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Abstract

:

In the Industry 4.0 era, digital tools applied to production and manufacturing activities represent a challenge for companies. Digital Twin (DT) technology is based on the integration of different “traditional” tools, such as simulation modeling and sensors, and is aimed at increasing process performance. In DTs, simulation modeling allows for the building of a digital copy of real processes, which is dynamically updated through data derived from smart objects based on sensor technologies. The use of DT within manufacturing activities is constantly increasing, as DTs are being applied in different areas, from the design phase to the operational ones. This study aims to analyze existing fields of applications of DTs for supporting safety management processes in order to evaluate the current state of the art. A bibliometric review was carried out through VOSviewer to evaluate studies and applications of DTs in the engineering and computer science areas and to identify research clusters and future trends. Next, a bibliometric and systematic review was carried out to deepen the relation between the DT approach and safety issues. The findings highlight that in recent years, DT applications have been tested and developed to support operators during normal and emergency conditions and to enhance their abilities to control safety levels.
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1. Introduction


The fourth industrial revolution—also known as the Industry 4.0 paradigm—is changing current industrial production systems. The Industry 4.0 digital transformation is aimed at the optimization and automation of the previously introduced digitalization by adding the intelligent networking of machines, processes, and people [1]. In recent years, the concepts and theories of Industry 4.0 have become considerably important within the manufacturing sector [2]. One main reason for this increasing diffusion is the use and implementation of hi-tech technologies within the production processes at an affordable cost [3] in order to create smart grids across the entire value chain and networks formed by interconnecting intelligent machines [4]. Within industrial manufacturing contexts, Industry 4.0 entails the networking of data coming from machines, products, and people; in general, this involves the interconnection of smart devices among different plants and factories [5] through tools and embedded components, such as cyber–physical systems (CPSs), Internet of Things (IoT), cloud computing, robotics, systems based on artificial intelligence, and cognitive computation [4].



Digital Twins (DTs) are key enabling technologies (KETs) that were created to improve the efficiency and profitability of Industry 4.0 systems [6,7].



The first applications of DTs in industrial systems focused on developing a “digitalized copy” of a production process and/or a product. More recently, through the overlapping with the IoT, DT functionality and interoperability has been “augmented” by adding a real-time interaction with the real system [1].



The availability of virtual and digital information represents an effective solution for improving product design, manufacturing technology, and other critical service processes, such as safety management [8,9].



Safety management, as the process of realizing certain safety functions, aims to promote organizational safety and to protect people and property within an organization from unacceptable safety risks [10]. Recently, with the increasing global economic uncertainties, safety management in most organizations is under growing pressure to achieve the best performance, and this requires access to a variety of high-quality safety information [11].



In the era of Industry 4.0, it cannot be disputed that data and information represent an indispensable resource and a successful key factor for a new paradigm of safety management [12,13,14,15].



Within the Safety 4.0 framework [16], DT-assisted safety management systems can be implemented to help operators execute complex safety procedures, thus reducing risks and human errors. DT guidance can lead operators through safety tasks and provide them with real-time information regarding the contextual conditions [17]. This can reduce the costs and time required for service and maintenance, decrease oversights and mistakes, and increase safety [18,19].



The main purpose of this study is to present the prevailing state of research on Digital Twin technology, its manifold applications, and the intersection between DTs and safety, answering the following research questions:



RQ1. What are the current publication trends in the domain in terms of the types of studies, time, and affiliated countries?



RQ2. Which are the influential studies and themes of research in this domain and how have they evolved over the years?



RQ3. What are the recent research trends, gaps, and areas for future research in this domain?



The rest of this paper is organized as follows: Section 2 delineates the advent of DTs, their main features, and their background. Section 3 illustrates the adopted methodological framework, while Section 4 covers the findings on the publication trends and on the keyword and cluster content analyses. The study is concluded in Section 5, where future research avenues are suggested.




2. Background


The DT concept first appeared in the aerospace field around the 1970s (Figure 1); the first complete characterization was proposed by Grieves during a course on Product Lifecycle Management at the University of Michigan [20].



Basically, a DT refers to a system consisting of three main subsystems: (a) physical products in real space, (b) virtual products in virtual space, and (c) data and information that tie the virtual and real products together. Grieves [20] depicted DT flow as a cycle between the physical and virtual states (called twinning), with data flowing from the physical to the virtual and information and processes flowing from the virtual to the physical states (Figure 2).



