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ABSTRACT

Industry 4.0 (14.0) marks a new era in manufacturing and has attracted notable attention
from practitioners and researchers. Current production processes are being transformed
towards interconnecting the elements of manufacturing systems as a result of digitization.
Adopting new technologies is an indispensable practice to compete and sustain business
concerns. In this paper, the Analytical Hierarchy Process (AHP), a multi-criteria
decision-making methodology, is employed to evaluate and weigh the nine pillars that are
the building blocks of an 14.0 system. The assessment model suggests three dimensions,
nine pillars, and thirty-four sub-pillars which are evaluated by fourteen 14.0 professionals
responding to a pairwise questionnaire. The results are important as they reflect the
opinions of the professionals and can help define strategies for companies investing in
14.0 technologies by elucidating the relative impacts of factors in an 14.0 environment.

Keywords: Industry 4.0; nine pillars; Cyber-Physical Systems; Industrial Internet of
Things; Multi-Criteria Decision-Making; AHP

1. Introduction

Breakthroughs in industry are defined as industrial revolutions and it is accepted that
civilization has witnessed four such revolutions. The energy resources and production
tools employed in manufacturing, as well as business processes, define the industrial eras.
It is widely presumed that the first industrial revolution started in the late 1700s when
steam energy was introduced to provide powerful machines. The entry of electrical
energy and mass production in manufacturing marked the start of Industry 2.0 about a
century later. The inclusion of computers, electronics, and automation in the 1970s is
considered the start of the third industrial revolution (RiBmann et al., 2015). There is no
consensus among researchers about the specific start and end dates of each of the
industrial revolutions. The authors think there is only a beginning of an industrial
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revolution, as the inventions of the earlier periods are still in use in one form or another.
A distinguishing quality of the revolutions is that they are disruptive.

Industry 4.0 (14.0) describes a production style in which the internet, connected networks,
automation, and digitization rise giving way to a cyber-revolution, causing systems
invented during the first three industrial revolutions to become smart. 14.0 was first
articulated at the Hannover Fair in 2011 (Vogel-Heuser & Hess, 2016) and has been
changing the pace of manufacturing in the last decade. In this new chapter of the
industrial revolution, businesses plan to integrate industrial assets acquired into digital
platforms and the internet to make them more intelligent and interactive, thus, creating
cyber-physical systems (CPS; Hermann et al., 2016). 14.0 enables physical systems to
learn, think, manage, process, communicate, decide, and optimize as a result of advanced
technologies (RuBmann et al., 2015). An operating 14.0 manufacturing system can be
achieved by smart and autonomous systems supported by big data and machine learning.
14.0 enables connected and communicating computers to make decisions with limited
human participation (Marr, 2016). Though there are no identifying standards for the
elements, processes, and interactions, there are initiatives to define the standards,
particularly in the US and Germany (Rifmann et al., 2015). A network of CPSs and the
Internet of Things (IoT) make effective use of accumulated data and turn that data into
results creating a principle summarized as “optimize yourself, communicate and help
optimize the rest”.

The volumes of data are exploding, and more data has been created in two years than in
the entire history of humanity. Less than 0.5% of the data is used or analyzed indicating
the scale of the potential as data is produced at a greater rate than the industries absorb
and consume it (Marr, 2015). Big data is accumulated by about 22 billion connected
devices (Mercer, 2019). The Industrial 10T (11oT) is being used in more machines and
objects, and processes such as procurement, design, production, and maintenance of
companies will be further automated.

IloT, CPS, and big data are major enablers of the transition to smart manufacturing or
14.0, but the concept is more sophisticated and has numerous components. Most
researchers agree that the components can be grouped into, though not limited to, the
following nine pillars: big data and analytics, autonomous robots, simulation, horizontal
and vertical system integration, the industrial internet of things, cybersecurity, the cloud,
additive manufacturing and augmented reality (Alcacer & Cruz-Machado, 2019; Bahrin
et al., 2016; Motyl et al., 2017; Rifmann et al., 2015; Vaidya et al., 2018; Wang &
Wang, 2016). Each pillar requires a thorough understanding and sound infrastructure
starting from the conceptual design to the after-sales services. The combination of all of
the pillars leads to a complete transformation to 14.0. In fact, each pillar has a great
potential impact on the production systems and sophisticated nature that make it harder
for practitioners and academics to handle. This study aims to investigate the pillars and
their components that can enable a benchmark for professionals performing a gap
analysis and help direct investments in building 14.0 processes.
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Many of the world's leading industrial nations have been investing in national initiatives
to develop advanced manufacturing, innovation, and design to keep up with 14.0 trends in
the last decade. For example, the investment projects to adopt 14.0 technologies in 2015-
2020 exceeded 40 billion euros in Germany (Oztemel & Gursev, 2020). The investments
have been driven by the vision to achieve intelligent factories and smart manufacturing
augmented by internet technologies (Zhong et al., 2017). New business processes are
mostly aimed at increased flexibility in manufacturing to satisfy the ever-changing and
customized customer demands (Alcacer & Cruz-Machado, 2019) with pressure to meet
strict quality and delivery time requirements.

Despite the aspiration to integrate innovative concepts into current practices, most
businesses lack strategy, knowledge, and skills. Recent research conducted with 2,029 C-
Suite leaders from 19 countries showed that while 70% believe switching to 14.0
technologies is an obligation for long-term success, only 10% of the executives have a
clear and robust roadmap paving the way to 14.0. About 60% think they are in the stage
of understanding the skills needed for the transition period and only 20% agree their
institutions have the necessary skills in the 14.0 era (Deloitte Development LLC, 2020).
Investments in 14.0 technologies are only possible after the correct strategy is defined by
competent corporate executives (Luthra & Mangla, 2018). Notwithstanding the fast pace
of technological innovation and the increasing amount of research carried out by
practitioners and academics, the 14.0 paradigm is far from maturity. Academic studies
focusing on the concepts, definitions, components, skills, and relationships among them
can help build a roadmap and assist in implementation of 14.0. Our title "Pillars in the
making, Industry 4.0 is on the horizon” addresses the gap in the literature and suggests
that there is a long way to go. This research contributes building the concept of 14.0 from
the viewpoint of the industrial professional focusing on the criteria that ensure the design,
realization, and development of 14.0.

Defining a comprehensive configuration for 14.0 that is adaptable across various
industries is crucial since the components of the new manufacturing systems will be
highly independent and incorporated. In addition, there are very diverse application
alternatives introduced by technology developing companies (Contreras-Masse et al.,
2020). A conceptual structure showing the hierarchy of the elements can help both
practitioners and academics in the making of 14.0. We adopted a taxonomic method,
which has contributed to the development of science since early times, to define 14.0. The
study is aimed at disentangling the concept and helping design a roadmap for the new
industrial era for practitioners, academics, and policymakers.

In this paper, the Analytical Hierarchy Process (AHP), a multi-criteria decision-making
(MCDM) methodology, is used to evaluate and rank the nine pillars that are the building
blocks of 14.0. The assessment model considers three dimensions, nine pillars, and thirty-
four sub-pillars which are evaluated by fourteen 14.0 professionals replying to a pairwise
questionnaire. The results of the study are valuable in putting forth the ranking of the
pillars and the alignment of projects in transforming to 14.0.
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The article is structured as follows. The literature review focuses on the literature
defining 14.0 and the nine pillars. The two-phase research methodology is explained in
the following section. Results are explained in the findings and discussion section. The
conclusion explains the contribution of the article, the limitations, and further research
topics motivated by the results.

