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Abstract: The automotive sector is one of the key branches of the global economy. The automotive
industry is also a very important sector of the Polish economy, as it generates over 8% of GDP and
accounts for over 20% of the annual export value. Industry 4.0 and the effective use of modern
technologies give a chance for its further dynamic development. The implementation of Industry
4.0 solutions in the business processes of automotive companies should not only take place in the
area of production or logistics, as it is usually indicated, but also in their other functional areas, such
as quality management, human resources management, and innovation management. The purpose
of the article is to diagnose the level of maturity in the implementation of Industry 4.0 solutions
in selected management areas of automotive companies operating in Poland. Using a maturity
assessment tool, the authors assessed the level of maturity in six selected functional areas of an
enterprise, such as production and logistics management, quality management, human resources
management, social and environmental responsibility, and product innovation management. The
authors also formulated conclusions and recommendations concerning actions that should be taken
by automotive companies in order to achieve higher maturity levels in the implementation of Industry
4.0 solutions.

Keywords: Industry 4.0; automotive; manufacturing; logistics; quality management; human resources
management; corporate social responsibility; innovation management

1. Introduction

The world’s largest automotive companies are advanced in implementing key tech-
nologies for Industry 4.0, such as automation and robotics, which they also expect from their
supply chain partners. Despite a higher saturation of automation and robotics in produc-
tion processes than companies in other industries, these companies also face the challenges
of digital transformation in other management areas as well. Indeed, digital transformation
refers to the economic and social impact of the digitalization of organizations.

The current fourth industrial revolution, referred to as Industry 4.0, can be understood
as the end-to-end digitization and interconnection of business processes, starting with the
development of a new product offering, through customer orders, the production process,
the delivery of the product to the point of consumption ending with all after-sales and
accompanying services for the aforementioned processes [1]. As a result, it is expected
that this will create largely self-organizing value creation networks that will be able to
provide companies with greater flexibility, increased competitiveness, and the acquisition
of sustainable adaptability to the changing business environment [2,3].

Piccarozzi et al. [3] conducted a review of research on Industry 4.0 in management
and quality sciences. On this basis, they identified several emerging research areas. Among
these, the authors mention research on the impact of Industry 4.0 on (1) production and
quality management methods in production; (2) creation of new or change of existing

Sustainability 2021, 13, 4867. https://doi.org/10.3390/su13094867 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-6681-8265
https://orcid.org/0000-0003-0317-9811
https://doi.org/10.3390/su13094867
https://doi.org/10.3390/su13094867
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13094867
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13094867?type=check_update&version=1


www.manaraa.com

Sustainability 2021, 13, 4867 2 of 38

business models; (3) strategies of companies; (4) results achieved by companies in the
dimensions of value creation, individualization of the product offering, sustainable devel-
opment, competitiveness, efficiency, learning processes; (5) human resources management;
(6) development of small and medium-sized enterprises; (7) supply chains; (8) sustainable
development; (9) information systems; and (10) innovation (including social innovation).
The listed areas are given in descending order of the number of publications in which a
given topic is addressed.

It is important to state that these areas are still at an early stage of recognition. Most of
the research conducted is more conceptual than empirical [3]. The overwhelming number
of publications present only the results of research on the awareness among employees
and managers of the need to implement development strategies, new business models,
or the use of Industry 4.0 tools and technologies. Moreover, among the empirical studies,
those conducted on a very small sample (a few companies) dominate. The awareness of the
managers as to the necessary changes or a created vision is important, but it is “only” the
first step in the digital transformation of a company. The next step is to develop a roadmap
for this transformation, which will depend on the current level of maturity of the already
implemented or not yet implemented elements that make up Industry 4.0. However, as the
results of research show [4,5], managers have a problem with defining their current state
of development in relation to the vision of Industry 4.0, and consequently, they cannot
identify specific areas of activities, programs, and projects. New methods and tools are
needed to provide guidance and support in aligning business strategies and operations
with the Industry 4.0 concept [5].

Maturity models are commonly used as a tool to conceptualize and measure the
maturity of an organization or process with respect to a specific target state [6]. Generally,
the term ‘maturity’ refers to “a state of reaching full development, a state of readiness for
specific tasks” and suggests some progress in the development of a system. Accordingly,
maturing systems (e.g., biological, technical, organizational) increase their capabilities over
time to reach the desired state in the future.

Although there have already been many proposals for models of maturity of imple-
mentation of solutions that make up Industry 4.0, as indicated in the literature [6], they
differ primarily in scope; i.e., some of the proposed tools are used to measure only selected
functional areas (most often manufacturing and logistics), some take into account a loosely
selected set of elements that make up the architecture of the organisation (strategy, hu-
man resources, business processes), some focus on the assessment of implemented digital
technology solutions.

The purpose of the article is to assess the level of maturity of the implementation
of Industry 4.0 solutions in six functional areas of management, i.e., management of
production and logistics, quality, human resources, social and environmental responsibility,
and product innovation of automotive companies in Poland.

The tool developed for the purpose of this study to assess maturity in the implementa-
tion of Industry 4.0 solutions was based on the value chain concept. It was the basis for
determining the scope of company maturity assessment (i.e., activities in the nomencla-
ture of value chain components) and dimensions (i.e., statements characterizing a given
level of maturity assessment). Ultimately, the scope of the maturity assessment included
production, quality management, logistics, human resources management, innovation
management, and corporate social responsibility.

Due to the small number of available empirical research results and the still low level
of implementation of Industry 4.0 solutions in Polish enterprises, the present research has
an exploratory character, in which the authors wanted to recognize the phenomenon of
digital transformation among Polish enterprises of the automotive industry. According to
the authors, the research will be a starting material for further research in this area.

In order to answer the research questions, a maturity model was used. The data
were collected through questionnaire surveys, and their analysis was carried out using
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descriptive statistics. The research was conducted on a sample of 50 employees/engineers
from 50 automotive companies located in Poland.

The novelty of this research is firstly the development of a tool to measure the maturity
of the implementation of Industry 4.0 solutions based on Porter’s concept of the value
chain. This allowed including in the assessment not only the production area but also
logistics, quality, human resources, social and environmental responsibility, and product
innovation. Moreover, to the best of the authors’ knowledge, the assessment of maturity
among enterprises from the automotive industry located in Poland is the first such research
conducted on a research sample larger than a few enterprises.

The remaining part of the article is divided into the following sections. Section 2
presents symptoms of implementing Industry 4.0 solutions in management. Section 3
presents the research questions, the research methodology, the data collection method, and
the characteristics of the research sample. The results of the conducted research are included
in Section 4. Based on the results obtained, Section 5 presents a discussion regarding
the research questions posed. Finally, Section 6 concludes this study by presenting the
contributions to the study, the limitations of the research carried out, and indications of
directions for future research. Figure 1 presents the research procedure.
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Figure 1. Research course. Source: own elaboration.

2. Literature Review

Original Equipment Manufacturers (OEMs) and their suppliers are facing complex
challenges today. The need to implement disruptive innovations in production processes
and logistics (so-called advanced manufacturing and logistics) and materials (so-called ad-
vanced materials) is identified as two further challenges facing automotive manufacturers
and suppliers today (e.g., [7,8]). This will require vendors and their OEM customers to
implement Industry 4.0 solutions. The symptoms of implementing Industry 4.0 solutions
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in selected functional areas of the enterprise have been tracked by reviewing the literature
(in the following subsections).

2.1. Symptoms of Implementing Industry 4.0 Solutions in Production

With the rapid technological progress observed, many new concepts for the transfor-
mation of their production systems are emerging before manufacturers. One of them is
“Industry 4.0” [9–11]. However, as the literature points out [6], the conditions for achieving
full maturity of Industry 4.0 in manufacturing are still not yet well defined. The roadmap
for the development and adaptation of the new technologies that make up Industry 4.0
is not as clear to managers as it is among researchers [12]. The difficulty is already the
very definition of the term Industry 4.0, which is not clearly understood in the literature.
Meanwhile, the dimensions of maturity and the criteria for assessing the maturity of In-
dustry 4.0 depend on the perspective adopted by the researcher [13,14] and primarily the
understanding of the dimensions of Industry 4.0. [6].

For the purpose of building a tool to assess the maturity of implemented Industry 4.0
solutions in the areas of production and logistics subsystems, it was assumed, following the
proposal presented by Boston Consulting Group [15], that Industry 4.0 is a set of nine tech-
nologies (also called Industry 4.0 pillars). These include Big Data and Big Data Analytics,
Augmented Reality, 3D Printing, Cloud Computing, Cyber Security, Autonomous Robots,
Simulation, Horizontal/Vertical Software Integration, and Internet of Things (IoT). Some
authors (e.g., [5,7]) add to this list also cyber–physical systems (CPS), and digital twins
(DTs). They identify these as those that are taking a central position in new-generation
intelligent manufacturing—that is, smart manufacturing. Their adoption by manufacturing
companies should be understood as comprehensive digitalization in order to link produc-
tion and logistics processes covering the entire product life cycle, i.e., starting from product
and service design, customer order handling, product manufacturing, delivery to the point
of consumption up to after-sales service, including reverse logistics activities.

The changes resulting from their implementation require a long development period
and should encompass production processes and systems, the change of the business model,
product offerings, and customers [16]. In the manufacturing area, the maturity of Industry
4.0 should be understood as full integration, in which not only all production equipment
(sensors, machines, robots, conveyors, etc.) are connected and automatically exchange data
and information with each other but will also become self-aware and intelligent enough
to predict events, control production processes, and manage the entire manufacturing
system [16,17]. In addition, many of the processes that make up manufacturing, such
as product design, production planning, and manufacturing, are closely interconnected,
which in effect means that these processes are not only controlled by the decentralized
system but also controlled interdependently [12].

2.2. Symptoms of Implementing Industry 4.0 Solutions in the Company’s Logistics and Its
Supply Chain

Industry 4.0 based on disruptive innovation includes not only manufacturing systems
but also logistics or entire supply chains. According to the Council of Supply Chain Man-
agement Professionals (CSCMP), logistics is “ . . . that part of supply chain management
that plans, implements, and controls the efficient, effective forward, and reverse flow and
storage of goods, services, and related information between the point of origin and the
point of consumption in order to meet customers’ requirements” [18]. Then, the essence
of the logistics process is the management of the flow of both materials and information.
Moreover, logistics can be considered as a system that can be further divided into individ-
ual interdependent subsystems [19]. These individual subsystems are purchasing logistics,
production logistics distribution logistics, and after-sales logistics. In addition to material
and information flows, they form further areas that should be assessed for maturity in
implementing Industry 4.0 solutions [19–21].

