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EXECUTIVE SUMMARY 

The Fourth Industrial Revolution, also known as Industry 4.0 (I4.0), is rapidly transforming the way 
businesses operate by leveraging advanced technologies to optimize production processes, 
improve efficiency and productivity and drive innovation.  

This Deliverable D.3.3 aims to provide a comprehensive overview of the key technologies and 
dimensions of Industry 4.0, their benefits, and potential risks and finally serve as a starting point for 
organizations looking to implement Industry 4.0 technologies. This deliverable recognizes the 
significance of both the challenges and opportunities for SMEs inherent in the Industry 4.0 
landscape while providing insights into the enablers that can drive successful adoption. 

The Deliverable D.3.3 identifies 18 (eighteen) key Industry 4.0 technologies, ranging from Big Data 
Analytics and Cyber-physical Systems to Cloud Computing and Cybersecurity and provides detailed 
descriptions of each. Additionally, the D.3.3 highlights 5 (five) key dimensions of Industry 4.0, 
including (i) Smart Products and Services, (ii) Smart Production, (iii) Smart Operation, as well as the 
importance of (iv) business strategy, organization, processes, and (v) employees and competences. 
The deliverable identifies 7 (seven) core challenges that SMEs may encounter during the adoption 
of Industry 4.0, along with their corresponding sub-challenges. These challenges encompass various 
areas, including implementation procedures, workforce, data, security, standardization, 
environment, and finance. Understanding and effectively addressing these challenges are crucial for 
successful implementation. Finally, the deliverable provides an introduction to 3 (three) essential 
enablers: the human dimension, technology dimension, and organizational dimension. These 
enablers play a critical role in facilitating the successful implementation of Industry 4.0 for SMEs. 

The present Deliverable D.3.3 concludes that the adoption of Industry 4.0 technologies presents 
many opportunities for businesses to optimize their operations and stay competitive in the global 
marketplace. However, it also requires a shift in organizational culture and mind-set, as well as 
investment in new technologies and employee training. Decision-makers should carefully consider 
the potential benefits and risks associated with Industry 4.0 and develop a clear strategy for 
implementation that aligns with their business goals and objectives.  

Overall, this Deliverable 3.3 provides a comprehensive State-of-the-Art overview of the key 
Industry 4.0 technologies and dimensions, their benefits, key trends and challenges. By leveraging 
the insights provided in this Deliverable, decision-makers can make informed decisions about the 
adoption of these technologies and develop a roadmap for implementation that maximizes the 
benefits and minimizes the risks. 
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1 INTRODUCTION 

1.1 Purpose and Scope 

The purpose of this Deliverable D.3.3, which has been developed in the framework of the 4th 
INDUSTRIAL REVOLUTION project, is to provide a comprehensive overview of the latest 
technological advancements that have enabled the fourth industrial revolution. The Deliveralbe 
D.3.3 aims to identify the key I4.o technologies, such as Internet of Things (IoT), Artificial 
Intelligence (AI), Robotics and Big Data Analytics, and how they can be leveraged to improve 
business operations.  

The scope of this Deliverable is to provide a detailed analysis of the technologies, including their 
benefits and key trends and to provide a clear understanding of their impact on SME businesses. In 
addition, this deliverable explores the challenges and opportunities associated with the 
implementation of Industry 4.0 technologies, while also highlighting the significant impact of 
various enablers.Ultimately, the purpose and scope of Deliverable D.3.3 is to help decision-makers 
understand the latest trends and developments in I4.0 technologies and how they can be utilized to 
drive business growth and competitiveness of SMEs. 

1.2 Deliverable D.3.3 Structure 

The deliverable is structured as follows: 

 Chapter 2 introduces the Fourth Industrial Revolution, a transformative era characterized by the 
fusion of digital technologies, automation, and data-driven processes. It offers key definitions 
and insights to help readers grasp the underlying concepts. 

 Chapter 3 delves into the realm of key Industry 4.0 technologies, highlighting cutting-edge 
advancements that are reshaping industries worldwide. From advanced robotics and additive 
manufacturing to cloud computing and big data analytics, this chapter explores how these 
technologies enable unprecedented levels of automation, connectivity, and efficiency in 
industrial operations. 

 Chapter 4 provides a literature review of significant Industry 4.0 Maturity and Readiness models 
while also identifying the crucial dimensions within the industry.  

 In Chapter 5, the focus shifts to the unique challenges and enablers faced by SMEs in embracing 
Industry 4.0. It examines the obstacles encountered during the adoption process, such as 
limited resources, skill gaps, and the need for tailored solutions. Furthermore, it highlights the 
potential enablers, such as human, organization, and technology to empower SMEs to leverage 
Industry 4.0 opportunities. 

 Finally, Chapter 6 provides a comprehensive summary and conclusion of the deliverable. It 
consolidates the key findings, lessons learned, and emerging trends discussed throughout the 
document. 

2 INDUSTRY 4.0 CONCEPT AND DEFINITIONS 

The fourth industrial revolution, otherwise known as Industry 4.0, is characterized by the 
convergence of technologies and the use of connected, intelligent devices that blur the lines 
between the physical, digital and biological worlds. Fast-moving technological advancements of 
Industry 4.0 force key industries to accelerate their digital transformation processes. In spite of the 
lack of a strict definition, digital transformation refers to the adoption of emerging Information and 
Communication Technologies (ICT), such as Big Data Analytics, Artificial Intelligence, Machine 
Learning, Internet of Things, Blockchain, Cloud etc. with the aim of reshaping, evolving, or 
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replacing traditional processes across all industry sectors at both intra- and interorganizational 
levels. 

Authors in [1] briefly define the Industry 4.0 as the digitalization of manufacturing and services. 
Term ‘Industry 4.0’ was introduced for the first time by the Communication Promoters Group of the 
Industry-Science Research Alliance at the 2011 Hannover Fair. The characterization and description 
of Industry 4.0 varied greatly in the early days after its presentation and introduction, with no 
concrete, generally accepted definition available. Generally, the concept of Industry 4.0 refers to 
the automation of traditional manufacturing practices and industrial processes using smart 
technologies [2]. In the definition of the European Commission, Industry 4.0 comprises the 
following new and innovative technologies [3]: Information and Communication Technology, 
Cyber-physical Systems, and Network Communications.  

Automation of single machines and processes served as the centrepiece of Industry 3.0. In contrast, 
Industry 4.0 focuses on end-to-end digitisation of all physical assets and integration into digital 
ecosystems. The benefits of Industry 4.0 are underpinned by the seamless generation, analysis, and 
communication of data [4]. PwC provides a useful definition and clear classification of digital 
technology contributing to industry 4.0 in its Global Industry 4.0 Survey [4]. In their view, Industry 
4.0 is driven by: (i) digitization and integration of vertical and horizontal value chains, (ii) digitization 
of products and service offerings, and (iii) digital business models and customer access.  

The 3 (three) core Industry 4.0 drivers and corresponding technologies are outlined in Figure 1: 

 

Figure 1: Industry 4.0 framework and contributing digital technologies [4] 

Digitization and integration of vertical and horizontal value chains: Industry 4.0 digitizes and 
integrates processes vertically across the organization, from product development to service. Real-
time data about operations, efficiency, and quality are optimized using technologies such as 
augmented reality into integrated network. Horizontal integration extends beyond the company to 
suppliers, customers, and partners, using technologies like track and trace and integrated planning. 

Digitization of products and service offering means expanding existing ones with smart sensors or 
communication devices and creating completely integrated solutions. This enables companies to 
collect and analyse data on product use, refining products to meet evolving customer needs. 
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Digital business models and customer access: Industrial leaders expand their offerings with 
disruptive digital solutions, such as complete data-driven services and integrated platforms. These 
models aim to generate digital revenue, optimize customer interaction, and provide complete 
solutions within a digital ecosystem [4]. 

3 KEY INDUSTRY 4.0 TECHNOLOGIES  

Although Industry 4.0 promises immense benefits to the industrial community, it requires 
organizational reorganization and technological advances to be adopted. Some of the key Industry 
4.0 technologies are briefly outlined in Table 1 and illustrated in Figure 2 : 

 

Figure 2: Key Industry 4.0 Technologies 

Table 2: A brief overview of key Industry 4.0 technologies 

Key Industry 4.0 
Technologies 

Definition 

Big Data Analytics 

Big data analytics is the process of examining and uncovering insights, 
patterns, and trends from large, complex data sets. It uses advanced 
analytical techniques, such as machine learning and data mining, to process 
and analyse vast amounts of structured and unstructured data. 

Industrial Internet 
of Things (IIoT) 

The Industrial Internet of Things (IIoT) is the use of internet-connected 
devices and sensors in industrial settings to collect and transmit real-time 
data. 

Cyber-physical 
Systems 

Cyber-physical systems (CPS) are integrated systems that combine physical 
and digital components to enable real-time communication and control. CPS 
are designed to improve efficiency, safety, and reliability in a wide range of 
industries, including transportation, manufacturing, and healthcare. 

Artificial 
Intelligence (AI) 

Artificial Intelligence (AI) refers to the development of computer systems 
that can perform tasks that typically require human intelligence, such as 
visual perception, speech recognition, decision-making, and language 
understanding. By analysing data and identifying patterns, machine learning 
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algorithms enable AI systems to make predictions and decisions. Artificial 
intelligence is applied to a wide range of fields, including natural language 
processing, computer vision, robotics, and autonomous cars. AI systems can 
be classified into different categories, including supervised learning, 
unsupervised learning, reinforcement learning, active, and frugal learning. 

Additive 
Manufacturing 

A process called additive manufacturing (AM), also known as 3D printing, 
creates three-dimensional objects by layering materials until a final shape is 
obtained. Unlike traditional manufacturing processes, which involve 
subtracting or shaping material from a larger block, AM builds the object 
from the ground up, layer by layer. 

Augmented Reality 
(AR) 

The concept of augmented reality (AR) refers to adding digital elements to a 
real-world environment to enhance it or make it more interactive [5]. In this 
type of environment, the physical world is combined with virtual objects or 
information using computer-generated graphics, sounds, and other sensory 
inputs. The use of AR is mainly centered on mobile devices or wearable 
technology, and it can be used for different purposes, such as gaming, 
education, marketing, and training. 

Simulation 
Using simulations is an effective way to test different scenarios or modify 
processes to provide evidence for decision-making. 

Blockchain 

Blockchain technology can facilitate secure and transparent transactions, 
data sharing, and supply chain management in various industries. With 
blockchain, companies can track the movement of goods and materials in 
real-time, improve inventory management, reduce costs, and enhance trust 
and transparency between business partners [6]. 

Cloud Computing 

Cloud computing allows users to gain access to and use computer resources, 
such as servers, storage, databases, and software, through the Internet 
without having to install hardware or infrastructure locally. Third-party 
providers typically provide these resources as a service through various 
subscription models such as Software as a Service (SaaS), Platform as a 
Service (PaaS), and Infrastructure as a Service (IaaS) [7] 

High Performance 
Computing 

High-speed data processing and complex calculations. 

Industrial Robots 
Industrial robots are automated, programmable, and capable of movement 
on three or more axes. 

Machine-to-
Machine (M2M) 

M2M, or machine-to-machine, refers to direct communication between two 
or more devices without the need for human interaction [8]. By using 
wireless or wired communication channels, these devices can exchange data 
and perform actions automatically. A variety of industrial and commercial 
applications are using M2M, including fleet management, home automation, 
and remote monitoring and control. 

Manufacturing 
Execution Systems 
(MES) 

The Manufacturing Execution System (MES) is an automated system 
designed to track, monitor, and control manufacturing operations [9]. 
Through MES systems, manufacturers can see and control manufacturing 
processes in real time, improve quality, reduce waste, and increase 
efficiency. Integration between MES and Enterprise Resource Planning (ERP) 
and Supply Chain Management (SCM) provides a comprehensive view of 
manufacturing operations. 

Supervisory Control 
and Data 
Acquisition Systems 

SCADA (Supervisory Control and Data Acquisition) systems are computer-
based control systems used to monitor and control industrial processes, such 
as power generation, manufacturing, and transportation [10]. These systems 
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(SCADA) are used to gather real-time data from sensors and other devices, and then 
transmit that data to a central control center where it can be analysed and 
used to make decisions about how to manage the process. SCADA systems 
typically include software applications, human-machine interfaces, and 
communication networks that allow operators to remotely control and 
monitor processes in real-time.  

Radio-frequency 
identification (RFID) 

Using radio frequency identification or RFID, it is possible to identify and 
track objects by using signals generated by radio waves. An RFID system 
consists of two components: a reader which is attached to the object to be 
tracked along with a tag (or label) which is attached to the tag. 

Real-time Locating 
System (RTLS) 

RTLS is a technology used to automatically identify and track the location of 
objects or people in real-time using sensors, RFID tags, or other types of 
wireless communication. 

Cybersecurity 
Cybersecurity is the protection of internet-connected systems such as 
hardware, software, and data from cyberthreats. 

Virtualization 
Technologies 

The concept of virtualization allows multiple virtual machines to run on one 
physical machine, maximizing hardware resources and reducing costs. It 
provides a layer of abstraction between the hardware and software, allowing 
multiple operating systems and applications to run on the same physical 
server. Virtualization technologies enable cloud computing to provide 
computing resources to users on a pay-per-use basis [11]. 

 

A detailed State-of-the- Art (STOA) description and analysis of the key Industry 4.0 technologies is 
presented below. 

3.1 Big Data Analytics 

Big Data Analytics has become a key technology in Industry 4.0 due to its ability to collect, process, 
and analyse large volumes of data from various sources, leading to valuable insights, improved 
decision-making, and enhanced operational efficiency.  Big Data Analytics is crucial in Industry 4.0 
as it enables organizations to harness the power of data and turn it into actionable insights, helping 
them identify patterns and trends that would be difficult or impossible to detect using traditional 
methods. [12]  
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Figure 2: Big Data Analytics Process [13] 

Big Data Analytics presents numerous benefits, including improved decision making by providing 
businesses with insights that are derived from large volumes of data [14]. In addition, Big Data 
Analytics can help businesses automate and streamline their processes, which can improve 
efficiency and productivity. Manufacturers, for instance, can utilize data analytics to optimize their 
production processes and reduce waste, which can save time and money [15]. Big Data Analytics 
can also offer an enhanced customer experience as they help businesses understand their 
customers better and personalize their offerings based on customer preferences and behaviour 
[16]. Moreover, this key Industry 4.0 technology can help businesses identify and manage risks 
more effectively. For example, financial institutions can use data analytics to detect fraudulent 
transactions and prevent financial crimes [17]. Finally, Big Data Analytics can help businesses 
identify new business opportunities and revenue streams. For example, companies can use data 
analytics to analyse market trends and consumer behaviour to identify new product opportunities. 
This can help them stay ahead of the competition and increase revenue [16].  

