saabye et al. (2020); Robert et al. (2020);
Ingaldi and Ulewicz (2020); Sony (2020);
Cre$nar et al. (2020); Narula et al. (2020);
Pollak et al. (2020); Yu and Schweisfurth
(2020); Bag et al. (2021); Ramirez-Duradn
et al. (2021); Liebrecht et al. (2021);
Calabrese et al. (2021)

Internal alignment,
communication and
information sharing

Openness to change and
leadership

Open innovation and
resource sharing

Resource sensing, mapping,
and reconfiguration

county-specific barriers inherent in emerging and devel-
oped economies requires a context-specific and tailored
approach (Alekseev et al. 2018; Slusarczyk 2018). For
example, government support as a proactive stakeholder
(Kumar, Vrat, and Shankar 2021) and e-government ser-
vices (Slusarczyk, Haseeb, and Hussain 2019) can differ-
entiate regional approaches. Low interest rates (Kohnova,
Papula, and Salajova 2019), and industry specific sub-
sidies (Lin et al. 2018) can boost investment in imple-
menting 14.0 (Grencikova, Kordo$, and Sokol 2019). In
contrast, boundaries to implementation in the form of
overregulation impede technology implementation and



Table 5. Organisational readiness and maturity.

Sub-themes Indicative references
Readiness thbakhloo and Fathi (2019); Herceg et al. (2020);
assessment Cresnar et al. (2020); Simetinger and Zhang

(2020); Wagire et al. (2021)

Birkel et al. (2019); Gu et al. (2019); Saengchai
and Jermsittiparsert (2019); Kumar, Vrat, and
Shankar (2021)

Bibby and Dehe (2018); Lin et al. (2018); Ellefsen
etal. (2019); Wagire et al. (2021); Simetinger and
Zhang (2020); Herceg et al. (2020); Liebrecht
etal. (2021)

Simetinger and Zhang (2020); Robert et al. (2020);
Pessot et al. (2020); Narula et al. (2020); Liebrecht
etal. (2021)

Veile et al. (2019); Zangiacomi et al. (2020); Pollak
et al. (2020); Saabye et al. (2020); Butt (2020);
Kumar, Vrat, and Shankar (2021)

Legal readiness

Maturity models

Recalibrating KPIs

Pilot projects and
use cases

manufacturing innovation (Herceg et al. 2020; Yu and
Schweisfurth 2020; Kumar, Vrat, and Shankar 2021).
Also, universities and other centres of research can be
a source of knowledge and cooperation (Szabo et al.
2020; Vrchota et al. 2021). Within regional markets,
SMEs require a different approach compared to large
firms (Miiller, Kiel, and Voigt 2018; Pech and Vrchota
2020). Smaller firms within networks were found to be
indirectly pressured by partners along the supply chain
(Ghobakhloo and Ching 2019; Himang et al. 2020).
SMEs were also found to be pressurised by competi-
tors (Bosman, Hartman, and Sutherland 2019; Himang
et al. 2020) and customers in B2B contexts (Szabo et al.
2020) to digitise and implement 14.0. In parallel, tech-
nology selection and integration challenge SMEs (Yu and
Schweisfurth 2020). In addition, empirical studies on
regional factories implementing 14.0 to a varying degree
were found to adopt a passive stance, despite showing a
high willingness to implement the necessary technolo-
gies (Ingaldi and Ulewicz 2020; Pessot et al. 2020; Vrchota
etal. 2021). This is due to hidden risks, which may endan-
ger current capabilities and jeopardise competitiveness in
the market (Bag et al. 2021; Ramirez-Duran et al. 2021).
Lastly, a few studies explored the socio-economic effects
of 14.0 across multiple countries. They identified a lack
of industry standards and 14.0 strategy as major barriers,
partly overcome by lean practices (Tortorella and Fetter-
mann 2018; Tortorella et al. 2019; Raj et al. 2020). Glob-
ally, unclear benefits (Slusarczyk 2018; Alekseev et al.
2018) hamper implementation while regionally organi-
sations vary in their approach. Eastern European studies
found the need for technology competence and the short-
age of skilled human resource as challenges (Kohnova,
Papula, and Salajova 2019; Szabo et al. 2020). In com-
parison, western European regions had a lack of clear
digital vision (Pessot et al. 2020). SMEs were widely stud-
ied in other European countries (Chiarini, Belvedere, and
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Grando 2020), Asian (Ghobakhloo and Ching 2019) and
African regions (Salimon et al. 2019).

4.1.2. Stream 2: organisational enablers of 14.0

The review of organisational enablers (Table 4) consid-
ered a spectrum of industry and firm challenges inher-
ent in the implementation of 14.0. For instance, stud-
ies attribute flattening organisational structures (Jerman,
Peji¢ Bach, and Aleksi¢ 2020) and therefore manage-
rial hierarchy (Veile et al. 2019) to widening the span
of control (Cimini et al. 2020). This has raised the
need for leadership and experience with digital change
(Johansson et al. 2019; Vrchota et al. 2021). Also, ever-
increasing decentralisation of structures may require
organisations to spin-off business units (Veile et al. 2019)
to improve agility across departments (Butt 2020). How-
ever, although structural and cultural changes have been
considered as key organisational enablers for the imple-
mentation of 1.4.0, there is as yet a lack of understand-
ing about whether new I4.0 teams or new departments
should be prioritised. Our analysis found a few studies
on value creation but none on value protection. Beyond
traditional corporate communication methods such as
internal social media (Hauer, Harte, and Kacemi 2018),
alignment is contingent on the level of access to informa-
tion (Salimon et al. 2019). High-level information shar-
ing can display performance improvement data (Robert
et al. 2020) and accelerate the sharing of ‘soft resources’
like documents and software (Wagire et al. 2021). Under-
standably, resource sharing needs to be regulated so as to
reduce cybersecurity risks (Raj et al. 2020).

In addition to structure, studies attribute organisa-
tional enablers to the culture of the firm. Promoting and
fostering a culture of innovation (Barata, Rupino Cunha,
and Coyle 2019) improves internal culture (Wagire et al.
2021; Bag et al. 2021) and makes it possible for firms to
overcome regional social-cultural barriers (Kumar, Vrat,
and Shankar 2021). For instance, openness and will-
ingness to embrace change enables information sharing
(Pfeiffer, Lee, and Held 2019) and affects the knowl-
edge development process (Kohnova, Papula, and Sala-
jova 2019). Successfully introducing new 14.0 communi-
cation technologies hinges on the initial reconfiguration
of both organisational culture and structures (Slusarczyk,
Haseeb, and Hussain 2019; Cimini et al. 2020).

Alternatively, to overcome rigid organisational struc-
tures and culture and a lack of ICT technology, absorp-
tive capacity and open innovation have been increasingly
studied as organisational enablers. For example, Yu and
Schweisfurth (2020) pointed to absorptive capacity as
an enabler for organisational capability to sense, eval-
uate and learn from external sources of information in
ICT implementation. In addition, open innovation can



4374 (&) H.NAYERNIAETAL.

encourage new resource acquisition by involving the end-
user and customers at the manufacturing stage (Gerlitz
2015; Prause 2015; Pfeiffer, Lee, and Held 2019; Himang
et al. 2020), especially for SMEs (Prause 2015). How-
ever, there have been no studies on the balance of open-
ness (Himang et al. 2020) and the degree of indigenous
R&D (Kumar, Vrat, and Shankar 2021) as implemen-
tation unfolds. In the same vein, the effective imple-
mentation of sharing technologies (Chiarini, Belvedere,
and Grando 2020) enables active resource sharing and
facilitates the exploration of new services and streams
of revenue (Calabresee et al. 2021). Resource sharing is
commonly followed by the exploitation of value propo-
sitions based on parallel innovation of both technology
and management. The reconfiguration of tangible and
intangible resources under different business conditions
is an important aspect of 4.0, especially in the under-
studied Socio Technical Systems (Sony and Naik 2019;
Pollak et al. 2020). In this context, there was only one
study on dynamic capabilities as a strategy for resource
reconfiguration scenarios (Bag et al. 2021).

4.1.3. Stream 3: organisational readiness and
maturity

Atthe firm level, the next stream reviews studies that have
examined the organisational readiness and maturity for
implementing 14.0, as summarised in Table 5.

Regardless of organisational and industry enablers,
firms are urged to assess the readiness for implementing
14.0 by quantifying the current maturity of the organ-
isation. The literature differentiated between readiness
assessments and maturity models for 14.0, assisting man-
agers and practitioners in accordance with legal, ethical
and contractual requirements (Saengchai and Jermsitti-
parsert 2019; Kumar, Vrat, and Shankar 2021). Assess-
ing the preparedness of a firm aiming to implement
4.0 has been characterised as an important tool to ‘test
the readiness for initialisation of the digitalization pro-
cess’ according to Herceg et al. (2020). Yet there were
few empirical studies in this area. For example, Cre$nar
et al. (2020) surveyed and presented empirical evidence
about the importance of traditional management tools
like balanced scoreboards and customer segmentation,
as important readiness factors. Other studies examined
the preparations for implementation based on system
thinking (Simetinger and Zhang 2020).

14.0 maturity models (MM) in comparison received
more attention, due to the increasing contribution to
practice as a more applicable guideline and tool for
managers in developing frameworks and roadmaps for
change (Liebrecht et al. 2021). Comparison of 14.0 matu-
rity models defined the logical dependencies which have
to be overcome (or ‘breaking point’) in order to reach

a higher level of 14.0 maturity (Simetinger and Zhang
2020).

Our analysis found studies broadening the maturity
indicators beyond the smart factory and I4.0 technologies
by including organisational factors, people, culture, and
strategy measures (Bibby and Dehe 2018; Wagire et al.
2021; Herceg et al. 2020). In contrast, the levels of imple-
mentation have been measured less frequently based on
management indicators like decision-making, resource
allocation, strategy, and policy formulation (Himang
et al. 2020).

Inevitably the increasing maturity of manufactur-
ers implementing 14.0 changes how I4.0 is measured
and how the business model evolves. For example, the
degree of implementation and the actual delivery sys-
tem/methods were found to be highly interdependent
(Butt 2020). This raised the need for standardised imple-
mentation protocols and alignment and governance to
better determine performance (KPI), risk (KRI), and pro-
cess (PPI) indicators. KPIs and strategic impact factors
for implementation were based on cost, time, quality,
employees, and flexibility (Liebrecht et al. 2021). They
were defined at, and were limited to, single business units
(Pessot et al. 2020). Implementation, however, was not
only linked to process management, but many other fac-
tors, such as production planning and control, logistics,
supply chain management, cybersecurity and customer
support (Narula et al. 2020).