There is an enormous amount of data available in logistics processes and an oppor-
tunity to use information technologies that can significantly improve their efficiency and
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effectiveness. Studies (e.g., [19,21]) indicate that data analysis, communication, design,
and optimization of logistics processes can be improved through their use in logistics.
The digitalization of logistics processes leads to a ‘logistics transformation’ or to the cre-
ation of ‘smart logistics solutions’. In this case, Industry 4.0 is to be seen as a new level
of organization and control across the entire value chain during the product life cycle,
taking into account increasingly individualized customer requirements. The basis is the
availability of the required information in real time by connecting all instances involved in
the value chain both within and between companies [19]. Hence, similar to production,
logistics, both internal and external, must adapt to changing needs. In this case, the term
“Logistics 4.0” (sometimes the phrase “4.0” is replaced by “smart” or “intelligent”, e.g.,
“Intelligent Logistics”), which is increasingly used in practice and the literature, should
rather be understood to refer to the combination of logistics activities with the innovations
and applications offered by Industry 4.0. The “intelligence” of Logistics 4.0 should be read
as a characteristic of such a logistics system, which has more flexibility than a traditional lo-
gistics system, an automatic ability to adapt to market changes, and individualised storage
and transport needs of customers. In this case, if the term Logistics 4.0 means the specific
application of Industry 4.0 solutions in the field of logistics, then in the case of automotive
manufacturers/suppliers, it means their application in areas such as procurement logistics,
internal (production) logistics, distribution logistics, and after-sales logistics [20].

The dimension of digitalization seems to be crucial here in assessing the maturity of
logistics processes. Supply chain digitization can be defined as a set of ICT resources that
an organization uses to interact with an enterprise network in order to move activities
and physical objects into a digital space by integrating the physical world with the digital
world for the purposes of (1) minimizing the resources used and improving the efficiency
of operations, and (2) achieving full real-time visibility of the network, and such integration
refers to the collaboration of all actors in the supply chain at all stages using advanced
techniques and data management capabilities [22].

2.3. Symptoms of Implementing Industry 4.0 Solutions to Quality Management Systems

To implement Industry 4.0 solutions to the quality management area, we should base
them on typical methods and tools used in the quality management area, but the Industry
4.0 and especially the digitalization of all organizational processes can add more value to the
quality management area. The basis for the functioning of the automotive industry in the
quality management area has become the adoption of standardization, as a tool for reducing
production costs, allowing leading for mass production, etc. However, nowadays, there is
also a need for so-called product customization and production tailored to specific customer
needs. This is particularly important in the premium market. The customization of products
in the automotive industry can be achieved due to digitalization and the possibility of
using better and faster production planning in Industry 4.0. The use of customization of
products is a manifestation of Industry 4.0 use in automotive organizations. Therefore,
there is a need to maintain a balance between product standardization and adaptation to
customer requirements, which is in line with the concept of Industry 4.0 [23–27].

The main objective of applying quality management standards in modern organiza-
tions included in the automotive industry is the continuous improvement of all processes
in the company [28]. This applies both to the production process itself as well as to the
entire area of the organization’s activities. Preventive actions play an important role in this
case as well as a reduction of variability and losses in the quality system, which leads to a
reduction of manufacturing costs and increase of customer satisfaction. The effective sys-
tem of analyzing and implementing improvements in production planning and production
line is a proof of Industry 4.0 existence in the organization [29,30].

Since suppliers in the automotive industry often deliver products to customers from
different countries, there was a need for them to implement several standards when
they sold products to automotive companies from different countries [31,32]. In order to
solve this problem and to harmonize the different assessment and certification system



www.manaraa.com

Sustainability 2021, 13, 4867 6 of 38

in the automotive supply chain, in 1999, the International Automotive Task Force (IATF)
undertook the task of unifying standards in the industry. In 1999, it first issued the technical
specification International Organization for Standardization Technical Specification-ISO/TS
16949 [33,34].

The goal of the newly developed IATF 16949:2016 standard is to develop a quality
management system in a way that ensures continuous improvement, focused on prevent-
ing errors and reducing variability and loss in the supply chain [35–40]. The standard in
question defines the basic requirements for quality management systems in mass produc-
tion and parts manufacturing. The standard is currently not recognized as an independent
quality management standard, but it should be understood as a complement to the basic
quality management system standard ISO 9001:2015. The standard should be used together
with the mentioned standard [37,38].

The new IATF 16949:2016 standard is developed, similar to its earlier versions, accord-
ing to the principle of process approach [36]. The assumption is that this approach makes
good use of continuous improvement using the Plan–Do–Check–Act (PDCA) cycle. This
cycle enables an organization to ensure that its processes are adequately resourced and
managed and that opportunities for improvement are identified and addressed [35,41,42].
The use of IATF standards means careful description of all organization processes and links
between organizations in the supply chain. The digitalization of IAFT 16949:2016 standard
implementation is a very good manifestation of Industry 4.0 in automotive organizations.
In addition, Industry 4.0 can be very useful in the process of implementation of many
quality management methods, which need online data to use them.

Currently, more than 600 organizations in Poland have a certified quality management
system in the automotive industry [43].

2.4. Symptoms of Implementing Industry 4.0 Solutions in Human Resources Management

The fourth industrial revolution, causing many changes in production processes
and systems, also results in changes in the role of employees and requirements for their
qualifications. Industry 4.0 solutions marginalize the role of people in manufacturing
processes, which particularly refers to people with low skills [44–46]. The place of unskilled
workers is increasingly being replaced by machines, robots, or IT systems that can work
faster, more efficiently, more precisely, and above all cheaper. Experts predict that in the
next several years, more and more intelligent machines and devices will appear, which will
take over many functions that require thinking (e.g., supervising the course of processes,
controlling compliance with regulations and procedures, creating schedules, monitoring
the implementation of plans, etc.), which will lead to the elimination of many professions
and specialties previously performed by humans [47–50]. This does not mean that the
role of humans in the new digital reality will be less; on the contrary, humans with their
creative and adaptive abilities will remain a decisive factor in the smart factory [51,52]. The
obvious differences between highly skilled pilots and the autopilot probably do not need
to be explained [53]. However, in the new conditions created by the implementation of
Industry 4.0 solutions in the automotive industry (and beyond), employees with specific,
high qualifications will be needed, which applies to both engineering and managerial
staff. The maturity of the implementation of Industry 4.0 in the area of human resource
management is manifested in the possession of appropriate competences by employees,
both engineers and managers. The fact that employees of an automotive industry company
have the competences of an engineer 4.0 and a manager 4.0 can be considered as symptoms
of the maturity of the implementation of Industry 4.0 solutions in the area of human
resource management. Engineer 4.0 competencies and manager 4.0 competencies have been
indicated and described by many authors [15,54–56]. According to the suggestions of these
authors, the professional competences of an engineer 4.0 should be more interdisciplinary
and should include not only high-class technical skills (so-called hard) from many areas (i.e.,
mechanics, robotics, automation, electronics, IT, etc.), but also social skills and interpersonal
(the so-called soft). In particular, an engineer 4.0 should have comprehensive IT and



www.manaraa.com

Sustainability 2021, 13, 4867 7 of 38

engineering knowledge, the ability to manage human–machine cooperation, the ability
to manage devices distributed in the network, and the ability to manage change and
manage a project team [57]. As the key competences of the manager 4.0, the following are
mentioned: transfer of knowledge, detecting and supporting the development of inborn
talents, building an organizational culture that fosters cooperation, social involvement, and
the realization of ambitious tasks [58–64]. Both engineers 4.0 and managers 4.0 should be
open and ready for constant changes and the necessity of continuous improvement of their
skills [65,66]. According to Toffler [67], the illiterates of the 21st century will not be those
who do not know Excel or cannot program but those who cannot learn new things and
unlearn old ones.

New competences are a big challenge for enterprises not only from the automotive
industry [68]. The results of research conducted in many countries on the preparation of
employees to the requirements of Industry 4.0 indicate the occurrence of the so-called the
competency gap [69–71]. In Germany, a country considered to be the initiator of Industry
4.0, most of the surveyed companies assessed the competences of their employees in this
area as “quite weak” [72]. The main barriers to implementing technology 4.0 are low
employee competences, fears of losing a job, and insufficient support [73–75].

2.5. Symptoms of Implementing Industry 4.0 in Socially Responsible Corporations

The concept of corporate social responsibility is a very broad and multidisciplinary
concept. The framework for the concept was published in 2010 in the ISO 26000 Guidance
on social responsibility. The standard, developed by the International Organisation for
Standardisation (ISO), defines Corporate Social Responsibility (CSR). Implementation of
Industry 4.0 solutions aimed at increasing the social and environmental responsibility of
enterprises has been addressed by the World Economic Forum (WEF). The WEF together
with the McKinsey consulting company recognized trends, indicating the main develop-
ment paths for factories of the future. Directions for the development of 4.0 technologies
and key challenges for enterprises are discussed in the WEF white paper “Driving the
Sustainability of Production Systems with Fourth Industrial Revolution Innovation” [76].
The white paper continues to serve as a guide to optimizing the benefits of the fourth
industrial revolution in manufacturing, helping companies identify ways to transform their
production systems, achieve sustainable growth, and contribute to the UN’s Sustainable
Development Goals. The paper encouraged regulators to support industry investment in
autonomous robots and robotic systems, increasing environmental sustainability.

Researchers have conducted a number of studies showing that technologies associated
with Industry 4.0 have unique potential to support environmentally friendly manufactur-
ing [77,78]. Industry 4.0 technologies can reduce energy and resource consumption through
sensing and data transfer, analyze production and supply chain processes [79], and lead to
less waste and CO2 emissions through carbon footprint analyses [80,81]. Actions taken by
the company to achieve higher levels of maturity in implementing Industry 4.0 solutions
in the area of CSR are mentioned by Miśkiewicz [82] and Hąbek [83].

Researchers have conducted a number of studies showing that technologies associated
with Industry 4.0 have unique potential to support environmentally friendly manufac-
turing [82,84]. Industry 4.0 technologies can reduce energy and resource consumption
through sensing and data transfer, analyze production and supply chain processes [67],
and lead to less waste. In the dimension of social sustainability, smart and autonomous
production lines can support worker health and safety by taking over monotonous and
repetitive tasks, resulting in higher worker satisfaction and motivation [85,86]. Some of
the 4.0 solutions have focused on specific industrial problems related to sustainability,
such as the circular economy [87]. A systematic review of Industry 4.0 technologies de-
veloped for sustainability is presented by [88,89]. Researchers also show that still, many
manufacturing companies do not identify and evaluate the environmental value of their
technologies [15,90,91].
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Researchers have prepared a set of Key Performance Indicators (KPIs) [92,93] to assess
the environmental impact of Industry 4.0 technologies. Industry 4.0 technologies are part
of a complex architecture that integrates production and information technologies [94].
There are known ways to assess the impact of implementing 4.0 technologies on outcomes
(economic and environmental and social) in companies from different industries (including
automotive) [95].