The STOA in Big Data Analytics involves a combination of technologies, techniques, and tools that 
enable organizations to derive value from their data assets. It is also characterized by a growing 
focus on real-time data processing, which can be crucial in industries such as finance and 
healthcare, the integration of structured and unstructured data, and the use of artificial intelligence 
and machine learning to automate data analysis and decision-making. Additionally, there is a 
growing emphasis on data privacy and security, as organizations seek to balance the benefits of Big 
Data Analytics with the need to protect sensitive data. Some of the big data trends, their benefits 
and the respective challenges they are addressing, are presented in Table 2. 

Table 3: Key Trends in Big Data Analytics 

Key Trend Details 

Adoption of Cloud-based Big Data 
Analytics  

Cloud-based big data analytics solutions are gaining 
momentum due to their scalability, flexibility, and cost-
effectiveness [18]. These involve the use of cloud-based 
platforms such as Amazon Web Services, Microsoft Azure, 
and Google Cloud Platform to store and process large 
volumes of data. 
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Integration of structured and 
unstructured data 

Organizations are increasingly turning to Natural 
Language Processing (NLP) and machine learning 
algorithms that can identify patterns and relationships in 
large, unstructured datasets. 

Real-time Data Processing  Real-time data processing is becoming increasingly 
important, as businesses need to make quick decisions 
based on rapidly changing data [18]. To address this 
challenge, many organizations are adopting distributed 
computing frameworks like Apache Hadoop and Apache 
Spark, which allow for parallel processing of large datasets 
across clusters of computers. 

Artificial Intelligence (AI) and 
Machine Learning (ML) 

AI and ML are becoming integral to big data analytics, as 
they help to analyse large volumes of data more efficiently 
and accurately [19]. 

Edge Computing Edge computing involves processing data at or near the 
source, which helps to reduce latency and increase 
processing speed. This trend is gaining traction in big data 
analytics [20]. 

Data Privacy and Security With the increasing volume of data being collected, data 
privacy and security are becoming major concerns for 
organizations. Ensuring the security and privacy of data is 
a key trend in Big Data Analytics [21]. To address these 
concerns, new regulations like the General Data Protection 
Regulation (GDPR) and the California Consumer Privacy 
Act (CCPA) have been introduced, placing greater 
emphasis on data governance and transparency. 

Data Governance and Management  Effective data governance and management are critical for 
the success of Big Data Analytics initiatives. Organizations 
are focusing on developing strategies to manage their data 
effectively [22]. 

Visualization and Storytelling Visualization and storytelling techniques are becoming 
increasingly important in big data analytics, as they help to 
communicate complex data insights to non-technical 
stakeholders [20]. 

 

Overall, Big Data Analytics has the potential to transform businesses and drive innovation. By 
leveraging the power of data, businesses can make better decisions, improve efficiency and 
productivity, enhance the customer experience, manage risks more effectively, and identify new 
business opportunities. 

3.2 Industrial Internet of Things (IIoT) 

The Industrial Internet of Things (IIoT) refers to the network of interconnected devices, sensors, 
machines, and systems in industrial settings that enables data exchange and automation for 
improved operational efficiency and decision-making. IIoT leverages advanced technologies such as 
cloud computing, big data analytics, and machine learning to enable real-time data collection, 
analysis, and control in industrial processes. 

One of the key features of IIoT is the ability to connect and monitor various devices and systems, 
allowing for seamless communication and data sharing across the industrial ecosystem. This 
connectivity enables the collection of vast amounts of data from different sources, such as sensors 
embedded in machines, production equipment, and even wearable devices worn by workers. 
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The data generated by IIoT devices is processed and analysed using advanced analytics techniques. 
This enables organizations to gain valuable insights into their operations, identify patterns, 
optimize processes, and make data-driven decisions. By leveraging predictive analytics, IIoT can 
enable predictive maintenance, reducing downtime and increasing the lifespan of industrial 
equipment. 

IIoT also plays a significant role in enabling automation and control in industrial environments. 
Through the integration of devices and systems, organizations can remotely monitor and control 
processes, equipment, and even entire factories. This enables increased efficiency, reduced human 
error, and improved safety in industrial operations. The Industrial Internet of Things (IIoT) has 
diverse applications across various industries and some of them are presented in the Figure below. 

 

Figure 3: IIoT Application in different Industries 

Furthermore, IIoT facilitates the integration of physical systems with digital systems, enabling the 
convergence of operational and information technology. This integration allows for the seamless 
exchange of data between different systems, creating synergies and unlocking new possibilities for 
industrial optimization and innovation. Some of the key trends in IIoT are presented in Table 3. 

Table 4: Key Trends in IIoT 

Key Trend Details 

Edge computing With the increasing volume of data generated by IIoT devices, there is a 
growing need to process and analyse data closer to the edge of the 
network, near the data source. Edge computing allows for faster data 
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processing, reduced latency, and improved real-time decision-making by 
moving computational power closer to the devices. 

AI and machine 
learning integration 

The integration of AI and machine learning algorithms with IIoT systems 
enables advanced data analytics, predictive maintenance, anomaly 
detection, and optimization of industrial processes. These technologies 
enable the identification of patterns, trends, and correlations in complex 
industrial data, leading to improved operational efficiency and reduced 
downtime. 

Enhanced 
cybersecurity 

As IIoT networks expand, there is an increased risk of cyber threats and 
attacks. Ensuring the security and integrity of IIoT systems has become a 
top priority. Advancements in secure communication protocols, 
authentication mechanisms, and encryption techniques are being 
developed to protect IIoT networks from unauthorized access and data 
breaches. 

Digital twins Digital twins are virtual replicas of physical assets or processes that are 
continuously updated with real-time data from sensors. By integrating IIoT 
data with digital twin technology, organizations can gain valuable insights 
into asset performance, conduct virtual simulations, and optimize 
operations. Digital twins enable predictive maintenance, improved asset 
management, and faster troubleshooting. 

Industry-specific IIoT 
solutions 

There is a growing trend of industry-specific IIoT solutions tailored to the 
unique requirements of different sectors, such as manufacturing, energy, 
healthcare, and transportation. These solutions are designed to address 
specific challenges and leverage IIoT technologies to improve efficiency, 
productivity, and safety within those industries. 

 

3.3 Cyber-physical Systems 

Cyber-physical systems (CPS) are a class of engineered systems that integrate physical processes 
with computing and communication technologies. They are designed to sense, monitor, and 
control physical processes in real-time, and have applications in a wide range of domains, including 
manufacturing, healthcare, transportation, agriculture and energy systems.  
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Figure 4: CPS Applications and Benefits in different Industries [23] 

In recent years, there has been a growing interest in CPS due to the increasing availability of cheap 
and reliable sensors, the rise of the Internet of Things (IoT) paradigm, and the growing demand for 
automation and smart systems. One key trend in CPS is the integration of machine learning 
algorithms and artificial intelligence techniques to enable autonomous decision-making and 
behaviour adaptation. This trend is particularly relevant in applications such as autonomous 
vehicles, where intelligent agents need to make decisions based on real-time sensory data and 
environmental feedback. [24] 

Another trend in CPS is the adoption of blockchain technology to enhance security, trust, and 
transparency in distributed systems. Blockchain-based CPS can provide secure and auditable data 
exchanges, facilitate secure transactions between devices, and enable secure and decentralized 
control of physical systems. [25] 

In addition, the development of 5G networks is expected to have a significant impact on CPS, as it 
will enable high-speed and low-latency communication between devices, and facilitate the 
integration of large-scale and complex systems. The use of 5G in CPS can enable the deployment of 
real-time applications, such as remote surgery, autonomous vehicles, and industrial automation, 
and improve the reliability and scalability of these systems. [26] 

Overall, the state-of-the-art in CPS research and development is characterized by a 
multidisciplinary approach that integrates principles from engineering, computer science, 
mathematics, and physics. The key challenges in CPS include ensuring the security and privacy of 
sensitive data, managing the complexity of large-scale systems, and ensuring the robustness and 
reliability of the physical processes. [27] 

3.4 Artificial Intelligence (AI) 

Artificial Intelligence (AI) is a rapidly evolving field that involves the development of intelligent 
agents capable of performing tasks that typically require human-level intelligence. AI encompasses 
a range of subfields, including machine learning, natural language processing, robotics, computer 
vision, and cognitive computing. Recent advances in deep learning algorithms and the availability of 
massive amounts of data have fuelled significant progress in AI applications, such as image 
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recognition, speech recognition, natural language understanding, and autonomous driving. Some 
of the key trends in AI are presented in Table 4. 

Table 4: Key Trends in AI 

Key Trend Details 

Continued growth of 
deep learning 

Deep learning, a subset of machine learning, has made significant 
progress in recent years and is expected to continue to grow in 
popularity. This is due to the ability of deep learning algorithms to 
process large amounts of data and identify complex patterns [29].  

Increased focus on 
explainable AI 

Explainable AI is an important research area aimed at improving the 
transparency and interpretability of AI systems. This is critical for 
ensuring that AI is trusted and accepted by users, particularly in high-
stakes applications such as healthcare and finance [30].  

Advances in natural 
language processing 

Natural language processing (NLP) is an important area of AI that deals 
with the interaction between computers and human language. Recent 
advances in NLP have led to significant improvements in language 
understanding and generation, making it possible to create more 
sophisticated chatbots and virtual assistants [31]. 

AI-driven automation AI-driven automation is a trend that involves the use of AI to automate 
routine tasks in various industries, such as manufacturing, 
transportation, and healthcare. This is expected to lead to increased 
productivity and efficiency in these industries [32].  

AI for social good There is an increasing focus on using AI for social good, such as in 
healthcare, education, and environmental sustainability. This trend 
involves leveraging AI to address some of the world's most pressing 
challenges, such as climate change and poverty [33].  

Advancements in 
autonomous systems 

Autonomous systems, such as self-driving cars and drones, are 
becoming increasingly sophisticated, thanks to advancements in AI. 
This is expected to lead to increased safety, efficiency, and convenience 
in various industries [34].  

Increased focus on AI 
ethics 

AI ethics is a growing field that deals with the ethical considerations 
surrounding the development and use of AI. As AI becomes more 
widespread, there is a need to address issues such as bias, privacy, and 
accountability. 

Edge computing for AI Edge computing is a trend that involves processing data on local 
devices, rather than sending it to a centralized server. This is becoming 
increasingly important in the context of AI, as it allows for real-time 
processing and reduced latency. 

 

In general, AI systems work by ingesting large amounts of labeled training data, analyzing the data 
for correlations and patterns, and using these patterns to make predictions about future states. In 
this way, a chatbot that is fed examples of text can learn to generate lifelike exchanges with people, 
or an image recognition tool can learn to identify and describe objects in images by reviewing 
millions of examples. New, rapidly improving generative AI techniques can create realistic text, 
images, music and other media [28]. 
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Figure 5: Process of AI [28] 

AI has been effectively used in business to automate tasks done by humans, including customer 
service work, lead generation, fraud detection and quality control [28]. AI has also made significant 
contributions to healthcare, including drug discovery, medical imaging analysis, and personalized 
medicine. AI algorithms have been shown to outperform traditional methods in diagnosing diseases 
such as skin cancer and detecting anomalies in medical images. AI has also been used to develop 
personalized treatment plans for cancer patients based on their genetic makeup. AI has also been 
applied in the financial sector to detect fraud, automate trading, and analyse credit risk. In addition, 
AI has been used to improve customer service in industries such as retail, hospitality, and 
transportation. Chatbots and virtual assistants have become increasingly popular, providing 24/7 
customer support and personalized recommendations. 

However, there are also challenges associated with AI, such as bias, ethics, and explainability. Bias 
can be introduced into AI systems if the training data is not representative of the population. Ethics 
involves considering the impact of AI on society and addressing issues such as job displacement and 
privacy. Explainability refers to the ability to understand how an AI system arrived at a particular 
decision, which is critical in domains such as healthcare and finance. 

3.5 Additive Manufacturing 

Additive Manufacturing (AM) is a revolutionary manufacturing process that builds objects by adding 
material layer-by-layer instead of cutting or shaping it from a block of material. AM has become 
increasingly popular in recent years, with applications ranging from rapid prototyping to medical 
implants and aerospace components. 
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Figure 6: 7 Types of Additive Manufacturing [30] 

One of the main advantages of AM is its ability to create complex geometries that would be 
impossible or difficult to produce with traditional manufacturing methods. This has made AM 
particularly popular in the aerospace industry, where lightweight and complex parts can be 
produced with high precision and efficiency. 

Another benefit of AM is its ability to reduce material waste and energy consumption, as the 
process only uses the necessary amount of material required to produce the part. This makes AM a 
more sustainable manufacturing method compared to traditional subtractive manufacturing 
methods. 

AM is a rapidly evolving field, and new techniques and materials are being developed continuously. 
Some of the most recent advancements in AM include the use of multi-material printing, which 
allows for the creation of parts with different properties and functionalities, and the development of 
new metal alloys that can be printed with high accuracy and precision. 

Furthermore, the use of machine learning and artificial intelligence in AM is becoming increasingly 
popular, allowing for faster and more efficient design and production processes. For example, 
machine learning algorithms can optimize the design of a part for AM, reducing material usage and 
improving performance [31][32][33]. 

There are several key trends in additive manufacturing (AM) that are shaping the industry and its 
future as shown in Table 5. 

Table 5: Key Trends in AM 

Key Trend Details 

Increased adoption in 
production 

As AM technologies continue to improve and costs decrease, more 
companies are adopting AM for production. This is particularly true 
in the aerospace, medical, and automotive industries [34].  