Then, NASA provided the first definition of a DT for the aeronautic sector [21]: A “digital twin is an integrated multi-physics, multi-scale, probabilistic simulation of a vehicle or system that uses the best available physical models, sensor updates, fleet history, etc., to mirror the life of its flying twin”.



Differently from the first definition, this one referred explicitly to the concept of simulation modeling, which is often adopted in several tools for supporting the design, validation, and testing of a system. Within this definition, the simulation is considered as a multi-physics model, as more than one physical field is simultaneously involved and different physical properties are integrated; simulation modeling is also usually multi-scale because different levels of time and/or space are used; finally, it is probabilistic because it could easily be developed with probability calculations.



These features characterize traditional simulation models, and they are enhanced in DT applications due to their stricter connection with the physical world.



Traditional simulation models are developed based on real data, but their updating is usually a static process [22]. Differently, in DTs, a data update process is required, and this represents the most relevant feature of DTs. Thus, due to the diffusion of the Industry 4.0 paradigm, a huge amount of data about physical systems are now available—even in real time—to be used for operation redesign and control. This availability is becoming the main key enabler of DT system development in manufacturing systems.



From 2010 onwards, the definition of DTs given by NASA was modified, and new definitions that were more focused on the industrial sector were proposed in the scientific literature. Lee et al. [23] proposed DTs as an advancement in predictive manufacturing systems. In their definition, the DT is defined as a simulation model that acquires real data and transfers them to a simulator in the cloud. In line with this study, Rosen et al. [24] stated that DTs, by combining real data with simulation models, allowed for the drawing up of a forecast based on realistic data, thus providing a sort of guidance system that supports operators and planners during normal operation, as well as during maintenance and service. Chen [25] described the DT as a computerized model of a physical device or system that represents all functional features and links with the working elements.



In 2018, some authors identified the Digital Twin as a digital representation of a physical production system that uses integrated simulations and service data, holding information from multiple sources across a product’s life cycle. This information is continuously updated based on operational changes and is visualized in different ways to forecast current and future conditions of the physical counterpart in order to enhance decision making [26,27].



Recently, one of the latest definitions identified the Digital Twin as a virtual instance of a physical system (twin) that is continually updated with the latter’s performance, maintenance, and health status data throughout the physical system’s life cycle [28].



As a promising means of achieving cyber–physical interaction, integration, and fusion, Digital Twins (DTs) have captured growing attention from academic researchers as well as industrial practitioners [29,30].



They can stimulate the development of new approaches in design, production, and service, eventually leading to more innovations, such as better data management in order to improve the production process and performance and to ensure continuity and traceability of information [31], support for the analysis of production-line performance parameters, allowing for continuous monitoring of the line balancing and performance with the variations in the production demand [32], and support for monitoring and decision making regarding the ergonomic performance of manual production lines [33].




3. Methodology


Review studies can be of several types. In this study, a combination of bibliometric and systematic reviews is adopted. Bibliometric analyses are extensively performed to trace the knowledge anatomy of a research field and are used to analyze research topics [34]. Systematic literature reviews are used to synthesize the contents of the literature, limit bias [35], and identify possible research gaps.



For the purpose of answering RQ1 and RQ2 and identifying the publication trends and most influential research themes, two bibliometric analyses were performed, which provided comprehensive maps of the knowledge structures of the DT research field and the intersection between the DT and safety research fields. The results from the clustering of the intersection between the DT and safety research fields provided a foundation for a cluster content analysis aimed at answering RQ3 and identifying the recent research trends in the domain, as well as the gaps and areas for future research. Figure 3 proposes a schematization of the adopted methodology.



3.1. Search Protocol and Datasets


The Scopus database, the widest repository of peer-reviewed scientific literature, was used for the construction of the datasets. The first step was the identification of the keywords to be used for the selection of the document samples.



The terms selected to extract the document sample for the first bibliometric analysis (Figure 3) were the following: (i) digital; (ii) twin. Scopus was queried on 10 February 2021 with this combination of keywords: “digital AND twin”. This choice allowed the borders of the analysis to be defined, ensuring a specific focus on the topics to be inspected. The extraction from the Scopus database was limited to: (i) studies written in the English language; (ii) the “Engineering” and “Computer science” areas; (iii) the period 2003–2021 because the first theorization of DTs was provided by Grieves in 2003. It provided an output of 3301 documents, whose citation information (authors, documents title, publication year), abstract, and index keywords were exported.