To this end, the implementation of pilot projects was
deemed advantageous in terms of overcoming matu-
rity model breaking points (Veile et al. 2019; Pol-
lak et al. 2020; Kumar, Vrat, and Shankar 2021) as a
reversible test environment, minimising disruptions to
operations (Butt 2020). For instance, the implementa-
tion of 14.0 has been linked to an increased level of
R&D (Lin, Wu, and Song 2019), which if localised to
pilot projects can help identify project-specific budget
and resource requirements (Prause 2015; Veile et al.
2019). The early stages of technology implementa-
tion were found to benefit from guided ‘exploration
projects’ and pilot programmes, and limited invest-
ment to allow integration and challenges to drive inno-
vation and the scalability of technology (Ghobakhloo
2020b).

4.2. Level 2: smart factory

4.2.1. Stream 4: industry 4.0 technologies

Enabling technologies can significantly drive the imple-
mentation of I4.0. In this section we briefly (as this is not
the main focal point of this review) consider the tech-
nologies underpinning 14.0 at the smart factory level,
dividing them into two groups, namely information and



digital technologies (IDT) and manufacturing technolo-
gies, as shown in Table 6.

Studies in the first group compared different imple-
mentation techniques for IDTs. For instance, the Internet
of Things (IoT) and Big Data Analysis (BDA) amplify
the firm’s data capabilities by ‘developing the [communi-
cation] protocols for the heterogeneous devices’ (Rajput
and Singh 2019b) and ‘improving predictions of cus-
tomer needs’ for technology and manufacturing com-
panies (Oncioiu et al. 2019). Similarly, Artificial Intelli-
gence (Al), neural networks and machine learning have
often been linked to I4.0 implementation. They have

Table 6. 14.0 ICT and manufacturing technologies.
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Table 6. Continued.

Sub-themes

Indicative references

14.0 MANUFACTURING TECHNOLOGIES

Industrial sensors
e.g. RFID

Autonomous
robots & Cobots

Machine & process
controller e.g.
PLC

Conveyors, sliders,
actuators &

Ghobakhloo and Fathi (2019); Arcidiacono et al.
(2019); Sanghavi, Parikh, and Raj (2019);
Barata et al. (2019); Magalhaes, Lugli, and
Pimenta (2020); Wagire et al. (2021); Pech
and Vrchota (2020); Konur et al. (2021)

Wilkesmann and Wilkesmann (2018); Bibby
and Dehe (2018); Ghobakhloo and Ching
(2019); Yazdi, Azizi, and Hashemipour
(2019); Stentoft and Rajkumar (2020); Yu and
Schweisfurth (2020); Wagire et al. (2021);
Chiarini, Belvedere, and Grando (2020)

Rakyta et al. (2016); Ghobakhloo and Ching
(2019); Yazdi, Azizi, and Hashemipour
(2019); Ghobakhloo (2020b); Konur et al.
(2021); Ramirez-Duran et al. (2021)

Rakyta et al. (2016); Yazdi, Azizi, and
Hashemipour (2019); Sanghavi, Parikh, and

Sub-themes

Indicative references

14.0 ICT TECHNOLOGIES

loT & lloT

BDA

Artificial
intelligence-Al

High-performance
computing and
simulation

Augmented
Reality/ Virtual
Reality

Cybersecurity and
Blockchain

Enterprise Resource
Planning &
Manufacturing
Execution
System

Cloud

Wilkesmann and Wilkesmann (2018);
Tarifa-Fernandez, Sanchez-Pérez, and
Cruz-Rambaud (2019); Rajput and Singh
(2019b); Singh and Bhanot (2020);
Stentoft and Rajkumar (2020); Jiwangkura
and Sophatsathit (2020); Chiarini, Belvedere,
and Grando (2020); Devi et al. (2021); Pollak
et al. (2020); Yu and Schweisfurth (2020);
Wagire et al. (2021); Konur et al. (2021)

Bibby and Dehe (2018); Haseeb et al. (2019);
Ghobakhloo and Ching (2019); Birkel et al.
(2019); Sader, Husti, and Dardczi (2019);
Rajput and Singh (2019b); Rauch, Dallasega,
and Unterhofer (2019); Oncioiu et al. (2019);
Stentoft and Rajkumar (2020); Szabo et al.
(2020); Devi et al. (2021); Pech and Vrchota
(2020); Pollak et al. (2020); Konur et al. (2021)

Ellefsen et al. (2019); Ghobakhloo and Ching
(2019); Ghobakhloo (2020b); Birkel et al.
(2019); Fertsch (2020); Wagire et al. (2021);
Konur et al. (2021)

Wang and Wang (2018); Rosin et al. (2019);
Ghobakhloo and Ching (2019); Stentoft and
Rajkumar (2020); Zangiacomi et al. (2020);
Narula et al. (2020); Urban et al. (2020);
Calabrese et al. (2021)

Wilkesmann and Wilkesmann (2018);
Ghobakhloo and Ching (2019); Ghobakhloo
(2020b); Rauch, Dallasega, and Unterhofer
(2019); Pech and Vrchota (2020); Butt (2020)

Bibby and Dehe (2018); Ghobakhloo and Ching
(2019); Gu et al. (2019); Birkel et al. (2019);
Wagire et al. (2021); Yu and Schweisfurth
(2020); Calabrese et al. (2021); Konur et al.
(2021)

Bibby and Dehe (2018); Wang and Wang
(2018); Ghobakhloo and Ching (2019);
Sanghavi, Parikh, and Raj (2019): Sader,
Husti, and Dardczi (2019); Ghobakhloo
and Fathi (2019); Rauch, Dallasega, and
Unterhofer (2019); Lin et al. (2018); Chofreh
etal. (2020)

Bibby and Dehe (2018); Saniuk and Saniuk
(2018); Singh and Bhanot (2020);
Ghobakhloo and Ching (2019); Sundarakani
et al. (2019); Birkel et al. (2019); Szabo et al.
(2020); Pech and Vrchota (2020); Wagire
et al. (2021); Pessot et al. (2020); Chiarini,
Belvedere, and Grando (2020); Konur et al.
(2021); Calabrese et al. (2021)

(continued)

Automated Raj (2019); Chiarini, Belvedere, and Grando
guided vehicles (2020)
Additive Ghobakhloo and Ching (2019); Turner et al.

manufacturing (2019); Pech and Vrchota (2020); Devi
et al. (2021); Wagire et al. (2021); Chiarini,
Belvedere, and Grando (2020)

CAD and CNC Urban et al. (2020); Ramirez-Duran et al. (2021)

been widely regarded as a critical tool to improve the
planning and logistics of the factory (Rakyta et al. 2016;
Ellefsen et al. 2019). For instance, neural-pseudo net-
works have been found to improve production planning
(Fertsch 2020), augmenting current IT systems, while
machine learning has introduced a higher level of pre-
dictability and self-configuration in production planning
and control by predicting and maintaining, or adjusting
to, optimal production conditions (Ellefsen et al. 2019;
Rauch, Dallasega, and Unterhofer 2019; Konur et al.
2021). Data-intensive technologies are augmented by
high-performance computing (Ghobakhloo and Ching
2019; Calabrese et al. 2021) and further augment simu-
lation capabilities (Urban et al. 2020), like ‘virtual testing’
(Narula et al. 2020) and discrete event simulation (Yazdi,
Azizi, and Hashemipour 2019). Also, virtualisation is
facilitated by virtual and augmented reality (AR/VR) to
provide services for both users and clients (Pech and
Vrchota 2020; Ramirez-Durén et al. 2021).

Increasing mobility and the decentralisation of tech-
nologies have been found to intensify cyber-attacks.
Security risks can be mitigated through data protec-
tion measures (Stentoft and Rajkumar 2020) by read-only
access to production control data (Konur et al. 2021) and
Blockchain technology (Bibby and Dehe 2018; Wagire
et al. 2021). In fact, cyber security is regarded as a pre-
requisite to other I14.0 IDT technologies (Yu and Schwe-
isfurth 2020; Calabrese et al. 2021). Existing technolo-
gies, such as the Manufacturing Execution System and
enterprise resource planning, are found to be a reliable
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foundation for implementing more advanced technolo-
gies (Bibby and Dehe 2018; Sader, Husti, and Dardczi
2019; Ghobakhloo and Ching 2019). Also, cloud com-
puting capabilities are interlinked with big data analytics,
in turn improving real-time connectivity and traceability
across the supply chains (Bibby and Dehe 2018), facilitat-
ing cloud manufacturing (Calabrese et al. 2021) as well
as enhancing cybersecurity by developing a cloud policy
(Pessot et al. 2020).

The growing maturity, accessibility and affordabil-
ity of present manufacturing technologies also enable
the implementation of 14.0. For example, advanced sen-
sors are widely used to collect data (Magalhaes, Lugli,
and Pimenta 2020; Pech and Vrchota 2020) leveraging
sensor efficiency and capability (Sanghavi, Parikh, and
Raj 2019). Also, autonomous robots are used in prod-
uct development and production (Stentoft and Rajku-
mar 2020; Yu and Schweisfurth 2020), implemented
after changing the plant layout (Chiarini, Belvedere,
and Grando 2020). In addition, controllers (e.g. PLC,
DCS, SCADA) monitor the production and display crit-
ical massages (Rakyta et al. 2016; Ghobakhloo and
Ching 2019), making necessary corrective adjustments
(Konur et al. 2021). Similarly, sliders (Yazdi, Azizi, and
Hashemipour 2018) and automated guided vehicles auto-
mate shop-floor transportation and speed up material
handling (Rakyta et al. 2016; Sanghavi, Parikh, and Raj
2019). In contrast to subtractive manufacturing, additive
manufacturing (e.g. 3D printing) has been increasingly
studied in relation to reducing the inventory (Turner et al.
2019), enabling rapid prototyping (Wagire et al. 2021;
Pech and Vrchota 2020), and customisation (Devi et al.
2021). Lastly, computer-aided design (CAD) tools and
computer numerical control (CNC) machines are used
as base technologies to simplify the flow of technological
documentation during production (Urban et al. 2020),
but also for visualising products and the production pro-
cess (Ramirez-Duran et al. 2021).

Although the literature has yielded rich descriptive
insights about the broad range of technologies that could
be used during the implementation of 14.0, yet there
is a lack of understanding about the decision-making
processes of either buying these technologies from sup-
pliers or developing some of them in-house to ensure
the protection of value and minimise the risks of knowl-
edge misappropriation. In addition, the literature does
not elaborate on the value protection strategies that are
applied during the implementation of 14.0. These ques-
tions are important from an organisational perspective
(Teece 2018). We differentiate the enablers of 14.0 at the
organisation level, which we have reviewed in Stream
2, from the enablers at the level of the smart factory,
expounded below and summarised in Table 7.