The correlation between Industry 4.0 technologies and sustainability was sought
by [96,97]. The researchers weighed that it is necessary to evaluate the usefulness of
technologies for the sustainability of specific industries, because their future will depend
on today’s choices. They also believed that it was necessary to create procedures for
implementing 4.0 technologies and measuring pro-social and pro-environmental changes.
According to [98], it is necessary to develop methodologies and procedures for carrying
out digital transformation in companies from a CSR perspective. The authors proposed a
conceptual model of the transformation procedure.

Various studies indicate that aligning CSR practices with a company’s digital business
operations improves its financial performance [98,99]. Companies adopting 4.0 technolo-
gies are introducing a sustainability index to assess maturity digitalization [100].

Sustainable Production Assessment and Management Tools were designed [101,102].
Some of the proposed assessment tools have been implemented into simulation software
(automotive industry); e.g., ARENA and SIMIO have been described [103].

A key challenge for the automotive industry today is to implement Industry 4.0
solutions with a common (supply chain-wide CSR policy). Vehicle manufacturers–supply
chain integrators implement Green Supply Chain Management (GSCM), European Supply
Chain Management (ESCM), and Electronic Supply Chain Management (e-SCM) concepts.
Industry 4.0 solutions dedicated to green supply chains have been described [104–108].
The level of maturity in implementing Industry 4.0 solutions and, at the same time, the
intensity of CSR activities was dealt with [109].

2.6. Symptoms of Implementing Industry 4.0 Solutions in Innovation Management

Innovation management can be defined as the systematic planning, organizing, imple-
menting, and controlling of activities carried out to develop and introduce new products
and related processes [110–112]. Where product innovation requires technical and techno-
logical changes, innovative manufacturing processes are developed (using 4.0 technologies).
Actions taken by the company to achieve higher levels of maturity in implementing Indus-
try 4.0 solutions in the area of innovation are mentioned by Brzóska [113].

Managing the innovation process for the need for new product development means [114]
idea generation and opportunity recognition, analysis, evaluation, and selection, and prod-
uct concept development. Innovation process management can also be complemented by
the technologies of Industry 4.0. The standards for innovation management are structured
in the European standard European Standardization of Innovation Management CEN TS
16555 Innovation Management. It should be noted that the main feature of the new CEN TS
16555 standard, which distinguishes it from the previous edition, is to promote a process
approach to management innovations and to stimulate continuous improvement through
the implementation of Industry 4.0 solutions. Automotive industry is currently working on
the link between IATF 16949:2016 and CEN TS 16555. Based on the CEN TS 16555 standard,
the research tool used in this work was prepared (Appendix A).

Poznanska and Kraj [115] deal with the organization of Research and Development
(R&D) work in multinational corporations, networks, and supply chains. Stawiarska [116]
pays attention to the possibility of reducing R&D costs by implementing solutions 4.0. The
efficiency of innovation activities is addressed by [117,118]. They consider that efficiency
of innovation can be enhanced by cooperation in the Open Innovation model. However,
the implementation of the new paradigm seems to be difficult in medium-high technology
industries (such as automotive) due to the existing innovation culture [119]. Without the
help of a network/supply chain integrator to support innovation activities, schedule R&D,
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engage suppliers and customers early in innovation development, and integrate innovation
processes using 4.0 solutions, it will be difficult to overcome the barriers of working together
on new products. Some technologies classified as Industry 4.0 solutions, such as cloud
computing, blockchain, and artificial intelligence, will overcome the limitations of open
innovation management [120]. Selected automotive corporations are spearheading the
implementation of 4.0 technologies in the management of innovation emerging from the
open model (e.g., Toyota, Volkswagen) [121] improving the innovation performance of all
links in the supply chain [116].

Few companies have a clearly articulated product innovation strategy [122]. They also
do not have operationalized innovation management systems [116]. Few large companies
have a formalized and digitalized innovation development process [123].

The simultaneous process model is increasingly being adapted to innovation manage-
ment systems, Due to the spread of Industry 4.0 solutions, the integration of supply chain
links is strategic in this model [124]. Shared innovation processes will use IT management
tools such as IoT, cloud computing, blockchain, and artificial intelligence [125,126].

For the creation and presentation of innovative solutions, the communication chan-
nel with the end user using Industry 4.0 solutions is important [127] Multidirectional
knowledge transfer determines creativity in engineering design, technological product
development, and per-product services. Overcoming barriers to developing innovation in
an open model and managing risk in a networked collaborative environment requires data
security [128–130].

A new initiative is also to support the development of product innovations by helping
to integrate potential cooperators in the implementation of Industry 4.0 solutions. Such
assistance is provided by cluster animators [131]. Innovative companies (about 60 well-
known multinationals: Toyota, Brembo, Motherson Sumi System, MRF, Plastic Omnium,
Gentherm, Kolto Manufacturing, Continental, Linamer, Valeo, among others) using artifi-
cial intelligence for supply chain modeling and the development of new products [132,133].

Summing up the literature analysis, we think that the problem of measuring the
maturity of implementation of Industry 4.0 solutions in automotive industry is the new
problem and that it is worth analyzing. There are many positions about the particular
functional area and there were some researchers measuring the maturity of those areas—for
example, quality management. However, only a small part of them were connected with
Industry 4.0 implementation. We did not find any analysis conducted in the automotive
industry measuring the implementation of Industry 4.0 maturity with the broad analysis
of the particular functional areas of the companies.

3. Methods
3.1. Basics of Developing a Method for Diagnosing the Level of Maturity of Implementing Industry
4.0 Solutions in Selected Functional Areas of Enterprise Management

The results of the critical analysis of the recent literature have shown that there is a lack
of methodical approach to the implementation of Industry 4.0 solutions. The authors deal
with the implementation of 4.0 solutions only in selected areas of business management,
assess the advancement of implementations, and recommend further steps. They rarely
conduct their research in a specific industry. The identified research gap prompted us to
look for answers to the detailed research questions posed, i.e.,:

1 What are the key challenges currently faced by companies operating in the automotive
industry?

2 What is the level of maturity in the implementation of Industry 4.0 solutions in
selected functional management areas of automotive enterprises operating in Poland?

3 Does the achieved level of maturity vary depending on the functional area, class of
the manufactured automotive part, company size, or its place in the value chain?

4 What actions should be taken by a company to achieve higher maturity levels in
implementing Industry 4.0 solutions?



www.manaraa.com

Sustainability 2021, 13, 4867 10 of 38

3.2. Research Methodology

A maturity model was used for the purpose of conducting this research. A maturity
model is a conceptual model that consists of a sequence of discrete levels for a certain class
of maturity factors (e.g., processes, structures, resources, or technologies) in one or more
functional areas of an organization while representing the predicted, desired, or typical
evolutionary path for these factors [134].

The concept of maturity was first proposed by Crosby, who defined it as a state of
completeness, perfection, and readiness [135]. The maturity model has two functions, i.e.,
diagnostic and planning [136]. The first one allows evaluating the maturity factor (e.g., the
level of implementation of particular practices, solutions, technologies, etc. is evaluated),
and the second one allows indicating the way of development by determining the scope of
practices necessary to implement in order to increase the maturity level of the factor. This
method is widely used both in disciplines such as computer science and in management
and quality sciences [137].

Hence, the development of a maturity model required, in the first stage of the research
procedure, the definition of the desired development path of digital transformation of
automotive manufacturing companies. To this end, a literature review was conducted to
identify the challenges facing automotive companies in the context of the Industry 4.0
initiative and a review of existing maturity models for implementing the Industry 4.0
concept (presented in Table 1).

Table 1. Methods for assessing maturity in implementing Industry 4.0 solutions.

Model Name/
Creator

Stages of Engagement Maturity in
Industry 4.0 Dimensions to Be Assessed Comments on Assessment

Preparation

SIMMI 4.0
Leyh et al. (2016) [138]

Five stages:
1. Basic level of digitization
2.Cross-departmental digitization
3. Horizontal and vertical digitisation
4. Full digitization
5. Optimised full digitization

Four dimensions:
1. Vertical integration
2. Horizontal integration
3. Digital product development
4. Cross-technology criteria

- Focus on the IT landscape
- General measures to enable
phased transitions

Schumacher et al.
(2016) [139]

Likert scale ranging from 1—“
undifferentiated” to 5—“very
distinct”.

Nine dimensions of the
company detailed in nine areas:
1. Strategy
2. Leadership
3. Customers
4. Products
5. Operations
6 Culture
7. People
8. Management
9. Technology

general questionnaire

ACATECH Schuh et al.
(2017) [140]

Six stages:
1. Computerization
2. Connectivity
3. Visibility
4. Transparency
5. Predictability
6. Adaptability

Four dimensions (capabilities of
Industry 4.0):
1. Resources
2. Information systems
3. Organizational structure
4 Culture

- Opportunities are explored
for each area of the company
- Questionnaire combined
with visits
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Table 1. Cont.

Model Name/
Creator

Stages of Engagement Maturity in
Industry 4.0 Dimensions to Be Assessed Comments on Assessment

Preparation

Huber, (2016) [51],

Level I—Basic level of digitization:
The company is not engaged in
Industry 4.0.
Level II—Cross-Departmental
Digitalization: the company is
actively involved in the topic of
Industry 4.0. Digitalization is
implemented in various departments,
and the first requirements of Industry
4.0 are implemented in all areas of the
company.
Level III—Horizontal and Vertical
Digitalization. The requirements of
Industry 4.0 have been implemented
in the company, and the information
flow has been automated.
Level IV—Full Digitization. The
company is fully digitized.
Digitalization extends beyond
company boundaries and even
integrated supply chains, and it
supports the creation of dynamic
value networks. Industry 4.0
solutions are actively used and
embedded in the company’s strategy.
Level V—Optimized Full
Digitalization. The company is a
model for Industry 4.0. It works
closely with its business partners
optimizing common processes and
value networks.