2. Literature review

Academia as well as industries focus on 14.0 as it is a decisive topic for the future of
manufacturing. It is shaping many different kinds of industries, supply chains, human
resources, investments, education, training, and society (Bai et al., 2020). However, there
is a substantial lack of comprehension about 14.0 technologies and their interactions
(Kamble et al., 2018). The companies adopting new technologies enjoy increasing
productivity and quality, higher customer satisfaction, and competitiveness (Rifmann et
al., 2015). Better results are expected due to the improvements recorded in production,
financial performance, market share, supply chain management, product lifecycle
management, talent management, and business models (Prause, 2015; Rosa et al., 2020).
In addition to 14.0 being an industrial revolution, the gap in knowledge and the
advantages of the 14.0 innovations are major reasons both researchers and practitioners
are attracted to this topic (Liao et al., 2017; Rosa et al., 2020).

Miller et al. (2018) suggested that the current status of a company regarding 14.0
adoption falls into one of the four following groups: craft manufacturers (do not have any
plan to switch to 14.0), introductory phase planners (trying to embed new systems), 14.0
users (implemented some of the pillars to a certain degree), and full-scale adopters. The
overwhelming majority of corporations, excluding the first group, are consumers of 14.0
technologies which show the importance of literature that disentangles the concept into
absorbable and adaptable elements.

14.0 solutions can help solve problems in different spheres as well as industries. For
example, the applications adopted in the healthcare sector have enabled effective methods
for frontline workers in the COVID-19 pandemic (Javaid et al., 2020).

Da Silva et al. (2019) focused on technology transfer (TT) in importing and integrating
advanced technologies into the functional members of manufacturing processes within
the framework of 14.0. Collaboration instead of competition and “real-time visibility” in
the supply chain will be the major characteristics of TT. To contribute to the
understanding and delivery of technology in building 14.0 infrastructure, more research
will be needed. Our study has the potential to guide professionals engaged in the TT
process.

Attempts to classify the technologies to build a taxonomy, identifying the challenges and
solutions, defining standards and scales to explain the outcomes for both digital and
physical assets are the main areas of research in the 14.0 literature (Dalenogare et al.,
2018; Luthra & Mangla, 2018; Oztemel & Gursev, 2020). MCDM methods have been
used in the 14.0 literature to evaluate the concept from different points of view. MCDM,
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particularly the AHP, which can bring conflicting opinions of experts together is a
suitable method for the 14.0 paradigm as maturity level, utilization and understanding of
each pillar is at a different stage and the adoption rates of 14.0 technologies vary
significantly across industrial sectors and sizes of corporations (Calabrese et al., 2020;
Frank et al., 2019). Frank et al. (2019) addressed the gaps in understanding of 14.0
technologies and adoption patterns of manufacturing companies. Luthra and Mangla
(2018) focused on the criteria of 14.0 implementation in supply chain sustainability
employing AHP and rank organizational challenges ahead of technological challenges for
success. Erdogan et al. (2018) used AHP-VIKOR to support the selection of useful
strategies in the 14.0 transformation employing factors like human resources, information
systems, business models, and standardization. Bai et al. (2020) developed hybrid
MCDM utilizing a hesitant fuzzy set, cumulative prospect theory, and VIKOR assessing
the priority of 14.0 technologies from a sustainability perspective. Contreras-Masse et al.
(2020) proposed PROMETHEE-II as an MCDM to select 10T platforms employed in
14.0 manufacturing. Singh et al. (2018) employed the AHP methodology to define and
rank the impact of success factors in 14.0 realization.

Adapting the technology infrastructure and each pillar according to company
requirements combined with training of users enables transforming the processes into an
operating 14.0 environment (RuUBmann et al., 2015), which encompasses high
digitalization, smart manufacturing, and inter and intra-company connectivity (Muller et
al., 2018).

2.1 Big data and analytics

Of the nine components, "big data" is the engine of 14.0 as the development is realized by
processing this data. The huge volume of data is not crucial as conceived, but the
feasibility and quality of the data are crucial since the results depend on the processing of
the relevant data. The term “big data” was first used by Michael Cox and David
Ellsworth at the Proceedings of the IEEE 8" conference on Visualization in 1997 (Press,
2013):

“Visualization provides an interesting challenge for computer
systems: data sets are generally quite large, taxing the capacities
of main memory, local disk, and even remote disk. We call this the
problem of big data. When data sets do not fit in main memory (in
core), or when they do not fit even on local disk, the most common
solution is to acquire more resources.”

The concept might have been expressed in other reports or scholarly research even years
ago, but we want to highlight that the very first users of the concept perceived it as a
“problem” and the “implied” need for cloud computing as “local disk” is incompetent.
High volume, variety, and velocity are typical features of big data (Kaur & Singh, 2018),
and technologies akin to optical image recognition which can retrieve a certain word in
millions of scanned pages enable the usage of big data (Vrochidis et al., 2010). Similarly,
data is produced in production facilities, workstations, machinery, maintenance units,
vehicles, robots, power plants, supply chains, marketing, and after-sales efforts, etc. in
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millions of lines as a result of 14.0 technology, and the retrieval and utilization of the
right data play an important role in big data. This pillar encompasses 3 main sub-pillars
that are elaborated in Table 1 as data management (Bordeleau et al., 2018; Kamble et al.,
2018; Lu, 2017; Tao et al., 2018; Vaidya et al., 2018), data mining (Kamble et al., 2018;
Lee et al., 2014a; Lee et al., 2014b; Lu, 2017; Tao et al., 2018; Vaidya et al., 2018) and
self-organized manufacturing (Lee et al., 2014a; Lee et al., 2014b; Tao et al., 2018; Wang
et al., 2016; Wang & Wang, 2016). The sub-pillars or factors that make these features
work need to be taken into consideration when designing an effective big data and
analytics infrastructure.

2.2 The cloud

Cloud computing technology was created to store, protect, and process constantly
growing data, that is, to produce new information from existing data, to reveal complex
relationships between data, and to make it available when needed (Oztemel & Gursev,
2020). This big data can be transmitted to people, smart objects, and machines quickly
achieving reaction times in milliseconds (Russmann et al., 2015). In a cloud, the
hardware, software, and real-time data that are used are separated and stored away from
the central facilities and are brought together when necessary, often automatically.
Obviously, the sine qua non of this new order is the I10T.

Everything is considered as service in cloud computing and the services include
infrastructure, platform, and software (Alcacer & Cruz-Machado, 2019). The
infrastructure consists of storage, networking, and virtualization; platforms include
operating systems to run the software and are used to develop applications; software
applications enable processing data retrieved via interfaces. Access to a cloud can be
grouped into four types according to the following access protocols (Alcacer & Cruz-
Machado, 2019): public, private, hybrid, and community, which is a specialized part of
the public cloud.