In order to limit the analysis to the intersection between the digital twin and safety management topics, a second extraction from the Scopus database was performed to obtain the document sample for the second bibliometric analysis (Figure 3). For the same time period, 2003–2021, Scopus was queried on 10 February, 2021 with the combination of keywords “digital AND twin AND safety”, and with the same limitations as in the first bibliometric analysis. The obtained dataset consisted of 190 documents, whose citation information (authors, documents title, publication year), abstract, and index keywords were exported.




3.2. Bibliometric and Content Analysis Methods


The methodology adopted to investigate the scientific literature dynamics related to the two document samples extracted from Scopus was based on the use of two types of software for bibliometric analysis. The Bibliometrix package application in the R software was used to evaluate the growth, maps, and trends of the scientific field of research [36], while VOSviewer 1.6.14, which was developed to conduct text mining and to construct bibliometric maps [37], was used to identify the study keywords’ co-occurrence.



In the study, the VOSviewer software was used to create a network map of the co-occurrence of terms considering index keywords. The keywords’ co-occurrence analysis was carried out using the full counting method. The relatedness of items was determined based on the number of documents in which they occurred together.



According to the methods proposed by Donohue [38], the cut-off point for the term occurrence was determined with the following Formula (1):


  T =   1 +   1 + 8 × I     / 2  



(1)




where  T  represents the optimal minimum number of occurrences of a keyword and  I  is the total number of keywords. Notwithstanding, to ensure wider software processing, keywords that co-occurred at least 10 times were selected for the analysis [39].



The index keywords were processed using VOSviewer, and the results were displayed in the network visualization and the overlay visualization. The network visualization shows keyword co-occurrence, where the dimensions of circles represent the weights of keywords, the lines represent the ways in which two words are linked, and thicker lines mean stronger connections among words. In the network visualization, VOSviewer uses colors to indicate the cluster to which a keyword has been assigned. The clustering technique [40] requires an algorithm for solving an optimization problem. For this purpose, VOSviewer implements the smart local moving algorithm introduced by Waltman and Van Eck [41].



The overlay visualization replicates the same map as that in the network visualization, but with different colors. The items and their links are colored in order to make it possible to view temporal trends and to identify which keywords were used most frequently during the observation period. The layout of the map was built by normalizing the strengths of the links among the elements through the association strength method according to Van Eck and Waltman [42].



In order to conduct a systematic review of the safety management issues related to the DT concept, documents were extracted from the clusters obtained through the second bibliometric phase. The most recent documents were carefully examined to identify the common features that characterized each cluster as well as the gaps in the literature.





4. Results


4.1. The Digital Twin Research Field


Conference papers represent essential documents for supporting the scientific development of new research and application fields. As shown in Figure 4, the analysis of the dataset according to the type of document shows that the majority are conference papers (57%), followed by journal articles (33%), conference reviews (4%), and book chapters (3%). These results represent important evidence that allows Digital Twin research to be identified as an emerging research field.



Figure 5 illustrates the progression of publications available in the Scopus data on Digital Twins in the period 2003–2021. There was an upsurge in publications from just 25 documents published in 2003 to 1279 documents in 2020. Research on Digital Twins saw a sudden spurt from 2017, which could represent a point of discontinuity, with an exponential shape in the last three years (2018–2020). The main reason for this surge may mainly be attributed to the governmental ICT (Information and Communication Technologies) investments in many countries carried out by the adoption of Industry 4.0 policy plans [43]. Even if there are more conference papers than journal articles in absolute terms, in the last three years (2018–2020), the share of journal articles over the total published documents regarding DTs has increased noticeably, going from 24% to 35%, registering an opposite trend compared to conference papers, which fell from 67% to 52%.



Table 1 lists the top countries affiliated with authors of DT research, with the leading three being Germany (492 documents), the United States (477 documents), and China (434 documents). They are the top three global manufacturing export countries in the world [44], and Germany, in addition to having a leading position in Europe (Figure 6), is the country where the Industry 4.0 concept was first developed [44,45]. A noticeable self-perpetuating effect of giving and taking references was observed in these countries, which register more study contributions to the pool of the DT field. Countries that registered a high production were also among the countries whose studies received more citations. It can be said that the most well-established countries are dominating or leading in the field, and this can also be seen in the citation patterns.