Organization
Network of organizations

Focus on the IT landscape
- General measures to enable
phase transitions

IMPULS Lichtblau
et al. (2015) [141]

Six stages:
0. Outsider
1. Beginner
2. Intermediate
3. Experienced
4. Expert
5. Best score

Six dimensions:
1. Strategy and organization
2. Smart factory
3. Smart operations
4. Intelligent products
5. Data-driven services
6. Workforce

- Online self-assessment
- Outlining activities during
the transition phase

Azevedo, Santiago
(2019) [142]

Six stages: (ACATECH)
1. Computerization
2. Connectivity
3. Visibility
4. Transparency
5. Predictability
6. Adaptability

Six dimensions:
1. Products and services
2. Manufacturing
3. Business model
4. Strategy
5. Supply chain
6. Interoperability

- Dimensions combined
transversely with stages
- Inclusion of matemathical
methods to measure the
maturity level

Schumacher, Nemeth,
Sihn (2019) [143] 10-step approach to assessment

Assesses the maturity of 65
critical success factors in
Industry 4.0 grouped into eight
sections: Technology, Products,
Customers and Partners, Value
Creation Processes, Data and
Information, Corporate
Standards, Employees, Strategy
and Leadership

Model focuses on the
assessment and guidance of
industrial companies
manufacturing discrete
goods with a focus on
in-house value creation as
detailed process
understanding in
administration, production,
and logistics is required.

Source: Own study based on [144].
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3.3. A Method for Diagnosing the Level of Maturity of Implementing Industry 4.0 Solutions in
Selected Functional Areas of Management of Automotive Enterprises

As already mentioned above, the definition of the Industry 4.0 initiative adopted
in this work was based on one of the management theories, which is the value chain of
Porter [145]. Porter distinguished two types of value-creating activities: basic activities
and supporting activities. The basic activities include logistics in procurement, operations
(production), logistics in distribution, marketing, and sales, after-sales service. Supporting
activities include company infrastructure, human resources, technical development, and
procurement. All these activities make up the value chain, which is treated as a tool for
distinguishing, among all the tasks performed by buyers, suppliers and companies, which
generate separate but interrelated activities that are a source of value. The components
of the value chain taking into account the social aspect of the Industry 4.0 concept have
become the basis for determining the scope of maturity assessment of enterprises (i.e.,
activities in the nomenclature of components of the value chain). Eventually, the model
developed includes six functional areas, i.e., management of production, logistics, quality,
human resources, social and environmental responsibility, and product innovation.

The model developed by the authors assumes five levels of maturity based on the
maturity model proposed by Huber [51]. We think that the five levels of maturity con-
ception is a good tool to measure the maturity within functional areas. The conception is
universal, and it is useful to measure the level of engagement of the organization in the
case of particular functional area. We thought that to measure those areas, we can use the
maturity model with a five-step assessment of the particular area adjusted to the analyzed
problem connected with Industry 4.0.

Each maturity level was characterized by statements describing the attributes of suc-
cessive levels of digitalization of selected functional areas. The basis for the statements was
the literature review presented in the previous section of this article. The statements were
compiled into a survey questionnaire and are included in Appendix A. In the second stage
of the research, an assessment of the maturity level of automotive production enterprises
was carried out by means of survey research with the use of a questionnaire (Appendix A).
The managers and employees selected a group of statements that best characterized the
maturity level of the implementation of Industry 4.0 solutions in particular functional
areas of the enterprises. The condition of confirming all the tests describing a given func-
tional level allowed for the award of a grade (on a five-point scale). The maturity levels
assigned to the group of statements were completed in the “table of respondent’s answers”
in Appendix A. Moreover, the table of answers included questions concerning the type of
components/parts/subassemblies supplied by the enterprise (on this basis, the surveyed
sample was divided into suppliers occupying different places in the supply chain). It
was assumed that suppliers of subsystems (e.g., engine, wiper system, engine cooling
system, etc.) are located closer to OEMs; i.e., they are first-tier suppliers and a second
group of component suppliers (metal parts, rubber parts, etc.) who in turn are more likely
to occupy positions at the top of supply chains i.e., second-tier suppliers. The size of the
company (understood according to the Act of 6 March 2018-Business Law) was another
criterion dividing the surveyed companies this time into three groups, i.e., large, medium,
and small.

3.4. Research Sample

The research was conducted on a sample of 50 respondents representing 50 companies
from the automotive industry located in Poland (including 34 large, 12 medium-sized,
and 4 small companies). The survey was addressed to engineering staff of the surveyed
companies. The respondents were selected by the method of purposive selection. The selec-
tion criteria were work experience in an automotive company and engineering education.
The research was conducted in April and May 2020. The questionnaire was sent through
e-mails and the same way was used to obtain the completed forms. The details of the study
sample are given in Table 2.
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In the next step, the collected data were subjected to statistical analysis. Due to the
small research sample, descriptive statistics was used for the analysis. In the third and
final stage of the research, on the basis of the obtained results and the literature review,
recommendations for managers were presented concerning possible and future actions
that give a chance to achieve higher levels of maturity.

Table 2. Characteristics of the research sample.

Research sample

Large companies Medium-sized companies Small companies Total Percentage share

OEM 1 1 2%

Subsystem suppliers (P1) 13 3 0 16 32%

Component suppliers (P2) 20 9 4 33 66%

% Subsystem suppliers (P1) 26% 6% 0% 0%

% Component suppliers (P2) 40% 18% 8% 0%

Sum 34 12 4 50 100%

Place in supply chain Class of automotive parts Number of
enterprises surveyed

P0 Car assembly plant 1

P1 Engine 1

P1 Drive 1

P1 Chassis 3

P1 Wheels/tires 1

P1 Body 2

P1 Technological components for building a car 4

P1 Lamps 2

P1 Wiper systems 1

P1 Steering gear 1

P1 Engine cooling systems 1

P2 Metal parts 9

P2 Rubber parts 3

P2 Rubber–metal parts 3

P2 Plastic parts 9

P2 Consumables 3

P2 Vehicle protective measures 1

P2 Sheathing 1

P2 Electrical equipment 3

Total 50

P0—OEM/assembly plant; car manufacturer

P1—first-tier supplier; closer to the assembly plant in the supply chain

P2—second-tier supplier; further from the assembly plant

Source: Own study.

4. Results

This paper attempts to diagnose the level of maturity of companies in the automotive
industry in implementing Industry 4.0 solutions. The level of maturity was assessed
through the analysis of functional management areas. The proposed maturity model
includes six management areas:

1. The Digitalization of Production System (DPS)
2. The Digitalization of the Logistics System (DLS),
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3. The Maturity of the Quality Management System (QMS),
4. The Maturity of Human Resources Management (HRM),
5. The Intensity of CSR Activities (ICSR),
6. The Commitment to Product Innovation Development (CPID).

The results of the assessment of individual areas are presented in the following
Figures 2–5. In order to achieve the research objective set out in the article, we try to find the
answer to the question: What is the level of maturity in implementing Industry 4.0 solutions
in selected functional management areas of automotive companies operating in Poland?
The assessment of the enterprise maturity level consisted of assessments from six functional
areas. No averages were calculated from these six ratings (to provide a cumulative rating
that indicates the maturity of the enterprise). The results presented in the figures are
average scores obtained from the functional areas of the surveyed enterprises. The basis of
the generalized conclusions was that the company cannot be at level 5, showing only full
maturity in the implementation of 4.0 solutions in production or in logistics and while not
showing maturity (assessed at 5) in other functional areas. Using the conclusions of the
authors of the “Maturity Assessment Methods in Implementing Industry 4.0 Solutions”
(see Table 1), we believe that a company cannot achieve the full digitization scenario at
level 5 if it cannot cope with one of the assessed criteria.

The results obtained were based on the calculation of average scores for individual
areas. The results are presented in Figure 2.
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As it can be seen in Figure 2, the average score for all areas oscillates around 3. The
area of human resources management received the highest score (3.5), and the area of
involvement in the development of product innovation received the lowest (2.7), which
may mean that so far, the main objective of implementing 4.0 technologies in production
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processes has been their efficiency and effectiveness, and less often, the developed product
innovation. However, this may be changing as a result of the support of the automotive
industry by the government program for electromobility and support for innovation
in general.

The next research question that we wanted to answer was as following: Does the level
of maturity achieved vary depending on the size of the company, its place in the value
chain, and the class of the automotive part produced? The aggregate results of the research
are presented in Figures 3–5.

As we can see in Figure 3, the highest level of maturity in implementing Industry 4.0
solutions is represented by large enterprises (average 3.6). In large enterprises, the ICSR
area was rated the highest (4.2), and the CPID area was rated the lowest (3.1). The remaining
areas received scores from 3.5 to 3.6. The second-largest level of maturity was shown by
medium-sized companies with an average score of 2.96. The surveyed representatives of
medium-sized companies rated the HRM area the highest (3.3), and the ICSR area received
the lowest (2.7). Assessments of the maturity level of the remaining areas oscillate around
the grade of 3.0. The level of maturity in the implementation of Industry 4.0 was rated the
lowest in small companies—the average rating is 2.5. The highest scores were given to the
HRM area (3.2), and the lowest scores were given to the ICSR and CPID areas (2 points
each). The ratings of the remaining areas range from 2.5 to 2.75.
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With regard to the division into subsystem suppliers and component suppliers
(Figure 4), relatively higher scores were awarded in the group of subsystem suppliers
(average 3.35), with the ICSR area being the highest (3.9), and the HRM area being the
lowest (2.95). The average grade for the maturity level for component suppliers is 3.0, with
the lowest grade for the CPID area (2.1) and the highest scores for the DPS area (3.4) and
the HRM area (3.3).
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As for the classes of manufactured parts (Figure 5), the highest level of maturity was
declared by chassis manufacturers (average 4.42), followed by technological elements
manufacturers (average 3.57) and body manufacturers (average 3.52). The tire and wheel
manufacturers were definitely at the lowest level of maturity (average 2.25).

The analysis carried out in the paper showed differences in the maturity of enterprises
in implementing Industry 4.0 solutions. This finding is the result of assessing functional
areas of management supporting the implementation of Industry 4.0 solutions. The level
of maturity was assessed the highest (in relation to all functional areas) in large companies,
among manufacturers of subsystems (with the exception of the area of human resources
management) and manufacturers of such classes of manufactured parts as engines, bodies,
electrical, and technological elements for building cars.
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The answer to the question, “What actions should be taken by enterprises in order
for them to achieve higher levels of maturity in implementing Industry 4.0 solutions?”
requires the formulation of recommendations. For this purpose, it is first necessary to
identify the maturity level of a company in the implementation of Industry 4.0 solutions.
Self-assessment can be done using a questionnaire (Appendix A), containing tools to
assess the maturity level of a company in the implementation of Industry 4.0 solutions
(when tested in the presented research, it was met with interest and recognition of the
respondents). Therefore, the proposed tool, containing patterns and standards concerning
the implementation of Industry 4.0 solutions, may be used to conduct audits, the results of
which may be presented graphically in the form of a matrix (Figure 6). Systematic audits
will allow monitoring the progress of involvement of the examined areas in achieving
successive levels of maturity in implementing Industry 4.0 solutions. An example of a
matrix for assessing the company’s involvement in Industry 4.0 is presented in Figure 6.
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The results obtained in the conducted research (average scores in selected areas) can
be treated as the results of an audit conducted among the employees of 50 automotive
companies located in Poland and presented in a matrix (Figure 7).

