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Abstract

Over the last few years, the complexity of asset and maintenance management of industrial plants and
machinery in the producing industry has risen due to higher competition and volatile environments. Smart
factories, Internet of Things (IoT) and the underlying digitisation of a significant number of processes are
changing the way we have to think and work in terms of asset management. Existing Lean Smart
Maintenance (LSM) philosophy, which focuses on the cost-efficient (lean) and the learning organisation
(smart) perspectives enables a value-oriented, dynamic, and smart maintenance/asset management. The
associated LSM maturity model is the evaluation tool that contains the normative, strategic, and operational
aspects of industrial asset management, based on which numerous reorganisation projects have already been
carried out in industrial companies. However, due to the ever-increasing development of Industry 4.0 (14.0),
it is necessary to extend the model by selected aspects of digitisation and digitalisation. Based on a structured
literature review (SLR) of state of the art 14.0 maturity models, we were able to investigate the essential
maturity items for 14.0. To restructure and expand the existing LSM maturity model, the principle of design
science research (DSR) was used. The architecture of the LSM maturity model was based on the structure
of the Capability Maturity Model Integration (CMMI). Further development of a Lean Smart Maintenance
maturity model thus covers the future requirements of 14.0 and data science. It was possible to enhance
existing categories with new artefacts from the 14.0 range to represent the influence of cyber-physical
systems (CPS), (big) data and information management, condition monitoring (CM) and more. Furthermore,
the originally defined LSM-Model was restructured for a more simplified application in industrial use cases.
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1. Introduction

‘How do we adapt our production line and the associated maintenance strategy for the asset to the ever-
increasing complexity of industrial plants and processes?’” - ‘How is it possible to achieve operational
excellence with the help of the latest technological approaches of the fourth industrial revolution
(Industry 4.0).” These are only examples of the most frequently discussed questions in the industry,
regardless of the sector in which the company (steel, paper, mobility, etc.) is located. Practitioners and
academics all over the world are discussing how to implement new technologies, e.g. big data analytics, loT,
machine learning and deep learning applications in predictive maintenance, and therefore, a scientifically
founded and tested concept has to be developed. The LSM concept, which is discussed in detail in chapter
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4, unites two approaches, the smart and the lean-approach. In the Lean Management concept, which is based
on the Lean Production System by the Toyota Motor Company [1], a learning orientation, as well as risk and
resource-oriented alignment, are crucial. The second part, smart maintenance management, attempts to put
a focus on value-oriented, intelligent, and learning maintenance. In order to harmonise the LSM concept
with the technical and organisational prerequisites of 14.0, the authors modify and expand the current LSM
MM with selected categories and items from existing 14.0 MMs. In chapters two and three, the authors give
a summary of 14.0, and its different key elements, as well as a systematic overview of MMs. Subsequently,
the methodology of how this research was conducted is explained in chapter 5, which is followed by a deep
dive into the Lean Smart Maintenance Maturity Model (LSM) and the main categories it contains, such as,
e.g. ‘Corporate Culture’, ‘Spare Parts Management’, ‘Process Organisation’. This work concludes with
Chapter 7, where a summary is given, and further research needs are identified.

2. Industry 4.0

The term Industry 4.0 is based on the German wording ‘Industrie 4.0°, which first appeared at the Hannover
Messe in 2011. A group of experts from Germany defined this term in order to achieve industry leadership
and excellence. [2] Although it is a German expression, and it is not well-known outside of the DACH-
countries (Germany, Austria, Switzerland) [3], there are several similar approaches. The concept of Industry
4.0 is comparable to the ‘Industrial Internet’ [4], ‘Advanced Manufacturing’ [5] and also ‘Integrated
Industry’ [6] or ‘Smart Manufacturing’, and ‘Smart Industry’ [7],[8],[9]. Industry 4.0 is characterised by the
ever-increasing complexity of technical systems as well as by the holistic view of production systems [10].
Through the use of cyber-physical systems (CPS), advanced data analytics applications, cloud storage and -
computing and other technologies, the increasing connectivity between machines (Machine to Machines or
M2M) or also known as the Internet of Things (IoT), Internet of Services (IoS) or machine to people (M2P)
and technology-assisted people-to-people (P2P) interaction is resulting in the overall connectivity with
unlimited data transfer and transparency on the Internet of Everything (IoE) [10],[11]. The company CISCO
defines the IoE as ‘the intelligent connection of people, process, data, and things’ [12]. Related to the
manufacturing and logistics industry, the term ‘Smart Factory’ combines all the aspects mentioned before
[13].