2.3 The industrial internet of things

The 10T is the communication network that enables the communication of physical
objects integrated with each other using traditional internet protocols. “Industrial’ and
“Things” are crucial concepts in building the 1l0T pillar of an 14.0 system. Things can be
whatever is used in industrial manufacturing including objects and humans (Alcécer &
Cruz-Machado, 2019), and the number of active objects exceeded 22 billion (Mercer,
2019). The lloT infrastructure enables storing, transmitting, analyzing real-time data, and
communicating with the rest of the system elements to optimize the output in terms of
lead times, effectiveness, quality, etc. Navigation systems used by billions of people
every day are a good example of the importance of obtaining real-time data. These
systems allow one to review the route and reach the destination using less time and
energy. Utilization of the 10T is increasing in numerous fields like energy management,
marketing, transportation, smart homes, transportation, agriculture, health, and education
(Alcéacer & Cruz-Machado, 2019; Rifmann et al., 2015).

The success of the 10T is dependent on a clear definition of configuration, architectural
models, standards, projects, performance indicators, and industrial activities. Four
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architectural levels are proposed to establish and evaluate the 1loT infrastructure (Alcéacer
& Cruz-Machado, 2019) starting from the “object” to the end-user. The physical or
sensing layer detects and translates the data tags obtained by touching the original source
of the data. The network layer performs data transmission from the “object” to the service
layer. This level is decisive in the required data to be shared and the destination stations
of that data. The third level stores the big data for optimization and decision-making, and
the interface level serves as an interface to display data and provide interaction with the
system and users. The connections between the four layers can be wired or wireless and
additional monitoring provided by a human or other smart device can increase the value
of analysis and the level of optimization. Four level automation that is synonymous with
the four layers of the lloT has been used in traditional industries such as steel
manufacturing for decades (Gauvreau, 2011), but 14.0 technologies and the internet
provided individual stations or objects to store, analyze, decide using “real-time” data and
perform actions to reach pre-defined solutions autonomously. The connection and
interaction of elements in the system support optimizing the whole value chain.

2.4 Cybersecurity

The connected systems communicating via the 10T network consisting of embedded
electronic systems like RFID, chips, and sensors and physical assets such as objects,
machinery, hardware, etc. are called CPSs in the 14.0 literature (Alcécer & Cruz-
Machado, 2019). CPSs are central to automation in smart factories as they can plan and
operate all production processes with the retrieved data. The traditional automation
hierarchy forms a triangle starting with the programmable logic controller (PLC) level to
the user-level interface, whereas CPS-based 14.0 automation forms a spider-web with
distributed service (Hozdic, 2015). CPSs establish communication between mechanical
and electronic components through 14.0 technologies within a network system to create
smart manufacturing.

CPSs increase connectivity with global networks using standard internet protocols that
make sensitive corporate data, crucial industrial components, and production lines
vulnerable to hostile cyber intervention (Rissmann et al., 2015). The attacks can be
originated from an internal or external source (Alcacer & Cruz-Machado, 2019).
Corporations are trying to overcome cybersecurity flaws by utilizing secure
communications, sophisticated access management of systems, machines, and users as
well as cooperating with professional cybersecurity companies. Cybersecurity control
points can be categorized into three groups as physical controls regulating access to
physical assets, access controls to data resources and communication controls securing
the data transmission via networks (Flatt et al., 2016; Kobara, 2016).

2.5 Horizontal and vertical system integration

Horizontal and vertical integration of real-time data flows between all elements of the
manufacturing process and is a key concept in a smart factory (Hozdic, 2015). Horizontal
integration relates to inter-organizational data transmission beyond the organizational
boundaries through all value chains including partners, suppliers, and customers. Vertical
integration includes data sharing across intra-organizational processes from conceptual
design to manufacturing and after-sales services. End-to-end integration is integration

International Journal of the 246 Vol. 13 Issue 2 2021
Analytic Hierarchy Process ISSN 1936-6744
https://doi.org/10.13033/ijahp.v13i2.839



IJAHP Article: Akman, Karaman/Pillars in the making, Industry 4.0 on the horizon

across the organization and different companies incorporating customer demands through
the entire product life cycle (Liao et al., 2017). Integration combines the virtual and the
real world due to sophisticated IT infrastructure including sensors, actuators, PLCs,
manufacturing execution systems, enterprise resource planning systems, machine-to-
machine communication (Hozdic, 2015). The nature of complete integration within the
framework of 14.0 generates coopetition, which brings cooperation and competition
together.

2.6 Autonomous robots

Autonomous robots can make decisions and act on their own in dynamic environments
without intervention. They are equipped to collect data and analyze, communicate with
connected robots, objects, and operators, move in the workstation and ensure the safety of
surroundings (Rissmann et al., 2015). Embedded systems providing artificial intelligence
make these robots smarter. Autonomous robots are used in numerous fields,
manufacturing, and services as well as mining and agriculture (Alcacer & Cruz-Machado,
2019). The critical factors of successful operations of autonomous robots are interacting
with one another and humans.

2.7 Simulation

Simulation, modeling a concept in the virtual world, has been used in the research and
development of products and materials. Innovative 14.0 technologies made it possible to
obtain and analyze real-time data from production, processes, machinery, and human
behavior (Russmann et al., 2015). Engineering simulation helps build optimum design
while process simulation helps build optimum processes with fast decision making in
manufacturing, maintenance, and customer service, etc. (Alcacer & Cruz-Machado,
2019). Engineering evaluation is defined as off-line simulation and real-time data using
modeling for process performance is called on-line simulation (Negahban & Smith,
2014).

Simulation using the current data of an operating system contributes to smart
manufacturing considerably as the results such as performance and failures with certain
parameters conveyed to similar workstations can help optimize the results of further
stations and the next operations of the current station. Obviously, on-line simulation
requires sophisticated IT infrastructure with computational efficiency covering all
processes of an enterprise. Sub-criteria of simulation infrastructure are virtual
prototyping, virtual production, and virtual maintenance, repair, and operations (Kamble
et al., 2018; Mourtzis et al., 2014; Qi & Tao, 2018).

2.8 Additive manufacturing (AM)

Producing physical parts from digital data, also known as rapid prototyping, began in the
late 1980s (Manfredi et al., 2014). This method used to produce prototypes or sample
parts was the first type of 3D printing or additive manufacturing. Today AM technology
is used in manufacturing processes with sophisticated methods beyond rapid prototyping
technology. AM is defined in the American Society for Testing and Materials (ASTM)
2792-10 standard as (Manfredi et al., 2014):
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“The process of joining materials to make objects from 3D model
data, usually layer upon layer, as opposed to subtractive
manufacturing technologies.”

AM is a smart technology that revolutionized conventional manufacturing methods as
customized parts can be manufactured in shorter times with high precision and no waste,
molds, or assembly. Aerospace companies were the first to adopt AM technology as it
enables complex lightweight designs and decentralized AM systems to reduce shipping
costs and stocks (Rissmann et al., 2015). A conventional AM process includes the
geometry design, IT tools and interface development, final design, process forming, and
control tools (Alcacer & Cruz-Machado, 2019; Manfredi et al., 2014). ASTM standard
F2792 groups AM processes into seven groups as binder jetting, directed energy
deposition, material extrusion, material jetting, powder bed fusion, sheet lamination, and
VAT polymerization.