Sustainability 2021, 13, x FOR PEER REVIEW 19 of 39 
 

of which may be presented graphically in the form of a matrix (Figure 6). Systematic au-
dits will allow monitoring the progress of involvement of the examined areas in achieving 
successive levels of maturity in implementing Industry 4.0 solutions. An example of a 
matrix for assessing the company's involvement in Industry 4.0 is presented in Figure 6. 

 
Figure 6. Example matrix for assessing the maturity level of a company in implementing Industry 4.0 in selected manage-
ment areas. Source: Own work. 

The results obtained in the conducted research (average scores in selected areas) can 
be treated as the results of an audit conducted among the employees of 50 automotive 
companies located in Poland and presented in a matrix (Figure 7). 

 
Figure 7. Matrix for evaluating the level of maturity of automotive companies in the implementa-
tion of Industry 4.0 in the six examined areas (average scores according to the indications). Source: 
Own work. 

5. Discussion 
Problems connecting with the maturity level of Industry 4.0 implementation in auto-

motive companies is very closely related with sustainable development and the sustaina-
ble organization concept. The efficient and adjusted to Industry 4.0 condition automotive 

 
Levels  

5        
4        
3     X   
2  X X X    
1 X     X X 

Audited areas DPS DLS QMS HRM ICSR CPID Other areas 
 
 
 
 
 

 (DPS)  The Digitalization of Production System  

 (DLS)  The Digitalization of the Logistics System  

 (QMS)  The Maturity of the Quality Management System  

          

Figure 7. Matrix for evaluating the level of maturity of automotive companies in the implementation
of Industry 4.0 in the six examined areas (average scores according to the indications). Source:
Own work.

5. Discussion

Problems connecting with the maturity level of Industry 4.0 implementation in auto-
motive companies is very closely related with sustainable development and the sustainable
organization concept. The efficient and adjusted to Industry 4.0 condition automotive com-
pany should be sustainable from many points of view, especially ecological, technological,
financial, and human resource management. The higher level of maturity of the company
leads to the higher level of its sustainability.

The first research question was connected with key challenges faced by companies
operating in the automotive industry. Based on the [146–148] analysis, we think that the
main challenge for companies doing activity in the automotive industry nowadays is digital
transformation of their processes and the whole economy. This digital transformation is the
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main part of the so-called Industry 4.0 implementation and must be done by automotive
organizations to achieve a sufficient level of competitiveness in this very competitive
market. The increase of digitalization of the organizational processes also leads to an
increase of organization sustainability, because the digitalization of all the data enables the
better analysis of the environmental impact of the production and also enables careful life
cycle assessment analysis. The digitalization is a big challenge because we should not only
adjust the production systems to new situations but also change the mentality of workers
toward sustainable digital production. The change in business and technology leads to the
full digitalization of many activities and requires a good level of digital competences of
organizations and employers.

In addition, the increase in the number of integrated multimedia units in the cars
should provide many challenges with the better connectivity with environment and the
implementation of the sustainable organization conception. The situation needs the devel-
opment of new, more efficient ways of collaboration between production and logistics. This
collaboration is not possible without the digitalization of production and logistic processes.
To meet the challenges of modern automotive sustainable value chains, higher levels of
maturity are necessary.

The second research question was connected with the level of maturity in the imple-
mentation of Industry 4.0 solutions in selected functional management areas of automotive
enterprises operating in Poland.

The first two analyzed areas of commitment to implementing Industry 4.0 were the
digitalization of the production system and the digitalization of the logistic system. Based
on available data from many different sources (equipment, machines, products, customers,
etc.), moving to a higher level of maturity will require analytics based on large datasets.
On the basis of analytical results, production and logistics processes will be optimized in a
sustainable way in such dimensions as process quality, energy consumption, equipment,
and people productivity. This requires, among other things, the implementation of data
processing solutions in the cloud. At the current level, only a certain proportion of machines
and equipment are networked. In the future, automotive suppliers will have to implement
solutions allowing the identification and communication using standard technologies even
at the level of semi-finished products. Such solutions will allow devices to communicate not
only with each other but also with a more centralized system. The problem (for companies
in Poland) may be the lack of developed communication standards or interfaces for IoT
communication and outdated machine parks. This type of communication will have a
positive impact on sustainable development because the digital communication has a lower
negative environment impact [9,10,13].

The duplication of the physical world in the digital world (digital twin) is the next
task to move to the next level of maturity in the implementation of Industry 4.0 solutions.
The creation of CPS will make it possible to carry out simulations not only at the stage of
designing products, materials, or production processes, but it will also make it possible to
carry out simulations using real-time data to reflect the physical world (including machines,
products, and people). Operators will test and optimize machine settings for new products
on the virtual production line even before physical commissioning, thereby reducing the
equipment setup time and improving product quality [20–22].

The above steps will allow manufacturers and their suppliers to move closer to
full vertical and horizontal sustainable value chain integration. In the case of vertical
integration, internal value chain processes will be connected—executing more efficiently
primarily between departments and functions. On the other hand, at the value chain level,
integration will extend to external partners. At this stage, sustainable supply chains will
become transparent in their operations [149]. It is recommended to optimize activities
along the chain using analytics solutions. Data collection must span the collaborating
ecosystems [150]. It is recommended that all of the above tasks begin at the strategic level
in a deliberate manner, taking the form of a plan, with an accepted vision of digital change
in all areas of the company [133,151–153].
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As in the case of other areas, the third analyzed area was quality management systems.
On the basis of our research, we can say that in the case of quality, the level of maturity
in implementing Industry 4.0 solutions of the surveyed automotive suppliers is not high.
The average level of maturity of the quality management system in the surveyed orga-
nizations was slightly above 3.3 on a 5-point scale. This is a level that can be described
as decent—it means that the organizations base their activity on the principles of process
management, ensure a high repeatability of activities, and improve products and processes.
However, they lack a comprehensive system for measuring all processes, trend analysis,
or a comprehensive approach to creating new solutions. Similar results were obtained by
Schumacher [139,143]. Although he did not include quality as a separate component in
his model, nevertheless, those elements of the analyzed model that concerned quality are
included in areas such as product, operations, and technology. The situation is similar in
the case of studies conducted by other authors [23,25,43,154–162].

Improving the level of maturity for Industry 4.0 implementation with respect to quality
is important because, as shown by Şener’s analysis [163,164], it positively increases the
level of product quality and productivity, improves organizational performance, reduces
the number of defects that occur, and improves employee engagement.

It is worth noting that the larger the organizations, the higher the maturity level of their
quality management systems. For small organizations, it is 2.5; for medium organizations, it
is 3.62, while for large organizations, it is 3.83, which is already approaching level 4, which
can be described as good. The study shows that in terms of quality management system
performance, small companies in the automotive industry in particular still have some way
to go to adapt their system to the requirements of Industry 4.0. For example, similar results
were obtained by Amaral and Peças [165,166]. The maturity level for subsystem suppliers
is clearly higher at 3.5 compared to component suppliers, for which it is 2.92.

The fourth analyzed functional area was human resource management. The conducted
research revealed a rather low level of competence of automotive industry employees in
relation to Industry 4.0 solutions, which means that they are not well enough prepared to
implement new technologies in a sustainable way [167–170]. The obtained results confirm
the fact that the competency gap mentioned in Section 2.5 is also quite common in other
industries. According to the surveyed employers in the automotive industry, in order to
fill the competence gap, it is necessary to develop directional education for young people
(both engineers and managers), as well as systematic training of employed workers [53–60].
Especially automotive organizations should concentrate on the sustainable implementa-
tion of new informatics solutions by peoples. Similar proposals are suggested by many
authors, pointing to the need for systemic changes in human resources education, which
should go in the direction of closer cooperation between employers and schools and uni-
versities with regard to the creation of curricula, teaching methods, content, and form of
professional exams [54,61,71,171,172]. An example in this regard is the CDIO (Conceive–
Design–Implement–Operate) program, which was developed by leading American and
Swedish technical universities [173]. Diaz and Flores [174] propose the inclusion of univer-
sities in the automotive cluster (Nuevo Leon) as an educational institution, supporting the
formation of new employee competencies for Industry 4.0. This inclusion of universities
brings better sustainability in the functioning of automotive clusters because of bringing a
new, independent view on the whole production processes. In addition, learning factory
4.0 concepts, based on scenarios oriented to the learning problems of future manufacturing
engineering, are created and piloted in selected companies [174,175]. Furthermore, due to
the international interconnectedness of suppliers and collaborators in automotive value
chains, it is highly advisable to standardize competency requirements and standardize
professional positions. An important initiative in this regard is the Development and
Research on Innovative Vocational Education Skills (DRIVES) project, in the framework of
which automotive companies, universities, and industry associations develop sustainable
sectoral cooperation in the field of professional qualifications for the automotive industry
at the European level [176,177]. The development and implementation of modern 4.0
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technologies in a sustainable way enforces the need for lifelong learning, in view of which
a new strategic approach to comprehensive human resource management will also be
needed [51,178]. It is recommended to implement new solutions in a sustainable way
smoothly by gradually replacing existing jobs with new ones, due to the serious social and
psychological barriers related to the acceptance of Industry 4.0. [76,179].

The next (fifth) functional area of implementing Industry 4.0 was the intensity of CSR
activities. The implementation of CSR is a very important part of a modern sustainable
organization. The conducted research showed a rather low level of maturity of Industry 4.0
implementation in the context of the intensity of CSR activities of the automotive industry.
This means that the engineering staff recognizes the need for sustainable development of
companies and manufactured products, but it is just beginning to use Industry 4.0 solutions
to implement social and environmental programs and to measure the effectiveness of these
implementations. This initial commitment was also shown by [82].

The automotive corporations belong to the Business Social Compliance Initiative
(BSCI) association, but only those certified by the BSCI show the effectiveness of imple-
menting Industry 4.0 solutions and at the same time the transparency of responsibility for
managing the CSR sphere [96]. The results of the surveys show that the level of maturity
4.0 analyzed in the area of CSR (automotive companies located in Poland) is different
depending on the size of the company and its place in the value chain. Surveys show that
large companies, especially automakers and first-tier suppliers, cooperate with coopera-
tors on issues of solving environmental and social problems. They use for this purpose
Industry 4.0 solutions, e.g., Big Data (for monitoring ethical programs, organizing training,
auditing from compliance with standards, identifying causes of negligence, verifying codes
of conduct, etc.) [83].