3. Maturity Models

MMs are defined as artefacts with elements, that are arranged in an evolutionary scale with measurable
transitions from one level to another and which are used for benchmarking, self-assessment and continuous
improvement [14], [15]. MMs can be classified in different ways, one being the division of MMs into three
different categories by Caralli [15]: (i) Capability Maturity Models, where the capabilities & processes of
the organisation are the focus; (ii) Progression models, meaning a simple evolution of elements; and (iii)
hybrid models, which combine the progression model architecture attributes, characteristics, patterns, etc.,
but the transitions between the maturity levels are defined by the capability maturity hierarchy. De Bruin
describes that Maturity models can be descriptive, prescriptive, or comparative [16]. Fraser describes
different possible components of MMs, which might be present in a model [17]: (i) a number of levels; (ii)
a name of each level; (iii) a generic description of each level; (iv) a number of dimensions; (v) a number of
elements for each dimension; (vi) a description for each of these elements. A maturity model architecture is
defined as the fundamental organisation of a system embodied in its components, their relationships to each
other, and to the environment, and the principles guiding its design and evolution [18]. The architecture
shared by SW-CMM and CMMI is the most common MM architecture throughout the different domains, in
which MMs are used [19]. Depending on the representation and CMMI version, CMMI uses five to six
maturity levels, from Incomplete to Optimizing [20], [21]. Different authors have developed systematic
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approaches for developing maturity models [22]. Most notably, de Bruin has developed a generic MM
development framework, consisting of six development phases: (i) Determining the Scope of the desired
model; (ii) Choosing the Design, or architecture of the MM; (iii) Populating the model with different
components, or sub-components of the domain; (iv) Testing for validity, reliability and generalisability; (v)
Deploying the model and (vi) Maintaining the model. According to these definitions, the LSM MM is
currently in a development loop from phase iv to phase vi.

4. Lean Smart Maintenance

Smart factories, as part of 14.0, are getting more complex in the way of technological equipment,
maintenance, and controlling of the overall manufacturing processes. The dynamic environment leads to an
adaption of the maintenance processes and an adaptation of nearly every organisational aspect. As a result,
the Lean Smart Maintenance (LSM) concept, a holistic management concept which increases the
effectiveness and improves the efficiency of asset management was developed. Its foundation contains all
aspects of planning, controlling and implementing of maintenance with strategic tools like performance
measurement systems (KPI’s), Management by Objectives (MbO as target system), and also physical tools,
e.g., IT-Systems, loT-Applications, etc.[23] Each of the two pillars has its main focus, whereby one
concentrates on the concept of the LEAN — cost-efficient and no waste, and the other one on the SMART —
intelligent concept. Key concepts of the lean part are the efficiency perspective, where continuous reduction
of waste, minimising non-value adding processes, and an overall sustainable resource orientation.
Characteristic for the smart segment are the fundamental methods of problem-solving and performance
enhancement, and the change from cost-controlled, input-oriented, across to output control, which focuses
on reliability, availability, maintainability, and safety (RAMS).[23]-[25] As a result of the combination of
the lean philosophy, and the smart maintenance approach, the LSM concept represents a holistic, sustainable
smart, dynamic, and value-orientated maintenance management system [24].

5. Methodology

The methodological basis for the creation of the new MM is Design Science Research (DSR), as proposed
by Hevner [26]. A further basis for this scientific work is formed by a structured literature review (SLR), as
described by Tranfield [27]. The three stages and nine phases of an SLR are shown in Figure 1. The following
sections outline the creation process of the new artefact, proposed by this scientific paper, following the three
stages of a systematic review.