Table 7. Smart factory enablers to 14.0.

Sub-themes Indicative references
Operation Lean and agile Sanders, Elangeswaran,
management and Wulfsberg

(2016); Tortorella and
Fettermann (2018);
Marodin et al. (2017);
Tortorella et al. (2019);
Ghobakhloo and Fathi
(2019); Rosin et al.
(2019); Hotrawaisaya,
Pakvichai, and Sriyakul
(2019); Robert et al.
(2020); Zangiacomi

et al. (2020); Saabye
et al. (2020); Creénar
et al. (2020); Chiarini,
Belvedere, and Grando
(2020); Sony (2020);
Cimini et al. (2020)

Sjodin et al. (2018);
Ghobakhloo and Fathi
(2019); Slusarczyk,
Haseeb, and Hussain
(2019); Haseeb et al.
(2019); Sanghavi, Parikh,
and Raj (2019); Chofreh
et al. (2020); Zangiacomi
et al. (2020); Robert et al.
(2020); Saabye et al.
(2020)

Sader, Husti, and Daréczi
(2019); Crednar et al.
(2020)

Saniuk and Saniuk (2018);
Mdiller, Kiel, and Voigt
(2018); Lin et al. (2018);
Singh and Bhanot
(2020); Sundarakani
et al. (2019); Sanghavi,
Parikh, and Raj (2019);
Birkel et al. (2019);
Slusarczyk, Haseeb, and
Hussain (2019); Pfeiffer,
Lee, and Held (2019);
Simetinger and Zhang
(2020)

Ramirez-Duran et al.
(2021); Konur et al.
(2021)

Continuous
improvement
of operations

Total Quality
Management-TQM

Standardisation

Transforming legacy infrastructure

Technology competency and

integration e.g. retrofitting Wang. and Wang (2018);
Ghobakhloo (2020b);
Birkel et al. (2019);
Slusarczyk, Haseeb, and
Hussain (2019); Veile
etal. (2019); Ghobakhloo
and Ching (2019); Yu
and Scheisfurth (2020);
Chiarini, Belvedere,
and Grando (2020);
Herceg et al. (2020);
Ramirez-Duran et al.
(2021); Konur et al.
(2021)

Prause (2015); Rakyta et al.
(2016); Slusarczyk and
Haque (2019); Ellefsen
et al. (2019); Herceg
et al. (2020); Chiarini,
Belvedere, and Grando
(2020)

Integrated logistics




As a general low-tech solution, lean practices such
as lean six sigma (Sony 2020) have been widely dis-
cussed when it comes to implementing the smart factory
(Sjodin et al. 2018). In fact, lean and agile production
have been discussed as enablers of 14.0 implementation
(Chiarini, Belvedere, and Grando 2020) regardless of the
socio-economic conditions or firm size (Tortorella and
Fettermann 2018; Tortorella et al. 2019). Even within
developed nations lean operation and thinking has been
characterised as ‘a solid behavioural and processes foun-
dation on which technologies can foster another layer
of improvements’ (Tortorella et al. 2019). Lean and agile
strategies are a necessity for larger firms (Zangiacomi
etal. 2020) and to simplify implementation and the trade-
off between organisational efficiency and effectiveness for
SMEs (Cimini et al. 2020). In this context, 14.0 imple-
mentation has not only been enabled by lean practices
with customers and suppliers (Hotrawaisaya, Pakvichai,
and Sriyakul 2019), but also through lean manufactur-
ing (LM) or lean production (LP). For instance, sev-
eral elements of Lean Manufacturing, like Just-In-Time
(e.g. pull system), Jidoka, and heijunka can improve pro-
cess optimisation (Sanders, Elangeswaran, and Wulfsberg
2016) and promote I4.0 technology use (Rosin et al. 2019;
Ghobakhloo and Fathi 2019). However, lean manufac-
turing has also been advantageous in reaching a specific
readiness level for implementation (Cresnar et al. 2020).
Equally, Lean Production emphasises the technological
aspects of being lean, including Human Computer Inter-
action (HCI), production optimisation and reconfigura-
bility (Jiwangkura and Sophatsathit 2020). Lean culture
has been found to be advantageous in organisational
restructuring, necessitated by new technology adoption
(Cimini et al. 2020). In addition, lean and agile thinking
ultimately define the degree of continuous improvement
of factory operations across departmental silos (Saabye
et al. 2020; Raj et al. 2020) aiming to improve productiv-
ity (Robert et al. 2020), implement Total Quality Man-
agement and ultimately enhance customer satisfaction
(Sader, Husti, and Dar6czi 2019; Cresnar et al. 2020).

We further found standardisation (e.g. device, process,
communication) and the appropriateness of infrastruc-
ture (Rajput and Singh 2019b; Birkel et al. 2019; Pfeif-
fer, Lee, and Held 2019) to be smart factory enablers.
Standardisation improves competitiveness (Miiller, Kiel,
and Voigt 2018), cybersecurity (Singh and Bhanot
2020), interoperability (Sanghavi, Parikh, and Raj 2019;
Konur et al. 2021) and ultimately vertical integration
(Simetinger and Zhang 2020).

Technology competency and integration also act
as important enablers of the smart factory, especially
for SMEs integrating 14.0 technologies within their
core competencies (Yu and Schweisfurth 2020). For
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instance, IDT knowledge competency can speed up
smart manufacturing information and the adoption of
digital technologies (SMIDT) and I14.0 implementation
(Ghobakhloo and Ching 2019). Retrofitting is also con-
sidered highly complex (Miiller, Kiel, and Voigt 2018),
yet valuable as a tool, when it comes to reducing the cost
of implementation (Birkel et al. 2019). To this end, there
were studies on competencies which define the firm’s
factory resource reconfiguration by means of Dynamic
Capability (Bag et al. 2021). Yet there were only two stud-
ies on transforming legacy systems in a traditional factory
setting (Ramirez-Duran et al. 2021; Konur et al. 2021).
Lastly, there were a few studies on harmonising the
factory with its logistical component. In this context,
the integration of 14.0 technologies has been found to
‘bridge the gap between logistic enterprises’ performance
and shared knowledge and communication’ (Slusarczyk,
Haseeb, and Hussain 2019) for both inbound and out-
bound logistics (Herceg et al. 2020). Other studies inves-
tigated AI for logistics (Ellefsen et al. 2019), automated
guided vehicles (Rakyta et al. 2016) and autonomous
mobile robots (Chiarini, Belvedere, and Grando 2020).

4.2.2. Stream 5: effect of industry 4.0 on factory
performance

As summarised below in Table 8, the successful imple-
mentation of 4.0 is attributed to several beneficial out-
comes related to improved performance and
productivity.

Our analysis uncovered several productivity-related
outcomes of implementation. Paperless manufacturing
and order visualisation were found to reduce production
costs (Liebrecht et al. 2021), while e-value chains aim to
reduce lead times and therefore minimise inventory costs
(Bibby and Dehe 2018). Similarly, improving real-time
analysis can increase production performance by 10%
(Saaybe et al. 2020). Also, cloud operated hybrid supply
chain models could potentially save up to 30% of spend-
ing, due to the transparent and lean ordering and delivery
of supplies (Sundarakani et al. 2019).

Programmable manufacturing advisors can inform
managers on issues related to bottlenecks, settling time
and lead time (Alavian et al. 2020; Ramirez-Durén et al.
2021). Semi-autonomous systems based on monitoring,
virtualising and visualising factory operations address
throughput losses (20-30% in manufacturing), which
commonly result in overtime (Alavian et al. 2020). Rapid
prototyping has been found to improve the agility of
production (Rauch, Dallasega, and Unterhofer 2019)
and contribute to workers’ creativity, due to more broad
design possibilities (Cre$nar et al. 2020). In addition,
integration with customer and supplier processes can
improve the sharing of information and best practices
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(Wagire et al. 2021; Himang et al. 2020). Involving stake-
holders is further linked to performance gains, such as
lead and delivery time, product quality and logistics costs
(Chiarini, Belvedere, and Grando 2020). The use of sen-
sors, cloud, and BDA can improve product quality and

Table 8. Effect on factory performance.

Indicative references

Bibby and Dehe (2018);
Haseeb et al. (2019);
Matyushenko et al.
(2019); Lin, Wu, and
Song (2019); Sader,
Husti, and Daréczi
(2019); Hotrawaisaya,
Pakvichai, and Sriyakul
(2019); Sundarakani
etal. (2019); Sony and
Naik (2019); Singhal
(2020); Urban et al.
(2020); Jiwangkura
and Sophatsathit (2020);
Narula et al. (2020);
Calabrese et al. (2021);
Konur et al. (2021);
Liebrecht et al. (2021)

Marodin et al. (2017);
Miiller, Kiel, and Voigt
(2018); Sjodin et al.
(2018); Pfeiffer, Lee, and
Held (2019); Haseeb
etal. (2019); Lin, Wu, and
Song (2019); Chofreh
et al. (2020); Alavian
et al. (2020); Robert
et al. (2020); Herceg
et al. (2020); Jiwangkura
and Sophatsathit (2020);
Urban et al. (2020);
Konur et al. (2021);
Liebrecht et al. (2021)

Marodin et al. (2017);
Miiller, Kiel, and Voigt
(2018); Yazdi, Azizi, and
Hashemipour (2019);
Johansson et al. (2019);
Wagire et al. (2021);
Szabo et al. (2020);
Nguyen and Luu (2020);
Herceg et al. (2020);
Calabrese et al. (2021);
Konur et al. (2021);
Liebrecht et al. (2021)

Yazdi, Azizi, and
Hashemipour (2018);
Yazdi, Azizi, and
Hashemipour (2019);
Ghobakhloo and Fathi
(2019); Sanghavi, Parikh,
and Raj (2019); Ingaldi
and Ulewicz (2020);
Saabye et al. (2020);
Pessot et al. (2020);
Butt (2020); Konur et al.
(2021)

Sub-themes

Productivity:
Financial and
Quality

Minimising cost

Optimised
operations
process and
turnover rate

Product con-
sistency,
production
quality and
reliability

Productivity:
Machine and
Equipment

Overall Equipment
Effectiveness

Machine and Alavian et al. (2020); Butt
capacity (2020); Konur et al.
utilisation (2021); Liebrecht et al.

(2021)

(continued)

Table 8. Continued.

Sub-themes Indicative references

Productivity:
Flexibility and
Agility

Production speed
and speed of
analysis

Rauch, Dallasega, and
Unterhofer (2019),
Dallasega, and
Unterhofer (2019);
Miiller, Kiel, and Voigt
(2018); Urban et al.

(2020); Saabye et al.

(2020); Urban et al.

(2020); Robert et al.

(2020); Calabrese et al.

