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Abstract. Dynamic and volatile markets, triggered by increasing
competition, rising product variety and many more factors, lead to a series
of reactions: An increasing product complexity (e.g. a higher number of
software components) shorter life cycles, faster development cycles and
the call for a prompt market readiness. This has immense repercussions on
the value chain and on the manufacturing sites. Additionally, it leads to
interactions between product features and the production environment,
which includes development, production, quality management, supply
chain management and all other related disciplines.As an example, the
average development time decreased within the last 20 years up to 20 %
(impact on research and development), while the product complexity
steadily increased (impact on the product features). Until recently,
activities based on information and communication technology (ICT) to
address these profound challenges have been referred to as
“Digitalization”. However, to counteract the afore mentioned challenges in
a more target-oriented manner, the German government introduced the
strategic initiative ‘Industry 4.0°. It is crucial for companies to primarily
perceive the options and content of Industry 4.0 for potential
transformation from machine dominant production to digital
manufacturing.

1 Introduction and motivation for Industry 4.0

Industrial companies are currently facing challenging times due to internationalization,
growing competitiveness, changes in supplier and customer markets and innovation in
technology [1-3]. The so-called digital transformation is progressing rapidly and
uninterruptedly. The attack on what already exists has begun [4].
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Since Konrad Zuse in 1941 took significant steps into the computer age and in 1950
around 8,000 worldwide Computer systems existed, today all areas of life are permeated
with information and communication technology. The development of the mass market for
broadband internet and the introduction of smartphones, tablets and wearables caused the
number of networked objects to explode [5,6]. Digitization not only enables new intelligent
products and new forms of internet-based services (so-called smart services), it also
changes industrial production. The term Industry 4.0 stands for a new level of organization
and Control of complex value creation structures [7]. Obviously, the industry is undergoing
a profound change known as the fourth industrial revolution. Intelligent technology forms
the basis for Industry 4.0 Systems that are networked with one another via the “Internet of
Things”. Of importance will be the intelligence of the systems, the adaptive, robust,
predictive and will enable particularly user-friendly systems. Fascinating, unmanageable
possibilities open for designing new business models and innovative value creation
structures as part of future-oriented corporate management in the age of digitization. In
sum, this shows that there is a great need for productivity-enhancing, but also flexibility-
promoting measures and approaches in the industry. Industry 4.0 is seen as one of the
answers to these megatrends and the associated challenges. Therefore, it is not surprising,
that according to a study the following key statements are made [9]:

e Industry 4.0 leads to a higher production and resource efficiency of —18%;

e Industry 4.0 enables new, often disruptive digital business models;

e Digitized production and services generate an additional € 30 billion per year for
the German economy;

e Digitization of the product and service portfolio is the key to sustainable Corporate
success;

e Horizontal cooperation enables better fulfilment of customer requirements;

e Industry 4.0 transforms the entire company;

e The integrated analysis and use of data is the core capability within Industry 4.0.

2 Concept of Industry 4.0

In this chapter the concept of Industry 4.0 and its sub-concepts and technologies will be
examined. However, the terms of concept and technology must first be distinguished from
each other to get a deeper understanding. A concept is a piece of knowledge that serves to
categorize objects and/or perceptions. It can also consist of several categories[10].
Technology, on the other hand, describes an application-oriented, universally valid
relationship between purpose and means and offers resources that are intended to put
scientific knowledge into practice [11].

In the context of production, the idea of Industry 4.0 is to establish a new way to
organize value chains by means of new concepts and technologies [12]. The resulting
potentials from this are immense. One example are self-organizing networks within
production environments [13]. Consequently, Industry 4.0 is no unattached concept. It is
much more a merger of several single concepts and technologies which require an
interdisciplinary exchange at all levels.

Thereby, Industry 4.0 changes not only the traditional processes in the industry, it also
allows for new business models [14].Therefore, German experts speak of a dual strategy
when realizing Industry 4.0 [14]: (1) German industry should consistently develop
innovative technologies and concepts to maintain a leading world market position,
especially with regards to intelligent production approaches; (2) At the same time, new
markets for technologies and products must be explored to distribute these technologies
profitably. To succeed in that dual strategy, existing basic technologies and concepts must
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be adapted to the special features of production technology and in addition, innovative
solutions for new markets must be researched [14].