2.9 Augmented reality (AR)

In AR technology, the real images are enriched by combining supporting elements such
as real-time audio, images, and graphics developed with different digital technologies in
their own environment (Oztemel & Gursev, 2020). AR glasses, smart devices or
monitors, or other types of imaging tools are often needed. AR has a wide field of
applications ranging from education and health to military and tourism. AR is an
indispensable part of smart manufacturing and is used in operations such as design,
assembly, maintenance, logistics, quality and safety management, and warehousing. AR
professionals can perform all necessary operations remotely which speeds up the
maintenance, training, and assembly activities in different parts of the world with low-
skilled workers (Rissmann et al., 2015). AR technology has the potential to be
significantly developed and used in many different applications from various walks of
life (Oztemel & Gursev, 2020). One of the key advantages of AR is the storage and
retrieval of high-quality and user-friendly data on company processes like manufacturing,
maintenance, safety, and quality which can eliminate paperwork and usage of outdated
information (Blanco-Novoa et al., 2018).

AR has five sub-pillars including training, design, manufacturing, operations, and service
which are elaborated in Table 1 (Alcacer & Cruz-Machado, 2019; Fraga-Lamas et al.,
2018; Kamble et al., 2018; Mourtzis et al., 2017).

3. Research methodology

We followed a two-phase research methodology in this study to determine technology
priorities of 14.0. In phase I, we identified the dimensions, pillars, and sub-pillars of the
14.0 technologies with the help of a comprehensive literature review. Then, we formed an
experts’ panel (EP). The dimensions, pillars, and sub-pillars of the 14.0 technologies were
determined through discussions and the support of the EP. In phase Il, the priorities of the
14.0 technologies including the dimensions, pillars, and sub-pillars were evaluated via the
widely recognized AHP methodology by surveying industry professionals. Figure 1
illustrates the step-by-step research methodology.
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Identifying the 14.0 technologies,
dimensions, pillars and sub-pillars

Phase |

Forming an experts’ panel (EP) Criteria Selection

' Finalizing the dimensions, pillars and sub- ‘
pillars of the 14.0 technologies with the
support of EP

Implementation of the questionnaire by
the industry professionals

Phase Il

AHP Method AHP

Determining the weights of the
dimensions, pillars and sub-pillars

Figure 1 Two-phase research methodology for Industry 4.0 technologies

3.1 Phase I - Criteria selection

The criteria included in the study are a result of combining information from the existing
literature and industry experience. The study adopted the nine pillars of 14.0 based on
Alcéacer and Cruz-Machado (2019), Bahrin et al. (2016), Motyl et al. (2017), RiBmann et
al. (2015), Vaidya et al. (2018), and Wang and Wang (2016). The nine pillars were first
grouped into dimensions following the recommendation of the EP as base technologies,
smart operations, and smart technologies to make rational and consistent comparisons
between similar concepts. The base technologies include the industrial internet of things,
horizontal and vertical system integration, big data and analytics, cybersecurity, and the
cloud, which provides connectivity and intelligence (Frank, 2019). Smart operations
includes simulation and augmented reality. Finally, smart technologies includes
autonomous robots and additive manufacturing.

Then, sub-pillars were determined based on the extant literature and the suggestions from
the EP. The EP’s suggestions helped finalized all the criteria and hierarchy included in
the study. The EP was composed of two academics and two industry professionals with
more than twenty years of experience. The two researchers authored this study; one of
them has substantial expertise in the manufacturing industry, whereas the other one has
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significant experience in multi-criteria decision-making approaches. As a result, the
dimensions, pillars, and sub-pillars were obtained from prior studies and up-to-date
industry practices. Final 14.0 dimensions, pillars, sub-pillars, and their explanations are
summarized in Table 1 and the structured hierarchy is given in Figure 2 (excluding the
sub-pillar level due to the space constraint).
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Table 1

Industry 4.0 dimensions, pillars, and sub-pillars

Dimension Pillar Sub-pillar Explanation References

Base The industrial Physical layer ~ Sensors,  machines, and Alcéacer and Cruz-Machado (2019); Gilchrist (2016); Kamble

technologies internet of products are connected using et al. (2018); Lu (2017); Posada et al. (2015); Rifmann et al.

things (110T) standard technologies (2015); Sadeghi et al. (2015); Thames and Schaefer (2016);

(includes the physical Vaidya et al. (2018); Wan et al. (2016); Wollschlaeger et al.
infrastructure) (2017)

Network layer  Industrial wireless networks Alcacer and Cruz-Machado (2019); Gilchrist (2016); Lu
transmitting data, commands, (2017); Wan et al. (2016); Wollschlaeger et al. (2017)
etc.

Service layer Stores the big data for Alcacer and Cruz-Machado (2019); Gilchrist (2016); Kamble
optimization and decision- et al. (2018); Lu (2017); Posada et al. (2015); Thames and
making Schaefer (2016); Wan et al. (2016); Wollschlaeger et al.

(2017)

Interface layer  Display data and provide Alcéacer and Cruz-Machado (2019); Gilchrist (2016); Thames
interaction with the system and Schaefer (2016); Wan et al. (2016)
and users

Horizontal Horizontal Horizontal integration across Brettel et al. (2014); Dalenogare et al. (2018); Kagermann et
and vertical integration the entire value creation al. (2013); Lu (2017); Posada et al. (2015); Rifmann et al.
system network (from the material (2015); Stock and Seliger (2016); Vaidya et al. (2018)
integration flow to the logistics of

product life cycle)
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Dimension

Pillar

Sub-pillar Explanation References
Vertical Vertical  integration and Dalenogare et al. (2018); Frank et al. (2019); Kagermann et al.
integration networked manufacturing (2013); Lu (2017); Posada et al. (2015); RiBmann et al.
systems (include sensors, (2015); Stock and Seliger (2016); Vaidya et al. (2018); Weyer
actuators, programmable et al. (2015)
logic controllers,
manufacturing execution
systems, enterprise resource
planning systems, machine-
to-machine communication) -
integrates product,
equipment, and human needs.
End-to-end End-to-end integration across Brettel et al. (2014); Dalenogare et al. (2018); Kagermann et
integration the entire product life cycle. al. (2013); Posada et al. (2015); Stock and Seliger (2016);

Vaidya et al. (2018)

Big data and Data

analytics

management

Collection (data tagging
tools), architecture,
integration, classification,
warehousing (ETL)

Bordeleau et al. (2018); Kamble et al. (2018); Lu (2017); Tao
et al. (2018); Vaidya et al. (2018)

Data mining

Data visualization
Real-time machine learning
applications include control
and monitoring, information-
sharing, collaborative
decision-making creating
operational value.
Predictive machine learning
applications include
prognostics  and health
management.

Kamble et al. (2018); Lee et al. (2014a); Lee et al. (2014b); Lu
(2017); Tao et al. (2018); Vaidya et al. (2018)
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Dimension Pillar Sub-pillar Explanation References
Self-organized  Negotiation mechanisms for Lee et al. (2014a); Lee et al. (2014b); Tao et al. (2018); Wang
manufacturing  components, machines, and etal. (2016); Wang and Wang (2016)
systems to become self-
aware,  self-predict, self-
compare, self-configure, self-
maintain, self-organize, and
self-adaptive
Cybersecurity  Physical Prevents unauthorized access Flatt et al. (2016); Kobara (2016); RiBmann et al. (2015);
controls to physical assets Waidner and Kasper (2016);
Access controls  Restricts unauthorized access Flatt et al. (2016); He et al. (2016); Kobara (2016); Waidner
to information resources and Kasper (2016)
(includes authentication and
authorization)
Communication Secures the movement of data Flatt et al. (2016); He et al. (2016); Kobara (2016); Rumann
controls across networks et al. (2015); Waidner and Kasper (2016)
The cloud Infrastructure Infrastructure to run software Alcacer and Cruz-Machado (2019); Almada-Lobo (2015);
as a service and store data Kamble et al. (2018); Lee et al. (2014b); RiBmann et al.
(laaS) (2015); Vaidya et al. (2018); Wan et al. (2016); Zhou et al.

