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The completion of the Fourth Industrial Revolution?

Artificial intelligence is often mentioned often mentioned in the same context
as Industry 4.0, but the exact role of Al is unclear. Is Al just another 4IR
technology or an essential "enabler" for other 4IR technologies? Six experts
assess the impact of Al on 41 4IR technologies. Al could indeed be a decisive
factor in unleashing the full potential of Industry 4.0.
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Can Artificial Intelligence Act as an Enabler for Industry 4.0?

Impacts on the maturity level of Industry 4.0 technologies

Dennis Richter and Steffen Kinkel, Karlsruhe University of Applied Sciences,

Mildred Doe, Progroup AG

The term artificial intelligence (Al) is often used in the context of Industry 4.0
(4IR). However, it is not clear whether Al is just another technology that

"Technolog* of Industry 4.0"
OR "Technolog* of 1 4.0" OR
"Technolog™ of 14.0"

should be subsumed under the collective term 4IR, or whether Al serves as

an enabler for existing 4IR technologies and thus plays a special role within
the 4IR framework. This article takes a closer look at the actual role of Al by
interviewing six experts on the impact of Al on 41 4IR technologies. The
results suggest that Al plays a special role in the context of 4IR.

The terms artificial intelligence (Al) [1] and Industry 4.0
(4IR) [2] have been studied and defined many times in
recentyears. Al describes the ability of machines to imitate
human-like capabilities and make autonomous decisions
to carry out actions based on data and thus solve complex
problems [3]. 4IR refers to the technology-driven vision
of a fourth industrial revolution made possible by the
intelligent networking of cyber-physical systems (CPS) and
the internet of things (IoT). The aim is to promote
automation, flexible production and efficient human-
machine interactions (HMI) in the smart factory as well as
to strengthen competitiveness [4]. Based on this
understanding, Al could quickly be classified as another
4IR technology. However, due to the diverse areas of
application of Al shown in Figure 1 [5], it should be
questioned whether and to what extent the individual 4IR
technologies benefit from Al. To answer this question, six
experts were asked to what extent the progressive use of
Al will drive the maturity level of individual 4IR technologies
in the coming years.

Identification of current 4IR technologies

Firstly, a structured literature review was carried out to
identify all 4IR technologies. The following search string
was constructed for this purpose:
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The search string was last
carried out in March 2024,
using the Scopus scientific
database, and only
included English-language
publications from 2011
(emergence of the term Industry 4.0) to 2023. Only the
titles, keywords and abstracts of peer-reviewed articles
were included in the search, which led to an output of
240 publications. The Preferred Reporting Items for
Systematic reviews and Meta-Analyses literature search
extension (PRISMA-S) method was used to document
well-structured results of the literature search [6]. The
corresponding PRISMA-S flow diagram is shown in
Figure 2.

The titles and abstracts were evaluated to determine the
suitability of the publications for answering the question
of which technologies can be assigned to 4IR. This left 19
articles that deal with technologies in the 4IR context. After
evaluating these articles, a total of 38 4IR-related
technologies were identified [8, 9, 10]. Three further
technologies were added during the interviews.

Evaluating the relevance of Al
for 4IR technologies

Six expert interviews were conducted to assess the impact
of Al on the 38 4IR technologies identified in the literature.
Three of the experts each have a practical business
background or work at universities as research associates
or professors. All experts have a doctorate and deal with
the topics of Al and 4IR on a daily basis. The average interview
lasted 43 minutes (min. 34 minutes to max. 64 minutes).

A semi-structured interview guide was created for the
interviews. Before the interview, each participant was asked
for consent to record the conversation, so that the results
could be transcribed afterwards using the Microsoft Word
transcription function. Qualitative content analysis according
to Mayring was chosen for the evaluation of the expert
interviews. This is a systematic method for analyzing data
from texts and other materials to answer various research
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Figure 1: Overview of the diverse application areas of Al based on the Gartner Hype Cycle for Al [5].

questions [11]. The interviews were paraphrased using the
MaxQDA analysis software. The subsequent steps of the
content analysis were carried out in Microsoft Excel.