The third research question was connected to analysis: Does the achieved level of
maturity vary depending on the functional area, class of the manufactured automotive
part, company size, or its place in the value chain? The results of the study showed that
as the size of the company increases, the level of digitalization maturity increases, both in
production and logistics subsystems. The medium-sized companies in the sample have
not yet reached the full third level, and the large companies are halfway to the fourth level
of digitalization of production and logistics. This means that climbing to the next levels
will require a number of actions from them. Firstly, the level of saturation with automatons
or robots must increase but above all with autonomous devices that can cooperate and
communicate with each other. New generations of increasingly inexpensive collaborative
robots will increase the efficiency of labor-intensive production and logistics tasks (picking,
sorting, inspection, storage, etc.).

The last analyzed functional area was the commitment to product innovation de-
velopment. The survey shows that the level of maturity in implementing Industry 4.0
technologies is rated quite low by Polish automotive employees/engineers. They rate large
companies (including car manufacturers and subsystems) only slightly better. Bringing all
the assessments to the average and using the assessment criteria proposed in the research
tool, it can be concluded that the automotive industry is increasing its maturity in imple-
menting Industry 4.0, at the same time making attempts to develop product innovations.
For most of the quoted researchers, the application of Industry 4.0 solutions is the basis
for the implementation of product innovation and vice versa. In their opinion, a new
production technology gives rise to a new product solution, and a new product concept
prompts the search for new manufacturing technologies.

The fourth research question was about actions to take by a company to achieve higher
maturity levels in implementing Industry 4.0 solutions. Drawing up a list of recommenda-
tions, for companies striving for maturity in the implementation of Industry 4.0 solutions
and at the same time wanting to improve product innovation performance, they recom-
mend changing the business model into one that is more sustainable so that the enterprise
operates both in an integrated supply chain (based cooperation on long-term contracts
signed with reliable market partners) but also joins dynamically changing innovative
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networks developing new products [140]. There are other model changes: the use of cluster
support and integrative knowledge platforms supporting new product development [117];
managing a portfolio of product innovations generated in a network of collaborating com-
panies; protecting intellectual property using blockchain technology: [179]; developing
new strategies for commercializing innovative solutions, applying marketplace platforms
to B2B e-commerce; self-assessment of the efficiency of implementation of innovation,
procurement, and production processes; and the introduction and use of KPIs allowing
for periodical measurement of innovation, purchasing, and production efficiency [112].
It is important when creating KPIs to be open to cooperation in the R&D area, changes
influencing the mutual adjustment of business models and assets, and the improvement of
common innovation processes.

Based on our research in the future, in order to improve the maturity level of imple-
menting sustainable Industry 4.0 solutions for the automotive industry companies, the
following are necessary:

• Improve the level of digitalization of all quality data in particular for operational
processes;

• Use quality management methods including statistical methods for detailed analyses
of quality data;

• Use artificial intelligence and machine learning to analyze quality data, e.g., to analyze
the causes of occurring problems;

• Develop a comprehensive measurement system for all processes in the organization;
• Improve design processes for new products taking into account quality requirements

and Industry 4.0 requirements.

Answering the question of what priority CSR activities should be undertaken by
automotive companies in order for them to reach higher levels of maturity in implementing
sustainable Industry 4.0 solutions recommends: [82–84]

• Developing and applying risk management models based on existing standards (ISO
9001, ISO 140001, ISO 45001, ISO 27001), or perhaps create entirely new ones growing
out of the risk-based thinking (RBT) stream [104];

• Creating framework requirements for required skills, new ways of organizing work,
interactions, and synergies in the human–machine–environment interface [180,181];

• Providing security for computer and communication systems, preventing attacks by
hackers who would want to harm society or the environment [182,183];

• Applying Big Data to monitor CSR activities in companies, supply chains, and networks.

Referring to the fact that the preliminary observations on the level of maturity of
Industry 4.0 in Poland were more negative than the results obtained, one should take
a closer look at the surveyed sample of enterprises. In the surveyed sample, small and
medium-sized enterprises account for 9% of the respondents. It was the assessment of
the level of Industry 4.0 implementation in SMEs that influenced the initial opinions
about the automotive industry in Poland. The results from the entire test sample and the
calculated standard deviations indicated a much higher assessment of the level of Industry
4.0 implementation.

6. Conclusions

The fourth industrial revolution, known as Industry 4.0, was a cause of many changes
in many sectors of the economy [2]. The automotive industry was one of the first indus-
tries that started to implement advanced 4.0 technologies in the production process of
innovative cars [3]. Multinational automotive companies are implementing new business
models, expecting an appropriate level of advancement in the implementation of modern
technologies and solutions from their partners, suppliers, and sub-suppliers in the value
chains [4]. For automotive companies located in Poland, which are primarily manufactur-
ers of subassemblies and automotive parts, Industry 4.0 is both an opportunity and a great
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challenge. The implementation of Industry 4.0 solutions requires complex changes in all
areas of a company’s activity, not only in the production technology area.

The main objective of this study was an attempt to diagnose the level of maturity of
automotive enterprises located in Poland in the implementation of Industry 4.0 solutions
in selected functional areas of management (production and logistics management, qual-
ity, human resources, social and environmental responsibility, product innovation). The
conducted survey showed that the analyzed management areas are at the third level of
maturity in implementing Industry 4.0 (except for product innovation management, which
is at the second level). In order to meet the challenges of modern automotive value chains,
higher levels of maturity are necessary. Accordingly, appropriate measures were recom-
mended in the analyzed management areas. In the areas of production and logistics of
enterprises that are producing components and parts, it is recommended to take measures
aimed at the full vertical and horizontal integration in value chains.

First of all, it is postulated to increase the level of robotization and the introduction
of intelligent devices allowing for online data collection and communication between
machines and means of transport, which will enable the use of such tools as Big Data,
cloud computing, or the construction of CPS. A necessary condition for the digitalization
process is the implementation by automotive companies (especially small and medium-
sized ones) of Enterprise Resource Planning (ERP) systems, Manufacturing Execution
Systems (MES), and Computerized Maintenance Management Systems (CMMS), offering
support for maintenance or warehouse operations.

In the area of quality management, the most important stimulus for the implemen-
tation of Industry 4.0 solutions is the implementation of the IATF 16949 standard [28,29].
This standard is currently necessary for the companies manufacturing car components and
parts to maintain their competitive position in the automotive supply chain. Especially, the
standard involves the use of numerous quality management methods and tools, the imple-
mentation of which leads to improvements in the quality of manufactured products [32,33].
Examples include the digitalization and application of Failure Mode and Effects Analysis
(FMEA) (tools for risk management) and Advanced Product Quality Planning (APQP)
(tool for planning product and process design and development) [38,39]. In the area of
human resources management, it is postulated that automotive companies should hire
appropriately qualified engineers and managers, monitor the needs for training and de-
velopment of employees, and improve the system approach to motivate employees, with
particular emphasis on management style. This requires systemic changes in industry
education programs at all levels, which should be focused on greater involvement and close
cooperation between school/university–employer–student, for which the CDIO program,
developed by leading Swedish and American technical universities, may serve as a model
and inspiration. Due to the international interconnectedness of supplier and co-operator
networks in the automotive value chains, there is a need to unify the system and create
standards for competence requirements for engineering staff on an international scale.

In the era of implementing Industry 4.0 solutions, it is necessary to revise the CSR pol-
icy in the direction of creating value for stakeholders. Handling Industry 4.0 technologies
and tools by employees will require defining framework competencies and requirements.
It is about building a safe environment for engineers to cooperate with robots, etc. It
also seems necessary to develop and implement risk management models based on exist-
ing standards (ISO 9001, ISO 140001, ISO 45001, ISO 27001) or based on completely new
standards, growing out of the RBT current [83].

In the area of product innovation development, it is recommended that automo-
tive companies change their business models to hybrid ones, i.e., ones that would allow
them to function effectively both in integrated supply chains and to develop innovative
products in dynamically changing (rotating) innovative chains. Functioning in a creative,
hybrid business model requires the use of many modern solutions, such as a simultane-
ous model of the innovation process, computerized, flexible production lines, the use of
intelligent 4.0 technologies.
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The innovative approach in the research, comparing to other studies, is the inclusion
of different functional areas of the organization in the assessment, which leads to a more
comprehensive model for assessing the maturity of digital transformation of enterprises.
Moreover, the developed maturity model can help to better understand the mechanisms,
success factors, and detect patterns of digital transformation of manufacturing enterprises
in their different functional areas. Based on the obtained results, it can be assumed that they
will differ due to, for example, the size of the enterprise or places in the value chain. The
maturity model can serve as a basis for managers to reflect on the company’s current capa-
bilities and its place in the transformation process toward Industry 4.0 and, consequently,
subsequent decisions on appropriate strategies and action plans. The intention of the
authors is to deepen the research project on the implementation of Industry 4.0 solutions
in the automotive industry. There will be more literature review articles on Industry 4.0
maturity models and the level Industry 4.0 implementation assessment.

The present research, similar to others, has its limitations. The main ones are the
small research sample and limitation to one industry from the one selected country. In the
future, research on the maturity level of enterprises may be conducted on a larger sample,
from various industries, taking into account additional moderating factors, such as the
characteristics of the competitive environment, the complexity of offered products, or the
legal environment.
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Appendix A

Automotive industry survey on commitment to implementing Industry 4.0 solutions
Research tool authors:
Assoc. Prof. Ewa Stawiarska; Assoc. Prof. Danuta Szwajca;
Prof. Radosław Wolniak; Dr. Mirosław Matusek Eng.
Faculty of Organization and Management
Silesian University of Technology
Ladies and gentlemen, engineers, and at the same time employees of companies in

the automotive industry. We would like to ask you to complete a questionnaire survey on
the maturity of an enterprise in implementing Industry 4.0 solutions. The research is being
carried out for the purposes of a scientific thesis.

The high automation of business processes requires changes in management, work
organization, quality, human resources, social and environmental responsibility, and inno-
vation. The aim of the study is to assess the degree of transformation of these areas of the
enterprise toward Industry 4.0.

In the survey, we do not collect any data on the company name or data by which the
company can be identified. The data collected will be processed into statistical summaries,
which will provide the company with additional anonymity. We request that you provide
truthful information and honest answers.
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Below, you will find six tables, in which the levels of a company’s involvement in
Industry 4.0 in various areas of the organization’s functioning are distinguished. We kindly
ask you to indicate the level of involvement in Industry 4.0 by reading the sentences
that characterize each area. The condition of confirming all the tests describing a given
functional level allowed for the award of a grade (on a five-point scale). Please put your
assessment (1–5) of your company’s involvement (in the six areas) in a collective “table of
respondent’s answers” placed at the end of the questionnaire. Please send the "respondent’s
table" back to: ewa.stawiarska@polsl.pl

Table A1. Criteria for evaluating the level of Digitalization of the Production System (DPS).