(2015)

Platform as a
service (PaaS)

Alcacer and Cruz-Machado (2019); Almada-Lobo (2015); Lee
et al. (2014b); RuBmann et al. (2015); Vaidya et al. (2018);
Wan et al. (2016); Zhou et al. (2015)

Software as a
service (SaaS)

Platforms to develop
applications
Software  applications to

process data

Alcéacer and Cruz-Machado (2019); Almada-Lobo (2015); Lee
et al. (2014b); RuBmann et al. (2015); Vaidya et al. (2018);
Wan et al. (2016); Zhou et al. (2015)
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Dimension Pillar Sub-pillar Explanation References
Smart Simulation Virtual Product, material, process Brettel et al. (2014); Kamble et al. (2018); Mohammad et al.
operations prototyping development (2021); Mourtzis et al. (2014); Qi and Tao (2018); Riimann
et al. (2015); Zawadzki and Zywicki (2016)
Virtual Digital twin: design and Brettel et al. (2014); Kamble et al. (2018); Lasi et al. (2014);
production optimization of  cyber- Moreno et al. (2017); Mourtzis et al. (2014); Negri et al.
physical production systems  (2017); Qi and Tao (2018); Rodi¢ (2017); Riilmann et al.
(2015); Schleich et al. (2017); Uhlemann et al. (2017); Weyer
et al. (2016); Xu et al. (2016)
Virtual Prediction ~ of  proactive Qi and Tao (2018)
maintenance, maintenance
repair, and
operations
(MRO)
Augmented Training Includes job-specific tasks, Alcacer and Cruz-Machado (2019); Fraga-Lamas et al. (2018);
reality safety, and security Mourtzis et al. (2017); Posada et al. (2015); Rifmann et al.
procedures, etc. (2015)
Design Collaborative  engineering, Alcacer and Cruz-Machado (2019); Fraga-Lamas et al. (2018);

error diagnosis, etc.

Mourtzis et al. (2017); Zhong et al. (2017)

Manufacturing

Quality assurance, monitoring
performance, issuing
assembly and maintenance
work instructions, tracking,
monitoring

Alcacer and Cruz-Machado (2019); Fraga-Lamas et al. (2018);
Mourtzis et al. (2017)

Operations

Augmented interface and
operator manuals, heads-up
displays, digital  product

Alcécer and Cruz-Machado (2019); Fraga-Lamas et al. (2018);
Kamble et al. (2018); RuBmann et al. (2015)
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Dimension Pillar Sub-pillar Explanation References
controls, etc.
Service Remote  maintenance/repair Alcacer and Cruz-Machado (2019); Fraga-Lamas et al. (2018);
guidance, manual and service Kamble et al. (2018); Mourtzis et al. (2017); RuBmann et al.
instructions, service (2015); Vaidya et al. (2018)
inspections, self-service, etc.
Sales and Product display and demos, Alcacer and Cruz-Machado (2019); Fraga-Lamas et al. (2018);
marketing augmented marketing, etc. Mourtzis et al. (2017)
Smart Autonomous  Interaction with Use vision sensors, artificial Bahrin et al. (2016); Dopico et al. (2016); Kamble et al.
technologies  robots one another intelligence, and self-learning (2018); RuBmann et al. (2015); Vaidya et al. (2018);
to work flexibly with high
performance
Interaction with  Work safely hand in hand Bahrin et al. (2016); Gonzalez et al. (2018); Kamble et al.
humans with humans (2018); RuUBmann et al. (2015); Vaidya et al. (2018);
Additive Binder jetting Two materials, the binder Additive Manufacturing Research Group (2019); Alcacer and

manufacturing

(usually in liquid form) and
the build material (in powder
form) are used along with a
print head. The print head
moves and deposits
alternating layers of the build
material and the binding
material.

Cruz-Machado (2019); International Organization for
Standardization (2015); Tofail et al. (2018)
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Dimension

Pillar

Sub-pillar

Explanation

References

Directed energy
deposition

The laser/electron beam is
used to deposit materials by
melting.

Additive Manufacturing Research Group (2019); Alcacer and
Cruz-Machado (2019); Chong et al. (2018); International
Organization for Standardization (2015); Tofail et al. (2018)

Material
extrusion

A nozzle/orifice is used to
fuse materials selectively.

Additive Manufacturing Research Group (2019); Alcécer and
Cruz-Machado (2019); Chong et al. (2018); International
Organization for Standardization (2015); Tofail et al. (2018);
Vaidya et al. (2018)

Material jetting

Material is jetted onto a build
platform using either a
continuous  or  drop-on-
demand approach.

Additive Manufacturing Research Group (2019); Alcécer and
Cruz-Machado (2019); International Organization for
Standardization (2015); Tofail et al. (2018)

Powder bed
fusion

The laser/electron beam is
used to melt and fuse the
material powder together.

Additive Manufacturing Research Group (2019); Alcacer and
Cruz-Machado (2019); Chong et al. (2018); International
Organization for Standardization (2015); Tofail et al. (2018);
Vaidya et al. (2018)

Sheet
lamination

Sheets/ribbons of metals are
used to form objects using
ultrasonic welding.

Additive Manufacturing Research Group (2019); Alcacer and
Cruz-Machado (2019); Chong et al. (2018); International
Organization for Standardization (2015); Tofail et al. (2018)

VAT
polymerisation

Uses a vat of liquid
photopolymer resin to
construct the model layer by
layer.

Additive Manufacturing Research Group (2019); Alcacer and
Cruz-Machado (2019); Chong et al. (2018); International
Organization for Standardization (2015); Tofail et al. (2018)
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3.2 Phase II - AHP

The assessment of 14.0 technologies is qualitative in its essence and requires a multi-
criteria context. Yet, the perception of the experts is even contradictory. From this
perspective, the AHP, suggested by Saaty (1980), is a broadly accepted and convenient
approach to deal with MCDM (Akman & Dagdeviren, 2018; Karaman & Akman, 2018).
The AHP methodology handles a MCDM by structuring a decision hierarchy starting
with the goal, criteria, and sub-criteria. An important design constraint for the AHP is the
assumption that all the criteria and sub-criteria are independent of each other. In fact, the
AHP forms a group decision by assessing the criteria and sub-criteria and finding their
relative importance. It combines both qualitative and quantitative factors analytically. In
this context, the AHP hierarchy for 14.0 (the goals, dimensions, and pillars) is given in
Figure 2 (excluding the sub-pillar level due to the space constraints).