2.1 Emergehistory

This chapter will merely point out the most important milestones. Industry 4.0 was and is a
politically motivated attempt to spread the approach of Digitalization over the German
manufacturing industry. The overall aim thereby is to maintain and augment the
international competitiveness of the German industry [15].

In 2006, during the first national IT-summit, the guiding principle of Industry 4.0 was
envisaged for the first time[16]. The term itself became public for the first time during the
Hannover Fair (‘Hannover Messe’) in 2011. It was developed by the “Forschungsunion”, a
scientific advisory council of the German government [17]. In 2012 the industry
associations BITKOM, VDMA and ZVEI established the Industry 4.0 Platform
(“PlattformIndustrie 4.0”") with the goal to coordinate future challenges cross-sectoral [18].
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Introduction of mass production assembly lines requiring labor

2" Industrial Revolution 1870
and electrical energy

Intreduction of mechanical production systems (including looms) operated with

1°tIndustrial Revolution 1784
steam and waterpower

Fig.1. Historical perspective of industrial revolutions (reproduced with permission from [20] ).

In 2015 the German government took the lead over and created different task forces
consisting of experts from industry and science [19]. The term Industry 4.0 was chosen,
because it will initiate the fourth industrial revolution which focuses on the
interconnectedness of the production elements. As Fig. 1 shows the first industrial
revolution began with the creation of the first mechanical manufacturing system
(18"century), the second industrial revolution started with the mass production through
assembly line work (19"century) and the third industrial revolution commenced with the
use of electronics and ICT to further develop production processes (20™century) [14].

2.2 Terminology delimitation

The meaning of the term Industry 4.0 has different understandings in the literature, [21]
though at the beginning this perception was even more indistinct. But by the time, a clearer
understanding could be observed.

Because the term was additionally spread over to other business areas than production,
such as services or business models, there is still a variety of definitions [18]. Fig.2
illustrates the relationship between some terms that are wrongly used as synonyms for
Industry 4.0.
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Fig.2. Digitization, Digitalization and Digital Transformation in the Framework of Industry 4.0
(enhanced according to [51] ).

The term Industry 4.0 is a collective term [22]. An initial literature review has shown
that the term is often used synonymously for great amounts of other concepts and sub-
concepts. Along with Industry 4.0 terms such as Digitalization, Internet of Things, Smart
Factory and many more are frequently mentioned.

However, this is just a small extract of the existing terms in literature. It is especially
important to distinguish the terms Digitization, Digitalization, Digital Transformation, and
Industry 4.0 at this point, because they act as collective terms and comprise concepts and
technologies on a superficial level. The terms Digitization, Digitalization and Digital
Transformation do not mean the very same thing. This becomes evident through the
following definitions.

Firstly, Digitization is defined as “the process of changing from analog to digital form,
also known as digital enablement. Said another way, Digitization takes an analog process
and changes it to a digital form without any different-in-kind changes to the process itself”
[23]. Secondly, Digitalization is defined as an approach“encompasses everything [...] that
describes, examines and explains the impact of the use of IT and the penetration of
technology and services in all areas of daily life, whether private or institutional” [25].
Thirdly, Digital Transformation is defined as “the purpose of the digital transformation is to
improve the process efficiency of business activities. Digital transformation is the further
development of stand-alone solutions for company-wide networking to support all value-
adding corporate activities to realize process cost reductions” [23].

These definitions are only an extract of the widespread use of the terms. Therefore, it is
important to know that Digitization, Digitalization and Digital Transformation are not
restrictively utilized in the literature [25]. Some other definitions for instance include also
the more general topics changing and responsibility [26]. It also becomes apparent that the
definitions are not the same, but very unidirectional; it can be said that information will be
digitized, processes will be digitalized, and the business and its strategy will be digitally
transformed [27].