Development of new 
materials 

As the demand for high-performance and functional materials 
increases, researchers are developing new materials that can be 
used in AM processes. For example, new metal alloys and 
composites are being developed that have improved strength, 
durability, and thermal properties [35].  

Advances in hybrid 
manufacturing 

Hybrid manufacturing combines AM with traditional subtractive 
manufacturing techniques to create parts that have the benefits of 
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both. This allows for more efficient and cost-effective production of 
complex parts [36].  

Integration of AM with 
Industry 4.0 technologies 

The integration of AM with technologies such as artificial 
intelligence, big data analytics, and the Internet of Things (IoT) is 
improving the efficiency and productivity of AM processes. For 
example, machine learning algorithms can optimize the design of 
parts for AM, reducing material usage and improving performance 
[37].  

Increased use of multi-
material printing 

Multi-material printing allows for the creation of parts with different 
properties and functionalities. This is particularly useful in the 
medical industry, where implants with different properties can be 
printed for specific patients [38].  

3.6 Augmented Reality (AR) 

Augmented Reality (AR) is a technology that enhances our physical environment by overlaying 
computer-generated content onto the real world in real-time. [39][40] This technology integrates 
digital information with the user's physical environment and enhances their perception of reality. 
AR applications can be experienced through mobile devices, smart glasses, and head-mounted 
displays. [41][42]. 

AR systems work by using cameras, sensors, and algorithms to recognize and track real-world 
objects and surfaces, and then overlay digital content on top of them. [43][44] AR technology also 
includes various techniques such as marker-based, markerless, and SLAM-based tracking to 
accurately map the user's surroundings. [45] AR has applications in various fields, including 
education, gaming, healthcare, manufacturing, and retail.  

 

Figure 7: AR Applications and Benefits [46] [47] 

AR is expected to grow in popularity and become an essential part of daily life in the coming years. 
The global AR market size is projected to reach $61.39 billion by 2028, growing at a CAGR of 43.8% 
from 2021 to 2028. [48] The growth of AR technology is driven by the increasing adoption of AR in 
various industries and the development of AR hardware and software. Some key trends in 
Augmented Reality (AR) are presented in Table 6. 
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Table 6: Key Trends in AR 

Key Trend Details 

Mobile AR With the increasing popularity of smartphones and tablets, AR 
applications on mobile devices are becoming more widespread. AR on 
mobile devices allows users to experience AR applications without the 
need for specialized hardware. Mobile AR can be experienced through AR-
enabled apps that use the device's camera and sensors to overlay digital 
content onto the real world. [49] 

AR Cloud The AR Cloud is a concept that involves creating a shared, persistent 
digital layer over the real world. The AR Cloud would allow AR applications 
to be more seamless and accurate by providing a common platform for AR 
content to be anchored to. The AR Cloud is expected to enable new use 
cases for AR, such as shared AR experiences, persistent AR content, and 
location-based AR. [50] 

Wearable AR Wearable AR devices such as smart glasses and head-mounted displays 
(HMDs) provide a more immersive AR experience than mobile AR. 
Wearable AR devices allow users to interact with digital content hands-
free, and they provide a more natural way to experience AR. Wearable AR 
devices are expected to become more popular in the coming years as the 
technology improves and becomes more affordable. [51] 

AR in Retail AR is being increasingly used in the retail industry to provide customers 
with a more personalized and immersive shopping experience. AR can 
allow customers to visualize products in real-time, try on virtual clothes, 
and explore virtual showrooms. AR in retail is expected to become more 
widespread as retailers look for ways to differentiate themselves and 
provide a better customer experience. [52] 

AR in Education AR is being used in education to provide interactive and engaging learning 
experiences. AR can allow students to explore virtual environments, 
interact with digital content, and visualize complex concepts. AR in 
education is expected to become more popular as educators look for ways 
to enhance student engagement and understanding. [53] 

 

3.7 Simulation 

Simulation is a key technology for developing planning and exploratory models to optimize decision 
making as well as the design and operations of complex and smart production systems. It is a critical 
Industry 4.0 technology that has become increasingly important in modern manufacturing 
processes. It enables companies to model and test complex systems, optimize processes, and 
reduce costs. Simulation can be used in various applications, including product development, 
design, testing, and training, among others. It could also aid companies to evaluate the risks, costs, 
implementation barriers, impact on operational performance, and roadmap toward Industry 4. 

One of the primary benefits of simulation is that it enables companies to test various scenarios and 
outcomes without the need for physical prototypes, which can be time-consuming and expensive. 
This ability to simulate and predict performance has resulted in reduced development costs and 
shortened time-to-market [54]. 

Another significant use of simulation is in the optimization of production processes. By modeling 
the production line, manufacturers can identify bottlenecks and optimize their production flow, 
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leading to increased productivity and reduced waste. Simulation can also help improve supply chain 
management by modeling the flow of goods and identifying potential issues [55]. 

Simulation also plays a crucial role in the field of predictive maintenance. By using simulation 
models to analyze machine performance data, manufacturers can predict when a machine is likely 
to fail and schedule maintenance accordingly. This can reduce downtime, increase machine uptime, 
and ultimately save costs [56]. 

Furthermore, simulation is an essential tool for training and education. With the ability to create 
realistic virtual environments, simulations can be used to train employees on new equipment, 
procedures, and safety protocols. This can improve safety, reduce training costs, and increase 
employee proficiency [57]. 

Simulation is an ever-evolving field that is constantly changing and adapting to new technological 
advances and industry demands. The table below presents some key trends that are currently 
shaping the field of simulation. 

Table 7: Key Trends in Simulation 

Key Trend Details 

Increased use of Artificial 
Intelligence (AI) 

AI is being used to enhance the accuracy and speed of simulations. 
AI algorithms can analyze large amounts of data and identify 
patterns that can help improve simulation models. AI can also be 
used to create more realistic and interactive virtual environments 
[58]. 

Growing popularity of 
Digital Twins 

Digital Twins are virtual replicas of physical assets that are used to 
monitor, analyze, and optimize their performance. Digital Twins are 
being used in various industries, including manufacturing, 
healthcare, and energy, to improve operational efficiency and 
reduce costs [59]. 

Simulation for Additive 
Manufacturing (AM) 

Simulation is becoming increasingly important in the field of AM. 
Simulation models can help optimize the printing process and 
improve the quality and strength of printed parts. Simulation is also 
being used to predict the behavior of materials during the printing 
process [60]. 

Use of Cloud Computing Cloud computing is being used to enhance the accessibility and 
scalability of simulation software. Cloud-based simulation platforms 
can be accessed from anywhere and can handle large-scale 
simulations more efficiently [61]. 

Increased focus on Human 
Factors 

Simulation is being used to study human behavior and interactions 
with complex systems. By simulating human responses in various 
scenarios, researchers can identify potential safety hazards and 
design more user-friendly systems [62]. 

 

Overall, simulation is a critical Industry 4.0 technology that has the potential to revolutionize 
manufacturing and production processes. With its ability to predict outcomes, optimize processes, 
and improve safety, simulation is likely to become increasingly important in the years to come. 
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3.8 Blockchain 

Industry 4.0 involves innovations with upcoming digital technologies, and blockchain is one of 
them. Blockchain can be incorporated to improve security, privacy, and data transparency both for 
small and large enterprises. Blockchain can be defined as a decentralised, distributed directory 
driving smart contracts and providing the opportunity to traceability aid, record management, 
automation for the supply chain, payment applications and other business transactions. Blockchain 
provides a record of almost real-time replicated between a network of business partners and is 
unchanging.  [63]. 

 

Figure 8: Blockchain transaction process [64] 

Blockchain enables decentralized data storage and management, where data is stored on a 
distributed network of nodes rather than a central server. This helps to improve data security and 
prevent data tampering. It also provides a secure and transparent way to perform transactions 
between parties without the need for intermediaries. This helps to reduce transaction costs and 
increase transaction speed [65]. 

In addition, Blockchain enables the use of smart contracts, which are self-executing contracts that 
automatically enforce the terms of an agreement between parties. This helps to improve contract 
management and reduce the risk of fraud [66]. Recently, Blockchain is being used to improve 
supply chain management by providing end-to-end visibility and traceability of goods. This helps to 
reduce the risk of counterfeiting and improve supply chain efficiency [67]. Finally, Blockchain is 
being integrated with IoT devices to provide secure and decentralized data sharing and 
management. This helps to improve IoT security and enable new business models [68]. 

The Table below highlights some of the key trends that are shaping the field. 

Table 8: Key Trends in Blockchain 

Key Trend Details 

Interoperability With the growing number of blockchain platforms and networks, there is a need 
for interoperability between them to enable seamless exchange of data and 
assets. This has led to the development of projects like Polkadot and Cosmos, 
which aim to provide cross-chain interoperability [69]. 
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Decentralized 
Finance (DeFi) 

DeFi has emerged as one of the most promising use cases for blockchain 
technology. It allows for the creation of decentralized financial applications that 
operate on the blockchain without the need for intermediaries. Some of the 
popular DeFi applications include lending and borrowing platforms, 
decentralized exchanges, and stablecoins [70]. 

Non-Fungible 
Tokens (NFTs) 

NFTs are digital assets that represent ownership of unique items such as art, 
music, or collectibles. They are stored on the blockchain, making them tamper-
proof and verifiable. NFTs have gained significant attention in recent years, with 
several high-profile sales and auctions [71]. 

Central Bank 
Digital 
Currencies 
(CBDCs) 

Several countries are exploring the development of CBDCs, which are digital 
versions of their national currencies issued by central banks. CBDCs aim to 
provide a more efficient and secure way of conducting transactions, while also 
allowing central banks to monitor and regulate the monetary system [72]. 

Privacy and 
Security 

With the increasing use of blockchain in sensitive applications such as 
healthcare and finance, there is a growing need for privacy and security. This 
has led to the development of privacy-focused blockchains like Monero and 
Zcash, as well as the use of techniques like zero-knowledge proofs and 
homomorphic encryption [73]. 

 

3.9 Cloud Computing 

Cloud Computing is the delivery of computing services—including servers, storage, databases, 
networking, software, analytics, and intelligence—over the internet (“the cloud”) to offer faster 
innovation, flexible resources, and economies of scale.  

 

Figure 9: Cloud Computing Benefits [74] 
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Several different models, types, and services of Cloud Computing have been developed with 
different deployment, or cloud computing architecture:  

 Public cloud: Public clouds are owned and operated by third-party cloud service providers, 
which deliver computing resources like servers and storage over the internet. Microsoft 
Azure is an example of a public cloud. With a public cloud, all hardware, software, and other 
supporting infrastructure is owned and managed by the cloud provider. You access these 
services and manage your account using a web browser.  

 Private cloud: A private cloud refers to cloud computing resources used exclusively by a 
single business or organization. A private cloud can be physically located on the company’s 
onsite datacenter. Some companies also pay third-party service providers to host their 
private cloud. A private cloud is one in which the services and infrastructure are maintained 
on a private network. 

 Hybrid cloud: Hybrid clouds combine public and private clouds, bound together by 
technology that allows data and applications to be shared between them. By allowing data 
and applications to move between private and public clouds, a hybrid cloud gives your 
business greater flexibility and more deployment options and helps optimize your existing 
infrastructure, security, and compliance. 

Most cloud computing services fall into four broad categories: Infrastructure as a Service (IaaS), 
Platform as a Service (PaaS), Serverless, and Software as a Service (SaaS). These are sometimes 
called the cloud computing "stack" because they build on top of one another [74]. 

The Table below presents key trends in the field of Cloud Computing. 

Table 9: Key Trends in Cloud Computing 

Key Trend Details 

Edge computing Edge computing is becoming increasingly important as organizations look to 
process and analyse data closer to the source of the data. This approach can 
reduce latency, improve data security, and enable real-time decision-making. 
Major cloud providers like AWS, Microsoft, and Google are offering edge 
computing services to support this trend [75]. 

AI and machine 
learning 

Cloud providers are offering AI and machine learning services that enable 
organizations to build intelligent applications and services. These services 
include pre-built models for tasks like natural language processing and 
computer vision, as well as tools for building custom models [75]. 

Cloud Security As more sensitive data is being stored and processed in the cloud, security 
has become a critical concern. Cloud providers are offering a range of security 
features, including identity and access management, network security, and 
encryption. Organizations are also using third-party tools to enhance cloud 
security [76]. 

3.10 High Performance Computing 

High-performance computing (HPC) is a critical technology for Industry 4.0, enabling organizations 
to analyse massive amounts of data and perform complex simulations at scale. HPC systems 
typically use parallel computing techniques and specialized hardware to deliver superior 
performance compared to traditional computing systems [77]. 

HPC workloads uncover important new insights that advance human knowledge and create 
significant competitive advantage. For example, HPC is used to sequence DNA, automate stock 
trading, and run artificial intelligence (AI) algorithms and simulations—like those enabling self-
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driving automobiles—that analyze terabytes of data streaming from IoT sensors, radar and GPS 
systems in real time to make split-second decisions [77]. The key benefits of adopting HPC 
technologies are highlighted in the following Figure. 

 

Figure 10: HPC Benefits [78],[79],[80],[81],[82] 

A standard computing system solves problems primarily using serial computing—it divides the 
workload into a sequence of tasks, and then executes the tasks one after the other on the same 
processor. In contrast, HPC leverages [77]: 

 Massively parallel computing. Parallel computing runs multiple tasks simultaneously on 
multiple computer servers or processors. Massively parallel computing is parallel computing 
using tens of thousands to millions of processors or processor cores. 

 Computer clusters (also called HPC clusters). An HPC cluster consists of multiple high-
speed computer servers networked together, with a centralized scheduler that manages the 
parallel computing workload. The computers, called nodes, use either high-performance 
multi-core CPUs or, more likely today, GPUs (graphical processing units), which are well 
suited for rigorous mathematical calculations, machine learning models and graphics-
intensive tasks. A single HPC cluster can include 100,000 or more nodes. 

 High-performance components. All the other computing resources in an HPC cluster—
networking, memory, storage and file systems—are high-speed, high-throughput and low-
latency components that can keep pace with the nodes and optimize the computing power 
and performance of the cluster. 