Stage I - Planning the review Stage IT — Conducting a Stage III — Reporting and

Phase 0 - Identification of the need for a review dissemination
review * Phase 3 — Identification of research * Phase 8 — The Report and
* Phase 1 - Preparation of a proposal for a » Phase 4 — Selection of studies recommendations

review * Phase 5 — Study quality assessment * Phase 9 — Getting evidence into
* Phase 2 - Development of a review « Phase 6 — Data extraction and practice

protocol monitoring progress
* Phase 7 — Data synthesis

Figure 1: Stages and phases of a Systematic Literature Review [27]

The impetus for this scientific contribution was the identification of a gap between the application of the
LSM concept and the integration of 14.0 aspects. This gap was confirmed by LSM integration projects
carried out by the Chair of Economics and Business Administration at the Montanuniversitact Leoben.
Therefore, it was decided to conduct a literature review on the basis of past literature reviews of 14.0 MMs
and merge the collected data with LSM. Throughout this process, a review protocol was used to document
all necessary information around the review. In a first step, literature searches were conducted using the
abstract and citation data banks Scopus and Web of Science to identify past literature reviews on 14.0 and
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digitalisation. This turned up 230 results in Scopus and 93 in Web of Science. After the elimination of
duplicates and a title and abstract screening, six reviews on 14.0 MMs using Scopus and one further review
using Web of Science were identified. A list of the seven review papers can be found in Table 2 in the
Appendix. Next, a list of [4.0 MMs was created using the MMs reviewed in the aforementioned papers. After
a title screening for relevance, this process resulted in 47 and 36 papers after an abstract screening. During
the quality assessment, inclusion criteria were an industry focus of the paper, which eliminated a number of
papers around software development, the presence of maturity levels and either a general description of the
levels, or descriptions of the category levels and a number of maturity dimensions, or categories. The quality
assessment resulted in a final number of 17 MMs for further investigation. A list of those 17 14.0 MMs can
be found in Table 1 in the Appendix. On this basis, the extracted 14.0 MM categories were compared to the
18 LSM categories. A few categories could not be allocated to LSM categories; these can be found under
the category ‘Business Model and Service Strategy’. For this reason and because past projects have shown
that a too high number of MM categories can result in problems when presenting the results and deriving
measures, it was decided to restructure the maturity model into nine categories with a number of sub-
categories each.

6. Lean Smart Maintenance Maturity Model

In this chapter, the new LSM categories are defined, and selected digitalisation and digitisation aspects are
presented. The number of maturity levels, the names and generic descriptions for the levels are based on the
CMMI architecture, it can, however, be classified as a hybrid and prescriptive model.

LSM Maturity MM

Philosophy & Target
System Corporate Culture

ﬁk%

normative

Business Model &
Service Strategy <_|—> Asset Strategy

strategic
Data & Techr
Knowledge Ma
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Figure 2: LSM MM & the three levels of the St. Gallen Management Modell (own presentation)

The St. Gallen Management model differentiates between three managerial levels: normative, strategic and
operative management. While the goal of normative management is to develop a mutual understanding and
reach social acceptance and societal legitimation, strategic management refers to the development of a
sustainable and competitive advantage and operative management strives to control efficient processes for
daily problem solving and the day-to-day business.[28] Figure 2 depicts the different maturity categories
ordered according to the managerial levels as presented in the St. Gallen Management Model from normative
to operative management. Furthermore, the dependencies between the different categories are represented
via white arrows. At the top of this LSM cube, the category ‘Philosophy & Target System’ can be found,
which forms the basis for the categories ‘Corporate Culture’ and ‘Business Model & Service Strategy’, the
latter also being influenced by the former. ‘Asset Strategy’ interacts with ‘Business Model & Service
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Strategy’, and forms the basis for ‘Organisational Structure’, ‘Controlling & Budget’ and ‘Process
Organisation’. ‘Controlling & Budget’ represents the basis for an adjustment of ‘Philosophy & Target
System’ as well as ‘Asset Strategy’. ‘Data & Technology’ and ‘Knowledge Management’ form a second
dimension that affects all LSM maturity categories. In total, the maturity model consists of nine main
categories, where each of these main categories has a distinct number of sub-categories. Figure 3 is the
graphical representation of the model and represents the ‘keyboard’ of the LSM concept, with the respective
digital level of extension.
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Figure 3: Lean Smart Maintenance Maturity Model (own presentation)

In the following sections, the LSM maturity categories will be described starting with the normative
categories and ending with the second dimension depicted in Figure 2.