Keyword analysis was performed to explore the most prevalent themes in the DT research field. A total of 15,901 keywords were identified in 3301 documents. It is important to evaluate the keywords of a document to understand how authors frame their work, what the most interesting aspect of the research is or how it is evolving, and what trends are being created. From the extracted document sample, a count of the index keywords was performed in order to calculate their frequency and rank them. Table 2 shows the ranking of the top ten most relevant Keywords-Plus (ID). The ID is standardized; it is defined by Scopus to help in the research of documents associated with a topic. “Digital twin” is the most frequently used keyword, with 1404 occurrences, which indicates that this word alone is used as a termed concept in the literature. The other most frequently used keywords are “life cycle” (333 occurrences), “manufacture” (325 occurrences), “embedded systems” (248 occurrences), “Internet of Things” (206 occurrences), and “Industry 4.0” (200 occurrences).



Based on the hypothesis that a research specialty can be identified by the relations among document keywords, keyword co-occurrence analysis is useful for identifying the thematic areas or clusters that constitute the theoretical blocks or foundational topics of the field under analysis [46].



Starting from the entire document sample, including 15,901 keywords, a co-occurring keyword analysis was performed in order to construct diagrams to display the network and the overlay visualization (respectively, Figure 7 and Figure 8). Considering keywords that co-occurred at least 10 times, 502 keywords were selected for the final analysis.



The keywords were grouped into clusters, represented by different colors. In particular, the keywords were clustered into seven groups, and each keyword was assigned to only one cluster. As shown by the network visualization (Figure 7), the DT research field is primarily composed of seven clusters of connected topics: Industry 4.0 and IoT (cluster—blue), learning systems (cluster—red), smart manufacturing (cluster—green), information management (cluster—cyan), life-cycle management (cluster—purple), holograms (cluster—yellow), and digital image analysis (cluster—orange).



A very close linkage between five clusters (red, blue, green, purple, and cyan) is clearly observable, while two clusters appear disconnected from the first ones (yellow and orange).



The clusters clearly indicate that scientific research in the field of DTs has focused, above all, on Industry 4.0 manufacturing, life-cycle management, and data processing and analysis. Since it is evident that the orange and yellow clusters are almost totally unlinked from each other, the holograms and digital image analysis research fields can be considered to have developed almost autonomously.



In the overlay visualization, which shows the temporal distribution of the keywords in each cluster (Figure 8), keywords are colored according to a score. This score is given based on the average year of occurrence of a keyword. Colors range from blue (oldest time period) to green and yellow (most recent time periods). It emerged that the topics related to holograms (cluster—yellow) and digital image analysis (cluster—orange) were developed before the others. This could mean that in an early stage, the DT concept and research field derived previously from holograms, digital image analysis, and scanning, and then evolved to a wider and more common application that is usually adopted in manufacturing activities.



The most recent documents in the scientific literature refer, in fact, to the fields of smart manufacturing, IoT, life cycle, and information management (Figure 8), which also represent the main research fields according to the co-occurrence network map (Figure 7). The latter are trendy topics. Within them, there are a series of strongly linked research sub-fields, e.g., quality control of processes and products, design of processes and products, predictive analysis through machine learning algorithms, and, finally, safety management.




4.2. Bibliometric Results on the Intersection between the DT and Safety Research Fields


Safety aspects are fundamental within the manufacturing sector and represent a research field with great potential and wide application areas [47]. As indicated in Section 3, the linkages between the Digital Twin and safety issues were investigated through a second bibliometric analysis.



As for the document sample related to Digital Twins, the document sample related to studies that integrate the DT and safety research fields also includes many conference proceedings. The latter generally report preliminary studies, which serve as a basis for the development of more complex research activities that later conclude with international journal publication [48]. Figure 9 shows that conference papers represent 65% of the dataset according to the type of document, followed by journal articles (33%), conference reviews (7%), reviews (4%), and book chapters (1%). In the light of these results, studies that integrate DTs and safety issues can be considered as the most recent emerging research field within the wider research field of DTs [49].