(2021); Liebrecht et al.

(2021)

Mdiller, Kiel, and Voigt
(2018); Ghobakhloo
and Fathi (2019); Yu
and Schweisfurth
(2020); Herceg et al.
(2020); Alavian et al.
(2020); Jiwangkura
and Sophatsathit (2020);
Calabrese et al. (2021);
Konur et al. (2021);
Liebrecht et al. (2021)

Production
flexibility
(Mix/Volume)

consistency, by reducing often risky manual decision-
making (Konur etal. 2021). In this context, the virtualisa-
tion of one production line predicted the best conditions
for other lines and future facilities (Nguyen and Luu
2020). Similarly, implementing highly interconnected,
yet energy inefficient ToT ecosystems’ can improve man-
ufacturing performance (Slusarczyk, Haseeb, and Hus-
sain 2019; Singh and Bhanot 2020).

Other experimental time studies (observations made
over a time period) identify Overall Equipment Effi-
ciency (OEE) as an example of a standard for eval-
uating manufacturing productivity (Yazdi, Azizi, and
Hashemipour 2018; Yazdi, Azizi, and Hashemipour
2019). For example, linking the availability, performance
and OEE of individual resources of a system resulted in a
10% increase in OEE due to 14.0 implementation (Pessot
et al. 2020). Preventative maintenance is another increas-
ingly important example of internal service provision
related to the maintenance that needs to be provided as
a service prior to failure, based on data analysis (Alavian
et al. 2020; Singhal 2020; Konur et al. 2021). This reduces
machine down time due to failure, adding to the num-
ber of active machines and improving capacity utilisation
(Rakyta et al. 2016).

The benefits of implementing 4.0 have similarly been
associated with agility. Specifically, the feedback loop
was found to be reduced by 25% and product develop-
ment and production cycle times were reduced by 30%
to improve the flow of data through the implementa-
tion of VR, CAD, CNC (Urban et al. 2020). Improved
cycle times, in turn, reduce production time by 10-90%
and time-to-market by 30-90%. Flexibility has also been



found to be improved through the implementation of
‘lean-digitized manufacturing’ (Ghobakhloo and Fathi
2019), linked to improved product mix (Alavian et al.
2020). In general, greater enhancement of performance
is expected for SMEs due to simpler business structures,
high leverage, agility, and competitiveness (Rauch, Dal-
lasega, and Unterhofer 2019). In contrast, larger compa-
nies have a greater probability of success, due to a more
diverse set of resources (Lin, Wu, and Song 2019) and
strategic log-term oriented business models (Miiller, Kiel,
and Voigt 2018). For example, implementation for large
companies was linked to mass customisation of multi-
ple individualised products simultaneously (Pessot et al.
2020; Devi et al. 2021). While the above studies have
shown the direct effect of 14.0 on performance, there are
also many factors at various levels (i.e. firm and factory)
that may moderate the strength of this relationship. The
role of such moderators at the firm and factory levels is
not well-understood.

4.2.3. Stream 6: effect of industry 4.0 on factory
sustainability

Beyond production performance gains, implementing
I4.0 has been linked to greater sustainability gains
(Table 9). For example, experimental studies identified
sustainable enterprise resource planning as a tool to har-
monise implementation steps (initiation, plan, execution,
monitoring/control, closure) at multiple levels (Chofreh
et al. 2020). To this end, sustainable enterprise resource
planning (ERP) has been linked to reducing energy con-
sumption and carbon emissions by up to 40%. Like-
wise, implementation has been linked to reduced land
and water usage (Yazdi, Azizi, and Hashemipour 2018;
Yazdi, Azizi, and Hashemipour 2019), lower energy con-
sumption (Urban et al. 2020; Konur et al. 2021), higher
potential to use renewable sources of energy (Vrchota
et al. 2021; Pessot et al. 2020), and reduced air emissions
(Rajput and Singh 2019a; Narula et al. 2020). Yet, for

Table 9. Effect on factory sustainability.

Sub-Themes Indicative references

Yazdi, Azizi, and Hashemipour (2018); Yazdi,
Azizi, and Hashemipour (2019); Rajput and
Singh (2019a); Chofreh et al. (2020)

Gerlitz (2015); Yazdi, Azizi, and Hashemipour
(2018); Yazdi, Azizi, and Hashemipour (2019);
Vrchota et al. (2021); Pessot et al. (2020);
Urban et al. (2020); Konur et al. (2021)

Gerlitz (2015); Yazdi, Azizi, and Hashemipour
(2018); Yazdi, Azizi, and Hashemipour
(2019); Birkel et al. (2019); Rajput and Singh
(2019a); Sony and Naik (2019); Birkel et al.
(2019); Vrchota et al. (2021); Narula et al.
(2020); Konur et al. (2021); Bag et al. (2021)

Vrchota et al. (2021)

Water consumption,
land usage, and
waste generation

Energy efficiency
and used energy
from sustainable
resources

Release of effluents,
air emission, and
carbon footprint

Waste heat
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many firms, flexibility and automation have been priori-
tised over sustainability (Pessot et al. 2020). The release of
emissions and the factories’ carbon footprint was referred
to, but not empirically backed (Gerlitz 2015; Rajput and
Singh 2019a; Birkel et al. 2019). In contrast, there was
only one study on reducing waste leakage and loss, reduc-
ing the cost for the operation of technical equipment and
machines and improved thermal energy usage (Vrchota
et al. 2021).

4.3. Level 3:data

4.3.1. Stream 7: big data analytics

The data level highlighted studies on the data manage-
ment capabilities and requirements, collected at various
stages, yet in different formats and quality. As shown
in Table 10, the implementation of 14.0 is fuelled by
data from across the lifecycle. Managing the flow of data
(acquisition, transfer, storage, analysis) creates new activ-
ities such as data-driven customer services (Narula et al.
2020; Ramirez-Duran et al. 2021), internal services in the
form of predictive maintenance (Narula et al. 2020) and
automated services like machine-to-machine communi-
cation (Miiller 2019; Sanghavi, Parikh, and Raj 2019).

In terms of data collection, embedded devices can
‘interact with the surrounding environment and have
the capability to store and share data on their status
and their use during their entire lifecycle’ (Arcidiacono
et al. 2019). However, this requires suitable information
bridging technology like IoT data infrastructure (Tarifa-
Ferndndez, Sdnchez-Pérez, and Cruz-Rambaud 2019;
Rajput and Singh 2019b) to reduce irrelevant information
flow (Sjodin et al. 2018). We found that this also improves
data consistency (Jiwangkura and Sophatsathit 2020) and
in some cases maintains a post-usage repository of data
with the product information (Rajput and Singh 2019b).
Few firms have a dedicated data management depart-
ment, while most of the data is either not analysed,
examined ad hoc by employees, or analysed by embed-
ded software functions (Pessot et al. 2020). Interestingly,
data flow within digital communication networks was
relatively high (67-74% respectively) in upstream and
downstream value chains, with a similar level of digitisa-
tion across firms (Pessot et al. 2020). Equally, intra-firm
communication has benefitted from setting up web com-
munities and internal social media platforms (Veile et al.
2019). Increased availability of mobile technology, agent-
based systems, and the augmented capabilities of internal
wireless networks improves decentralised data collec-
tion within production lines (Barata, Rupino Cunha, and
Coyle 2019). In this context, the industrial Internet of
Things (IIoT) enhanced human-machine and machine-
to-machine (M2M) communication (Wilkesmann and
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Table 10. Big data analytics.

Sub-Themes Indicative references

New activities based on data analysis Wang and Wang
(2018); Muiller
(2019); Gu et al.
(2019); Sony and
Naik (2019); Oncioiu
et al. (2019);
Ghobakhloo and
Fathi (2019); Haseeb
etal. (2019); Pech
and Vrchota (2020);
Narula et al. (2020);
Ramirez-Durén et al.
(2021)

Sjodin et al. (2018);
Johansson et al.
(2019); Veile et al.
(2019); Oncioiu
et al. (2019);

Pessot et al. (2020);
Devi et al. (2021);
Ramirez-Duran et al.
2021

Prause (2015); Mdiller
(2019); Sony and
Naik (2019); Oncioiu
et al. (2019);
Ramirez-Durén et al.
(2021)

Prause (2015);
Wilkesmann and
Wilkesmann (2018);
Pech and Vrchota
(2020)

Prause (2015); Wang
and Wang (2018);
Mailler (2019);
Slusarczyk and
Haque (2019);
Oncioiu et al. (2019);
Barata et al. (2019);
Simetinger and
Zhang (2020);
Ramirez-Duran et al.
(2021)

Birkel et al. (2019);
Saabye et al. (2020);
Wagire et al. (2021);
Sony (2020); Pessot
etal. (2020)

Wang and Wang

2018); Gu et al.

2019); Ghobakhloo

2020b); Rosin et al.

2019); Barata et al.

2019); Narula et al.

2020)

Data Exchanges and
Communication

Bridging of Information
System & data
interfaces

Digital communication
channels:

M2M communication

Data-driven products & services

Real-time data usage in production

Digital Twin

(
(
(
(
(
(

Wilkesmann 2018), enabled by advanced sensors, and
fast, but not real-time, 5G networks among other tech-
nologies (Ellefsen et al. 2019; Ghobakhloo and Fathi
2019).

IoT and BDA were a prerequisite for large scale data
processing and interpretation, enabling more advanced
computational and analytical capabilities, such as unstru-
ctured data gathering, data formatting, pattern recogni-
tion and predictive analytics (Rajput and Singh 2019b).
IoT ecosystems enable the service-oriented architecture

(SOA), in which vendors and I4.0 providers can offer
data-centric logistics and maintenance services via the
Internet of Services (IoS) (Wang and Wang 2018; Slusar-
czyk and Haque 2019). Other studies emphasised the
need to address cyber security and investment issues,
but they largely associate BDA with the optimisation of
inventory and asset productivity in addition to faster
response times and greater integration along the supply
chain (Oncioiu et al. 2019).

Real-time capability in the context of data manage-
ment is integral to implementation yet empirically under-
studied. Most notably, the lack of real-time data capability
is due to low maturity and weak integration among tech-
nologies (Wagire et al. 2021), such as for cloud computing
(Birkel et al. 2019). Still, real-time technologies, which
can be implemented by third-party partners (Pessot et al.
2020), have been deemed insufficient. To this end, full
utilisation of real-time capability requires ‘second-order
problem-solving abilities’ and a supportive learning envi-
ronment (Saaybe et al. 2020).