HPC applications have become synonymous with AI apps in general, and with machine learning and 
deep learning apps in particular; today most HPC systems are created with these workloads in 
mind. These HPC applications are driving continuous innovation in different areas such as 
Healthcare, genomics and life sciences, Financial services, Government and defence and Energy 
[77]. Some of the key trends shaping the field of HPC are presented below. 

Table 10: Key Trends in HPC 

Key Trend Details 
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Convergence of 
HPC with AI and 
big data 

The integration of HPC with artificial intelligence (AI) and big data is a major 
trend in the field, with HPC systems being used to process and analyze large 
datasets for AI applications such as deep learning [83]. 

Use of cloud-
based HPC 

Cloud-based HPC is becoming increasingly popular due to its scalability and 
flexibility, enabling organizations to quickly provision and use HPC resources 
as needed [84]. 

Energy efficiency As HPC systems become more powerful, they also consume more energy. 
Improving energy efficiency is therefore a major trend in the field, with 
efforts focused on developing more efficient hardware and software solutions 
[85]. 

Edge computing The use of HPC at the edge of the network, closer to where data is generated, 
is a growing trend in the field. This approach can reduce latency and improve 
the performance of real-time applications [83]. 

Interoperability The development of standards and tools that enable different HPC systems 
to interoperate is a key trend in the field, enabling organizations to combine 
resources from multiple systems to meet their computational needs [86]. 

 

3.11 Industrial Robots 

Industrial robots are programmable machines designed to automate industrial tasks such as 
assembly, welding, material handling, and painting. They are a key technology in Industry 4.0, and 
their use is becoming increasingly widespread in manufacturing and other industrial applications. 

The STOA in industrial robots is characterized by several key developments and trends: 

 Collaborative robots: Collaborative robots, or "cobots," are designed to work alongside 
human workers, sharing tasks and workspace in a safe and efficient manner. They are 
equipped with sensors and other safety features that allow them to operate in close 
proximity to humans without posing a risk of injury [87]. 

 Advanced sensors and vision systems: Advanced sensors and vision systems are being 
integrated into industrial robots to enable them to perform more complex tasks and 
operate with greater precision. These systems allow robots to detect and respond to 
changes in their environment, such as the position of objects, and adjust their actions 
accordingly [88]. 

 Artificial intelligence: Artificial intelligence (AI) is being used to enhance the capabilities of 
industrial robots, enabling them to learn from experience and make decisions based on real-
time data. Machine learning algorithms are used to optimize robot performance and 
improve efficiency [89]. 

 Modular design: Modular design is becoming increasingly popular in industrial robots, 
allowing them to be customized and reconfigured for different tasks and applications. 
Modular robots can be easily adapted to meet changing manufacturing needs and can be 
more cost-effective than traditional fixed robots [90]. 

 Mobility: Mobile robots, including autonomous mobile robots (AMRs) and automated 
guided vehicles (AGVs), are becoming more common in manufacturing and logistics 
applications. These robots can move around a factory or warehouse independently, 
transporting goods and materials between different locations [91]. 

Industrial robots are used in a wide range of applications across various industries, including 
manufacturing, automotive, electronics, and aerospace. Some of the key applications for industrial 
robots are presented in the Figure below. 
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Figure 11: Key Applications for Industrial Robots [92],[93],[94],[95],[96] 

3.12 Machine-to-Machine (M2M) 

Machine-to-machine (M2M) is a broad label that can be used to describe any technology that 
enables networked devices to exchange information and perform actions without the manual 
assistance of humans. Artificial Intelligence (AI) and Machine Learning (ML) facilitate the 
communication between systems, allowing them to make their own autonomous choices [97].  

M2M technology was first adopted in manufacturing and industrial settings, where other 
technologies, such as SCADA and remote monitoring, helped remotely manage and control data 
from equipment. M2M has since found applications in other sectors, such as healthcare, business 
and insurance [97]. 
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Figure 12: M2M Applications [97] 

M2M is also the foundation for the Internet of Things (IoT). The main purpose of machine-to-
machine technology is to tap into sensor data and transmit it to a network. Unlike SCADA or other 
remote monitoring tools, M2M systems often use public networks and access methods - for 
example, cellular or Ethernet - to make it more cost-effective [97].  

The main components of an M2M system include sensors, RFID, a Wi-Fi or cellular communications 
link, and autonomic computing software programmed to help a network device interpret data and 
make decisions. These M2M applications translate the data, which can trigger pre-programmed, 
automated actions. One of the most well-known types of machine-to-machine communication is 
telemetry, which has been used since the early part of the last century to transmit operational data. 
Pioneers in telemetrics first used telephone lines, and later, radio waves, to transmit performance 
measurements gathered from monitoring instruments in remote locations. [97]  

Beyond being able to remotely monitor equipment and systems, the top benefits of M2M include 
reduced costs by minimizing equipment maintenance and downtime, boosted revenue by revealing 
new business opportunities for servicing products in the field and improved customer service by 
proactively monitoring and servicing equipment before it fails or only when it is needed. In product 
restocking, for example, a vending machine can message the distributor's network, or machine, 
when a particular item is running low to send a refill. An enabler of asset tracking and monitoring, 
M2M is vital in warehouse management systems (WMS) and supply chain management (SCM). 
Utilities companies often rely on M2M devices and applications to not only harvest energy, such as 
oil and gas, but also to bill customers - through the use of Smart meters - and to detect worksite 
factors, such as pressure, temperature and equipment status [97]. 

Here follow some key trends in Machine-to-Machine (M2M) communication. 

Table 11: Key Trends in M2M 

Key Trend Details 

Growing adoption of 
LPWAN technologies 

Low Power Wide Area Networks (LPWAN) are becoming increasingly 
popular for M2M communication due to their low power consumption, 
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long-range coverage, and low cost [98]. Some examples of LPWAN 
technologies include Sigfox, LoRaWAN, and NB-IoT [99]. 

Integration of 
Artificial Intelligence 
(AI) and Machine 
Learning (ML) 

M2M systems are increasingly incorporating AI and ML algorithms to 
enable intelligent decision-making and automation [100]. For example, 
ML algorithms can be used to predict equipment failures and trigger 
maintenance alerts before a breakdown occurs [101]. 

Greater focus on 
cybersecurity 

As the number of connected devices and M2M applications grows, so 
does the potential for security threats. M2M systems are implementing 
various security measures to protect against cyber attacks, such as secure 
communication protocols and authentication mechanisms [102]. 

Increased use of edge 
computing 

Edge computing involves processing data closer to the source, rather 
than transmitting all data to a central server for processing. This can 
improve response time, reduce bandwidth requirements, and enable real-
time decision-making in M2M applications [103]. 

Greater emphasis on 
interoperability 

As M2M systems become more complex and involve a wide range of 
devices and protocols, interoperability between different systems is 
becoming increasingly important. Standardization efforts, such as the 
oneM2M standard, are aimed at ensuring interoperability between 
different M2M systems [104]. 

 

3.13 Manufacturing Execution Systems (MES) 

Manufacturing Execution Systems (MES) are computerized systems that provide real-time 
information about production processes in manufacturing plants. MES are designed to track and 
monitor all aspects of the manufacturing process, including material management, scheduling, 
quality control, and equipment performance [105]. They can also help improve productivity, reduce 
waste, and increase efficiency by providing accurate, timely information to decision-makers in the 
manufacturing process [106]. Modern MES are increasingly integrating with other enterprise 
systems, such as Enterprise Resource Planning (ERP) systems and Supply Chain Management 
(SCM) systems, to provide end-to-end visibility and control of the manufacturing process [107]. 

 

Figure 13: Example of a MES within a business [109] 
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MES are also incorporating advanced technologies such as Internet of Things (IoT), Big Data 
Analytics, and Artificial Intelligence (AI) to improve process visibility and decision-making [108]. In 
addition, cloud-based MES are becoming increasingly popular, as they offer benefits such as 
scalability, flexibility, and lower upfront costs compared to on-premises solutions [110]. 

Finally, cybersecurity is a major concern for MES, as they handle sensitive data related to 
production processes. MES providers are implementing various security measures, such as 
encryption and access controls, to protect against cyber-attacks [111]. 

3.14 Supervisory Control and Data Acquisition Systems (SCADA) 

Supervisory Control and Data Acquisition (SCADA) systems are used in many industries to monitor 
and control processes and provide real-time data to operators and managers. SCADA systems 
typically consist of a network of sensors, controllers, and human-machine interfaces (HMIs) that 
collect and display real-time data about industrial processes. SCADA systems can be used to 
monitor and control a wide range of processes, from manufacturing to power generation to water 
treatment. They are designed to be highly scalable, and can be customized to meet the needs of 
different industries and applications. 

 

Figure 14: SCADA Applications [112],[113],[114],[115],[116] 

SCADA systems typically have a number of key components, including Remote Terminal Units 
(RTUs), Programmable Logic Controllers (PLCs), and communication protocols that allow different 
devices to communicate with each other. These systems also rely on software to display data in a 
meaningful way, often using Graphical User Interfaces (GUIs) that allow operators to easily visualize 
the data being collected. 

One of the major trends in SCADA systems is the integration of advanced analytics and machine 
learning algorithms, which can help operators identify patterns and anomalies in data, and make 
more informed decisions about process control. Another important trend is the use of cloud-based 
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SCADA systems, which can provide greater scalability and flexibility, and allow operators to access 
data from anywhere in the world. 

3.15 Radio-frequency identification (RFID) 

Radio-frequency identification (RFID) is a technology that uses radio waves to communicate data 
between a reader and a tag attached to an object. The tag contains a microchip that stores data and 
an antenna that allows it to communicate with the reader. RFID technology has been widely 
adopted in various industries for tracking and managing inventory, as well as for security and access 
control applications. 

 

Figure 15: RFID process [117] 

RFID technology can be used in passive or active forms. Passive RFID tags are powered by the 
reader and do not have a battery, while active RFID tags have a battery and can transmit data over 
longer distances. RFID technology can also operate in various frequencies, such as low frequency 
(LF), high frequency (HF), and ultra-high frequency (UHF), with each frequency having its own 
advantages and limitations [118] [119]. 

RFID technology has a wide range of applications in various industries, such as supply chain 
management, retail, healthcare, and transportation. For example, RFID tags can be used in the 
retail industry to track inventory and prevent theft, while in healthcare, RFID tags can be used to 
track medical equipment and patient records. In the transportation industry, RFID tags can be used 
to track vehicles and cargo, and in access control applications, RFID tags can be used to grant access 
to secure areas [120] [121]. 

The Table below mentions some of the key trends shaping the field of RFID today. 

Table 12: Key Trends in RFID 

Key Trend Details 

IoT integration RFID technology is being integrated with the Internet of Things (IoT) to 
enable real-time tracking and monitoring of objects. This integration 
allows for the collection and analysis of data that can be used to optimize 
processes and improve efficiency. [122] 

Cloud-based solutions Cloud-based RFID solutions are becoming increasingly popular as they 
provide a scalable and cost-effective way to manage large amounts of 
data. Cloud-based solutions also offer improved accessibility and 
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flexibility compared to traditional on-premise solutions. [123] 

NFC technology Near Field Communication (NFC) technology, which is a form of RFID 
technology, is being used in mobile devices to enable contactless 
payments and other applications. NFC technology is also being used in 
supply chain management to track products and monitor inventory 
levels. [124] 

Blockchain 
integration 

Blockchain technology is being integrated with RFID technology to create 
secure and transparent supply chain systems. The integration of 
blockchain and RFID enables the creation of an immutable record of the 
movement of goods, which can be accessed by all parties in the supply 
chain. [125] 

3.16 Real-time Locating System (RTLS) 

Real-time Locating Systems (RTLS) are technologies that use various methods to track and locate 
assets, people, and objects in real-time. RTLS can be used for a variety of applications, including 
inventory management, asset tracking, personnel tracking, and security [126]. One of the most 
commonly used methods for RTLS is radio frequency identification (RFID), which uses radio waves 
to communicate data between a reader and a tag attached to an object or person. Another popular 
method is Ultra-Wideband (UWB) technology, which uses short pulses of energy to locate objects 
with high accuracy [127] [128]. 

RTLS systems can be used in various industries, such as healthcare, manufacturing, logistics, and 
retail. For example, in healthcare, RTLS can be used to track medical equipment and personnel, 
while in manufacturing, RTLS can be used to monitor production processes and inventory levels. In 
retail, RTLS can be used to track inventory and improve the customer experience [129] [130]. 

 

Figure 16: RTLS Applications 

Recent advances in RTLS technology include the integration of IoT and cloud-based solutions, 
which provide real-time access to location data and enable better decision-making. In addition, 
advances in sensor technology, such as the use of accelerometers and gyroscopes, are improving 
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the accuracy and reliability of RTLS systems. The Table below summarizes some of the key trends 
in RTLS [131] [132]. 

Table 13: Key Trends in RTLS 

Key Trend Details 

Integration with the 
Internet of Things 
(IoT) 

RTLS systems are increasingly being integrated with IoT technologies, 
which enable the real-time monitoring and tracking of assets across a 
wide range of industries. [133] [134] 

Use of advanced 
sensor technologies 

RTLS systems are increasingly using advanced sensor technologies, such 
as accelerometers and gyroscopes, to improve accuracy and reliability. 
[135] [136] 

Cloud-based solutions Cloud-based RTLS solutions are becoming more popular, as they provide 
real-time access to location data and enable better decision-making. [137] 
[138] 

Emergence of hybrid 
RTLS solutions 

Hybrid RTLS solutions, which combine multiple technologies such as 
RFID, UWB, and Wi-Fi, are becoming more common, as they offer 
improved accuracy and reliability. [139] [140] 

3.17 Cybersecurity 

Cybersecurity refers to the practice of protecting electronic systems, networks, and data from 
unauthorized access, theft, or damage. It involves various techniques and technologies to secure 
computer systems, networks, and mobile devices from cyber-attacks, data breaches, and other 
malicious activities. Some of the key components of cybersecurity include cryptography, access 
control, threat detection and response, and security auditing. [141] [142] [143] The term applies in a 
variety of contexts, from business to mobile computing, and can be divided into a few common 
categories. [144] 

 Network security is the practice of securing a computer network from intruders, whether 
targeted attackers or opportunistic malware. 