Figure 2: PRISMA-S flow diagram based on [7].
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development in three to five years (with Al) for the 41
identified 4IR technologies, assuming that Al development
is progressing and that Al integration into the respective
4IR technologies will improve (Figure 3). The scale for
development of 4IR technologies ranges from 1 (not mature
at all) to 10 (fully mature). The experts were also asked
whether the list of 4IR technologies was complete and
whether the assignment to the technology groups was
sensible since the authors chose this themselves. In
addition to the 38 technologies identified from the
literature, three further technologies were mentioned in
the first interview (actuators, sensors and manufacturing
execution systems (MES)), which could be requeried in
the follow-up interviews. In total, this resulted in 41 4IR
technologies being considered.
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Development status toda Development status with Al Overall evaluation: Overall evaluation: ¢ ’ Variation of assessments
Technologies Technology Group P v P Increase through Al per | Increase through Al per State of development among the experts
El E2 E3 E4 E5 E6 | E1 E2 E3 E4 E5 E6 technology technology group today with Al today with Al
Adaptive Robots 6 6 7 X 4,5 X 9 7,5 9 X 55 X | 1,88 59 7,8 2,5 3,5
Advanced Robots ) 4 6 7 X X X |85 75 9 x X X |& 2,67 57 83 3 15
Autonomous Robots Robotics 4 6 7 5 5 s |85 75 9 7 55 7 |& 2,42 L 25 50 7.4 4 35
Collaborating Robots 4 6 7 3 35 5 |85 75 9 7 45 7 |& 2,50 4,8 73 4 45
Enterprise Ressource Planning (ERP) s 7 5 7 9 6|10 8 9 10 10 8 |% 2,00 7,2 9,2 2 2
Manufacturing Execution System (MES) Management Software 7 7 s 6 75 X | 8 85 9 75 8 X |@ 1,70 * 1,90 6,5 8,2 25 15
Supply Chain Management (SCM) 8 7 5 7 9 6 9 8 9 10 10 8 |4 2,00 7,0 9,0 4 2
Simulation Simulation 6 X 7 5 65 5 | 9 X 9 8 7 6 1,90 03 1,90 59 7,8 2 3
Internet of Things (IoT) 3 5 7 5 55 7|6 5 9 6 7 8 |% 142 54 6,38 2 2
Industrial Internet of Things (lloT) Internet of Things (loT) 3 5 7 3 55 2 6 5 9 4 7 4 | 1,58 L 1,67 4,3 58 5 5
Ubiquitous Computing 3 5 7 4 X X 6 5 9 7 X X | 2,00 4,8 6,8 4 4
Cloud Computing 9 o 8 8 75 x| g 29 9 8 8 X 0,30 83 86 15 1
Cloud Manufacturing 6 5 8 6 X 2|6 8 9 8 X 2 1,20 54 66 6 7
Cloud Systems . ™
Edge Analytics uesy 2 s 8 5 x x|e& 8 9 & x x |[§ 2,88 * L2 50 7,9 6 25
Fog Computing X 5 8 X X X | X 8 9 X X X |& 2,00 6,5 85 3 1
Autonomous Vehicles . 6 3,5 4 3 5,5 6 7 5 6 6 6 7 1,50 4,7 6,2 3 2
Drones Autonomous Vehicles 6 25 6 6 65 7 7 4 g 9 7 9 & 1,67 * LS 57 73 45 5
Augmented Reality 8 4 6 2 65 6|10 55 8 5 75 8 % 192 54 73 6 B
Virtual Reality 8 5 6 7 65 6|10 55 8 9 75 8 |[@ 1,58 64 80 3 45
Digital Twin Virtualization Technology 4 2 6 5 5 4|8 35 9 6 6 6 @ 2,08 % 1,56 43 64 4 55
Holography 13 4 x x x |2 3 6 x x X 1,00 2,7 3,7 3 4
3D-Scanning 7 4 7 X 8 7|8 4 9 x 9 9 1,20 6,6 7,8 4 5
Actuators ) 75 85 6 6 9 X |95 9 8 6 9 X 0,90 7,4 83 3 35
Cyber-Physical Systems (CPS) Cyber-Physical Systems (CPS) 3 0x 7 6 55 x| 6 x 9 8 7 X |& 2,13 * 151 54 7,5 4 3
Blockchain ybersecurtt X 75 6 X 65 7| X X 9 X 65 8 1,08 129 6,8 7,8 15 25
Cybersecurity Technology ybersecurity X 7 4 X 5 6 | x 8 6 X 55 8 |& 1,50 * g 55 7,0 3 3
Nanotechnology X X 5 X X X | x x 7 X X x|» 2,00 5,0 7,0 0 0
Sensors Sensors 10 8 10 10 9 X 10 8 10 10 9 X | 0,00 1,14 9,4 9,4 2 2
Smart Sensors 7 65 5 6 6 5 |10 75 7 7 65 6 |& 1,42 59 73 2 4
Big Data bata Analv 8 6 75 8 35 X | 8 75 9 8 45 X 0,80 Lo7 6,6 7,4 45 45
Data Mining ata Analytics 4 75 8 7 35 8 6 85 9 9 45 9 |g 1,33 3 63 7,7 45 45
3D-Printing Additve Manufacturing 8,5 7,5 6 7 7,5 6 85 75 8 9 7,5 7 0,83 0,83 7,1 7,9 2,5 2
Near Field Communication (NFC) L 9 95 10 9 85 X | 9 95 10 9 85 X |» 0,00 9,2 9,2 15 15
Radio Frequency Identification (RFID) dentification Technology 9 95 10 9 85 X | 9 95 10 9 85 X |» 0,00 > 00 9,2 9,2 15 15
Bluetooth 9 10 x 8 10 x| 9 10 x 8 10 X |» 0,00 93 9,3 2 2
IP-Network 9 10 X 10 10 X |9 10 X 10 10 X |» 0,00 9,8 9,8 1 1
Wifi 9 10 x 8 10 Xx |9 10 x 8 10 X |» 0,00 93 93 2 2
Wireless Sensor Network Wireless Networks 9 10 X 7 10 X 9 10 X 7 10 X & 0,00 > 0,00 9,0 9,0 3 3
36 kP. 10 X 10 10 X |kP. 10 X 10 10 X |» 0,00 10,0 10,0 0 0
46 kP. 10 X 10 10 X |kP. 10 X 10 10 X |& 0,00 10,0 10,0 0 0
56 4 95 X 7 25 X | 4 95 X 71 25 X |» 0,00 5,8 5,38 7 7