Levels Level/Activity Characteristics

Level 5:
full digitalization

• Production systems are automatically planned and controlled
• Machines and equipment communicate with each other through network services,

Machine to Machine (M2M) software
• Internal communication in the company is fully interdepartmental, networked IT

solutions are fully used

In human–machine interaction, assistant software, augmented reality, etc. are used to
exchange data and information

Level 4:
interdepartmental digitalization

• Data from production systems are analyzed and evaluated to plan and control
production processes

• Machines and equipment have access to the Internet
• Unified internal communication (communication rules, data, and information format)

of production with other functional and organizational units
• Mobile devices are used to exchange data and information in human–machine

interaction

Level 3:
departmental digitalization

• Data from production systems are analyzed to monitor production processes
• The devices communicate via an industrial Ethernet network
• Internal communication (communication rules, data and information format) on the

production level is standardized
• Monitoring and control of the production processes can be carried out centrally and

locally

Level 2:
basic digitalization

• Data from production systems is exclusively generated and stored
• Machines and equipment are equipped with PLC controllers
• Internal communication of production with other functional and organizational units

via e-post, typical telecommunication solutions
• Only local exchange of data and information in human–machine interaction (e.g., only

at a given production site)

Level 1:
digitalization initiation

• Data from components that make up the production system are not generated and
processed

• There is no automatic communication between machines and production equipment
• There is no internal integration in the communication of the production subsystem

with other functional and organizational units of the enterprise
• There is no information and data exchange in the human–machine interaction
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Table A2. Criteria for evaluating the level of Digitalization of the Logistics System (DLS).

Levels Level/Activity Characteristics

Level 5:
full digitalization

• Material, component, and finished product flows are automatically planned and
controlled

• The logistics infrastructure used is able to communicate with other devices via
network services, Machine to Machine (M2M) software

• Internal communication within the company is fully interdepartmental, networked IT
solutions are fully utilized

• In the human–device interaction for data and information exchange, assistant software,
augmented reality, etc. are used

• Suppliers/customers are fully integrated, which allows automatic data exchange
between supply chain participants

Level 4:
interdepartmental digitalization

• Collected data from logistics subsystems are analyzed and evaluated for material flow
planning and control

• Owned logistics infrastructure has access to the Internet
• Standardized internal communication (communication rules, data and information

format) of logistics with other functional and organizational units
• In the human–device interaction for data and information exchange in the material

flow, mobile devices are used
• Data and information are exchanged with suppliers/customers through solutions that

provide automated data and information exchange

Level 3:
departmental digitalization

• Data from logistics systems are analyzed to monitor the flow of materials, components,
or products

• The devices and/or other logistics infrastructure communicate via an industrial
Ethernet network

• The internal communication (communication rules, data, and information format) on
the logistics operations level is standardized

• Monitoring and control of logistic processes can be carried out centrally and locally
• With suppliers/customers, we use dedicated web portals with the possibility of data

and information sharing

Level 2:
basic digitalization

• The data generated during material flow are exclusively collected and stored.
• The logistics infrastructure is equipped with various types of controllers and sensors.
• Internal communication of logistics with other functional and organizational units

through e-mail and traditional communication channels.
• In human–device interaction, data and information exchange are local (e.g., only for a

given device, for a given logistic infrastructure).
• Data exchange with suppliers/customers through shared access to collected data, e.g.,

shared files, etc.

Level 1:
digitalization initiation

• Generated data during successive stages of material flow are not collected and
processed

• There is no automatic communication between the machines and devices that make up
the logistics infrastructure.

• There is no internal integration in the communication of the logistics subsystem with
other functional and organizational units of the enterprise.

• There is no information and data exchange in the material flow.
• Communication with suppliers/customers takes place via e-mail and traditional

communication
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Table A3. Criteria for assessing the maturity level of Industry 4.0 implementation of the Quality Management System (QMS).

Levels Level/Activity Characteristics

Level 5:
best-in-class performance

• The organization manages processes all the time in an effort to continuously improve
them

• Evidence of sustained improvement after an extended period of time, such as at least 3
years

• Best practices and innovations are identified on an ongoing basis and communicated
throughout the enterprise

• Significant employee involvement in process improvement
• Organizational culture is supportive of the quality management system

Level 4:
focus on continuous improvement

• The organization comprehensively measures and analyzes processes
• The system is able to predict trends in process and product quality
• Process capability is based on an understanding of the activities of the entire

organization
• Evidence of sustained improvement after an extended period, such as at least one year

Level 3: stable, formal systems
approach

• High repetition of activities performed
• The organization is based on a process approach
• Processes are well understood and described
• The organization measures process capability
• Occasional evidence of clear improvement or enhancement, although much evidence

that the topic is not yet fully addressed

Level 2:
reactive approach

• Responding to issues as they arise
• Projects are managed based on previously mastered tasks that can be repeated
• Occasional reviews or evaluations that result in some refinement and improvement

Level 1:
no formal approach

• Inconsistent approach to quality management
• Processes are unpredictable, informal, and poorly controlled
• Implementation of individual activities is not clearly described or documented
• Activities are not performed in a repeatable manner
• Success depends on the individual capabilities of employees and managers
• Some good ideas may be present, but few have moved beyond the wishful thinking

stage
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Table A4. Criteria for assessing the maturity level of the implementation of Industry 4.0 in the context of the changing
competencies of employed engineers 4.0: The Maturity of Human Resources Management (HRM).

Levels of Competence Level/Activity Characteristics

Level 5:
skills for Industry 4.0

Employed engineers possess:

• Ability to manage machine–human interaction
• Skill in managing networked distributed devices
• Change management skills
• Ability to manage a project team
• Comprehensive engineering knowledge
• Comprehensive computer science knowledge

Level 4:
technical skills

Employed engineers, in addition to basic engineering, personal and social skills, have:

• Ability to operate and maintain Industry 4.0 equipment
• Knowledge of business, legal, and social issues
• Knowledge of economic engineering issues
• Knowledge of quality control issues, quality assurance using CSP
• Knowledge of health and safety principles in the cooperation between man and

machine

Level 3:
social skills in the
organization

Employed engineers, in addition to basic engineering and personnel skills, possess:

• Teamwork skills
• An understanding of customer needs
• Ethical and professional responsibility
• Knowledge of sustainability issues
• Ability to plan and organize work using CSP
• Ability to think creatively
• Problem-solving skills
• Ideas and problem-spotting skills

Level 2:
personal skills

Employed engineers, in addition to basic engineering skills, possess:

• Communication skills
• Openness to change
• Professionalism
• Initiative and entrepreneurship
• Ability to adapt CSP solutions and flexibility
• Solidarity
• Readiness for continuous learning

Level 1:
basic engineering skills

Employed engineers have:

• Engineering knowledge in the required area
• Design skills
• Manufacturing and construction skills
• Operation of equipment, use of technology
• Knowledge of science, technology
• Critical thinking, analytical
• Computer skills
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Table A5. Criteria for assessing the level of maturity of Industry 4.0 implementation in the context of the Intensity of CSR
activities (ICSR).

CSR Intensity Characteristics of CSR Intensity/Activities in the Area of CSR

Level 5:
pioneering

• Strategic, tactical, and operational objectives are aligned with local, regional, national,
and international industry development goals.

• The enterprise controls its Industry 4.0 implementations in the context of
environmental burdens.

• The enterprise controls the Industry 4.0 implementations of suppliers and
sub-suppliers in the context of environmental burdens.

• The enterprise controls the activities of sales intermediaries in the context of
environmental burdens.

• The organization is a leader in the development and promotion of CSR across the
industry/has developed best practices in offsetting the impact of reducing human
labor.

• It introduces collaborative robots.

Level 4:
optimization

• The organization collaborates with external parties to address environmental and
social issues.

• A balanced scorecard measures the impact of a jointly developed product on the
environment and the public/social sphere.

• The energy consumption of product users is measured.
• The organization meets CSR guidelines, thus contributing to the sustainability of the

supply chain, network, region, and country.

Level 3:
integration

• Implementation of social and environmental programs is measured and their
effectiveness is proven.

• CSR information is available to customers.
• The social and environmental effects of cooperators’ activities are measured, and CSR

network programs are implemented.

Level 2:
inclusion/capacity

• Supply chain operations strategies and tactical plans focus on addressing CSR issues
• The organization considers itself responsible when making decisions that it believes

serve all stakeholders
• CSR information is made available to customers
• A social and environmental responsibility strategy is prepared
• Environmental compliance and product performance results are available for public

review

Level 1:
initiation

• Investments and activities aimed at increasing social and environmental responsibility
are not implemented
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Table A6. Criteria for assessing the level of maturity of Industry 4.0 implementation in the context of the Commitment to
Product Innovation Development (CPID).

Levels Level/Activity Characteristics

Level 5:
pioneering

• Use/exchange of resources between network companies as part of the innovation
development process

• Knowledge of pro-innovation assets is generally available to all potential network
cooperators

• Joint innovation projects are supported by IT solutions, cloud work
• Remote asset monitoring capabilities are integrated into the course of innovation

development processes in an open model—blockchain

Level 4:
optimization

• The company has a complete picture of the pro-innovation assets of the cooperators
based on information, databases, and connectivity

• Asset information is based on real data that are monitored
• Performance and asset utilization is optimized based on agreements with other links in

the network (e.g., cluster animators)

Level 3:
integration

• Audit of operations, performance, and product trend analysis is available to
collaborating organizations

• Inventory of supply chain partner assets is automated
• An application enabling modeling of the use of assets in key network cells is being

implemented

Level 2:
inclusion/capacity

• The company completed a project to inventory and track pro-innovation assets for new
product development

• A database of assets of collaborators and networked organizations has been developed
• A strategy for the mobility of R&D personnel in the network is being developed

Level 1: initiation

• R&D personnel resource and competency management systems are assessed in terms
of their potential alignment with the vision of the network

• Pro-innovative resources for the development of innovation are not monitored

Please send the table to the following address: ewa.stawiarska @polsl.pl
(Thank you!)

Table A7. Table of respondent’s answers.