 Application security focuses on keeping software and devices free of threats. A 
compromised application could provide access to the data its designed to protect. 
Successful security begins in the design stage, well before a program or device is deployed. 

 Information security protects the integrity and privacy of data, both in storage and in 
transit. 

 Operational security includes the processes and decisions for handling and protecting data 
assets. The permissions users have when accessing a network and the procedures that 
determine how and where data may be stored or shared all fall under this umbrella. 

 Disaster recovery and business continuity define how an organization responds to a cyber-
security incident or any other event that causes the loss of operations or data. Disaster 
recovery policies dictate how the organization restores its operations and information to 
return to the same operating capacity as before the event. Business continuity is the plan 
the organization falls back on while trying to operate without certain resources. 

 End-user education addresses the most unpredictable cyber-security factor: people. 
Anyone can accidentally introduce a virus to an otherwise secure system by failing to follow 
good security practices. Teaching users to delete suspicious email attachments, not plug in 
unidentified USB drives, and various other important lessons is vital for the security of any 
organization. 
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Cybersecurity applications are relevant in virtually every industry that relies on electronic systems, 
networks, and data. Some of the main industries where cybersecurity applications are particularly 
important are presented in the Figure below. 

 

Figure 17: Cybersecurity Applications 

One of the primary challenges in cybersecurity is the constantly evolving threat landscape. 
Cybercriminals are constantly developing new attack techniques and tools to bypass security 
measures and steal sensitive data. As a result, cybersecurity professionals must stay up-to-date 
with the latest trends and threats, and constantly adapt their security strategies to keep pace with 
the evolving threat landscape. [145] [146] 

Another key trend in cybersecurity is the growing use of Artificial Intelligence (AI) and Machine 
Learning (ML) to improve threat detection and response. AI and ML algorithms can analyze vast 
amounts of data to identify patterns and anomalies that may indicate a potential cyber threat, and 
can also automate certain security tasks to improve efficiency and reduce the risk of human error. 
[147] [148] 

Finally, another important trend in cybersecurity is the increasing importance of cloud security. As 
more organizations move their applications and data to cloud-based platforms, it is essential to 
ensure that these environments are secure and protected from cyber threats. [148]  More key 
trends are presented in the table below. 

Table 14: Key Trends in Cybersecurity  

Key Trend Details 

Internet of Things and 
cloud security 

With the advent and growth of 5G networks, a new era of inter-
connectivity will become a reality with the Internet of Things (IoT). This 
communication between multiple devices also opens them to 
vulnerabilities from outside influence, attacks or an unknown software 
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bug. IoT devices – ranging from smart wearables to home appliances, 
cars, building alarm systems and industrial machinery – have often 
proven to be a bugbear for those with responsibility for cybersecurity 
[149]. 

Work-from-home 
cybersecurity 

The pandemic has forced many companies to move to remote working, 
introducing a new set of cybersecurity challenges. Remote workers may 
be more vulnerable to cyberattacks as they often have less secure 
networks and devices. As such, organizations must ensure adequate 
security measures to protect their remote workers, such as multi-factor 
authentication, secure VPNs, and automated patching [149]. 

Artificial intelligence 
(AI) and Machine 
Learning. 

AI and ML can be used to identify patterns and anomalies in data, making 
them useful in cybersecurity for threat detection, risk assessment, and 
incident response [149]. 

Zero Trust Security Zero trust security is an approach to cybersecurity that assumes that no 
one is trusted, even those inside the organization. This approach relies on 
strict access controls and continuous monitoring to ensure that only 
authorized users and devices can access sensitive data and applications 
[150]. 

Automotive Hacking Modern vehicles nowadays come packed with automated software 
creating seamless connectivity for drivers in cruise control, engine timing, 
door lock, airbags and advanced systems for driver assistance. These 
vehicles use Bluetooth and Wi-Fi technologies to communicate that also 
opens them to several vulnerabilities or threats from hackers. Gaining 
control of the vehicle or using microphones for eavesdropping is expected 
to rise in 2023 with more use of automated vehicles. Self-driving or 
autonomous vehicles use an even further complex mechanism that 
requires strict cybersecurity measures [151]. 

Multi-Factor 
Authentication 

Multi-factor authentication (MFA) is a security measure that requires 
users to provide more than one form of authentication before they can 
access an account. This additional layer of security helps to protect 
against cyberattacks, as attackers must have access to multiple pieces of 
information in order to gain access. Organizations should ensure that all 
accounts are secured with MFA to reduce the risk of unauthorized access. 
Automation is becoming increasingly important in cybersecurity. 
Automated security processes can help reduce the time it takes to detect 
and respond to threats and improve the accuracy of threat detection. 
Automation can also reduce the reliance on manual processes, which can 
be time-consuming and prone to human error [151]. 

International State-
Sponsored Attackers 

State-sponsored attackers have become increasingly sophisticated, and 
organizations need to be aware that these types of attackers may target 
them. They must ensure adequate security measures to protect against 
these types of attacks, such as multi-factor authentication and real-time 
monitoring [151]. 

3.18 Virtualization Technologies 

Virtualization is a process that allows for more efficient utilization of physical computer hardware 
and is the foundation of cloud computing. 

Virtualization uses software to create an abstraction layer over computer hardware that allows the 
hardware elements of a single computer—processors, memory, storage and more—to be divided 
into multiple virtual computers, commonly called virtual machines (VMs). Each VM runs its own 
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operating system (OS) and behaves like an independent computer, even though it is running on just 
a portion of the actual underlying computer hardware. 

 

It follows that virtualization enables more efficient utilization of physical computer hardware and 
allows a greater return on an organization’s hardware investment. 

Today, virtualization is a standard practice in enterprise IT architecture. It is also the technology 
that drives cloud computing economics. Virtualization enables cloud providers to serve users with 
their existing physical computer hardware; it enables cloud users to purchase only the computing 
resources they need when they need it, and to scale those resources cost-effectively as their 
workloads grow [152]. 

 

Figure 18: Types of Virtualization [152] 

Virtualization brings several benefits to data centre operators and service providers [152]: 

 Resource efficiency: Before virtualization, each application server required its own 
dedicated physical CPU. IT staff would purchase and configure a separate server for each 
application they wanted to run. Invariably, each physical server would be underused. In 
contrast, server virtualization facilitates runing several applications on a single physical 
computer without sacrificing reliability. This enables maximum utilization of the physical 
hardware’s computing capacity. 

 Easier management: Replacing physical computers with software-defined VMs makes it 
easier to use and manage policies written in software. This allows the creation of 
automated IT service management workflows. For example, automated deployment and 
configuration tools enable administrators to define collections of virtual machines and 
applications as services, in software templates. This means that they can install those 
services repeatedly and consistently without cumbersome, time-consuming and error-
prone manual setup. Admins can use virtualization security policies to mandate certain 
security configurations based on the role of the virtual machine. Policies can even increase 
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resource efficiency by retiring unused virtual machines to save on space and computing 
power. 

 Minimal downtime: OS and application crashes can cause downtime and disrupt user 
productivity. Admins can run multiple redundant virtual machines alongside each other and 
failover between them when problems arise. Running multiple redundant physical servers is 
more expensive. 

 Faster provisioning: Buying, installing, and configuring hardware for each application is 
time-consuming. Provided that the hardware is already in place, provisioning virtual 
machines to run all your applications is significantly faster. You can even automate it using 
management software and build it into existing workflows. 

The Table below presents some of the key trends shaping the field of virtualization technologies. 

Table 15: Key Trends in virtualization technologies [153] 

Key Trend Details 

Cloud-based 
Virtualization 

Virtual machines and applications are increasingly being hosted in cloud 
environments, allowing organizations to save on hardware costs, scale 
resources on-demand, and access data and applications from anywhere. 

Containerization Containerization is a lightweight form of virtualization that allows 
applications to run in isolated environments with their own 
dependencies. Docker and Kubernetes are examples of container 
platforms gaining popularity. 

Hyper-converged 
Infrastructure (HCI) 

This refers to combining multiple data centre services like computing, 
storage, and networking into a single hardware unit. This simplifies the 
management of virtualized resources by consolidating them in one 
solution. 

GPU virtualization Graphics Processing Units (GPUs) are being virtualized to enable the 
efficient allocation of resources for graphics-intensive tasks and 
applications, like video editing and gaming. 

Virtualized Network 
Functions (VNF) 

As part of the move towards software-defined networking (SDN), 
network functions are being virtualized to replace traditional hardware-
based appliances. This helps organizations reduce network management 
complexity and scale networking services 

Virtual Reality (VR) 
and Augmented 
Reality (AR) 

VR devices are leveraging virtualization technology to create more 
realistic, immersive experiences. AR is extending the virtual world into 
physical spaces for education, entertainment and industrial applications. 

AI and Machine 
Learning 

Virtualization is enabling the deployment and management of AI and 
machine learning models across multiple platforms and devices, allowing 
organizations to harness the power of these technologies more 
efficiently. 

Edge computing As IoT devices proliferate, edge computing is becoming more crucial for 
reducing latency and quick data processing. Virtualization technologies 
enable organizations to manage resources at the edge of the network. 

 

4 KEY INDUSTRY 4.0 DIMENSIONS 

Industry 4.0 maturity and readiness models are tools that help organizations assess their level of 
preparedness and progress in adopting Industry 4.0 technologies and practices. These models 
typically define several stages or levels of maturity or readiness and identify specific capabilities or 
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characteristics that organizations need to have to advance from one level to the next. Various 
maturity and readiness models consider different Industry 4.0 dimensions. In the next section, we 
present the results of the literature review performed with the goal to analyse what are the most 
considered dimensions for the assessment of SMEs.  

4.1 Literature review on Industry 4.0 Maturity and Readiness Models 

Maturity and readiness models designed for large enterprises tend to focus on advanced levels of 
maturity, making them unsuitable for small and medium-sized businesses. Therefore, we examine 
models specifically designed or proven to be effective in assessing SMEs' Industry 4 readiness or 
maturity.   

Table 16: I4.0 maturity/readiness models 

Model’s name A/I Ref. Dimensions 

IMPULS Industrie 4.0 Readiness 2015 Industry [154] 6 

Maturity and Readiness Model for Industry 4.0 Strategy Academia [155] 3 

Digital Transformation Assessment, Fraunhofer IPK Industry [156] 7 

I4.0 Maturity Model (An Essential Scale for SMEs) Academia [157] 5 

Maturity Level-Based Assessment Tool of I4.0 for SMEs Academia [157] 4 

A Framework for Assessing Manufacturing SMEs 
Industry 4.0 Maturity 

Academia [158] 6 

 

The IMPULS Industrie 4.0 Readiness 2015 model is a framework used to assess the level of 
readiness of manufacturing companies for Industry 4.0, which refers to the use of digital 
technologies and data-driven processes to optimize manufacturing and supply chain operations 
[154]. The model offers a comprehensive approach to assessing readiness across six dimensions: 
strategy and organization, smart factory, smart operations, smart products, data-driven services, and 
employees. Although SMEs can use this model to assess their Industry 4.0 readiness, its suitability 
depends on the individual needs and resources of the organization. It can help SMEs to identify 
gaps in their current capabilities and develop a roadmap for implementing Industry 4.0 technologies 

and practices. For SMEs with limited resources and IT expertise, the model may be too complex. For 
some SMEs, the model may require significant investment in data collection, analysis, and planning. 
In addition, larger companies with more resources and operations may find the model more 
suitable. 

Maturity and Readiness Model for Industry 4.0 Strategy is a framework for assessing an 
organization's current level of maturity and readiness for Industry 4.0 adoption and transformation. 
The framework is presented in the book "Industry 4.0: Managing The Digital Transformation"   by   
K.Y Akdil et. al. [159].  The proposed model for analysing Industry 4.0 maturity includes three 
dimensions with a total of 13 associated fields [160]. The Smart Products and Services dimension 
focuses on companies' product and service Smart Business offerings driven by product data. The 
Smart Business Processes, Production, Logistics and Procurement dimension assesses the maturity 
level of companies' functional operations in relation to Industry 4.0 principles and triggering 
technologies. Finally, the Strategy and Organization dimension serves as an input for Industry 4.0 
transformation by shaping the business and organization. This model allows for different analyses 
of Industry 4.0 maturity to be facilitated. One of the strengths of this model is its modular structure, 
which allows organizations to select and prioritize the dimensions and fields that are most relevant 
to their specific situation and goals. This can be helpful to SMEs, which are usually limited in 
resources and need to focus their efforts on a few key areas. 
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The Digital Transformation Assessment by IPK is a methodology developed by the Fraunhofer 
Institute for Production Systems and Design Technology (IPK) to support organizations in their 
digital transformation journey [156]. The Digital Transformation Framework by IPK has four phases: 
assess current capabilities, plan and set goals, implement new technologies and processes, and 
continuously improve performance. It aims to guide organizations in their digital transformation 
journey by emphasizing collaboration and communication among stakeholders. The framework is 
structured in seven key areas (i.e., dimensions) namely corporate strategy, leadership and corporate 
structure, organization and processes, technology, product and services, supply and chain networks. 
The assessment is customizable and adaptable to different organizational structures and sizes, 
making it a valuable tool for SMEs seeking to embrace digital transformation. By implementing the 
assessment, SMEs can transform their businesses and adapt to the digital age, leading to 
sustainable growth and success. The assessment has been applied by Fraunhofer IPK in various 
industrial domains including manufacturing, logistics, healthcare, etc.  

Industry 4.0 Maturity Model (An Essential Scale for SMEs) described in [157]  aims to provide a 
new maturity scale taking into account specific needs of SMEs. It addresses the problem that many 
SMEs find it difficult to apply tools designed for large enterprises. Thus, they highlight the demand 
for a comprehensive yet straightforward tool to evaluate Industry 4.0. Consequently, the essential 
scale was created to support Industry 4.0 implementation, with a focus on the principle of "less is 
more". In addition, the paper highlights the issue that numerous maturity scales developed to assist 
in Industry 4.0 assessment have overlooked the personnel-related aspect, with most of the focus 
directed towards the technological elements. The model is based on five key dimensions: strategy, 
technology, production, products, and people.  