Figure 3: Assessment on the development status of 41 4IR technologies today and in three to five years (with advanced Al
development). Arrows: 0 = gray, 20 and <mean value = yellow, >mean value = green (mean values for increase per technology/

technology group: 1.26/1.31).

The focus, while selecting the experts, was to ensure that
they had the broadest possible knowledge in the areas of
4R and Al. However, due to the large number of
technologies surveyed, the experts were only able to
provide rough or no assessments of individual technologies.
Uncertain assessments are therefore marked in blue in
Figure 3. If the experts were not able to assess a technology
or were not familiar with it, it is marked with an X. Too few
responses were given for the technologies nanotechnology
(one assessment), fog computing (two assessments) and
advanced robots, blockchain, holography, 3G and 4G (three
assessments each). These are therefore not included in
the following explanations. If the experts' assessments
were between two values, the mean value was calculated.
In the column "Development status with Al", the values
that, according to individual experts, will not benefit from
Al'in the next three to five years compared to the current
development status, are underlined. Technologies that
are not, according to individual assessments, production-
related, are marked with "n.p.".

According to the experts, the robotics technology group
will benefit the most from the technological progress of
Al in the coming years (average increase of 2.36). The
groups of management software, simulation, the internet
of things, cloud systems, autonomous vehicles, visualization
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technologies and cyber-physical systems also benefit more
than average from the advancement of Al development,
with average growth rates of between 1.9 and 1.51. The
groups of cyber security, sensors, data analysis and additive
manufacturing are slightly below the group average of
1.31, with values between 1.29 and 0.83. The groups of
identification technologies and wireless networks as well
as all technologies contained therein do not appear to
benefit from Al.

Among the technologies that could be assessed by at least
four experts with regard to the current and future state
of development with Al, the automated data analysis
approach edge analytics will benefit the most from Al,
marking an estimated increase of 2.88. This is followed
by different types of industrial robots such as collaborative
robots (cobots) and autonomous robots, with values of
2.50 and 2.42. According to the experts, Al is expected to
improve the learning ability and safety of robots, among
other things. Cyber-physical systems (2.13) and the digital
twin (2.08) are also expected to significantly improve over
the next few years, with Al-related growth rates of over
2.0. By contrast, actuators (0.90), 3D printing (0.83), big
data (0.80) and cloud computing (0.30) are less likely to
benefit from Al. Actuators can only benefit from Al if they
have their own computing unit and, in the case of big data,
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the question arises as to whether this technology can
rather be seen as a basis for the use of Al. According to
the experts, the direct dependencies of 3D printing
technology on Al are very low, and cloud computing is
already quite sophisticated for most use cases, meaning
that only minor leaps in development are to be expected
here.

The industrial internet of things (lloT) and the digital twin
(4.3 each) are currently the least developed of the 4IR
technologies, followed by autonomous vehicles (4.7) and
ubiquitous computing and collaborative robots (4.8 each).
According to some experts, this is due to the fact that
these technologies have comparatively many dependencies.
Security concerns, legal issues and a lack of standards are
among the reasons for a comparatively low level of
development of these technologies.