Figure 10 highlights the trend of publications available in the Scopus data on the intersection between the Digital Twin and safety research fields in the period 2003–2021. Most of the articles were published in the three-year period of 2018–2020. In fact, there was, an exponential increase in publications from 0 documents published in 2003 to 92 documents in 2020, which represents a peak, confirming the researchers’ pioneering interest in developing the scientific topics of Digital Twins related to process manufacturing activities and, consequently, to safety management.



Table 3 lists the top countries affiliated with the authors of research on the intersection of DTs and safety, with the leading three being the United States (40 documents), Germany (25 documents), and China (21 documents), confirming the rank results registered for the DT research field, with the only permutation being between Germany and the United States. The numbers of documents published by authors from the UK (16 documents) and Italy (13 documents) are also noteworthy. Italy earned the fifth position, also highlighting the role that the national “Industry 4.0” plan played in driving organizational changes in enterprises that particularly addressed safety issues [50]. Figure 11 shows Map of affiliated countries publishing in the intersection of the DT and safety research fields. Even if they are not very numerous, documents from Italy register a high impact on the research field. As an example, the review conducted by Cimino et al. [51] (2019) of the Politecnico di Milano, which was published in Computers in Industry and dealt with a topic related to the intersection between DTs and safety, is among the most cited documents (43 citations). This highly cited document is followed by the study by Oyekan et al. [52] (34 citations), which shows how virtual reality Digital Twins could assist in the safe implementation of human–robot collaborative strategies in factories of the future.



Keyword analysis was performed to explore the most prevalent themes in the intersection between the DT and safety research fields. A total of 1673 keywords were identified in 190 documents. From the extracted document sample, a count of the index keywords was performed in order to calculate their frequency and to rank them. Table 4 shows the ranking of the top ten most relevant Keywords-Plus (ID). As for the first bibliometric analysis, “Digital twin” is the most frequently used keyword, with 93 occurrences, followed by “life cycle” (32 occurrences), “safety engineering” (21 occurrences), “accident prevention” (19 occurrences), and “virtual reality” (19 occurrences).



A significant finding outlined by the keyword analysis is that there are themes that occur in both the DT research field and the intersection of the DT and safety research fields. This circumstance highlights the unanimity on the conceptualization of the Digital Twin and its applications, as well as the mostly indirect and diversified references to safety aspects in much of the scientific literature on DTs.



Starting from the document sample, which included 1673 keywords, a co-occurring keyword analysis was performed in order to obtain Figure 12 and Figure 13, which display the network and the overlay visualization for the intersection between the DT and safety research fields, respectively. In this case, 51 keywords were selected for the analysis, since they co-occurred at least 10 times.



As shown in Figure 12, the research field derived from the intersection between DTs and safety consists of seven clusters: decision making and offshore applications (cluster—red), IoT and life-cycle approaches (cluster—green), Industry 4.0: from manufacture to virtual reality (cluster—blue), machine learning support for DTs and safety (cluster—yellow), safety engineering (cluster—purple), hazards and risk assessment (cluster—orange), and DTs in battery management systems (cluster—cyan).



In the overlay visualization, which shows the temporal distribution of the keywords in each cluster (Figure 13), the field of studies regarding the intersection between DTs and safety has evolved from a previous concentration on topics related to aircraft and fleet operations to wider issues related to accident prevention and risk and information management, as well as to more strategic and specific themes referring to life-cycle management and offshore technology applications.




4.3. Cluster Content Results for the Intersection between the DT and Safety Research Fields


As shown in Figure 12, VOSviewer uses colors to indicate the cluster to which a keyword has been assigned within the network visualization based on the methods explained in Section 3.2.



The red cluster of keywords, called “Decision making and offshore applications”, includes studies regarding DT solutions aimed at supporting decision-making processes. These studies identify the Digital Twin concept as a promising tool for decision makers and stakeholders alike, which is bound to benefit those who use it [53]. In particular, DTs solve big data problems in the field of offshore resources, letting workers spend less time looking for data and more time identifying trends and innovative ways to exploit the data, e.g., smarter drilling, greater field automation, or improved safety [54]. Based on in situ measurement information, DTs can support operational and maintenance decisions that will preserve the integrity, safety, and availability of assets [55].