/ The industrial internet of things (110T) |

Horizontal and vertical system integration |

Base technologies Big data and analytics |

Cybersecurity |

The cloud |

Simulation |

Smart operations <

Augmented reality |

Autonomous robots |

Hierarchical grouping of Industry 4.0 technologies

Smart technologies <

/N L N S/ 1\

Additive manufacturing |

Level 1: The Goal | | Level 2: The Dimension | | Level 3: The Pillar |

Figure 2 Hierarchy of the AHP model

The next step in the AHP is to determine the priority weights for the determined
hierarchy. This is achieved through a pairwise comparison of the dimensions, pillars, and
sub-pillars. A standardized scale of the nine levels (as shown in Table 2) is used in the
pairwise comparisons.
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Table 2
AHP scale of the relative importance

Degree of Importance Definition

1 Equal Importance

3 Moderate Importance

5 Strong Importance

7 Very Strong Importance
9
2,

Absolute Importance
4, 6, 8 are used to articulate intermediate values.

The steps for prioritizing the criteria include summarizing the pairwise comparisons in a
pairwise evaluation matrix. The results of n criteria comparisons are stored in a nxn
matrix. Let C = {Cj\j =12, n} represent the set of criteria for 14.0 technologies. The
nxn assessment matrix, A, stores the pairwise contrast of the criteria belong to C. The
matrix A is written as below in Equation (1):

a1 Q12 Q1
az, Qaz; Azn

A= : . : (1)
Ap1 QApz .- Ann

Under these circumstances, a;; depicts the numerical value of the pairwise evaluation of
criteria ¢ and j for the AHP hierarchy illustrated in Figure 2. a;;’s could assume any
value between 1 and 9 as defined in Table 2 and their reciprocals. In particular, values 1
to 9 are used whenever criteria i is more important than criteria j and their reciprocals are
used whenever criteria j is more important than criteria i. Other entries of the matrix A
are determined by

aj; = 1, aj = ai assuming aij * 0.
ij
Next, the AHP normalizes and calculates the relative weights of each matrix A dividing

the entries into the columns to the respective column sums. The priority of the elements is
determined by letting

Aw = A 0W (2)

where w is the principal eigenvector corresponding to the largest eigenvalue 4,4

A final analysis in the AHP is the consistency check since the pairwise comparison of the
criteria of the experts often conflicts and depends on subjective judgments. The

consistency check is being conducted in two steps. First, the consistency index (ClI) is
calculated via

_ Anax—m
Cl = e 3
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Second, the consistency ratio (CR) is determined by

CI
CR=%Z &)

Certain values of the consistency ratio show acceptable pairwise evaluations. In the
current literature, a recognized upper value on CR is 0.1. CR values beyond the upper
bound require the process to be repeated or more analysis to be done to improve the
consistency of the results (Karaman & Akman, 2018).

3.2.1 Application of AHP

Based on the hierarchy, the authors prepared a questionnaire to assess the relative weights
of the dimensions, pillars, and sub-pillars. The questionnaire is shown in the Appendix.
The standard AHP scale (provided in Table 2) was used to signify the corresponding
importance, 1 representing equal, and 9 symbolizing absolute importance.

The authors adopted a purposive sampling methodology in the selection of fourteen 14.0
professionals. The reliability of the results is highly dependent on the purposive sampling
approach (Karaman & Akman, 2018; Oberseder et al., 2013). The professionals
experienced in 14.0 in the EP suggested known global decision-makers and opinion
leaders. We also used the LinkedIn platform to search for leading practitioners and
contacted them. The decision-makers were intentionally chosen based on their expertise
and engagement in 14.0 technologies. The professionals had at least ten years of
experience in manufacturing, information technology, research and design, quality, and
similar domains, while the majority of them had more than twenty-five years of
consulting experience in these domains. The survey was sent to seventeen professionals;
twelve of them responded and contributed to our research. Two of the EP members also
assessed the pairwise comparisons.

The authors analyzed the responses received from the 14.0 professionals using Microsoft
Excel. In this step, the AHP weights were obtained by combining the questionnaire
answers and computing the geometric average of the pairwise assessments since this
creates a group agreement. All the weights of the dimensions, pillars, and sub-pillars
were obtained from the authors' own calculations. The CR value of all the assessments
was within the acceptable level (less than 0.1).

4. Findings and discussion

The organizational strategy aligned with 14.0 initiatives is key to success in
implementation that can be achieved with the support of executive management (Sony &
Naik, 2020). This obviously requires the inclusion of technical management to build a
straightforward strategy and implementation framework where our results can potentially
provide a guide. The nine pillars of 14.0 have gained wide acceptance in the literature and
many of the sub-pillars are highlighted in numerous papers as seen in Table 1. We
focused on the studies dealing with similar concepts or criteria to explain 14.0 and
compare with our study; however, it is hard to completely collate the findings with
previous studies as our study adopts a taxonomic method employing the AHP as a
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MCDM to rank the factors building an 14.0 environment. To the best of our knowledge,
this is the first study to handle 14.0 pillars using our methodology.

The first level of comparison of the research (shown in Table 3) includes base
technologies, smart operations, and smart technologies. Frank et al. (2019) suggest that
the pattern of 14.0 adoption integrates the methodical implementation of smart (front-end)
technologies and base technologies. We separated smart operations and proposed them as
a third pillar. 14.0 is a fusion of pillar technologies and the path to success requires a
sequence of projects ranging from small and gradual to very large and innovative (Prause,
2015; Sony & Naik, 2020). In this manner, a shift of a corporation to 14.0 can be
considered as project and change management (Sony & Naik, 2020). The current study
asserts that there are three crucial pillars (phases) to achieve the project of a fully
operating 14.0 system. The industry professionals view base technologies as significantly
important followed by smart operations and smart technologies. Similar to our findings,
Frank et al. (2019) report that the implementation of base technologies is challenging for
companies. The results indicate that practitioners first focus on the status/maturity of
factors given in Table 4 before fully implementing the factors indicated in Tables 5 and 6,
respectively.

Table 3
AHP weights and rank of the dimensions

Dimensions Weights Rank
Base technologies 0.547 1
Smart operations 0.287 2
Smart technologies 0.166 3

Adopting 14.0 will lead to colossal cybersecurity challenges as the confident data
engendered by 14.0 is streamed through all value chains (He et al., 2016; Sony & Naik,
2020). Smart manufacturing is dependent on cybersecurity maturity as well as operation
technologies (Ghobakhloo, 2020). Our study reveals that the protection of data
(cybersecurity) is a top priority for industry experts followed by big data and analytics,
the cloud, 110T, and horizontal and vertical system integration, respectively. Frank et al.
(2019) adopted the four base technology pillars of cloud, IoT, big data, and analytics.
Their findings propose that as companies have more mature 14.0 smart manufacturing
technologies, they employ more advanced levels of base technologies. The
implementation rates of the factors are as follows: loT (67%), cloud (60%), analytics
(60%), and big data (60%) among advanced adopters. The results of Frank et al. (2019)
do not resemble our results as they did not include cybersecurity. Furthermore, big data
and analytics is given priority over the enablers the cloud and 1loT by our experts. The
logic behind this result may be the emphasis on the quality of the data collected and the
value of analytics for the operations and sustainability of the corporations. One of the
experts stated that they got “drowned” in one of their projects as millions of lines of data
obtained through tags made it hard to tackle and analyze the data.
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Table 4
AHP weights and rank of base technologies

Pillars for base technologies Weights Rank
loT 0.150 4
Horizontal and vertical system integration 0.144 5
Big data and analytics 0.158 2
Cybersecurity 0.397 1
The cloud 0.152 3

Augmented reality, which integrates real operations and simulation, is a core technology
for building a smart manufacturing environment and a crucial innovation of 14.0
(Oztemel & Gursev, 2020). Augmented reality is successfully utilized in fields like
maintenance, operations, training, and quality control. Though simulation is a more
traditional operation employed in industry for decades, our results show that
professionals give priority to simulation.