The two columns on "Variation in assessments among the
experts" provide information on how a high level of
agreement among experts regarding the stage of
development of the individual4IR technologies dominates.
Low values indicate that these technologies are subject
to a common understanding.

Insights into the experts' perspective

Three experts questioned when a technology can be
defined as fully mature. It was pointed out that the
development status of a technology can only be answered
in relative terms, as it is never clear how a technology will
develop in the future. In principle, primarily those
technologies that are no longer being developed further
are mature, as they have, for instance, been overtaken by
a new technology. This can be clearly seen with regard to
the 3G, 4G and 5G technologies [12]. Alternatively,
technologies can be quite advanced but still not count as
fully mature, as there is still a potential for further
development. It was also pointed out in an interview that
Al is not the only technology responsible for the maturity
level of other technologies. Hence, the maximum maturity
level cannot exclusively be achieved through Al.

Two experts noted that big data is a prerequisite or enabler
for Al and does not therefore benefit from the further
development of Al. In addition, two interviews pointed
out that big data itself should not be considered a
technology, but that data mining should. This, in turn, is
optimized by Al. However, other experts considered big
data to be a technology. It was pointed out three times
that there is no significant difference between the internet
of things and cyber-physical systems and that these
technologies could therefore be combined. One interview
went into more detail about the connection between Al
and 3D printing. According to this interview, additive
manufacturing is only indirectly optimized by Al, for
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example by using Al for acoustic testing to detect whether
3D-printed components have a defect. However, this does
not represent a direct improvement in 3D printing.
According to two experts, the digital twin should not be
assigned to visualization technologies but to simulation.
Two experts also questioned whether nanotechnology
can be assigned to the sensor technology group. Three of
the experts pointed out that individual technologies depend
on each other or are not clearly distinguishable and that
it would therefore be easier to evaluate the technology
groups. One example of this is the types of robots identified
from the literature, which were criticized by three experts
in regard to their selectivity. As the four robot types were
taken from independent articles, there are redundancies
in content between the robot types listed. Therefore, a
reduction to two or three relevant types was suggested
(Soori et al. [13] provide approaches for this). Nevertheless,
the group of industrial robots is said to benefit massively
from Al. According to two experts, simulation as a
technology is too general, as there are too many different
technologies with varying levels of development behind
this term. A distinction needs to be made between the
individual technologies.

One interview referenced a lack of bio-sensors, which are
becoming increasingly important in the context of 4IR and
should therefore be integrated into the survey. According
to the assessment in this interview, the level of development
would increase from 4 to 5 in the next few years due to Al.
It was also noted once that driverless transportation systems
are missing from the group of autonomous vehicles. The
level of development would increase from 6 to 7 in the next
few years as a result of Al

In one interview, the importance of the scale used in this
work was pointed out. According to this, an average
increase through Al of 1 seems small, but in practice it
results in an enormous increase in maturity, which is
associated with high costs.

Al as an enabler for the fourth industrial
revolution

After the experts had assessed the individual 4IR
technologies in terms of their current and future state of
development (with Al), the question was posed as to
whether Al is an enabler for 4IR. All six experts underpinned
the results of their qualitative assessments by classifying
Al as a clear enabler for many, if not all,4IR technologies.
Three experts defined a technological enabler as a
technology that improves existing processes, workflows
or products in terms of quality and efficiency, compared
to a previous state, or adds new features. This is in
accordance with the understanding of technological
enablers in other studies [14].

© 2024 The Authors. Published by GITO
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The enabling role of Al is reflected in both its impact on
many other 4IR technologies and its prevalence in the
production context today. Al is a key variable in the smart
factory, thus improving the predictability and adaptability
of technologies. Al is also a central piece of the puzzle that
is necessary for the comprehensive implementation of
4IR. Al is expected to lead to generalization in 4IR. In
general, 4IR technologies will always reach a higher level
of maturity through Al, when data and networked systems
are used.

It should be noted that the experts in this study were not
equally familiar with all the technologies considered and
that this survey should be conducted with a larger number
of experts. Some of the technologies are quite new and
do not (yet) belong directly to the core of 4IR, meaning
that the assessments here differ widely (e.g.
nanotechnology). It would be advisable to consult experts
for these technologies in particular. Due to the time
required for this survey, it was decided not to discuss the
individual technologies in detail ahead of the evaluation.
Future work should focus on ensuring a common
understanding of the technologies. In addition, alternative
scales for the survey, as presented by Townes [15], could
be used and the full maturity of a technology could be
defined more clearly prior to the survey.

In conclusion, this work offers an important and realistic
view of the relevance of Al in the 4IR context by quantifying
the role of Al as an 4IR enabler.
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