Closed-loop supply chains could potentially introduce
and expand the digital twin (DT) concept beyond the dig-
ital copy of the smart factory per se and implement a
shared network of manufacturing resources (Rajput and
Singh 2019b). DT is an increasingly important tool for
visualising (through BDA and simulation) and control-
ling operations across multiple complex stages. DT is
characterised as ‘software representations of assets and
processes that contribute to the prediction and opti-
misation of manufacturing performance’ (Ghobakhloo
2020b). In addition, experimental (Wang and Wang
2018) and case studies (Gu et al. 2019) of electrical and
electronics equipment (EEE) reiterate the significance
of a universal DT and the integration of lifecycle data
from cradle-to-grave. Nonetheless, universal DT propo-
sitions remain understudied within other high-tech sec-
tors, while no DT solution for low-tech sectors and SMEs
was found. This was partially due to sensitive produc-
tion stages, which remained concealed and isolated, due
to information asymmetry and undefined data sharing
boundaries to protect intellectual property (IP) (Wang
and Wang 2018).

4.3.2. Stream 8: cloud

Cloud computing (CC) is an alternative to rigid internal
infrastructure for data management, and recent papers
have started to examine its importance in the context of
14.0 (Table 11).

Cloud technology has been widely considered as a
viable option for ‘on-demand network access to a shared
pool of configurable resources’ (Bibby and Dehe 2018;
Sanghavi, Parikh, and Raj 2019; Butt 2020; Konur et al.



Table 11. Cloud.

Sub-Themes Indicative references

Bibby and Dehe (2018); Saniuk and Saniuk (2018);
Ghobakhloo and Fathi (2019); Sanghavi, Parikh,
and Raj (2019); Birkel et al. (2019); Singh
and Bhanot (2020); Butt (2020); Wagire et al.
(2021); Pech and Vrchota (2020); Urban et al.
(2020); Simetinger and Zhang (2020); Yu and
Schweisfurth (2020); Narula et al. (2020); Szabo
etal. (2020); Konur et al. (2021)

Sundarakani et al. (2019); Wang and Wang (2018);
Rosin et al. (2019); Jiwangkura and Sophatsathit
(2020); Chiarini, Belvedere, and Grando (2020)

Cloud storage and
computing

Hybrid cloud
networks

2021). In this context, cloud networks support real-
time decision-making for internal services (Bag et al.
2021; Konur et al. 2021). Also, cloud networks pro-
vide new customer services (Ramirez-Durén et al. 2021),
for instance in Cyber Industrial Networks (Saniuk and
Saniuk 2018). Specifically, cloud computing is an effec-
tive tool to facilitate the implementation of the Industrial
Internet of Things by integrating soft resources (Urban
et al. 2020; Wagire et al. 2021; Calabrese et al. 2021).
Cloud computing can reduce data cluttering (Singh and
Bhanot 2020), in effect enhancing simulation capabil-
ity (Simetinger and Zhang 2020) and enterprise resource
planning (Ghobakhloo and Fathi 2019). Yet only between
8% (Ingaldi and Ulewicz 2020), 20% (Yu and Schweis-
furth 2020), and 54% of SMEs were found to store data
in the cloud, in contrast to 92% for large firms. This is
due to a lack of expertise and thrust (Pech and Vrchota
2020) and understudied security issues (Bibby and Dehe
2018; Singh and Bhanot 2020; Birkel et al. 2019).

Cloud brokers within hybrid cloud networks connect
different departments and functions (Veile et al. 2019;
Jiwangkura and Sophatsathit 2020) for private internal
users and external customers (the public) (Wagire et al.
2021). For example, the cloud enables the servitisation
of platforms to align software and processes with cus-
tomers, yet not as a tool for performance measurement
(Chiarini, Belvedere, and Grando 2020). Hybrid cloud
platforms based on software sharing across users (‘mul-
titenancy’) and service offering (e.g. Infrastructure as a
service or laas) enhanced monitoring and the serviti-
sation of complex supply chain networks (Sundarakani
etal. 2019). Lastly, the cloud enables Just-In-Time (Rosin
et al. 2019) and DT across the product lifecycle (Wang
and Wang 2018).

4.4. Level 4: human resources

4.4.1. Stream 9: job profiles and competencies

The human element of implementing 14.0 is increasingly
studied in the context of 14.0 implementation as shown
in Table 12.
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The implementation of 14.0 is expected to impact

on workers and many aspects of the work environment
(Basir, Lian, and Shaharin 2019; Grencikova, Kordos,

Table 12. Job profiles and competencies.

Sub-themes Indicative references
Redefining Job profiles and work Mdiller, Kiel, and Voigt
Roles design (2018); Sanghavi,

Parikh, and Raj (2019);
Grencikova, Kordos,
and Sokol (2019); Basir,
Lian, and Shaharin
(2019); Veile et al. (2019);
Jerman, Peji¢ Bach, and
Aleksi¢ (2020); Robert
et al. (2020); Cimini
et al. (2020); Jiwangkura
and Sophatsathit (2020)
Ingaldi and Ulewicz (2020);
Herceg et al. (2020);
Chiarini, Belvedere,
and Grando (2020);
Zangiacomi et al. (2020);
Raj et al. (2020)
Kazancoglu and Ozkan-

Resistance to change

Adapting new roles

and thinking Ozen (2018); Sjodin

in overlapping et al. (2018); Jerman,

processes Peji¢ Bach, and Aleksi¢
(2020); Skrinjari¢ and
Domadenik (2019); Veile
etal. (2019); Cimini et al.
(2020)

Competencies Team fluidity, Sanders, Elangeswaran,
involvement, & and Wulfsberg (2016);
teamwork Marodin et al. (2017);

Pfeiffer, Lee, and Held
(2019); Skrinjari¢ and
Domadenik (2019);
Matyushenko et al.
(2019); Rajput and Singh
(2019b); Rosin et al.
(2019); Arcidiacono et al.
(2019); Barata et al.
(2019); Saabye et al.
(2020); Singhal (2020);
Robert et al. (2020);
Cimini et al. (2020)
Marnewick and Marnewick
(2019); Sony and Naik
(2019); Vrchota et al.
(2021); Herceg et al.
(2020)
Saabye et al. (2020); Pessot
et al. (2020); Cimini
et al. (2020); Ingaldi and
Ulewicz (2020); Raj et al.
(2020); Kumar, Vrat, and
Shankar (2021)
Technical and complex Kazancoglu and
problem-solving Ozkan-Ozen (2018);
skills Ghobakhloo (2020b);
Pfeiffer, Lee, and Held
(2019); Kohnova, Papula,
and Salajova (2019);
Jerman, Peji¢ Bach,
and Aleksi¢ (2020);
Arcidiacono et al. (2019);
Saabye et al. (2020);
Robert et al. (2020);
Cimini et al. (2020)

Project management
competencies

Soft skills

(continued)
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Table 12. Continued.

Indicative references

Sjodin et al. (2018); Bibby
and Dehe (2018);
Miiller, Kiel, and Voigt
(2018); Lin et al. (2018);
Kazancoglu and Ozkan-
Ozen (2018); Birkel
et al. (2019); Kohnova,
Papula, and Salajova
(2019); Jerman, Peji¢
Bach, and Aleksi¢ (2020);
Slusarczyk and Haque
(2019); Sony and Naik
(2019); Zangiacomi et al.
(2020); Stentoft and
Rajkumar (2020); Wagire
et al. (2021); Devi et al.
(2021); Kumar, Vrat, and
Shankar (2021); Bag
etal. (2021)

Basir, Lian, and Shaharin
(2019); Veile et al. (2019);
Pech and Vrchota (2020);
Saabye et al. (2020)

Sjodin et al. (2018);
Kazancoglu and Ozkan-
Ozen (2018); Veile et al.
(2019); Robert et al.
(2020); Cimini et al.
(2020)

Veile et al. (2019);
Neumann et al. (2021)

Sub-themes

Education Talent management

and Training

Learning

Organisational
& procedural
understanding

Worker’s health and safety

and Sokol 2019) given the ever more defined compe-
tency requirements for Implementation (Barata, Rupino
Cunha, and Coyle 2019; Marnewick and Marnewick
2019; Sony and Naik 2019). For instance, 14.0 technolo-
gies foster the emergence of innovative new job profiles
with more autonomy by ‘combining technical and non-
technical competencies’ (Cimini et al. 2020). Remote
or tele-work is changing working time models (Miiller,
Kiel, and Voigt 2018) while increasing monitoring and
automation is shifting working conditions and patterns
(Sanghavi, Parikh, and Raj 2019; Robert et al. 2020) and
therefore workplace design (Veile et al. 2019). Nonethe-
less, automation is often synonymous with job losses and
a cause of employee resistance to change, which remains
an important implementation issue (Zangiacomi et al.
2020; Raj et al. 2020). Resistance slows the learning of
new competencies (Ingaldi and Ulewicz 2020) and hin-
ders the acceptance of new technology like VR and can
reduce the decision-making and problem-solving com-
petencies of shop-floor workers (Chiarini, Belvedere, and
Grando 2020). In contrast, Cobots (collaborative robots)
are more widely accepted. Nevertheless, due to increas-
ing throughput, labour-intensive work down the line also
increases (Neumann et al. 2021). Resistance is less signif-
icant for middle managers, who attribute workforce chal-
lenges to a lack of training, but also a lack of management
competencies (Herceg et al. 2020). Furthermore, guiding

skilled and new members of the workforce throughout
14.0 implementation requires harmonising the human
resource strategy (Veile et al. 2019). For instance, the
collaborative training of the workforce is related to ‘flex-
ibility to adapt to new roles and work environments’
(Kazancoglu and Ozkan-Ozen 2018). This in turn is
deemed beneficial for evolving the entire workforce of the
smart factory (Sjodin et al. 2018).

There were other studies addressing the changing role
of the worker from the competence perspective. For
example, team fluidity across production levels (Pfeif-
fer, Lee, and Held 2019) is linked to promoting the early
involvement of employees (Arcidiacono et al. 2019; Pfeif-
fer, Lee, and Held 2019) from across industry sectors
(Skrinjari¢ and Domadenik 2019; Robert et al. 2020).
The formation of such ‘teams of performers’ specifically
for high-tech projects (Matyushenko et al. 2019) necessi-
tates project management specific competencies. In par-
ticular, having a ‘servant-leadership’ style as opposed
to an outdated ‘command and control’ strategy simpli-
fies implementation (Marnewick and Marnewick 2019;
Sony and Naik 2019; Herceg et al. 2020; Vrchota et al.
2021). In this context, generic competencies more trans-
ferable to different roles and departments (Skrinjari¢ and
Domadenik 2019) were deemed beneficial. More specit-
ically, soft skills in the form of digital know-how (e.g.
software usage, analytics etc.) have been widely related
to successful implementation (Raj et al. 2020; Kumar,
Vrat, and Shankar 2021). Increasing demand for technical
skills related to mechatronics, the maintenance of smart
systems, process analysis, and bionics increases factory
productivity (Jerman, Peji¢ Bach, and Aleksi¢ 2020) and
the capability to handle traditional analogue produc-
tion systems (Ingaldi and Ulewicz 2020). At the early
stages of implementation, technical competencies are pri-
oritised over personal or methodological competencies,
e.g. problem-solving and risk management (Cimini et al.
2020).