6.1 Philosophy & Target System

A defined corporate philosophy and the management philosophy derived from it, provide all employees with
a direction for their behaviour, which is concretised by a vision [29]. A maintenance mission statement is
used to communicate one's requirements internally and to present and appreciate the importance of
maintenance in the company [30]. The target system of the asset management, the maintenance and asset
goals and their relationships are brought together and structured according to their target dimension [31].
For effective 14.0 implementation, maturity items like recognising digital challenges, addressing legal risk
with collaboration partners and optimising the value chain network for legal & tax, security and compliance
have to be considered [32]. Furthermore, a quality management system needs to be implemented throughout
the organisation, including asset management [33].

6.2 Corporate Culture

One of the most critical aspects of management systems is how they handle corporate culture [34]. In the
new LSM MM, corporate culture is composed of three sub-categories, ‘Culture & Motivation’, ‘Leadership
& Change Management’, and ‘Communication’. Corporate culture is a very complex and multidimensional
property of a group of people who learned to work together and achieve common goals [35]. To understand
organisational behaviour, and transform it in a sustainable manner, it is necessary to know how to analyse,
assess and change each element of its corporate culture [34]. Therefore, every category of the LSM concept
is designed in such a way that it is deposited with the three cultural levels: artefacts, exposed values, and
underlying assumptions. To increase the efficiency of transforming an organisation from a lower level of
maturity to a higher one, the developed MM helps by identifying the right points to start the change process
from top-down and bottom-up. Industry 4.0 and the digitalisation changes corporate culture in a way that the
‘willingness to change’ and also ‘social collaboration’ via the Internet becomes crucial for companies to
survive. [36] The capability of each organisation to handle the data can be classified as ‘Innovation Culture’
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whereas Klotzer & Pflaum stagger this type of culture from the lowest level, ‘openness for service’ up to the
highest level, which is represented by ‘digital enterprise thinking established’. [37]

6.3 Business Model and Service Strategy

Nowadays, companies are challenged with an increasingly complex environment and most business models,
and service strategies have to undergo a radical change. Therefore, management has to become aware of new
technologies, methods, and possibilities for this constant change through 14.0. [38] Geissbauer et al. identify
the influence of 14.0 as disruptive for the whole supply chain, due to the change from mass production to
single-item production. Through digitalisation and digitisation, a tremendous improvement of processes is
possible and changes business as manufacturers become more and more permanent product owners who sell
a service and not a product.[32], [39] The newly introduced LSM category ‘Business Model and Service
Strategy’ extends the MM and enables enlargement of the understanding and analysis of maintenance as a
service inside of companies.

6.4 Asset Strategy

The asset strategy is defined as the framework for how the operations around the asset are designed to reach
a specific target and encompasses the sub-categories ‘maintenance strategy’, ‘maintenance prevention’,
‘outsourcing’ and ‘spare parts management’. The aspects of Maintenance Strategy is defined as a set of
procedures (rules) that specify, in relation to the asset, which individual maintenance measures are to be
carried out in terms of content, method and scope in a specific chronological sequence [40]. To guarantee
the necessary agility in the future, a more frequent adjustment of the maintenance strategy is necessary. In
order to be able to react to changes as quickly and flexibly as possible, processes for maintenance strategy
adjustment must be defined [41]. Within the category ‘maintenance prevention’, continuous improvement
and the extensive analysis of failures and occurring problems are used to transfer the gained knowledge into
the acquisition of new equipment and assets. Through high connectivity between different types of assets,
more in-depth insight into the behaviour of industrial facilities is possible.[42] This sub-category entails the
influence of the present technological innovations on the lowest maturity level, where no maintenance
prevention is given, up to the highest level, where a holistic life cycle assessment and life cycle thinking are
implemented.[43]-[45] In the category ‘asset strategy’, ‘outsourcing’ refers to the procurement or
outsourcing of maintenance services [46]. An overall outsourcing strategy has to be defined, and it is
essential, that no core competencies are outsourced. The profitability has to be considered when outsourcing
and service bundles should be outsourced together. Outsourcing should be used to cushion peak loads on the
one hand while striving for long-term partnerships on the other. One-sided economic dependencies in
external service relationships should be avoided, and continuous improvement in maintenance achieved. [47]
The primary task of spare parts management is to provide the required quantity, type and quality of spare
parts for the maintenance of plant and equipment to the appropriate user at the right time at minimum cost
[48]. Modern spare parts management systems call for the use of tools for analysis of spare parts and a
dynamic spare parts management strategy. New technologies, like mobile devices and 3D printing, have a
high potential to revolutionise spare parts management [41].