Table 5
AHP weights and rank of the smart operations

Pillars for smart operations Weights Rank
Simulation 0.670 1
Augmented reality 0.330 2

Autonomous robots and additive manufacturing are state-of-the-art technologies and the
most distinguishing innovations of 14.0. Though they have similar significance,
autonomous robots are seen as a more important element of 14.0. Autonomous robots
represent more conventional technologies enriched with 14.0 technologies while additive
manufacturing is new in mass or end-user destined production and is still perceived as a
tool in the prototyping of a designed part or product. This implies that the experts give
more importance to conventional manufacturing processes with autonomous robots over
additive manufacturing.

Table 6
AHP weights and rank of the smart technologies

Pillars for Smart technologies Weights Rank
Autonomous robots 0.560 1
Additive manufacturing 0.440 2

Evaluations of dimensions and pillars shed light on the conceptual design and
architecture of an 14.0 manufacturing environment. The assessments made so far reflect
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the approaches of experts to 14.0 in general in defining a roadmap to 14.0. The following
parts assessing the sub-pillars focus more on tangible assets in forging the operating
processes of 14.0. Hardware, software, equipment, machines, processes, or technologies
pertaining to each sub-pillar can be observed at various maturity levels on shop floors of
companies that plan to keep up with the pace of 14.0 technologies. The expert views can
enable practitioners or researchers to assess the current infrastructure, decide on the gaps,
and plan for the next stages in projects and investments.

The IloT consists of various sets of software, hardware, and technologies used in four
layers which are connected and integrated via the internet or intranet to support smart
production processes. The IloT layers can combine technologies with different maturity
levels, but interoperability is the key to successful operation (Alcacer & Cruz-Machado,
2019). The physical layer, the first element to gather raw data from the source where it is
produced, is viewed as a sub-pillar with the most significance for the successful operation
of 10T followed by the service layer where data is stored, interface layer which serves as
the interface for users and network layer which transmits data between the terminals
(Table 7).

Table 7
AHP weights and rank of the IloT

Sub-pillars for 10T Weights Rank
Physical layer 0.325 1
Network layer 0.218 4
Service layer 0.230 2
Interface layer 0.227 3

Liao et al. (2017) concluded in their research on 14.0 literature that 20.5% of 479 papers
included integration factors, while 45 papers paid attention to vertical, 39 papers to
horizontal, and 23 papers to end-to-end integration. Our results showed that the 14.0
professionals view end-to-end integration as important which shows more focus on this
factor is needed in further studies. Vertical integration, which mostly includes IT
infrastructure within a company, is seen as the second factor which implies that
corporations need to integrate internal processes before they join external value chains
(Table 8). Achieving this is particularly important in switching to 14.0 as most companies
lack successful internal process integration and some even lack functional units like in
the engineering department (Riissmann et al., 2015).
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Table 8
AHP weights and rank of the horizontal and vertical system integration

Sub-pillars for horizontal and vertical

system integration Weights Rank
Horizontal integration 0.224 3
Vertical integration 0.275 2
End-to-end integration 0.501 1

The hierarchical importance of the big data and analytics’ sub-pillars is viewed as data
management, data mining, and self-organized manufacturing. Most commonly, data is
produced in the physical systems, and stored and conveyed within cyber systems. Large
volumes of diverse data are produced, and this data is frequently unstructured (Qi & Tao,
2018). For example, data collected in different workstations of a manufacturing facility
may contain numerous parameters like temperature, pressure, velocity, thickness, etc. that
changes in seconds which makes collecting useful data sophisticated. The data
management sub-pillar is seen as significantly important which includes data
classification, architecture, and collection (Table 9).

Table 9
AHP weights and rank of big data and analytics

Sub-pillars for big data and analytics Weights Rank
Data management 0.415 1
Data mining 0.297 2
Self-organized manufacturing 0.288 3

The results reveal that experts view access controls to data resources as the most
important factor of cybersecurity. Preventing malicious intervention as well as being
user-friendly are key factors of access controls. Communication controls which include
data transmission through networks are followed by physical controls setting access
standards to tangible assets (Table 10).

Table 10
AHP weights and rank of cybersecurity

Sub-pillars for cybersecurity Weights Rank

Physical controls 0.271 3

Access controls 0.398 1

Communication controls 0.331 2
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SaaS, employed for processing data, is considered the first sub-pillar of the cloud,
followed by laaS which stores data, and PaaS which runs applications (Table 11).
Processing data gathered in the cloud or transmitted to the cloud is important as it is the
main role of a cloud.

Table 11
AHP weights and rank of the cloud

Sub-pillars for the cloud Weights Rank
Infrastructure as a service (laaS) 0.321 2
Platform as a service (PaaS) 0.309 3
Software as a service (SaaS) 0.370 1

The significance of the simulation sub-pillars is revealed as virtual MRO, virtual
production, and virtual prototyping, respectively (Table 12). The first expectation from
simulation is the prediction of proactive maintenance followed by the design and
optimization of CPS and process development.

Table 12
AHP weights and rank of simulation

Sub-pillars for simulation Weights Rank
Virtual prototyping 0.256 3
Virtual production 0.328 2
Virtual MRO 0.416 1

When we look at the sub-pillars of augmented reality, operations is the most significant
factor followed by training, service, and manufacturing which have almost equal
importance (Table 13). The outcome is not surprising as operations describes the
immediate interface between the users and augmented reality systems that play a crucial
role in the success of the results.
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Table 13
AHP weights and rank of augmented reality

Sub-pillars for augmented reality Weights Rank
Training 0.177 2
Design 0.131 5
Manufacturing 0.173 4
Operations 0.227 1
Service 0.176 3
Sales and marketing 0.115 6

Interaction with humans is viewed as more important than interaction with one another
in assessing autonomous robots (Table 14). This finding should be considered when
designing the new generation robots compatible with 14.0.

Table 14
AHP weights and rank of autonomous robots

Sub-pillars for autonomous robots Weights Rank
Interaction with one another 0.353 2
Interaction with humans 0.647 1

Mass manufacturing employing additive manufacturing is a technology unique to the 14.0
environment. The most important factors for building additive manufacturing are VAT
polymerization, sheet lamination, material jetting, and powder bed fusion (Table 15),
respectively.

Table 15
AHP weights and rank of additive manufacturing

Sub-pillars for additive manufacturing Weights Rank
Binder jetting 0.133 5
Directed energy deposition 0.125 7
Material extrusion 0.128 6
Material jetting 0.152 2
Powder bed fusion 0.145 4
Sheet lamination 0.152 2
VAT polymerization 0.165 1
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The interdependence between the dimensions, the pillars, and the sub-pillars has been
analyzed by the EP as an initial stage of model setting. The paper aims to evaluate the
importance of factors in building an 14.0 manufacturing environment, which combines
three dimensions, nine pillars, and sub-pillars with distinct technological patterns and
maturity levels.