Maturity Level-Based Assessment Tool of Industry 4.0 for SMEs is designed to help SMEs in their 
implementation of Industry 4.0 technologies. Authors in [161] address the issue that SMEs struggle 
to implement Industry 4.0 concepts and technologies due to a lack of knowledge and 
understanding. Thus, they implement an easy-to-use assessment tool that provides a clear 
overview of Industry 4.0 concepts and helps SMEs develop an individual strategy for 
implementation. The tool uses a maturity level-based approach with a catalogue of 42 Industry 4.0 
concepts and a norm strategy based on the assessment results. The tool was tested and validated 
with 17 industrial companies. The concepts are classified into four key dimensions: operations, 
organization, socio-culture, and technology. 

A Framework for Assessing Manufacturing SMEs Industry 4.0 Maturity is designed having in 
mind specific SME challenges in integrating Industry 4.0 concept into their day-to-day business 
operations. However, existing maturity models focus mainly on assessing companies with advanced 
levels of maturity and are inadequate for evaluating SMEs with low maturity levels. To address this 
gap, this authors in [162] propose a framework for a maturity model tailored specifically to SMEs. 
The model offers a comprehensive and detailed assessment of SMEs' maturity levels across the 
following six dimensions: smart products, people, production processes, technology, organization, and 
change. 

4.2 Identification of Industry 4.o dimensions 

As discussed in the previous section, the broad spectrum of Industry 4.0 concepts and technologies 
requires structuring into several levels of Industry 4.0 dimensions. Considering the project’s 
objectives, the following dimensions were selected to be relevant to the ‘4th Industrial Revolution’ 
project: 

 Smart Products and Services 
 Smart Production 
 Smart Operation 
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 Business Strategy, Organization and Processes 
 Employees and Competences. 

 

4.2.1 Smart Products and Services 

By combining the strengths of traditional industries with cutting-edge ICTs, Industry 4.0 enables the 
development of smart products that are integrated into a dynamic digital and physical eco-system 
[163] Smart Products are a key component of an automated, flexible, and efficient "smart" 
production concept. Generally, smart products are products that can compute, store data, 
communicate, and interact with their environment [164] [165]. For capturing data on their own 
status as well as their environment, smart products typically contain various sensors, RFID, and 
communications interfaces. Today's smart products can display not only their identity, but also their 
properties, status, histories, and lifecycle information. Their knowledge goes beyond the steps 
already completed and defines the steps that need to be done in the future such as upcoming 
maintenance operations. 

Intelligent products combine physical and digital services to Smart Services. Today, it is not only 
the product that matters, but also the data that is generated when the product or service is used. 
New business models and smart services are developed based on the usage data collected and 
analysed. As defined in the literature, "Smart Services" are highly dependent on the type of 
business or context in which they are used (e.g., smart factories, internet of things, Big Data, and 
digitalization). The authors in [166] note that the Smart Services enable connection between digital 
and physical world and increased economic efficiency. The following are major pre-conditions for 
establishing and providing Smart Services [166]: 

 Smart & Connected Products with electronic intelligence, such as sensors, controllers, 
microprocessors, and data storage chips, connected wirelessly with each other and 
interconnected.  

 Encrypted & Secured Data Transfer and Collection utilizing Internet of Things, Internet of 
Services, Virtualization, Cloud Computing, and Cyber Security for collecting, transferring, 
securing, and storing a wide range of data. 

 Data Analytics and data based intelligence with the use of computerized Big Data analysis, 
processing, and reassembling into Smart Data, data based intelligence, and interactive data 
mining to support decision-making and solve problems.  

 Smart Business Models and Mindset that are customer centric and solution focused with 
preemptive actions to avoid unpleasant experiences.  

 

Table 17: Smart Products & Services – widely adopted technologies 

Smart Products & Services Dimension 

Big Data Analytics 

Artificial Intelligence 

IIoT, Communication and Networking 

Cybersecurity 

Sensors and Actuators 

Cloud 

RFID and RTLS 

M2M 

4.2.2 Smart Production 

With Industry 4.0, production becomes highly automated and distributed. Smart factories use 
context-sensitive manufacturing techniques to deal with production turbulence in real time with 
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decentralized data and communication structures for optimum management of production 
processes [167]. In the Smart Factory concept, manufacturing relevant information is collected, 
distributed, and accessible at any time and from anywhere in real time. The smart factory can be 
defined as an environment in which a production process and a logistics process largely take care of 
themselves without the need for human intervention [168]. Using the Internet of Things, cyber-
physical systems (CPS) link the physical and virtual worlds through communication via an IT 
infrastructure.  

A key element of Smart Production is digital modelling, which is combined with smart data 
collection, storage, and processing. This ensures the delivery of information and the efficient use of 
resources with the smart production concept. People, information systems, and production systems 
must work collaboratively in real-time. The integrated systems produce a huge amount of data 
which is processed, analysed, and integrated into decision-making models. A company’s progress in 
the area of Smart Production is measured using the following criteria: Equipment Infrastructure, IT 
Systems, Digital Modelling and Data Usage [168]. 

Table 5: Smart Production & Operation – widely adopted technologies 

Smart Production & Operation 

Data Analytics 

Artificial Intelligence 

Industrial Robots 

Simulation  

Communication and Networking 

Cybersecurity 

Additive Manufacturing 

Virtualization Technologies 

Sensors and Actuators 

Cloud 

RFID and RTLS 

Mobile Technologies 

 

4.2.3 Smart Operation 

Industry 4.0 Smart Operation refers to the use of advanced technologies such as Internet of Things 
(IoT), Artificial Intelligence (AI), Big Data analytics, and Cloud Computing to optimize industrial 
processes and operations. In Industry 4.0 Smart Operations, machines and systems are 
interconnected and communicate with each other in real-time, enabling them to make autonomous 
decisions based on data analytics and machine learning. This results in more efficient and cost-
effective manufacturing processes, increased productivity, and improved product quality. 

Table 6: Smart Operation – widely adopted technologies. 

Smart Operation 

IoT 

AI 

Big Data Analytics 

Cloud Computing 

 

One of the key technologies that underpin Industry 4.0 Smart Operations is the IoT, which allows 
machines, sensors, and other devices to communicate with each other and share data in real-time. 
IoT devices can collect data on various aspects of manufacturing processes, such as temperature, 
pressure, and vibration, and transmit this data to centralized systems for analysis.  



Deliverable D.3.3      

                     P a g e  43 | 68 

 

Another important technology is Artificial Intelligence (AI), which can be used to analyse the vast 
amounts of data generated by IoT devices and other sources and derive insights that can be used to 
optimize manufacturing processes. AI can be used to develop predictive maintenance systems, 
which can anticipate and prevent machine breakdowns before they occur, saving time and money. 

Big Data analytics is also a critical technology in Industry 4.0 Smart Operations, as it enables 
manufacturers to analyse large volumes of data from multiple sources and gain insights into 
manufacturing processes and customer preferences. This can help manufacturers to optimize their 
supply chain, reduce waste, and improve product quality. 

Other key technologies in Industry 4.0 Smart Operations include Cloud Computing, which enables 
manufacturers to store and process data in the cloud, and access it from anywhere, as well as 
augmented reality and virtual reality, which can be used to train workers and simulate 
manufacturing processes. 

Overall, Industry 4.0 Smart Operations represents a major shift in the way manufacturing processes 
are designed and operated, driven by data and digital technologies. By leveraging these 
technologies, manufacturers can improve efficiency, reduce costs, and increase competitiveness in 
an increasingly globalized market [168].  

4.2.4 Business Strategy, Organization and Processes 

The concept of Industry 4.0 goes beyond simply improving existing products or processes with 
digital technologies - it introduces the possibility of adopting completely new business models. 
Because of this, its implementation is extremely important from a strategic standpoint. In order to 
fully realize the benefits of Industry 4.0, it is essential to assess the degree of openness and cultural 
interaction in the current environment [168]. The following four criteria should be considered: the 
level of implementation of the Industry 4.0 strategy, the comprehensive review of the strategy 
through a system of indicators, the investment activity dedicated to Industry 4.0, and the effective 
utilization of technology and innovation management. These criteria highlight the significance of 
openness and cultural integration in driving Industry 4.0 success. 

4.2.5 Employees and Competences  

Changing digital workplaces have a profound impact on employees who help companies achieve 
their digital transformation. They need to acquire new skills and qualifications because of changes 
in their direct working environment. Consequently, companies need to ensure their employees are 
appropriately trained and educated so they can handle these changes effectively. The company 
determines employees' readiness by assessing their skills in various areas and their efforts to 
acquire new skills [168][169]. 

 

5 INDUSTRY 4.0 FROM THE PERSPECTIVE OF SME’S  

5.1 SME Definition 

To provide context for the discussion that follows, this sub-section defines the term SMEs which 
refers to Small and Medium Sized Enterprises. There are many interpretations of the term 'SME'. 
Small and medium-sized enterprises are often regarded as dynamic, flexible organizations that can 
readily adapt to changing circumstances, giving them an advantage over their larger counterparts. 
The other extreme is the view that SMEs are financially constrained, conservative, inflexible, and 
resistant to innovation. SMEs have so many perceptions that both views are acceptable. Most small 
and medium businesses (SMEs) are owned and operated by families [170]. 
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The definition of SMEs varies by country and region, but generally, they are considered to be the 
backbone of the economy, providing jobs, innovation and growth. The businesses in this category 
do not exceed a certain threshold when it comes to either the number of employees, turnover, or 
balance sheet total that they have. In the EU SMEs are defined according to the criteria in the Table  
[171]. SMEs are enterprises with less than 250 employees and a yearly turnover below EUR 50 
million or a balance sheet total below EUR 43 million, according to the official EC definition1. SMEs 
can be further classified into micro (up to 10 employees), small (10-49 employees), and medium (50-
249 employees) enterprises. 

Table 20: The definition of Small and Medium Enterprises (SMEs) 

Company Category Staff headcount Turnover Balance Sheet Total 

Medium-sized <250 <= € 50 m <= € 43 m 

Small <50 <= € 10 m <= € 10 m 

Micro <10 <= € 2 m <= € 2 m 

 

5.2 SMEs’ Industry 4.0 Challenges and Opportunities 

Small and medium enterprises (SMEs) across the globe are encountering significant challenges as 
they navigate the era of Industry 4.0. SMEs play a crucial role in driving economic growth and 
innovation. They contribute to employment generation and have a substantial impact on the 
balance of trade [172]. However, these enterprises face a multitude of challenges that impact their 
competitiveness and survival in the context of Industry 4.0. Although SME digital transition is 
receiving a great deal of support, there are some key challenges for them as compared to larger 
enterprises [173] . It is important to point out real issues that SMEs face, highlight uncertainties, not 
only the benefits [174].The literature review in this section aims to explore the specific challenges 
and opportunities faced by SMEs in the context of Industry 4.0, focusing on implementation 
challenges, data challenges, competition, globalization, limited capabilities, productivity, 
technology management, access to capital, skills, information availability, and infrastructure costs 
[175] [176]. 
 

                                                                    
1
 8 Commission Recommendation of 6 May 2003 concerning the definition of micro, small, and medium-sized 

enterprises (2003/361/EC), Official Journal of the European Union, L 124/36, 20 May 2003. 
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Figure 19: SME’s Industry 4.0 Challenges 

Implementation challenges for SMEs in Industry 4.0. Implementing Industry 4.0 technologies in 
SMEs comes with its own set of challenges [177]: 

 Need for technology maturity: The successful implementation of Industry 4.0 technologies 
requires a high level of technology maturity. Data classification and storage complexity 
necessitate advanced digital tools for effective digitization [178]. 

 Insufficient technology to integrate with manufacturing systems: The implementation of 
Industry 4.0 in SMEs involves the integration of digital systems vertically and horizontally 
throughout the manufacturing process. However, SMEs may lack the necessary technological 
infrastructure and capabilities to seamlessly integrate these systems. Factors such as company 
policies, funding constraints, and the availability of a skilled workforce can impact the quality 
and effectiveness of the integration process [179]. 

 Difficulty in reconfiguration of production systems: SMEs often encounter difficulties when 
reconfiguring their existing production systems to align with Industry 4.0 requirements. 
Upgrading and updating the systems may pose challenges due to limited financial resources 
and space constraints. Conventional manufacturing setups are often less flexible and not 
designed to accommodate rapid changes in the system with minimal effort [176]. 

 Lack of digitization strategy: SMEs may struggle with the formulation and implementation of 
a comprehensive digitalization strategy. Without a clear roadmap and direction, SMEs may find 
it challenging to prioritize investments, identify suitable technologies, and align their 
digitalization efforts with their overall business goals. The absence of a well-defined strategy 
can lead to inefficiencies, redundancies, and suboptimal utilization of resources. 

Implementing Industry 4.0 technologies in SMEs comes with its own set of challenges. Overcoming 
these challenges requires a strategic approach. SMEs need to address the challenges of technology 
maturity, integration with manufacturing systems, production system reconfiguration, and 
digitalization strategy to successfully navigate the Industry 4.0 landscape.  

Data challenges. In the context of Industry 4.0, small and medium enterprises (SMEs) face specific 
challenges related to data management. These challenges can significantly impact their ability to 
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harness the full potential of the Industrial Internet of Things (IIoT) and data-driven technologies. 
The following challenges are particularly relevant [180]: 

 Unstructured Format of Data: SMEs encounter difficulties in dealing with the unstructured 
format of data generated by various devices and systems. The information collected from 
sensors, machines, and other sources may have different formats, making it challenging to 
extract valuable insights. Proper classification and integration of diverse data formats are 
necessary to create meaningful models and enable effective data utilization. 

 Management of Huge Data for Storage and Processing: With the increasing number of 
connected devices and the growing volume of data generated, SMEs struggle with managing 
and processing large amounts of data. Traditional storage systems may lack the scalability and 
speed required to handle this massive influx of data. SMEs need advanced storage technologies 
such as distributed storage and cloud-based platforms to store and process data efficiently. 