6.5 Maintenance Budget & Controlling

Maintenance Controlling is used for planning, controlling and monitoring activities within Plant
Maintenance as well as for coordinating and reconciling activities with Production, Materials Management
and Cost Accounting [49]. In relation to plant maintenance, the budget is the cost-oriented limit within which
plant maintenance has performance-related leeway [44]. A risk and decision-oriented budgeting approach is
seen as the optimum for maintenance budgeting since it meets the requirement for dynamic and future-
oriented budgeting and adjustment in the current period [50]. In addition, LSM calls for a key performance
indicator system derived from the various success factors, and a cause-related recording of maintenance
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costs [41], [46], [51]. In the 14.0 MMs factors like productivity, quality, cost, lead-time, safety, environment
and the connectivity between Key Performance Indicators are mentioned [52], [53].

6.6 Organisational Structure

The formal division of job tasks, how they are grouped and coordinated is defined by the organisational
structure [54]. In maintenance and asset management, design of the organisational structure is substantially
influenced by choice of the organisational structural principle, the definition of the structuring option and
the degree of decentralisation [46]. The LSM category includes ‘autonomous maintenance’, ‘object
orientation’, the ‘location of workshops’ and ‘information around the organisational structure’. For
successful digitisation and digitalisation of the company, flexible communities and decision rights
management are identified as integral to the development of a company [36]. Collaboration is seen as
necessary to become a digital champion [32]. Promoters, the adaption of the R&D department and the
internal IT organisation, the implementation of an internal smart service organisation and a service
ecosystem and finally (Big) data analytics are further aspects that have to be considered when adapting the
organisational structure [37].

6.7 Process Organisation

Process organisation in asset management encompasses the combination of individual work steps to complex
processes as well as the harmonisation within and across processes in terms of time and space [55]. The
category focuses on ‘planning’, ‘information in process organisation’, ‘continuous improvement’ and ‘weak-
point-analysis’. In the context of 14.0, an evolution to agile & networked optimisation of processes is
necessary [56]. The goal of digitalisation is autonomous process planning and control [39], while an
integration across the vertical and horizontal dimensions of the value chains, which includes real-time
availability of all data, support by augmented reality and optimisation in an integrated network, is promoted
[32], [42]. Real-time planning, the level of automation operation process traceability and simulation
visualisation technologies are further aspects to be considered [57]. The overall digitalisation of business
processes and if service system management and data lifecycle management processes are defined and
established are other aspects to consider when assessing maturity [37].

6.8 Knowledge Management

As digitalisation increases, a tremendous amount of data and information are gathered, and therefore the
management aspect of data, information and the resulting knowledge has to store and be accessible. To create
a highly efficient maintenance organisation, processed knowledge has to be highly accurate, interdisciplinary
and above all; it must be seen as a key production factor [58]. Klotzer and Pflaum have created a new
perspective on knowledge by bringing together innovation and knowledge in the single category
‘cooperation’. For the future implementation of the digitalisation in the industry, the LSM concept entails
knowledge management as a central component of employee training, qualifications, continuous
improvement and in particular the accompanying error culture as several other authors have already
mentioned in their publications.[37], [59]

6.9 Data & Technology

Since the LSM concept is based on the targeted use of technologies and the reasonable use of data, it is
necessary to identify the intersections of technology, data and knowledge as well as the particular
management aspects [41]. As it comes to the use of new technologies as handheld devices, wearables,
Internet of Things (IoT), (Big) Data Analytics (BDA), to mention a few examples, aspects of LSM are useful
for integration and acceptance in the company. In a management model, as it is represented by the LSM
MM, every level of each category is influenced by the appearance of new technologies. For example, the
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qualification and training of employees will massively change due to the availability and use of virtual
reality, blended-learning concepts and the permanent availability of Information and Communication
Technology (ICT).[60]