In addition to the above, companies need to incen-
tivise and retain their skilled workforce such as program-
mers (Birkel et al. 2019) and look for internal talent prior
to recruiting externally (Zangiacomi et al. 2020). Internal
and external training of the workforce has been widely
discussed in the literature, regarded as an indispensable
part of the 14.0 delivery (Devi et al. 2021; Bag et al. 2021).
Training should go beyond simple ICT competencies and
include interdisciplinary knowledge gained through e-
learning and scenario-based as well as traditional on-the-
job training and workshops (Veile et al. 2019; Skrinjari¢
and Domadenik 2019). Learning formalises the work
routine (Saabye et al. 2020) during the implementation
of 14.0 and requires both technical training (Arcidia-
cono et al. 2019) and soft skills, partly delivered by



software (Pech and Vrchota 2020). Competencies related
to analytics, teamwork, and self-management (Jerman,
Peji¢ Bach, and Aleksi¢ 2020; Pessot et al. 2020) improve
procedural understanding, abstraction abilities and fault
and error recovery skills (Kazancoglu and Ozkan-Ozen
2018).

Lastly, there were a few studies on workers’ safety.
As an example, Human-Machine-Interaction (HMI)
requires comprehensive consideration of work safety
beyond legal regulations (Veile etal. 2019). Likewise, con-
sidering human wellbeing in job design can reduce occu-
pational health and physical safety issues (e.g. fatigue,
musculoskeletal disorders). We found this to be true for
psychological health (e.g. fairness, stress, motivation) and
other secondary effects on humans, which system design-
ers and 4.0 implementation teams need to consider
(Neumann et al. 2021).

4.5. Level 5: supply chain level

4.5.1. Stream 10: horizontal integration

As presented in Table 13, the implementation of 14.0 is
associated with many supply chain outcomes. For exam-
ple, there were a few studies on modelling tools for supply
chain integration, such as the supply chain operations
reference model (Gu et al. 2019). A number of studies
found that implementation improves supply chain agility
(Oncioiu et al. 2019; Chiarini, Belvedere, and Grando
2020) and to a lesser degree supply chain resilience
(Saengchai and Jermsittiparsert 2019).

Integration of the supply chain ultimately results in
the potential relocation of facilities near the customer
to shorten the supply chain and mitigate the adverse
impact on the environment (Wang and Wang 2018;
Rajput and Singh 2019b). Other studies focused on the
customer lifecycle. For instance, the two phases of dis-
covering and shopping, as well as the use and service
phase of the customer lifecycle, have been investigated
in an SME through the services provided by a client
application, integrated with the manufacturing process
(Ramirez-Duran et al. 2021). This can enhance the rate
and accuracy of continuous and agile customer feedback
on product quality (Ghobakhloo and Fathi 2019) and

Table 13. Supply chain horizontal integration.

Sub-themes Indicative references

Supply chain Gu et al. (2019); Oncioiu et al. (2019); Himang et al.
modelling and (2020); Wagire et al. (2021); Chiarini, Belvedere,
integration and Grando (2020); Raj et al. (2020)

supply chain agility
and resilience

Marodin et al. (2017); Saengchai and Jermsitti-
parsert (2019); Sundarakani et al. (2019); Oncioiu
et al. (2019); Chiarini, Belvedere, and Grando
(2020)

Saniuk and Saniuk (2018); Veile et al. (2019);
Sundarakani et al. (2019)

Inter-organisation
digital networks
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Table 14. Recycling and remanufacturing.

Indicative references

Wang and Wang (2018); Rajput and Singh (2019a);
Turner et al. (2019); Gu et al. (2019); Bag et al.
(2021); Pessot et al. (2020)

Rajput and Singh (2019a); Turner et al. (2019); Bag
etal. (2021)

Sub-themes

Recycling and
remanufacturing

Resource circularity

therefore better define customer requirements (Barata,
Rupino Cunha, and Coyle 2019). The level of integration
among factories, as well as suppliers and customers, could
potentially create digital and interdependent industrial
networks (Saniuk and Saniuk 2018; Veile et al. 2019; Sun-
darakani et al. 2019). However, SMEs in particular are
more reluctant to share data within the supply chains, due
to the fear of losing bargaining power and data security
issues (Arcidiacono et al. 2019; Birkel et al. 2019).

4.5.2. Stream 11:recycling and remanufacturing

The reuse and recycling of resources enabled by 14.0 tech-
nologies have also been considered within the context
of sustainability and continuous efforts towards attain-
ing more advanced 14.0 capabilities. For example, some
companies provide recycling as after-sales services (Pes-
sot et al. 2020). Still, 14.0 enablers have been found to
positively moderate the implementation of sustainable
manufacturing capabilities (Bag et al. 2021). This is due
to product modularity reducing the cost of disassembly
(Gu et al. 2019) and DT storing data on the remanu-
factured products (Wang and Wang 2018), simplifying
the refurbishment and disposal process, and therefore
remanufacturing.

A larger view of the efficient utilisation and recircu-
lation of I4.0 material resources is the Circular econ-
omy (CE). In this context, implementation ‘resources
will remain in the closed loop; thus, the life of the
resources will increase’” (Bag et al. 2021). This prolongs
the value of the materials, products, and components
(Rajput and Singh 2019a) especially for facilities near
customers (Turner et al. 2019) (Table 14).

5. Discussion

In the previous sections we analysed the relevant lit-
erature using text mining (Section 3), before reviewing
the identified research streams. The review also made
it possible to identify a number of research gaps, effec-
tively addressing this paper’s second research question.
Table 15 organises the studies considered by level and
stream to showcase visually the areas potentially requir-
ing further attention.

The results indicate a growing interest in the imple-
mentation of 4.0 for organisations. Still, there are impor-
tant levels (such as the Data and Supply chain ones) in
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Table 15. 14.0 implementation literature.

Case
Level Stream Conceptual ~ Survey  study
INDUSTRY AND INDUSTRY 1 2
FIRM DRIVERS AND
BARRIER
ORGANISATIONAL 5 .
ENABLERS OF 14.0
READINESS AND 2 6 7
MATURITY
SMART FACTORY 140 TECHNOLOGIES 8
AND FACTORY
ENABLERS
EFFECT ON FACTORY 8 - .
PERFORMANCE
EFFECT ON FACTORY 2 4 2
SUSTAINABILITY
DATA BIG DATA ANALYTICS 2 7 7
CLOUD 4 5 7
HR JOB PROFILES 4 . 8
& COMPETENCY
SUPPLY CHAIN HORIZONTAL 1 4 5
INTEGRATION
RECYCLING & RE- 0 1 2
MANUFACTURING

which the literature remains relatively underdeveloped.
Also, many performance metrics and only a few enablers
have been identified at the industry and firm level and
smart factory level. Similarly, the Data, HR, and Supply
chain levels as well as the streams on readiness and matu-
rity and sustainability show relatively fewer empirical
studies. Given the uneven maturity and pace of develop-
ment across levels, it is not surprising that management
theories are infrequently applied in the context of 14.0.

This impedes the inductive and deductive theory
building and testing cycle (Eisenhardt and Graebner
2007; Yaniv 2011). Adopting appropriate theory for
future 14.0 research facilitates the accurate abstraction of
empirical findings into robust and clear concepts (Sud-
daby 2010) to advance the research agenda on if, when
and to what extent 14.0 should be implemented in an
organisation. Over time, as the 14.0 implementation liter-
ature matures, management and non-management theo-
ries have cross-fertilised (Robert et al. 2020) and merged
into new, more applicable theories, to support 14.0 due
to the high-level abstraction of constructs (Yaniv 2011).
Given the above strengths and limitations of the liter-
ature, it has become apparent that several niche fields
could be explored by future research to clarify the imple-
mentation issues from an organisational perspective. We
identify three avenues for future research below.

5.1. Firstresearch avenue: the impact of the
pandemic on the implementation of 14.0

The recent Covid 19 pandemic has impacted on oper-
ations, disrupted supply chains, and changed working
patterns in manufacturing. Recent reports suggest that

the pandemic has accelerated the rate of the implementa-
tion of 14.0, as digitisation and automation have become
a necessity (UBS et al. 2020; McKinsey & Company et al.
2020) due to factories having to operate with fewer peo-
ple on site. While some manufacturing sectors experi-
enced lower demand, other manufacturing sectors had
to address a surge in demand for personalised products
and services. Implementing 4.0 to address the challenges
of the pandemic could offer a very insightful avenue for
future research.

5.1.1. HR during the Covid-19 pandemic and
post-pandemic

As a case, remote working (stream 9) can offer many
insights and learning experiences on how to improve pro-
ductivity during exceptional circumstances such as those
experienced during the pandemic. It is also expected that
there will be a shift to more flexible and remote working
arrangements post-pandemic and the future of work will
be transformed more quickly (McKinsey Global Institute
2021). However, the 14.0 literature has little to offer on
the effect of the pandemic on some of the core technolo-
gies of 14.0, the manufacturing workforce and shifting
HR strategy. The digital twin technology market, which
is one of the core technologies 0f 14.0, is expected to grow
from $3.1 billion in 2020 to $48.2 billion by 2026 (Mar-
kets and Markets 2020) as more companies are adopting
digital twin solutions to increase resilience and optimise
resource management.

As digital twin technologies can mimic and replicate
real-life spaces, situations and processes in the factory, it
allows more flexibility to have fewer workers on the fac-
tory shop floor and to manage some of the routine tasks
remotely. For companies which have delocalised their
production to other countries, there is a higher neces-
sity to visualise the operations and also to enable virtual
integration across departments as the challenges of fre-
quent business trips and physical presence on site may
persist in the post-pandemic period. Future studies could
focus on how the adoption of the digital twin technolo-
gies can help companies to develop new work habits and
patterns for their workforce, while maintaining produc-
tion and preserving the workers” health and safety. Future
studies could investigate visualisation and Virtual Real-
ity as a platform to connect with the employees. In the
same vein, studies could explore training and learning
opportunities using information technologies regardless
of the workers’ location. As factories are likely to change
the production processes to adapt to the pandemic, re-
training of the workforce will be required. Virtual reality
can be used as an effective tool and becomes a substitute
to traditional training as it has become more difficult to
have physical mass training on site.