 Data Quality: Ensuring the quality of data is a significant challenge for SMEs in Industry 4.0. 
Data obtained from various sources may contain redundancies and noise, affecting the overall 
data quality. Traditional tools and approaches for data management may not be sufficient to 
address these issues. SMEs need to adopt more advanced techniques such as machine learning 
algorithms and data cleansing methods to identify and eliminate unreliable data, thus 
improving the accuracy and reliability of their data. 

Addressing these challenges is crucial for SMEs to effectively leverage the power of data in Industry 
4.0. By developing strategies and implementing appropriate technologies, SMEs can overcome the 
hurdles related to data management and unlock the potential benefits offered by the integration of 
digital technologies in their manufacturing processes. 

Security Challenges The implementation of Industry 4.0 in small and medium enterprises (SMEs) 
brings forth a range of security challenges that need to be addressed. The following points 
elaborate on the security challenges faced by SMEs in the context of Industry 4.0 [181]: 

 Sharing Data with Stakeholders: Data sharing between stakeholders is a crucial aspect of 
manufacturing processes, especially when semi-processed products or semi-finished parts are 
involved. Ensuring the security of shared data becomes a significant concern, as the technical 
capabilities of suppliers may be insufficient to handle or generate data securely. Protecting the 
confidentiality, integrity, and availability of shared data is essential to prevent unauthorized 
access or misuse. 

 Connectivity Protocols: Real-time communication and monitoring during the manufacturing 
process require secure connectivity protocols. However, implementing Industry 4.0 should not 
obstruct the necessary connectivity protocols followed by different support systems. Therefore, 
there is a need for more flexible and reliable protocol procedures to ensure secure data 
transmission and storage. Inadequate data protection measures can leave manufacturing units 
vulnerable to cyber threats and unauthorized access. 

 Data Protection: Data handling in manufacturing units involves a vast amount of sensitive 
information. Insufficient data protection measures pose a significant concern for SMEs in 
Industry 4.0. It is essential to implement robust security measures to safeguard data from 
unauthorized access, data breaches, and cyberattacks. This includes encryption techniques, 
access controls, regular security audits, and employee awareness programs. 

Addressing these security challenges is crucial for SMEs to ensure the integrity, confidentiality, and 
availability of data in Industry 4.0. By implementing appropriate security measures and protocols, 
SMEs can mitigate the risks associated with data sharing, connectivity, and data protection, 
thereby safeguarding their operations and reputation. 
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Skilled workforce in Industry 4.0 Challenges In the context of Industry 4.0, having a skilled 
workforce is crucial for small and medium enterprises (SMEs) to effectively navigate the challenges 
and opportunities presented by advanced technologies. The following points elaborate on the 
importance of a skilled workforce [180] [182]: 

 Multidisciplinary Knowledge: A skilled workforce in Industry 4.0 requires a combination of 
expertise in data analysis, mathematics, management, and basic engineering knowledge. This 
multidisciplinary approach enables employees to understand and utilize the capabilities of 
digital technologies and data-driven solutions effectively. 

 Adaptability and Open-Mindedness: Engineers and workers need to be open-minded and 
adaptable to new technology tools and advancements for immediate and effective 
implementation in the workplace. The rapid development of trends and technologies in 
Industry 4.0 necessitates an ongoing process of upgrading the skills and knowledge of the 
workforce. 

 Complementing Human Labor: Automation and artificial intelligence (AI) in Industry 4.0 do 
not replace human labor but rather complement it. By automating mundane and repetitive 
tasks, workers can focus on more sophisticated and inventive jobs. This shift allows employees 
to engage in more creative and innovative roles that enhance productivity and add value to the 
manufacturing process. 

 Improved Work Life Quality: As robots and autonomous systems take over monotonous tasks, 
the quality of human work life improves. Smart, autonomous, and self-regulating production 
processes can handle physically challenging or ergonomically problematic positions, relieving 
workers from such burdens. This shift enhances the overall well-being and satisfaction of the 
workforce. 

Investing in the development and training of a skilled workforce is vital for SMEs to leverage the 
benefits of Industry 4.0. By equipping employees with the necessary knowledge and skills, SMEs 
can adapt to technological advancements, enhance productivity, and create a sustainable 
competitive advantage. 

Leadership and Management Challenges The successful implementation of Industry 4.0 in small 
and medium enterprises (SMEs) requires overcoming various managerial-level challenges. The 
following points elaborate on the implementation difficulties faced by SMEs at the managerial level 
in the context of Industry 4.0 [180]: 

 Cross-Domain Workforce and Algorithm Development: Implementing Industry 4.0 
technologies often requires a team of cross-domain workers who possess knowledge in various 
disciplines such as data analytics, automation, and process optimization. Developing algorithms 
to detect issues during the manufacturing process is a complex task that demands expertise 
from multiple domains. Finding and training such a skilled workforce can be challenging for 
SMEs, who may face resource constraints and difficulty in attracting talent with diverse skill 
sets. 

 Synchronization and Data Management: Industry 4.0 relies on the seamless synchronization 
and management of data across different systems and processes. However, maintaining data 
integrity and consistency according to company policies can be a managerial challenge. SMEs 
must establish robust data management systems and protocols to ensure the accuracy, 
security, and privacy of data throughout the manufacturing operations. This involves aligning 
data collection, storage, and analysis practices with the overall business strategy. 

 Real-Time Monitoring and Integration: The implementation of Industry 4.0 requires the 
installation of various Internet of Things (IoT) devices to enable real-time monitoring of the 
manufacturing process. These devices generate a massive amount of data that needs to be 
efficiently extracted, analyzed, and integrated into the decision-making processes. SMEs may 
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face challenges in integrating IoT devices with existing data extraction systems and ensuring 
compatibility with their manufacturing infrastructure. 

 Limited Augmented Reality (AR) and Virtual Reality (VR) Technology: Identifying defects in 
components and optimizing the manufacturing process often relies on advanced technologies 
like AR and VR. However, SMEs may face difficulties in accessing and implementing AR and VR 
technology due to cost constraints and limited availability of suitable systems. The lack of AR 
and VR capabilities can hinder the efficient detection and resolution of manufacturing issues, 
impacting productivity and quality control. 

Overcoming these implementation difficulties requires strong managerial leadership, strategic 
planning, and investment in training and infrastructure. SMEs should focus on developing a capable 
workforce, establishing robust data management practices, and exploring partnerships and 
collaborations to access advanced technologies needed for successful Industry 4.0 implementation. 

Environmental Challenges The implementation of Industry 4.0 in small and medium enterprises 
(SMEs) presents environmental challenges that need to be addressed. The following points 
elaborate on the environmental challenges faced by SMEs in the context of Industry 4.0 [183]: 

 Generation of Hazardous Gases During the assembly of heavy machinery and the high energy 
consumption associated with the setup process, there is a potential for the generation of 
hazardous gases. The prevention and management of these hazardous gases pose a significant 
challenge in the implementation of Industry 4.0. Proper measures and regulations need to be in 
place to ensure the safe handling and disposal of hazardous gases to minimize their impact on 
the environment and human health. 

 Impact of AI on the Environment Artificial intelligence (AI) technologies play a crucial role in 
Industry 4.0, but they can also have negative environmental implications. The increased 
development and exploitation of modern equipment driven by AI can contribute to 
environmental issues. The rise in manufacturing activities and the use of technical equipment 
can lead to climate change through increased pollution and natural resource degradation. It is 
essential to adopt sustainable practices and technologies to mitigate the environmental impact 
of AI-driven manufacturing processes. 

Addressing these environmental challenges is crucial for SMEs in Industry 4.0 to ensure sustainable 
and responsible manufacturing practices. By implementing measures to reduce hazardous 
emissions, adopting clean technologies, and promoting resource efficiency, SMEs can contribute to 
environmental preservation while embracing the benefits of Industry 4.0. 

Standardizing Processes in SMEs and Industry 4.0 Standardizing processes is a significant 
challenge for SMEs in the context of Industry 4.0. The following points elaborate on the difficulties 
faced by SMEs in standardizing their processes [180]: 

 Use of Different Tools and Technologies: SMEs often employ a variety of tools and 
technologies across different manufacturing units, making process standardization challenging. 
Each unit may have its own set of equipment, software, and data management systems, 
leading to inconsistencies and inefficiencies when exchanging information between units. 

 Lack of Flexibility: The lack of standardization in tools and technologies limits the flexibility of 
SMEs in adopting new digital solutions and integrating them seamlessly across their operations. 
When manufacturing units use different digitization technologies, it becomes difficult to 
achieve interoperability and synchronization, hindering the exchange of data and information. 

Standardizing processes becomes more feasible when SMEs adopt similar or compatible 
digitization technologies across their units. This allows for smoother data exchange, collaboration, 
and the implementation of common standards and practices. Overall, process standardization in 
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SMEs requires careful consideration of the tools and technologies used and collaborative efforts to 
align processes and systems across different units. Standardization can enhance operational 
efficiency, improve data integration, and enable smoother collaboration between SMEs and their 
stakeholders in the industry 4.0 landscape. 

Financial Challenges Implementing Industry 4.0 technologies in small and medium enterprises 
(SMEs) often comes with significant financial challenges. The following points elaborate on the 
financial difficulties faced by SMEs in the context of Industry 4.0 [180]: 

 Requirement for Large Investments: Industry 4.0 implementation typically requires 
substantial investments in upgrading infrastructure, acquiring advanced technologies, and 
training the workforce. SMEs, which may have limited financial resources, face challenges in 
securing the necessary funds for these investments. The upfront costs associated with 
implementing new technologies and systems can be perceived as a financial burden for SMEs. 

 Lack of Direct Profit Generation: Many SMEs are concerned that investing in Industry 4.0 
technologies will not lead to immediate and direct profitability. Long-term benefits of 
automation, data analytics, and digitalization often emerge over a prolonged period. This 
perceived risk of delayed or uncertain returns can deter SMEs from committing financial 
resources to Industry 4.0 initiatives. 

To address these financial challenges, SMEs can consider the following strategies: 

 Strategic Planning and ROI Analysis: SMEs should conduct a thorough analysis of the 
potential return on investment (ROI) associated with Industry 4.0 adoption. This includes 
evaluating the long-term benefits, cost savings, and competitive advantages that can be gained 
from implementing new technologies. Strategic planning and financial forecasting can help 
SMEs make informed decisions about allocating resources to Industry 4.0 initiatives. 

 Collaboration and Partnerships: SMEs can explore collaborations and partnerships with larger 
companies, research institutions, or government programs that provide funding or support for 
Industry 4.0 implementation. Collaborative projects and shared resources can help alleviate the 
financial burden on individual SMEs and enable them to access advanced technologies and 
expertise. 

 Financing Options: SMEs can explore various financing options such as government grants, 
loans, or venture capital investments specifically targeted towards supporting digital 
transformation and Industry 4.0 initiatives. Engaging with financial institutions and exploring 
available funding programs can provide SMEs with the necessary financial resources to invest in 
new technologies. 

By adopting a strategic approach, seeking partnerships, and exploring financing options, SMEs can 
navigate the financial challenges associated with Industry 4.0 implementation and unlock the 
benefits of digital transformation. For SMEs to benefit from digitization and Industry 4.0, they must 
overcome major challenges discussed above.  By addressing these challenges effectively, SMEs can 
harness the transformative potential of Industry 4.0 and gain a competitive edge in the digital era.  

While implementing Industry 4.0 and addressing the associated challenges, several opportunities 
can be leveraged to ensure successful digitization [180] [184]: 

 Integration of Existing Manufacturing Systems: Integrating the existing manufacturing 
system enables smoother adoption of new technologies and facilitates the transition to Industry 
4.0. 

 Development of Flexible Technology: Emphasizing the development of flexible technologies 
that can easily integrate with other digitization methods enables interoperability and 
compatibility across different systems. 
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 Establishment of Cross-Functional Teams: Creating cross-functional teams that oversee the 
implementation and execution of Industry 4.0 ensures effective monitoring and coordination. 

 Designing Flexible Manufacturing Systems: Building flexible manufacturing systems that can 
be easily reconfigured and redesigned as per requirements allows for adaptability and 
scalability in the face of changing technologies. 

 Increased Investment in Equipment: Investing in robust equipment such as servers, processing 
power, and storage spaces supports the efficient processing and storage of data. 

 Development of Efficient Data Compression and Storage Systems: Investing in the 
development of advanced systems and algorithms for data compression and storage optimizes 
resource utilization. 

 Enhancement of Data Collection Devices and Sensors: Investing in reliable data collection 
devices and sensors improves the quality and accuracy of data captured, contributing to better 
system performance. 

Additionally, during real-time data analysis, high-power processing units are crucial for quick 
response times, while robust protocols and cybersecurity measures enhance system security. 
Standardized and uniform process flows facilitate information exchange within the company and 
with external stakeholders. Further infrastructure development, compatible algorithms, and the 
integration of technologies such as IoT, cloud computing, cyber-physical systems, and augmented 
and virtual reality can enhance data capturing and analysis capabilities. 

By leveraging these opportunities, SMEs can overcome challenges and optimize their 
implementation of Industry 4.0 technologies. Table below presents a brief summary of key 
opportunities and challenges SMEs might face when adopting key industry 4.0 technologies 
introduced in Section 3.  

Table 21: Key I4.0 Technologies – Opportunities & Challenges 

Key Industry 4.0 Technologies 

Big Data Analytics 

Opportunities Big data analytics can help SMEs to make data-driven decisions, optimize 
business processes, and gain a competitive edge. By analysing customer 
behaviour, market trends, and operational performance, SMEs can gain 
valuable insights to improve efficiency and identify new business 
opportunities. 

Challenges SMEs face unique challenges in adopting big data analytics, such as limited 
resources and expertise, but affordable cloud-based solutions now make 
advanced analytics tools accessible to them. 

Industrial Internet of Things (IIoT) 

Opportunities For SMEs IIoT technology can provide numerous benefits, including 
increased efficiency, improved productivity, reduced costs, and enhanced 
safety and security. SMEs can gain a competitive edge in the market by 
automating processes, optimizing performance, and making data-driven 
decisions using IIoT. 

Challenges SMEs encounter various challenges when implementing IIoT, including the 
high cost of infrastructure maintenance, the requirement for skilled 
personnel to manage IIoT systems, and concerns about data security. 