7. Summary & Outlook

In this research paper, the authors aimed to identify 14.0 elements to expand the LSM MM. The goal was to
fill the gaps between the LSM concept and state of the art 14.0 MMs concerning maturity items and categories
for digitalisation and digitisation. The methodology used is based on a structured literature review and design
science research. After analysing literature reviews on MMs for 14.0 and Smart Factory, a comprehensive
list of research papers regarding the aforementioned domain was created, the different maturity models were
compared, and maturity categories and items extracted. Based on this analysis, missing digitalisation and
digitisation properties of each maturity category and level were integrated into the LSM MM. In the course
of this process, the need to restructure the LSM MM was identified, and the number of categories was
restructured from eighteen to nine categories with several sub-categories and maturity items. The review of
the 14.0 MMs has shown that the authors of the MMs do not consider ‘Outsourcing’ and ‘Asset Strategy’
sufficiently in their models. However, due to the rising integration of IT systems around aspects of these
LSM categories, they were checked for 14.0 readiness. One reason for the lack of these maturity dimensions
in the 14.0 MMs is that the reviewed MMs take a general perspective on the topic of 14.0 and do not focus
on the domain of industrial asset management. This research only considered MM papers found in the review
papers published from 2017 to 2019, listed Table 2 in the Appendix, which means, that 14.0 MMs published
after the newest review paper were not considered. Furthermore, all MMs focused on software development
were excluded after the abstract screening. The following steps include a field test, further development and
improvement based on the newly structured LSM MM. The critical point is to prove the practical
applicability of the new model. Due to the complexity and the advancement of technical developments, the
need for further research in the different categories has been identified. Furthermore, further research is
needed to identify the dependencies between the different sub-categories and maturity items of the model.
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Appendix