5.1.2. Supply networks during Covid-19

It is relatively well established that industry I4.0 enhances
supply chain integration, as briefly discussed in connection
with the supply chain level. Supply chain performance
can be improved with 14.0 technologies such as dig-
ital twins and IoT to capture, analyse and in almost
real-time visualise disruptions along the supply chain
(Fatorachian and Kazemi 2021). This reduces operation
costs and improves flexibility due to higher predictabil-
ity, giving early adopters of 14.0 technologies an edge
in fighting disruptions caused by the pandemic (McK-
insey & Company et al. 2020). These solutions require
large investment and the collaboration of network part-
ners, however. Also, in terms of the logistics of the
firm, many questions remain unanswered. For example,
future studies could investigate if alternative more cost-
effective, yet less mature, solutions such as blockchains,
could facilitate the management of digital networks in
fast-changing markets. In addition, studies could survey
if SMEs and other firms inherently reluctant to share
information are more willing to implement IoT ecosys-
tems or other 14.0 technology due to Covid 19. Due to
increasing data collection across partner firms, B2B ser-
vices enabled by 4.0 visualisation and Artificial intelli-
gence could also be investigated. For instance, future case
studies could research how decision-making is evolving
due to the increasing adoption of data-driven methods
(Pappas et al. 2018), especially for SMEs.

5.2. Second research avenue: creating and
protecting value during the implementation of 14.0

5.2.1. Value creation and value protection
During the implementation of 14.0, value is created at
different levels. Value capture mechanisms can be in
the form of well-studied cost and productivity gains
(stream 5), less studied environmental sustainability
gains (stream 6) and even from the rarely studied
social sustainability gains. In fact, 4.0 enabled flexible
manufacturing (Margherita and Braccini 2020) could
improve social sustainability by leveraging human capi-
tal resources in the organisation (Shet and Pereira 2021).
However, few studies compare sustainability gains and
the trade-off or balance between economic, social, and
environmental sustainability in the form of 4.0 value cre-
ated. Future longitudinal studies could quantify organisa-
tions or single factories’ sustainable value creation over
time during their transformational path. Likewise, other
studies could focus on the definability and enforceability
of 14.0 environmental sustainability measures for actors
along the value chain.

The literature suggests the importance of structural
changes to support the implementation of 14.0 (stream
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2). Although the importance of structural change has
been highlighted in Stream 3, there is a lack of under-
standing of how either dedicated I4.0 teams or centralised
units can support the implementation of 14.0 both in
terms of value creation and value protection strategies.
Future research could explore further if those conscious
adopters of I4.0, having implemented structural and cul-
tural changes within the companies, are in a better posi-
tion to create and protect value, as opposed to those
companies that have implemented industry 4.0 in an ad-
hoc way by adopting only a few 4.0 technologies in a
fragmented way.

Given the growing number of studies showing that
14.0 is associated with value creation, the question
remains unaddressed on the protection of the value and
risks of knowledge misappropriation that can emerge
during the implementation of 14.0. Previous research in
the innovation management literature has highlighted
how value creation and value protection are comple-
mentary strategies (Teece 2018). To this end, researchers
could investigate the relational governance between
plants or firms and their 14.0 technology providers
(stream 10). Studies could identify the difference in sup-
plier performance compared to regular suppliers of raw
goods to clarifying the legal framework and dynamics of
the relationship over time (Zhang et al. 2020) once 14.0
technology is implemented.

For instance, one of the technological areas where
value protection is important is the digital twin tech-
nologies. Firms have two main options when implement-
ing digital twin technologies. They can either rely on
external vendors or develop the technologies internally.
There is a lack of understanding in the implementa-
tion literature of 14.0 about how each of these different
strategies (outsourcing to external suppliers or internal
development) impact on value creation and protection.
One of the potential risks of over-relying on external
providers of digital twins is leakage of data and know-
how regarding the internal production processes that
form part of the core competencies of the firm. The dig-
ital twin literature has elaborated well on the technical
development of digital twins (Schleich et al. 2017), but
from an organisational perspective, there is still a lack
of knowledge about the benefits and risks of these alter-
native strategies to implement digital twins. As there
is an uptake of digital twin solutions within compa-
nies due to the pandemic, future qualitative research
could explore the extent to which these two alterna-
tive strategies to implementing digital twins impact on
both value creation and protection. In addition, stud-
ies could investigate how overprotection of value can
hinder the firm from taking risks and embracing new
alliances.



4386 (&) H.NAYERNIAETAL.

5.2.2. Value creation and open innovation

An interesting niche field in this context is the ways in
which value can be created in the context of 14.0 and
the balance between the indigenous R&D of 14.0 (Kumar,
Vrat, and Shankar 2021) and outsourcing of 14.0 tech-
nologies. As we discussed in the previous section, there is
a tension between value creation and value protection in
some key areas of 14.0, such as the development of dig-
ital twins. This tension and the risks of over-relying on
vendors of digital twin solutions lead some companies
to build their digital twin solution in-house. However, to
speed up the development process and to fill the knowl-
edge gaps, the internal development of digital twins will
also require the inputs of external resources from the net-
work. Open innovation has only recently been regarded
as an enabling strategy to target and acquire the nec-
essary resources for implementing 14.0 (Himang et al.
2020).

Open innovation can help balance the risk of imple-
mentation among partners and collaborators to min-
imise resource waste, but in house or indigenous R&D
(Himang et al. 2020) prevents overreliance and provides
more control over the value created. As already shown
in the results section, SMEs are reluctant to share infor-
mation with partners (stream 10) and large firms due
to data protection concerns (stream 4). Closed inno-
vation also increases the firms’ deep understanding of
patentable value, which can be licenced by 14.0 technol-
ogy providers. The open innovation literature has high-
lighted how many firms have created dedicated open
innovation teams to support innovation at the firm
level (Mortara and Minshall 2011) and the adoption of
open innovation practices has become well established
in developed countries (Chesbrough and Brunswicker
2013). Future research could expand on how open inno-
vation and I4.0 teams can collaborate together for the
searching and acquisition of know-how for the imple-
mentation of the core technologies of 1.4.0. Future
research could add to our knowledge when firms transi-
tion from an inhouse focus on a specific project devel-
opment to an open model of innovation. To this end,
future studies could investigate the appropriate timing of
this switch, which has so far been studied with regard
to radical innovation projects (Bahemia, Sillince, and
Vanhaverbeke 2018). Also, does openness matter if the
innovation is gradual or following a brownfield approach,
as most 14.0 cases do? Future studies could investigate
other factors in the same setting, such as urgency, and
external factors necessitating the firm to change the
way in which the value is being created (internally or
outsourcing).

5.3. Third research avenue: a contingency approach
to the implementation of 14.0

Another promising theoretical avenue to explore and
further refine the implementation of I4.0 from an organ-
isational perspective is the contingency lens (Sousa and
Voss 2008). Contingency theory holds that organisations
adapt their designs, responses, structures and strategies
to maintain a fit with dynamic and changing contex-
tual factors so as to maximise the performance level
(Woodward 1958; Lawrence and Lorsch 1967; Thomp-
son 1967; Donaldson 2001). From the contingency point
of view, there are many ways of implementing 14.0 and
a one-I14.0 solution-fits-all does not exist for all firms
(Ghobakhloo 2020b). In this context, implementation
decisions depend on the context and environment. For
instance, firm size has been widely discussed throughout
the literature as a contingency factor, often accepted as
a control variable (Lorenz et al. 2020). Other 14.0 con-
tingency factors that have been studied include exporta-
bility (global reach), and country context (Szész et al.
2020). However, there are other key contingency vari-
ables that can influence the relationship between 14.0 and
performance level.

5.3.1. Organisational strategy

Strategy has rarely been discussed in the literature and,
as a result, many avenues for future research exist on
this front. The literature briefly and mostly conceptu-
ally discussed readiness and maturity models, typically
applicable for short-term pilot-project strategies (stream
3). Nonetheless, long term-term implementation requires
planning based on the firm’s business model, which is
lacking empirical support in the literature. In this con-
text, business model innovation could be an organisa-
tional enabler of 14.0. Specifically, future research could
expand on how business model innovation can be an
enabler and not just an outcome (Foss and Saebi 2017)
of implementing 14.0. Future studies could define the
concepts of 14.0 for users and providers (as defined by
Miiller 2019) to investigate specific ‘user-centric busi-
ness models’ for SMEs and ‘provider-centric business
models’ for OEMs and multinationals. Empirical stud-
ies could further investigate to what degree SMEs benefit
from business model innovation as a result of the imple-
mentation of 14.0. Other studies could investigate how
business models build consensus around a digital strategy
among internal stakeholders and external stakeholders
such as government and other non-for-profit organisa-
tions. Business model innovation for 14.0 shows many
benefits that need to be empirically investigated.



5.3.2. Contingency factors at the project/factory level

Most of the studies that have considered the benefits of
14.0 at the firm and factory levels (Streams 5 and 6) have
not shed light on the extent to which the implementation
0f I4.0 in relation to the investment in different technolo-
gies can differ across different factories within the same
firm. For instance, the types of product being manufac-
tured, and the complexity of production processes are all
relevant for the implementation of 14.0, in that they con-
stitute important contingency factors that influence the
levels of investment required for 14.0 and its effective-
ness. To advance our knowledge on the implementation
0f14.0, future research could explore the contingency fac-
tors that influence a low level or high level of investment
in 14.0 technologies. We argue that there is potentially a
high level of variance in terms of the investment of 14.0
technologies across different factories in the same firm
due to contextual factors at the factory level and it is likely
that a low or moderate level of investment in 14.0 will fit
some contexts and factories more than others. Therefore,
future research could provide a more granular view of the
different ways to implement 14.0 (low, moderate or high
levels) by moving from a firm to a project level of analy-
sis so as to capture the contingency factors that influence
how 4.0 is implemented in different ways (i.e. level of
investment in I4.0 technologies) in different factories.