Cyber-physical Systems 

Opportunities SME firms can benefit from CPS by increasing productivity, streamlining 
operations, and reducing costs. The combination of physical devices and 
software systems can automate routine tasks for SMEs, monitor their 
performance in real-time, and help them make data-driven decisions. 
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Challenges The adoption of CPS technology can be challenging for SMEs due to factors 
such as high implementation costs, the need for specialized expertise, and 
data security concerns. Additionally, SMEs may have to make complex and 
time-consuming changes to their existing infrastructure to accommodate 
CPS. 

Artificial Intelligence 

Opportunities The use of AI in small and medium-sized businesses can be beneficial in 
many ways, including improving efficiency, making better decisions, and 
reducing costs. Incorporating AI into workflows allows SMEs to automate 
routine tasks, gather valuable insights from large datasets, and improve 
customer service. 

Challenges However, SMEs may also face several obstacles when trying to implement AI 
in their business, such as the need for specialized expertise, the high cost of 
implementing AI, as well as concerns around the privacy of their data. AI may 
also have ethical implications, especially in healthcare and finance domains. 

Additive Manufacturing 

Opportunities AD offers various competitive benefits for SMEs, including the ability to 
produce custom products, faster prototyping, and reduced waste and costs. 
SMEs are also able to create and test prototypes quickly and produce low-
volume products on demand considering specific customer needs.  

Challenges The biggest challenge SMEs face is the high cost of acquiring and 
maintaining 3D printing equipment [6]. As 3D printing technology evolves, 
SMEs may need to invest in upgrading their equipment and software 
constantly. Besides, new supply chain and distribution channels might be 
necessary. Finally, specific intellectual property and regulatory issues should 
be addressed properly. 

Robotics 

Opportunities Robotics offers SMEs opportunities to increase efficiency and productivity by 
automating repetitive tasks, which can lead to lower labour costs, faster 
production times, and higher output. Additionally, robotics can improve 
product quality and enable SMEs to create customized products in response 
to customer demands. 

Challenges There are several challenges that SMEs may face when adopting robotics 
technology, including high initial investment costs, the need for specialized 
expertise, integration with existing systems, regulatory compliance, and 
potential job displacement for some workers. 

Augmented Reality 

Opportunities Augmented Reality (AR) technology offers SMEs the opportunity to enhance 
their marketing strategies by creating engaging and interactive content for 
customers, thereby providing a personalized and immersive experience. 
Furthermore, AR can improve employee skills and performance through 
effective training, and optimize business operations to reduce costs, 
especially in manufacturing and logistics sectors. 

Challenges SMEs may face challenges when implementing AR technology, such as the 
need for specialized skills and expertise, high investment costs, integration 
with existing systems, compliance with regulations, and difficulty 
demonstrating Return of Investment (ROI). 

Cybersecurity 

Opportunities Cybersecurity offers SMEs an array of opportunities that can contribute to 
their growth and success. By implementing cybersecurity measures, SMEs 
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can protect sensitive information such as intellectual property, trade secrets, 
and customer data from theft, loss, or unauthorized access. This helps to 
maintain customer trust and confidence in the SME, and to reduce costs 
associated with data breaches and network downtime.  

Challenges SMEs face several challenges related to cybersecurity, including limited 
resources and expertise, changing threat landscape, employee awareness 
and training, third-party risks, and regulatory compliance. As a result, SMEs 
must develop a comprehensive cybersecurity strategy, offer ongoing 
employee training, engage third-party vendors, and, if necessary, outsource 
cybersecurity management to a trusted third-party provider. 

Blockchain 

Opportunities Blockchain technology presents various opportunities for SMEs, including 
secure and decentralized systems for managing business operations, faster 
cross-border payments, intellectual property protection, supply chain 
management, digital identity management, and access to global funding 
through Initial Coin Offerings (ICOs) or Security Token Offerings (STOs). 

Challenges SMEs may face challenges in adopting blockchain technology due to high 
costs of implementation and maintenance of blockchain infrastructure, need 
for specialized expertise, regulatory uncertainty, cybersecurity threats, 
integration issues with existing systems, customer and partner adoption, and 
scalability limitations. 

Cloud 

Opportunities A cloud computing infrastructure offers SMEs many advantages, including 
cost-effectiveness, scalability, accessibility, collaboration, security, and 
reliability to help them grow and compete in today's competitive 
environment. As a result of cloud computing, SMEs do not have to worry 
about managing their own IT infrastructure, they get access to advanced 
technology, and they can adapt to changing business needs quickly. 

Challenges Cloud computing comes with some challenges, including security concerns, 
privacy issues, reliability risks, vendor lock-in, cost management, and 
technical expertise requirements. SMEs can mitigate these challenges by 
developing comprehensive security policies and data backup plans with 
experienced cloud service providers. 

Virtualization Technologies 

Opportunities Virtualization provides several benefits to SMEs, including cost savings 
through hardware and software consolidation, flexibility to move 
applications and data between virtual machines, scalability to quickly adjust 
IT systems to changing business needs, improved disaster recovery, and 
enhanced security through application and data isolation. 

Challenges SMEs need to carefully plan and manage the implementation of 
virtualization, as well as conduct ongoing monitoring and maintenance to 
ensure optimal performance and security. Virtualization increases security 
risks and can negatively impact system performance, as well as create 
compatibility and licensing issues. 

Machine to Machine (M2M) 

Opportunities M2M technology enables SMEs to optimize their processes, utilize assets 
more effectively, and provide real-time information. SMEs can also use M2M 
to gain insights into business processes and customer behaviours, enabling 
them to make better-informed decisions. 

Challenges SMEs face several challenges when attempting to adopt M2M 
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communication technology. SMEs may lack the financial resources to 
implement the necessary infrastructure and technology. In addition, SMEs 
may lack the in-house expertise and resources necessary to design, 
implement, and maintain M2M systems. As a final point, M2M integration 
can be challenging for SMEs, since it often requires significant changes to 

their existing business processes and systems. 

Manufacturing Execution Systems (MES) 

Opportunities MES implementation offers SMEs several benefits such as improved 
efficiency, quality control, inventory management, and decision-making. As 
a scalable solution, MES also provides real-time visibility, enhanced 
compliance, and easy integration with other systems. Streamlining 
manufacturing processes helps SMEs gain a competitive edge. 

Challenges Adopting an MES system can be challenging for SMEs due to high costs, lack 
of expertise, employee resistance, integration challenges, and system 
customization. Moreover, maintaining scalability and accuracy may be a 
challenge. To maximize the benefits of MES implementation, SMEs must 
assess their capabilities in advance. 

Supervisory Control and Data Acquisition Systems (SCADA) 

Opportunities SCADA systems can help SMEs to improve efficiency, safety, and reliability 
of industrial processes by providing operators with real-time information to 
make informed decisions. 

Challenges SMEs face challenges in implementing SCADA systems due to cost 
constraints, limited technical expertise, system complexity, data security 
concerns, scalability and flexibility requirements, and vendor selection 
difficulties. 

Radio-frequency identification (RFID) 

Opportunities RFID technology can benefit SMEs in several ways. Inventory management 
can be automated with RFID, saving time and money. Additionally, 
automating operations and reducing manual data entry can increase 
efficiency. Through improved inventory accuracy and waste reduction, RFID 
can help SMEs reduce costs 

Challenges Adopting RFID technology can be challenging for SMEs due to the high cost 
of implementation (e.g., expensive RFID tags, readers, and software), the 
complexity of the technology, and privacy concerns. A careful frequency 
selection or specialized equipment are necessary to minimize interference 
and maintain RFID data accuracy. 

Real-time Locating System (RTLS) 

Opportunities RTLS technology offers several benefits to SMEs, including improved 
efficiency by tracking assets and personnel in real-time, enhanced safety by 
quickly locating individuals during emergencies, and cost savings by 
improving asset utilization and minimizing equipment loss. 

Challenges It is difficult for SMEs to implement RTLS technology due to high 
implementation costs, a need for precise tracking, complex installation and 
maintenance procedures, and concerns about privacy. SMEs may need to 
address these challenges to successfully implement RTLS technology. 
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5.3 SMEs' Industry 4.o enablers 

To maintain competitiveness and realize the benefits of Industry 4.0 discussed above, SMEs must 
align with this transformative wave by upgrading their organizational structure and adopting 
advanced ICT technologies introduced in Section 3. However, successful implementation requires 
the presence of key enablers within the organization, which serve as the foundation for Industry 4.0 
adoption. By identifying and leveraging these enablers, SMEs can establish the necessary 
environment for Industry 4.0 to thrive [185]. Authors in [185] have applied a linear mind-mapping 
method to conceptualize core industry 4.0 enablers as illustrated in Figure 20.  

 

Figure 20: Mind map of SMEs’ Industry 4.0 enablers [ adopted from 185] 

In order to facilitate the successful implementation of Industry 4.0, three key enablers have been 
identified:  

 The Human dimension encompasses innovation skills, efficient communication, competences, 
software-based trainings, collaboration, and continuous digital awareness.  

 The Organization dimension focuses on integrated manufacturing organization, production 
integration, workplace realignment, change management, strategic roadmap development, 
digital roles and responsibilities, and process engineering.  

 The Technology dimension includes digitalization (cybersecurity, virtual enterprise, cloud 
computing, digital organization, and big data), connectivity/communication (IoT, collaboration, 
sensors, virtual communication), hardware (automated machinery, transport systems, robots), 
and software (additive manufacturing, supply chain material resource planning, advanced 
manufacturing systems, product life cycle management, platform design for interchangeability, 
mobile access, autonomous systems). 

To initiate a successful transformation towards Industry 4.0, SMEs should prioritize the human 
component of the system. This entails raising digital awareness among employees and providing 
them with relevant competences and software training. Emphasizing collaboration and effective 
communication is crucial, while also evaluating and utilizing employees' innovation skills to drive 
continuous and sustainable transformation. Concurrently, the organization itself needs to support 
this human resource transformation. 
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In order to align with Industry 4.0 principles, organizations should define digital roles and 
responsibilities, develop strategic roadmaps, and implement change management initiatives. This 
includes undertaking reengineering processes, realigning workplaces, and fostering integration in 
production. Both the human and organizational components work in synergy to create a culture of 
digitalization within the organization. 

 

By fostering a digitally ready and culturally aligned organization, businesses can effectively leverage 
technological enablers and implement transformed business models. This holistic approach ensures 
a seamless integration of Industry 4.0 principles, ultimately leading to a synergistic and adaptive 
system. 

6 CONCLUSIONS 

In conclusion, Deliverable 3.3. provides a comprehensive State-of-the-Art overview of the key 
Industry 4.0 technologies and dimensions, their benefits, challenges, and opportunities. The 
document is structured in a way that facilitates a deep understanding of Industry 4.0 enablers and 
its implications for SME businesses. 

Industry 4.0 has brought about a paradigm shift in the way businesses operate. The deliverable lays 
the foundation for exploring the transformative nature of the Fourth Industrial Revolution, also 
known as Industry 4.0, which leverages advanced technologies to optimize production processes, 
improve efficiency and productivity, and drive innovation.  It provides detailed descriptions of 18 
critical technologies such as Big Data Analytics, Cyber-physical Systems, Artificial Intelligence, 
Additive Manufacturing, and more. Detailed explanations of each technology allow potential 
Industry 4.0 users to grasp its potential applications and benefits. 

The integration of cutting-edge technologies has opened new possibilities for increased efficiency, 
productivity, and profitability. These technologies enable companies to collect, analyse and act 
upon data in real-time, making it possible to optimize production processes and make better 
decisions. Moreover, I4.0 technologies have also enabled businesses to adopt more sustainable 
practices, reducing waste and improving their carbon footprint. The use of smart sensors, for 
example, can help optimize energy consumption, while predictive maintenance can reduce the 
need for unnecessary equipment repairs and replacements. 

Moving on, the deliverable explores the key dimensions of Industry 4.0, elucidating their 
significance in driving successful implementation. It highlights Smart Products and Services, Smart 
Production, Smart Operation, Business Strategy, Organization, and Processes, as well as 
Employees and Competences. By examining these dimensions, decision-makers can gain insights 
into the multifaceted aspects of Industry 4.0 and how they intertwine to shape a holistic 
transformation within organizations. 

Recognizing the challenges and opportunities specific to SMEs, the deliverable sheds light on their 
unique position in adopting Industry 4.0. It discusses the challenges SMEs may face across various 
areas, including implementation procedures, workforce, data, security, standardization, 
environment, and finance. Simultaneously, it highlights enablers that can help SMEs overcome 
these challenges and harness the potential of Industry 4.0 technologies effectively. 

Overall, the State-of-the-Art Industry 4.0 technologies offer significant opportunities for businesses 
to transform their operations and stay competitive in a rapidly changing world. The deliverable 
emphasizes that adopting Industry 4.0 technologies presents numerous opportunities for 
businesses to optimize their operations and maintain competitiveness in the global marketplace. 
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However, it is important to approach the adoption of these technologies with caution, taking into 
account the potential risks and challenges involved. Besides, the deliverable also stresses the need 
for a shift in organizational culture and mindset, along with investments in new technologies and 
employee training. 
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7 APPENDIX A: GLOSSARY 

Industry 4.0 The fourth industrial revolution, which is characterized by the 
integration of advanced technologies such as the Internet of 
Things (IoT), Artificial Intelligence (AI), and Big Data analytics 
into manufacturing and production processes. It represents a 
paradigm shift in the way that goods are manufactured and 
services are delivered, with the ultimate goal of creating a 
more connected, efficient, and flexible manufacturing 
ecosystem. 
 

Key Industry 4.0 technologies A set of advanced technologies that are fundamental to the 
implementation of Industry 4.0 principles in manufacturing 
and production processes. These technologies are designed to 
improve efficiency, flexibility, and quality of products and 
services. 
 

Key Industry 4.0 dimensions A set of interrelated domains or areas that encompass the 
different aspects of implementing Industry 4.0 principles in 
manufacturing and production processes. These dimensions 
are designed to provide a holistic framework for 
understanding the key factors that are necessary for the 
successful implementation of Industry 4.0. 
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