Areas Table 1 Table 2 Table 3 Tale 4 Table 5 Table 6

Evaluation of
the level of

involvement
in Industry 4.0

from 1 to 5

Additional questions

1 Indicate the size of your company, please (underline the correct size)

Large; Medium; Small; Micro

2 Specify the class of the automotive part produced by the company (underline the correct
class)

Engine; Powertrain; Chassis; Wheels/tires; Body; Electrical equipment; Technological
components for building an automobile; Metal parts; Rubber parts; Rubber–metal parts;
Plastic parts; Consumables; Vehicle safety equipment;

other what ............
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Table A8. Table of respondent’s answers.

Areas Table 1 Table 2 Table 3 Tale 4 Table 5 Table 6

Evaluation of
the level of

involvement
in Industry 4.0

from 1 to 5

Additional questions

1 Indicate the size of your company, please (underline the correct size)

Large; Medium; Small; Micro

2 Specify the class of the automotive part produced by the company (underline the
correct class)

Engine; Powertrain; Chassis; Wheels/tires; Body; Electrical equipment; Technological
components for building an automobile; Metal parts; Rubber parts; Rubber–metal parts;
Plastic parts; Consumables; Vehicle safety equipment;

other what ............

Appendix B Dictionary of Abbreviations

Dictionary of abbreviations

ACATECH—Industry 4.0 implementation maturity model (proper name)

APQP—Advanced Product Quality Planning

BCG—Boston Consulting Group

BSCI—Business Social Compliance Initiative

CDIO—Conceive–Design–Implement–Operate

CEN TS 16555—European Standardization of Innovation Management

CMMS—Computerized Maintenance Management Systems

CPID—Commitment to Product Innovation Development

CPS—Cyber–Physical Systems

CSCMP—Council of Supply Chain Management Professionals

CSR—Corporate Social Responsibility

DGP—Gross Domestic Product

DLS—Digitalization of the Logistics System

DPS—Digitalization of Production System

DRIVES—Development and Research on Innovative Vocational Education Skills

ERP—Enterprise Resource Planning

e-SCM—Electronic Supply Chain Management

ESCM—European Supply Chain Management

FMEA—Failure Mode and Effects Analysis

GSCM—Green Supply Chain Management

HRM—Human Resources Management

IAFT—International Automotive Task Force

ICSR—Intensity of CSR Activities

ICT—Information and Communications Technology
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IMPULS—Industry 4.0 implementation maturity model (proper name)

IoT—Internet of Things

ISO—International Organisation for Standardisation

ISO/TS—International Organisation for Standardisation Technical Specification

KPI—Key Performance Indicators

MES—Manufacturing Execution Systems

OEM—Original Equipment Manufacturer

PDCA—Plan–Do–Check–Act

QMS—Quality Management System

R&D—Research and Development

RBT—Risk-Based Thinking

SIMMI—Industry 4.0 implementation maturity model (proper name)

WEF—World Economic Forum

References
1. Wilkesmann, M.; Wilkesmann, U. Industry 4.0–organizing routines or innovations? Vine J. Inf. Knowl. Manag. Syst. 2018, 48,

238–254. [CrossRef]
2. Prause, G.; Atari, S. On sustainable production networks for Industry 4.0. Int. J. Entrep. Sustain. 2017, 2, 421–431. [CrossRef]
3. Piccarozzi, M.; Aquilani, B.; Gatti, C. Industry 4.0 in management studies: A systematic literature review. Sustainability 2018, 10,

3821. [CrossRef]
4. Available online: https://www.researchgate.net/publication/322877322_When_titans_meet_-_Can_industry_40_revolutionise_

the_environmentally-sustainable_manufacturing_wave_The_role_of_critical_success_factors (accessed on 23 April 2021).
5. Frank, A.G.; Dalenogare, L.S.; Ayala, N.F. Industry 4.0 technologies: Implementation patterns in manufacturing companies. Int. J.

Prod. Econ. 2019, 210, 15–26. [CrossRef]
6. Mittal, S.; Khan, M.A.; Romero, D.; Wuest, T. A critical review of smart manufacturing & Industry 4.0 maturity models:

Implications for small and medium-sized enterprises (SMEs). J. Manuf. Syst. 2018, 49, 194–214.
7. Breitschwerdt, D.; Cornet, A.; Michor, L.; Müller, N.; Salmon, L. Performance and Disruption—A Perspective on the Automotive

Supplier Landscape and Major Technology Trends; Hg. v. McKinsey & Company: Munich, Germany, 2018.
8. Benotsmane, R.; Dudás, L.; Kovács, G. Survey on New Trends of Robotic Tools in the Automotive Industry. In Vehicle and

Automotive Engineering 3. VAE 2020; Jármai, K., Voith, K., Eds.; Springer: Berlin/Heidelberg, Germany, 2021. [CrossRef]
9. Parida, V.; Sjödin, D.; Reim, W. Reviewing literature on digitalization, business model innovation, and sustainable industry: Past

achievements and future promises. Sustainability 2019, 11, 391. [CrossRef]
10. Wagire, A.A.; Joshi, R.; Rathore, A.P.S.; Jain, R. Development of maturity model for assessing the implementation of Industry 4.0:

Learning from theory and practice. Prod. Plan. Control 2020, 1–20. [CrossRef]
11. Lin, D.; Lee, C.K.; Lau, H.; Yang, Y. Strategic response to Industry 4.0: An empirical investigation on the Chinese automotive

industry. Ind. Manag. Data Syst. 2018, 118, 589–605. [CrossRef]
12. Qin, J.; Liu, Y.; Grosvenor, R. A categorical framework of manufacturing for industry 4.0 and beyond. Procedia Cirp 2016, 52,

173–178. [CrossRef]
13. Bibby, L.; Dehe, B. Defining and Assessing Industry 4.0 Maturity Levels–Case of the Defence Sector. Prod. Plan. Control 2018, 29,

1030–1043. [CrossRef]
14. Pacchini, A.P.T.; Lucato, W.C.; Facchini, F.; Mummolo, G. The degree of readiness for the Implementation of Industry 4.0. Comput.

Ind. 2019, 113, 103–125. [CrossRef]
15. Rüßmann, M.; Lorenz, M.; Gerbert, P.; Waldner, M.; Justus, J.; Engel, P.; Harnisch, M. Industry 4.0: The Future of Productivity and

Growth in Manufacturing Industries. Boston Consulting Group (BCG). 2015, pp. 1–14. Available online: https://www.zvw.de/
media.media.72e472fb-1698-4a15-8858-344351c8902f.original.pdf (accessed on 25 April 2020).

16. Müller, J.M. Business model innovation in small-and medium-sized enterprises: Strategies for industry 4.0 providers and users.
J. Manuf. Technol. Manag. 2019, 30, 1127–1142. [CrossRef]

17. Schneider, P. Managerial challenges of Industry 4.0: An empirically backed research agenda for a nascent field. Rev. Manag. Sci.
2018, 12, 803–848. [CrossRef]

18. Supply Chain Management Terms and Glossary. Available online: https://cscmp.org/CSCMP/Educate/SCM_Definitions_and_
Glossary_of_Terms.aspx (accessed on 25 April 2020).

19. Winkelhaus, S.; Grosse, E.H. Logistics 4.0: A systematic review towards a new logistics system. Int. J. Prod. Res. 2020, 58, 18–43.
[CrossRef]

http://doi.org/10.1108/VJIKMS-04-2017-0019
http://doi.org/10.9770/jesi.2017.4.4(2)
http://doi.org/10.3390/su10103821
https://www.researchgate.net/publication/322877322_When_titans_meet_-_Can_industry_40_revolutionise_the_environmentally-sustainable_manufacturing_wave_The_role_of_critical_success_factors
https://www.researchgate.net/publication/322877322_When_titans_meet_-_Can_industry_40_revolutionise_the_environmentally-sustainable_manufacturing_wave_The_role_of_critical_success_factors
http://doi.org/10.1016/j.ijpe.2019.01.004
http://doi.org/10.1007/978-981-15-9529-5_38
http://doi.org/10.3390/su11020391
http://doi.org/10.1080/09537287.2020.1744763
http://doi.org/10.1108/IMDS-09-2017-0403
http://doi.org/10.1016/j.procir.2016.08.005
http://doi.org/10.1080/09537287.2018.1503355
http://doi.org/10.1016/j.compind.2019.103125
https://www.zvw.de/media.media.72e472fb-1698-4a15-8858-344351c8902f.original.pdf
https://www.zvw.de/media.media.72e472fb-1698-4a15-8858-344351c8902f.original.pdf
http://doi.org/10.1108/JMTM-01-2018-0008
http://doi.org/10.1007/s11846-018-0283-2
https://cscmp.org/CSCMP/Educate/SCM_Definitions_and_Glossary_of_Terms.aspx
https://cscmp.org/CSCMP/Educate/SCM_Definitions_and_Glossary_of_Terms.aspx
http://doi.org/10.1080/00207543.2019.1612964


www.manaraa.com

Sustainability 2021, 13, 4867 33 of 38
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164. Gökalp, E.; Şener, U.; Eren, P.E. Development of an Assessment Model for Industry 4.0: Industry 4.0-MM. In Proceedings of the
International Conference on Software Process Improvement and Capability Determination (SPICE), Palma de Mallorca, Spain,
4–5 October 2017; pp. 128–142.

165. Amaral, A.; Peças, P. SMEs and Industry 4.0: Two case studies of digitalization for a smoother integration. Comput. Ind. 2021, 125,
103333. [CrossRef]

166. Haiss, P.; Mahlberg, B.; Michlits, D. Industry 4.0–the future of Austrian jobs. Empirica 2021, 48, 5–36. [CrossRef]
167. Khan, N.; Khan, S.; Tan, B.C.; Loon, C.H. Driving Digital Competency Model towards IR 4.0 in Malaysia. J. Phys. Conf. Ser. 2021,

1793, 012049. [CrossRef]
168. Balog, M.M.; Demidova, S.E. Human Capital Development in the Context of the Fourth Industrial Revolution. IOP Conf. Ser.

Earth Environ. Sci. 2021, 666, 062120. [CrossRef]
169. Chauhan, C.; Singh, A.; Luthra, S. Barriers to industry 4.0 adoption and its performance implications: An empirical investigation

of emerging economy. J. Clean. Product. 2021, 285, 124809. [CrossRef]
170. MotoBarometr 2019. Nastroje w Automotive. Available online: https://exactsystems.pl/_get/mb/MotoBarometr_Raport2019.

pdf (accessed on 12 March 2020).
171. Ras, E.; Wild, F.; Stahl, C.; Baudet, A. Bridging the Skills Gap of Workers in Industry 4.0 by Human Performance Augmentation

Tools: Challenges and Roadmap. In Proceedings of the 10th International Conference on Pervasive Technologies Related to
Assistive Environments, New York, NY, USA, 21–23 June 2017; pp. 428–432.
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