5.3.3. Leadership

Apart from the factors outlined above that could poten-
tially moderate the relationship between 14.0 and per-
formance level, there are also other project factors such
as leadership that can moderate this relationship. Lack
of leadership competency has been acknowledged as a
cause of not implementing 14.0 (stream 2). Still, studies
have not elaborated on how leadership enables imple-
mentation (except for Marnewick and Marnewick 2019).
Leadership style can play a moderating role in the suc-
cess of technology projects (Thite 2000). Future research
on leadership could expand on different implementation
approaches across departments and distinguish leader-
ship styles and methods specific to particular business
functions. Similarly, different firms require different lev-
els of 14.0 technology integration. However, it is not
known if different factories operating under one com-
pany require custom-made approaches to the leader-
ship of implementation projects. What are the leader-
ship decision-making factors that determine the appro-
priate 14.0 leadership style for one factory compared to
another? Future studies could survey the significance of
these factors in balancing exploitative and explorative
leadership strategies as implementation matures. Lead-
ership at the project level could also benefit from more
research. Future studies could empirically investigate the
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intellectual stimulation of team members and a ‘digital
mindset’ to enable a greater understanding of the lower-
level effects (individual and group unit-of-analysis), dur-
ing and after the enabling of technology integration. For
example, it is mostly unknown how Artificial intelligence
and manufacturing advisors change leadership styles
over time as managers become ever more reliant on tech-
nology. Also, it would be interesting to investigate the
relationships among project leaders at different hierar-
chical levels and workers during 14.0 pilot projects and
initial stages of implementation to forecast leadership
change. In addition, studies could investigate the under-
developed area of individual leadership style given the
increasing flattening of managerial hierarchy and the
mobility of the workforce. Allocating greater responsibil-
ity to individual employees could make some manage-
ment roles redundant. Which management roles are at
greatest risk and how leadership styles seamlessly transi-
tion during implementation remain to be investigated by
future studies. In other words, the transition from a lead-
ership style encouraging exploration, in which the leader
senses new opportunities, and an exploitative leadership
style (value creation) in implementation can be further
understood.

6. Conclusion

14.0 is an increasingly important topic, bringing together
knowledge from multiple academic fields into creative
solutions for manufacturing innovation. Our review and
findings have contributed to the extant literature by
offering insights into the organisational aspects of the
implementation of 14.0. To this end, we used text min-
ing to analyse 97 academic articles. This was followed
by a comprehensive qualitative review of the streams
across five levels related to 14.0. The review showed that
SMEs approach implementation differently and there is
an increasing interest in 14.0 using traditional low-cost
methods such as lean management. Several performance
indicators, such as productivity and sustainability, were
identified. Also, enablers at the factory and firm level
were elaborated on. In contrast, we found little empirical
evidence across the data and supply chain levels, which
remain rather atheoretical. Lastly, the results indicated
a critical lack of studies on the organisational issues of
14.0, necessitating further studies across three avenues for
future research. Our review aims not only to offer state-
of-the art coverage of the relevant literature in the area
but also to inform future research projects. The review
has provided a comprehensive picture of the 14.0 imple-
mentation literature for organisations that helps bridge
the gap between theory and practice, by highlighting the
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main findings related to practice and identifying poten-
tial areas for further work. To this end, the review makes
a tangible contribution by identifying three overarching
areas that future research could tackle. The review also
contributes to clarifying 14.0 implementation at differ-
ent levels such as the organisational, single plant and
individual levels of analysis. It suggests that more are
needed at the factory, project, and production process
levels, since these are the main areas in which 4.0 is
experienced from a practitioner’s perspective. Given the
very nature of the topic and its implications for practice,
managers may find this review of value to prepare and
plan for the implementation process. The analysis helps
bring closer the academic and practitioner perspectives
on 4.0 at five organisational levels. The review concisely
presents the key findings related to implementation and
offers insights as to what constitutes good practice and
how the challenges may be overcome.

When it comes to the limitations of this review,
extending the search criteria would have resulted in
a larger pool of papers to include. Similarly, a lower
inclusion score could have extended the scope of the
review and could have potentially offered insights as to
the peripheral literature. Still, although analysing more
papers using text mining would not have been a signifi-
cant overhead, qualitative reviewing more papers would
have made it a challenging endeavour. Finally, future
review papers could focus more specifically on the wider
social sustainability and the different stages of the imple-
mentation and weight findings depending on the rel-
ative impact they have on adopting and operationalis-
ing 14.0 technologies and the relative advantage they
have.
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Coyle (2019) Conceptual
Basir, Lian, and Shaharin (2019) Survey Project Malaysia 9
Bibby and Dehe (2018) Case Study Organisation UK 2,4,5;8
Birkel et al. (2019) Interview Organisation Germany 3,4,6,8;9
Bosman, Hartman, and Survey Organisation USA 1;2
Sutherland (2019)
Butt (2020) Conceptual Business Process UK 2,3,5,8
Calabres et al. (2021) Multiple Case Study Organisation Italy 2,45
Chiarini, Belvedere, and Grando Survey Organisation, Factory Italy 4,5,8,9;10
(2020)
Chofreh et al. (2020) Conceptual Organisation - 2,4,5,6
Cimini et al. (2020) Multiple case study Organisation Italy 2,59
Cre$nar et al. (2020) Survey Organisation Slovenia 2,3
Devi et al. (2020) ISM Organisation India 2,4,7;9
Ellefsen et al. (2019) Multiple Case Study Asset/system Norway & Poland 3;4
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Herceg et al. (2020) Survey Organisation Serbia 1,3,4,57,9
Himang et al. 2020 Multiple Case Study Organisation Philippines 1,2,10
Hotrawaisaya, Pakvichai, and Survey Organisation Thailand 4;5
Sriyakul (2019)
Ingaldi and Ulewicz (2020) Pilot Study Organisation Czech rep. 2,59
Jerman, Peji¢ Bach, and Aleksi¢ Case Study Organisation Slovenia 2,9
(2020)
Jiwangkura and Sophatsathit Survey Organisation Thailand 4,5,8,9
(2020)
Johansson et al. (2019) Multiple Case Study, Organisation Sweden 57
interview
Kazancoglu and Ozkan-Ozen DEMATEL Individual Turkey 9
(2018)
Kohnova, Papula, and Salajova Survey Organisation Germany, Slovakia, 2,9
(2019) Czech Rep., Austria,
Switzerland
Konur et al. (2021) Case study Factory UK 4,5,6;8
Kumar, Vrat, and Shankar MCDM Organisation India 1,2,3,9
(2021)
Liebrecht et al. (2021) Conceptual Project - 2,3;5
Lin etal. (2018) Survey Organisation China 1,34
Lin, Wu, and Song (2019) Text mining Organisation China 5,9
Magalhaes, Lugli, and Pimenta Experimental Asset/system Brazil 4
(2020)
Marnewick and Marnewick Survey Individual South Africa 9
(2019)
Marodin et al. (2017) Survey Organisation, supply Chain Brazil 4,5,9;10
Matyushenko et al. (2019) Survey Group Ukraine 59
Miiller (2019) Survey Organisation Germany 7
Mdller, Kiel, and Voigt (2018) Survey Organisation, factory Germany 1,2,4,59
Narula et al. (2020) Survey Organisation India, Japan, Germany, 2,3,4,56,7;8
South Korea, USA, China
Neumann et al. (2021) Content analysis Individual Canada & Germany 9
Nguyen and Luu (2020) Survey Individual Vietnam 5
Oncioiu et al. (2019) Survey Supply Chain Romania 4,7;10
Pech and Vrchota (2020) Survey Organisation Czech rep. 1,4,7;8
Pessot et al. (2020) Survey Organisation Alpine region 3,5,6;7
Pfeiffer, Lee, and Held (2019) Survey Factory Germany 4,5;9

(continued)
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Table 1. Continued.

Author (year) Method Level/unit Country/region Stream(s)

Pollak et al. (2020) Pilot Study Organisation Poland 2,3;4

Prause (2015) Case study, interview Organisation Estonia 1,4,7

Raj et al. (2020) DEMATEL / Case study Organisation France & India 2,9;10

Rajput and Singh (2019a) ISM Industry - 6;11

Rajput and Singh (2019b) PCA, ISM, DEMATEL Organisation - 2,49

Rakyta et al. (2016) Conceptual Factory - 4

Ramirez-Duran et al. (2021) Case study Factory Spain 2,4,7

Rauch, Dallasega, and Field study Organisation Italy, Austria, USA, Thailand 2,4,5
Unterhofer (2019)

Robert et al. (2020) Case study Factory France 2,3,4,5,9

Rosin et al. (2019) Conceptual Organisation - 4,5,7,8,9

Saabye et al. (2020) Case Study Organisation Denmark 2,3,4,5,9

Sader, Husti, and Daréczi (2019) Conceptual Organisation Hungary 2,4,5

Saengchai and Jermsittiparsert (2019) Survey Industry/Supply chain Thailand 3; 10

Salimon et al. (2019) Survey Organisation Malaysia & Nigeria 2

Sanders, Elangeswaran, and conceptual Organisation Germany 4,9;
Wulfsberg (2016)

Sanghavi, Parikh, and Raj Conceptual Organisation India 4,5,8;9
(2019)

Saniuk and Saniuk (2018) Conceptual Industry - 1,4,8,10

Simetinger and Zhang (2020) Comparative analysis Organisation Czech rep. 3,4,7,8

Singh and Bhanot (2020) DEMATEL, MMDE, ISM Organisation India 4;8

Singhal (2020) Survey Industry India 5,9

Sjodin et al. (2018) Case study Factory Sweden, Brazil, Germany 4,5,7;9

Skrinjari¢ and Domadenik Survey Individual Croatia 4,9
(2019)

Slusarczyk (2018) Survey Industry USA, Poland, Japan, 1

Germany

Slusarczyk and Haque (2019) Survey Supply Chain Canada & Poland 4,7;9

Slusarczyk, Haseeb, and Survey Organisation Malaysia 1,2;4
Hussain (2019)

Sony and Naik (2019) Review Individual - 56,7;9

Sony (2020) Integrative review Multiple - 2,4

Stentoft and Rajkumar (2020) Survey Organisation, Industry Denmark 2,49

Sundarakani et al. (2019) Case study Industry/Supply chain - 4,5,8,10

Szabo et al. (2020) Survey Organisation CEE region 1,4,5;8

Tarifa-Fernandez, Sanchez- Survey Organisation 26 Countries 4
Pérez, and Cruz-Rambaud
(2019)

Tortorella et al. (2019) Survey Factory Brazil & Italy 1,4,

Tortorella and Fettermann Survey Factory Brazil 1,4
(2018)

Turner et al. (2019) Case study Organisation UK 4,11

Urban et al. (2020) Case Study Organisation Poland 4,5,6;8

Veile et al. (2019) Interview Organisation Germany 2,3,4,7,9;10

Vrchota et al. (2021) Survey Project Czech rep. 2,6,9

Wagire et al. (2021) Case study Industry, Organisation India 2,3,4,5,8,9,10

Wang and Wang (2018) Experiment Asset/system - 4,7,8,11

Wilkesmann and Wilkesmann Multiple Case Study Project Germany 4,7,
(2018)

Yazdi, Azizi, and Hashemipour Time Study Asset/system - 5,6;
(2018)

Yazdi, Azizi, and Hashemipour Time Study Asset/system - 4,56
(2019)

Yu and Schweisfurth (2020) Survey Organisation Germany & Denmark 1,2,4;

Zangiacomi et al. (2020) Multiple Case Study Organisation Italy ,3,4,9
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