In general, Industry 4.0 includes Digitization, Digitalization and Digital Transformation
with respect to production environments. However, due to the different understandings
which exist, the Industry 4.0 Platform established a vague definition for the term Industry
4.0. As mentioned before, it is not the only definition, but it is the official definition of the
German government. “Industry 4.0 refers to the intelligent networking of machines and
processes for industry with the help of information and communication technology” [28].
This definition focuses on the intelligent networking of elements of the production and
other processes using ICT.
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A more detailed definition is given by Acatech, a scientific academy which advises the
German government. They take up the same definition and explicate it in more depth [29].
“Industry 4.0 basically means the technical integration of Cyber Physical Systems into
production and logistics as well as the application of the Internet of Things and Services in
industrial processes, including the resulting consequences for value creation, business
models and downstream processes, services and work organization” [14]. This means that
Industry 4.0 focuses on the complete digital networking of the industrial value chain [30].

Besides the mentioned application components, there are also many others mentioned,
such as Big Data Analytics. However, these are not considered as independent components
of Industry 4.0 [12]. Therefore, the main components of Industry 4.0 are Cyber Physical
Systems which will be supported by many other components and applied in Smart
Factories. The description of that takes place in the following chapters.

It should be noted that the reshaping of the manufacturing industry is also being pursued
by other nations. However, the various research initiatives, for instance in the USA
(‘Advanced Manufacturing’) and China (‘Made in China 2025”), see the transformation
described in Industry 4.0 only as one trend among many [31].

3 Production Capacity and Operational Optimization

3.1 Production systems

Production systems focus on the management of production environments in order to
achieve the business objectives. Therefore, the entire value chain will be considered, from
supplier to the customer. The input (e.g., knowledge, materials, financial resources and
more) will be transformed during the value creation process (i.e., manufacturing) to an
intermediate or end product. Associated processes such as transport or quality measures
assist and sustain the manufacturing process. The propulsions for that are humans and
technical resources like machines or IT-systems. The relation between the several elements
of the production system is determined using adequate methods and therefore impinge on
the process and structural organization [32].

The production system, defines what guidelines to follow when developing,
implementing, and maintaining processes in the coherence of production. As a holistic
system it will unfold its full effected when all elements and processes correlate [33,34]. In
the future production systems will focus more on performance measurement by means of
precise data and their connection.

Sensors will observe the entire production process, from incoming goods through
manufacturing to shipping. The sensor data will be stored together with additional relevant
data from other sources in a single data warehouse in order to connect them more easily.
Thanks to that connectivity, fact-based, target-oriented decisions will be made and
guesswork will be eliminated. Through the access to the comprehensive and topical
information, reporting can be automatized and employees as well as leaders will be easily
able to identify appropriate solutions and to take precise actions [35]. Fig.3 shows the
improvement opportunities by categories [35].

Huge potential through new business models and increases in resource productivity and
cross-value chain efficiencies are promised through Industry 4.0, according to [14]. Smart
factories are going to be capable of profitably producing custom specific items in an agile
way, and smart assistance systems will help workers to focus on value-added activities
rather than routine tasks [7].
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Fig.3. Improvement opportunities by categories (enhanced according to [52]).

Fig. 4 gives a summary of the estimated cost optimization potential through Industry 4.0

[1].
I R

Inventory = Reduction of safety stocks -30 to 40%
= Avoidance of Bullwhip and Burbridge effects

Production = Increase in Overall Equipment Effectiveness (OEE) -10 to -20%
* Process control loops
Improvement in vertical and horizontal labor flexibility

Logistics = Higher degree of automation (milk run, picking, ...) -10 to -20%
Complexity = Enhanced span of control -60 to -70%
« Reduced trouble shooting
Quality « Realtime quality control loops -10 to -20%
Maintenance = Optimization of spare part inventories -20 to -30%
- Condition-based maintenance (process data, measurement
data)

Dynamic prioritization

Fig.4. Estimated benefits of Industry 4.0 (enhanced according to [1] ).

3.2 Flexibility and transformability

Above all, companies in general are challenged by the need to steadily adjust the many
elements of manufacturing environments and production systems [36]. Due to the influence
of dynamic and volatile markets in the automotive industry, this can only be achieved by
the development and utilization of specific methods, technologies, resources, and
organizational structures.