Table 1: 14.0 MMs

Author Year Title Categories Levels Annotations
[57] Akdil et 2018 Maturity and Readiness Model for Industry 4.0 3 categories, (?ne of tl.le categories has 4 levels: Absence - Existence - Survival - Maturity Detailed level descr.iption.s for
al. Strategy 3 sub-categories, 13 items each category, questionnaire
Anderl et Quideline Inf:lustrie 4.0 - Gu-iding pri?iciples for the 6 categories each for production and Description for. each categ9ry
[39] al 2016  implementation of Industrie 4.0 in small and roducts 5 levels for each category and the  implementation
: medium sized businesses p process
61]-  Bergh .. . . . 5 levels which defined ding to the difficulty A hensi
(61] CrEnaus o017 Digital Maturity & Transformation Report 2017 9 categories evers W l.c are definied accordmg fo the Aty compre ensive . survey
[63] et al. levels of indicators among Swiss companies
33 3 tudies i d
(331, De Carolis A Maturity Model for Assessing the Digital . . 5 levels: Initial - Managed - Defined - Integrated and CZ.lSC .S N lés ma 'secon
[67], 2017 . . . 5 categories, 18 sub-categories .. . publication with potentials for
et al. Readiness of Manufacturing Companies Interoperable - Digital-Oriented .
[71] improvements
i Th t turit del in SME's t d:
[66] Ganzaralfl 2016 ree stage maturity model in SME's towards 3 categories 5 levels process model
& Errasti Industry 4.0
Geissbaue e .. . . 4 levels: Digital novice - Vertical integrator - List of possible pilot projects
2 201 I 4.0: Buil th 1 . L . .
321 r et al. 016 ndustry 4.0: Building the digital enterprise 7 categories Horizontal collaborator - Digital champion given
[67] Gokalp et 2017 Development of an assessment model for industry 17 items, that are assigned to the 6 levels: Incomplete - Performed - Managed -
al. 4.0: Industry 4.0-MM different maturity levels Established - Predictable - Optimizing
N t ies, but 25 it that
[68], Halse et 10T Technological Maturity Model and assessment o'ca egories, bu . rtems, tha gre 8 levels: 3.0 Maturity - Initial - Connected - Enhanced ~ Assessment of four companies,
2016 . . . assigned to the different maturity . . . . .
[69] al. of Norwegian manufacturing companies levels - Innovating - Integrated - Extensive - 4.0 Maturity very detailed level descriptions
[53] Jungetal. 2016 An Qverview of a Smart Manufacturing System 4 categories, 6 sub-categories 5 lehvellsi Initial - Managed - Defined - Qualitative - i
Readiness Assessment Optimizing
Katsma et Supply Chain Systems Maturing Towards the . 4 levels: ERP - ERP 2.0 - SOA/SAAS - Internet of 4 case studies and cross-case
[56] 2011 . 4 categories . .
al. Internet-of-Things: A Framework Things analysis
Klétzer & Toward the Development of a Maturity Model for 9 categories each for ‘Smart product 5 levels: Digitalization awareness - Smart networked
[37] Poﬂ ¢ 2017  Digitalization within the Manufacturing Industry’s  realization’ and ‘Smart product products - The service-oriented enterprise - Thinking in -
aum Supply Chain application.’ service systems - The data-driven enterprise
[52] Lee et al. 2017 A SmjartnesIS Assessm.ent Framework for Smart 4 categorie.s, 10 sub-categories, 46 5 l.ev.els:. Checking - Monitoring - Control - A case study with 20 SMEs
Factories Using Analytic Network Process assessment items Optimization - Autonomy
Assessing the IT and Software Landscapes of 5 levels: Basic digitization level - Cross-departmental o
[42], . . . o . . o Activities for each level
[70] Leyhetal. 2017 Industry 4.0-Enterprises: The Maturity Model 4 categories digitization - Horizontal and vertical digitization - Full defined
SIMMI 4.0 digitization - Optimized full digitization
Lichtbl. . . . . 6 levels: Outsider - Begi -Ad d - Experi d  Stud 14.0 di f
[71] ichtblau 2015  Industrie 4.0-Readiness 6 categories, 18 sub-categories eve's: Lulsider - Begunner vanee xperience udy on 'rea mness o
et al. - Expert - Excellence German companies
36] Schubh et 2017 Industrie 4.0 Maturity Index 4 categories 5 levels: Computerisati(?n. - Connectivity - Visibility - ll?vestigation c.)f capabilities in
al. Transparency - Adaptability different functional areas
(721, Westerma Reference érchitecture and. Maturity Levels .for . . 5 levels: Monitoﬁng - Coanunication and Analysis - Morphological Box for
(73] ¢ al 2016  Cyber-Physical Systems in the Mechanical 7 categories, 12 sub-categories Interpretation and Services - Adaption and evaluation
et Engineering Industry Optimization - Cooperation
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Table 2: 14.0 MM Reviews

Author Year Title Focus #MMs

[74] Felch et al. 2019 | Maturity Models in the Age of Industry 4.0 — | Scientific and consultancy 14.0 MMs 20
Do the Available Models Correspond to the
Needs of Business Practice?

[75] Unterhofer et 2018 | Investigation of Assessment and Maturity | Broad-spectrum of 14.0 MMs from different 60

al. Stage  Models  for  Assessing  the | domains

Implementation of Industry 4.0

[76] Blatz et al. 2018 | Maturity model of digitization for SMEs Focus on a few MMs for the as-is analysis of the 4

level of digitisation of SMEs

[77] Mittal et al. 2018 | A critical review of smart manufacturing & | Analysis of 14.0 and smart manufacturing MMs 15
Industry 4.0 maturity models: Implications for | with a focus on their categories and items, on
small and medium-sized enterprises (SMEs) research gaps and the adaption for SMEs

[57] Akdil et al. 2018 | Maturity and Readiness Model | Industry 4.0 MMs 4
for Industry 4.0 Strategy

[67] Gokalp et al. 2017 | Development of an Assessment Model for | Industry 4.0 MMs 7
Industry 4.0: Industry 4.0-MM

[64] De Carolis et 2017 | Maturity Models and Tools for Enabling Smart | Smart manufacturing MMs 3

al. Manufacturing Systems: Comparison and
Reflections for Future Developments
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