Obviously, the experts each have distinctive perceptions about the pillars, and evaluating
their significance ranks entails a thorough disparity. The interdependence across different
14.0 pillars and evaluations of experts displays diversified behavior. The EP put forth that
there is no significant interdependence between the dimensions, the criteria, and the sub-
criteria. The conclusion of the initial evaluation demonstrated that the AHP method is the
most appropriate for the problem, and it was chosen in model and solution.

5. Conclusions

14.0, also considered the fourth industrial revolution, is a new era of connecting people,
equipment, processes, supply chains, and other participants of value creation as a result of
the advances in digital technologies. This research proposes a practical and robust
MCDM model to support the evaluation of factors in building or assessing the 14.0
system. The study utilized a pairwise survey based on dimensions, pillars, and sub-pillars
of 14.0 technologies. The overwhelming majority of literature that taxonomically defines
the 14.0 paradigm agrees that 14.0 integrates the nine basic pillars elaborated in this study.
The study is the first to focus on the nine pillars of 14.0 in a MCDM context to the best of
our knowledge. Hence, the findings of the study are valuable in setting forth the ranks of
the pillars and the alignment of projects in transforming to 14.0. The results revealed that
base technologies are the most significant in configuring 14.0 followed by smart
operations and smart technologies. Cybersecurity, simulation, and autonomous robots are
the leading pillars of base technologies, smart operations, and smart technologies,
respectively. The sub-pillars are elements such as technologies, equipment, PLCs,
sensors, software, or hardware building each pillar. The model also used the evaluation to
disentangle the sub-pillars’ comparative significance in the system.

The criteria of 14.0 were assessed by the AHP methodology. The findings reflect the
perceptions of 14.0 professionals in evaluating the components and can provide a
practical roadmap for the business community as they switch to 14.0. The results of the
14.0 system generated are dependent on the configuration of the pillars. It is complicated
to design an optimal 14.0 manufacturing process as each pillar has a varied maturity level
and the outcomes of different combinations can be hard to predict. The model we propose
is applicable at the corporate level among the 14.0 professionals that make decisions
about investments and the study has the potential to trigger new research to elucidate the
paradigm of 14.0. Although the AHP model is comprehensive, the results showed the
opinions of experts in various industries which can be considered a limitation as each
sector has different features necessitating a different 14.0 architecture. Further studies can
research the comparative impact of each pillar to support 14.0 technology selection
decisions in sectoral clusters to ameliorate this limitation. Most 14.0 professionals are
experts on just one specific or a few pillars which made it complicated to find
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respondents with a complete understanding of all of the pillars. The combining nature of
the AHP model helped alleviate this limitation.

A benchmarking study between corporations engaged in 14.0 to compare the systems in
operation would be a valuable addition to the literature. As the AHP enables gquantitative
results from the perceptions of experts, such a study can support the realization of an
optimal configuration and highlight areas of improvement. As each pillar has an
indispensable impact on the output of 14.0, further studies can focus on the elements of
the individual pillars in an MCDM context. Another extension can be employing
different applicable methodologies to assess 14.0 technologies.
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APPENDIX

PILLARS IN THE MAKING, INDUSTRIE 4.0 ON THE HORIZON

Instruction:
Please compare the below dimension / pillar / sub-pillar couplet based on their relative importance to each other.

Only one box is going to be checked in the comparisons.

If the item on the left is more important than the item on the right, please use the scale on the left of *1" and indicate its relative importance.
If the item on the right is more important than the item on the left, please use the scale on the right of "1" and indicate its relative importance.

If the items have equal importance, than check the box for "1".

Intensity of Importance ~ Definition
1 Equal Importance
3 Moderate Importance
5 StrongImportance

7 VeryStrongImportance

9 Absolute Importance

2,4, 6,8can be used to express intermediate values.

COMPARING THE DIMENSIONS

9|8 |7|6|s|a|3|2|1|2|3|a[s5|6]|7]|8]|9

Base technologies smart operations

Base technologies smart technologies

Smart operations Smart technologies

COMPARING THE PILLARS

Base technologies 9|ls|7|6|s|a|3|2|1|2|3|a[5]6]|7]|8]|9

The industrial internet of things (IloT) Horizontal and vertical system integration

The industrial internet of things (1loT) Big data and analytics

I The industrial internet of things (IloT) Cybersecurity

|The industrial internet of things (1loT) The cloud

Horizontal and vertical system integration Big data and analytics

Horizontal and vertical system integration Cybersecurity
Horizontal and vertical system integration The cloud
Big data and analytics Cybersecurity
Big data and analytics The cloud
Cybersecurity The cloud

COMPARING THE PILLARS

Ll Rl o]

N O s

LEEEEE LT EEEEEE)

Smart technologies

[FE— T L T T L L L T T LT T T LT s momiocs

Base technologies

IThe industrial internet of things (IloT) ols|7|6|s|a|3|2|1|2]|3|a|s|6]|7]|8]09
Physical layer Network layer
Physical layer service layer
Physical layer Interface layer
Network layer service layer
Network layer Interface layer
Service layer Interface layer

Horizontal and vertical system integration ols|7|6|s|a|3|2f1|2]|3|als|6]|7]|8]9

Horizontal integration Vertical integration

Horizontal integration End-to-end integration

Vertical integration End-to-end integration

Big data and analytics 9|ls|7|6|s|a|3|2|1|2|3|a[5]6]|7]|8]|9

Data management Data mining

Data management Self-organized manufacturing

Data mining Self-organized manufacturing
Cybersecurity ols|7|6|s|a|3|2|1|2]|3|a|s|6]|7]|8]09
Physical controls [Access controls

Physical controls [Communication controls

Access controls [Communication controls

IThe cloud 9|8 |7|6|s|a|3|2|1|2|3|a[s5]|6]|7]|8]|9

Infrastructure as a service (1aaS)

Platform as a service (Paas)

Infrastructure as a service (1aaS)

Software as a service (Saas)

Platform as a service (Paas)

Software as a service (Saas)
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COMPARING THE

SUB-PILLARS

|Smart operations

Simulation

Virtual prototyping

Virtual production

Virtual prototyping

Virtual maintenance, repair and operations (MRO)

Virtual production

Virtual maintenance, repair and operations (MRO)

(Augmented reality

Training Design

Training Manufacturing
Training Operations

Training Service

Training Sales and marketing
Design Manufacturing
Design Operations

Design Service

Design Sales and marketing
Manufacturing Operations.
Manufacturing Service

Manufacturing

Sales and marketing

Operations Service
Operations Sales and marketing
service Sales and marketing

COMPARING THE

SUB-PILLARS

Smart technologies

|Autonomous robots

Interaction with one another

Interaction with humans

|Additive manufacturing

Binder jetting

Directed energy deposition

Binder jetting

Material extrusion

Binder jetting

Material jetting

Binder jetting

Powder bed fusion

Binder jetting

Sheet lamination

Binder jetting

VAT polymerisation

Directed energy deposition

Material extrusion

Directed energy deposition

Material jetting

Directed energy deposition

Powder bed fusion

Directed energy deposition

Sheet lamination

Directed energy deposition

VAT polymerisation

Material extrusion

Material jetting

Material extrusion

Powder bed fusion

Material extrusion

Sheet lamination

Material extrusion

VAT polymerisation

Material jetting

Powder bed fusion

Material jetting

Sheet lamination

Material jetting

VAT polymerisation

Powder bed fusion

Sheet lamination

Powder bed fusion

VAT polymerisation

Sheet lamination

VAT polymerisation
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