The production environment must be able to react immediately, economically, and
situationally on influencing factors. The key factor to this is the enabling of the production
system and thus the production environment to more changeability. Since it is an attribute
which facilitates the response capacity and velocity with minimal effort, it is very crucial to
counter influence factors on the production environment [32]. However, there is no
consistent use of terms in the literature.

In the research of Elkins, Huang, and Alden, for instance, use the term agile, but refer
also to the overall issue of changeability [37]. Other authors, in turn, utilize other terms
[32].

For convenience only, this work will follow the methodology presented by[38]. In the
context of quality, changeability can refer to the ability of a production environment to
adapt to new qualityinfluencing circumstances such as an increase in production volume.
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Since focused on the production level, the approach distinguished additionally five different
degrees of changeability; two of them are flexibility and transformability [38]. Because the
distinction of the three other terms has only a minor impact on this work, solely flexibility
and transformability will be discussed subsequently. Transformability, however, should not
be confused with flexibility. Flexibility enables a production environment to react on
changes by using predefined measures which have predefined capacities and limits [39].
For instance, the capability to react on a supplier failure with predefined measures.

Where as transformability enables a production environment to counter divergencies
with measures beyond the predefined set of measurements [40]. The divergencies can be
bridged without defining the solution in advance [41]. Hence, transformability leads to the
condition that solutions arise from the circumstances and the borders of capacities become
flexible [32]. This leads to an efficient utilization of existing resources. Fig.5 shows the
relationship between flexibility and transformability.
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Fig.5. Difference between transformability and flexibility (enhanced according to [53] ).

Flexibility and transformability are independent from each other. Is a production
environment defined to bridge divergencies flexibly and to a large extent, then — despite its
inefficiency — the attribute of transformability becomes dispensable [32]. Production
environments nowadays contain the component of flexibility but show a lack of
transformability.

Considering the automotive industry, suppliers are often contractually forced to have a
leeway to increase their output, in case another supplier of the same part/component
failures to deliver timely. The use of new technologies, such as additive manufacturing or
business analytics, would establish a transformable production environment which enable
the anticipation of supplier failures and other divergencies. This is just one example of
many. The literature offers a wide range of examples for projects in the automotive industry
[1,38].

3.3 Transformation enablers

In order to encounter the earlier mentioned challenges in the automotive industry, it
becomes necessary to enable optimal response capacity of the production environment. In
the literature there exists a larger number of transformation enablers [42-44]. Focusing on
the production environment level, five main transformation enablers can be listed [38].
Fig.6 shows them in the context of the production environment and the impacts on it.

The production environment is characterized by the methods and organizational
structure, which are arranged by the production system. Input factors like manpower or
machines will be transformed to output factors, such as products and services. That
transformation process is impacted by internal and external factors like the earlier described
challenges of the automotive industry. To encounter and react on these challenges, the
transformation enablers are needed [45].

https://doi.org/10.1051/matecconf/202134305009
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Universality describes the design and dimensioning of objects. The object thereby,
fulfils from the beginning various requirements and can undertake different tasks without
hinging on anything [32,38]. A common example is a machine which can process several
different product variants or even whole units without being set up. Mobility is important to
reconfigure (add/remove) objects. An object with this attribute has no spatial constraints. It
can be moved without great effort, such as a machine with wheels [32,38].

-
I @

Production Environment Organization

Input:

Manpower . Output:
Machines > Products

Financial Means Services

Mature Law Technologies  Ecomomies

Fig.6. Influence of transformation enablers on the production environment (according to [38] ).

Scalability is the ability to scale something up or down. This can be related to
technologies, humans, space, and many other things [32,38]. A non-physical example is the
extending of the working time to use open capacities. An object or system which consist of
several elements or functions which are independent from each other fulfils the requirement
of modularity [32,38]. For instance, a removable robotic arm which is replaced by another
one that fulfils the same technical standards. Compatibility enables objects internally and
externally to network with other objects regarding materials, information, energy and many
other things [32,38].

A software with many standardized interfaces fulfils exactly that attribute. The
difference between modularity and compatibility is that the former focuses on the exchange
of modules while the latter enables the networking between two objects. Furthermore, these
transformation enablers have different degrees [32]. A machine that can process a high
number of different elements has a higher extent of universality than a machine with a low
number of processable elements. In addition, not every enabler can be used in every case
[38].

In the context of real estate, mobility is hardly not realizable. Furthermore, the enablers
correlate. Often modular objects need also to fulfil the requirement of compatibility, so that
the replacing module fits into the interface. Nowadays, many objects in the production
environment fulfil these attributes partially. With the activities in the framework of Industry
4.0, available prerequisites will be used to develop the production environments with a
holistic approach. This will contribute to hedging and enhancing the competitiveness of
producing companies [36].

4 Criticism and Conclusion

A much-criticized point of Industry 4.0 is whether it is to be understood as a vision of
futuristic value creation (i.e., a revolution) or as a mission to maintain German and
European competitiveness (i.e., an evolution). However, in the end that is not important,
because the debate about the revolutionary or evolutionary nature of the forthcoming
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development in the industrial environment does not change the fact that the current and
steadily increasing challenges are present and can be tackled by the concepts and
technologies of Industry 4.0 [46].

Furthermore, Industry 4.0 is based on the interaction of a wide variety of concepts and
technologies. To realize the overall concept, all products, machines, and other equipment as
well as IT and production systems will have to work together intelligently using appropriate
communication standards and interfaces. This connectivity is a critical factor for the
realization of Industry 4.0. In particular, the connectivity through consistent machine-to-
machine communication can only be achieved by introducing a standardized and
manufacturer-independent syntax for processing as well as storing business, product, and
production data [47].

In connection with that, the actors involved in Industry 4.0 have not yet managed to
quickly agree on standards. In addition, the software architectures and business processes in
many companies differ significantly from the processes outlined for Industry 4.0. In most of
the available publications no attempt is made to close that gap. Furthermore, it is criticized
that such a complex and non-linear system as a factory is not controllable with algorithms
[49].

No matter how sophisticated algorithms may be, problems that require human-
innovative thinking (e.g., design problems) cannot be solved as easily as the automated
operation of a machine. That is because the success of the elements of Smart Factories is
mainly based on the experience, creativity and ability of their developers since machines
and systems have a lack of cognition of practical circumstances. However, increasing
hardware performance (e.g., memory and computing capacity) supports the realization of
Smart Factories [50].

Additionally, it is criticized that there is little willingness to think outside the box of
dayto-day business. Hence, one of the main purposes of Industry 4.0 is ignored, namely the
establishment of new data-based business models. The problem is that their potential lies
outside the factories. Accordingly, the mindset of actors in Industry 4.0 must go beyond the
physical production environment and include the Digital Transformation [50].

It is stated that the Germans develop interfaces while the Americans create markets
[49]. However, despite the understandable criticism, it must be noted that some industrial
companies, are doing very well in this regard. Production companies today and,
particularly, automotive manufacturers face global competition.

The markets are characterized by new dynamics due to volatile customer needs,
increasing product variety and many other factors for that reason, the concept of Industry
4.0 emerged as a politically attempt to strengthen the international competitiveness of the
German industry. That concept has international counterparts which also focus on the
modernization of the production industry, while differing in some respects.

During the implementation of Industry 4.0, products, production equipment and even
entire production environments are to be connected to one another [54,55]. However,
criticism of the Industry 4.0 concept has also been expressed in the literature.

Among other things, the slow definition of standards and the currently prevailing
mindset Concept of Industry 4.0in industrial companies are criticized. Nonetheless, it
becomes clear that many of the criticisms are only partially valid. In addition, there is a
consensus that the above-mentioned challenges can only be counteracted by adapted
methods, concepts, and technologies, such as those provided by Industry 4.0. All things
considered, Industry 4.0 results in dynamic, autonomous, and real-time optimized value
chains that can be organized according to the market conditions and the resulting business
models. Therefore, that requires cooperation between the technical and business
components of companies, otherwise the potentials of Industry 4.0 cannot be fully
exploited.
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In the literature there has been underlined the signs of the Industry 5.0 Revolution [56].
The transition is analyses from several years and it seems that pandemic period (2020 -
2021) has accelerated the digital transformation of the production systems and the society
level, too.
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