The green cluster, called “IoT and life-cycle approaches”, regards studies that consider that a DT should encompass and plan the entire life cycle of a physical asset, thus producing profound differences depending on the application domain [56]. Through the use of the IoT, the gap between the physical and virtual worlds is filled by bridging a physical component’s sensors and actuators with its digital counterpart [57]. In the safety domain, a DT provides an opportunity to train employees in virtual environments, thus helping to achieve accident prevention and to reduce the probability of accidents that may occur during on-the-job training [58].



The blue cluster, called “Industry 4.0: from manufacture to virtual reality”, groups the latest research related to Digital Twins and virtual reality environments for safety purposes within the Industry 4.0 paradigm. Over recent years, the concept of human–machine interaction has received wide attention, since it represents the basis for achieving automation in manufacturing. Conventional simulations do not allow us to experience future production systems as end-users in an immersive environment. For this reason, virtual reality has had technological development [59]. Cyber–physical systems, however, require operators’ awareness of the situation in order to be able to adequately address potential issues in a timely manner. Detecting early symptoms may speed up the incident response process and mitigate the consequences of business interruption or safety hazards. Running parallel to their physical counterparts, DTs allow for the deep inspection of their behavior without the risk of disrupting operational technology processes [60].



The yellow cluster, called “Machine learning support for DT and safety”, includes studies that use machine learning algorithms to rapidly ascertain optimal aircraft dynamics to maximize the fire-retardant release effectiveness [61], to create a digital representation of humans that focuses on their vital quantities, as well as on the surrounding environment, for health monitoring purposes [62], or to enable industrial robots to bypass obstacles or people in a workspace [63].



The purple cluster, called “Safety engineering”, regards studies about the interactions among DT data acquisition, DT data processing, and safety issues [49], as well as research regarding advanced structural simulations combined with physics-based deterioration models in order to calculate structural performance [64].



The orange cluster, called “Hazards and risk assessment”, groups studies about risk assessment and tools of risk prediction. By comparing the real data with those obtained by the simulation software, DTs can predict risks and/or anomalies and communicate with a server in order to generate a warning [65]. This is particularly relevant when DTs serve to audit and evaluate compliance with legal requirements in everyday production and logistics processes. Non-compliance can endanger employees and the environment, and can cause financial and reputational damage [66].



The cyan cluster, called “DT in battery management systems”, refers to studies that aim to enhance the safety, reliability, and performance of battery systems. All data relevant to batteries can be measured and transmitted to create a Digital Twin of a battery system, allowing for the diagnostic evaluation of a battery’s charge and aging level [67].



As highlighted through the cluster content analysis, the scientific literature lacks a generic and widely recognized DT architecture. This heterogeneity unavoidably requires a deeper understanding of how to deal with DT systems by evaluating and comparing them and exploring how they differ in handling different environments. The lack of standardization and the variety of DT definitions, which cause discrepancies among DT implementation projects, represent a challenge that requires further research efforts aimed at fastening the progress in supporting safety management.



When trying to address open research questions in the field of Digital Twins, another challenge comes from the multidisciplinary approaches needed to design and develop adequate safety management measures. With technological improvements and the spread of blockchain, the scientific gap related to the integration of data for small IoT systems, as well as large heterogeneous systems, including human interaction, should be filled.





5. Conclusions


The Digital Twin technology is an emerging topic that has captured the attention of researchers in recent years. It is also becoming popular amongst managers and practitioners, thus demonstrating that it is one of the most fertile and contributing fields in the areas of engineering and computer science research.



This review further contributes to DT research in terms of unfolding the evolving literature in terms various themes and trends, hence putting forth the status of scholarly work since its inception in 2003. However, some gaps in the research on the intersection between the DT and safety research fields have been identified, and recent research efforts were addressed.



With the intention of thoroughly reviewing the existing literature, this study provides valuable insights into DTs and safety. Such concepts have an ever-increasing importance in day-to-day management decisions. The scholarly work reveals the still scarce implementation of DT technologies across industry, and specifically for safety management purposes. This study represents a wake-up call for decision makers and other stakeholders who should undertake paths towards improvements enabled by DT technologies and, ultimately, safety in its complex definition. There is a large scope of contributions to theoretical development, methodologies, and new applications. DT technology is an issue with vast implications for safety management, and its development can guide the way to competitive and stable industries.
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Figure 1. The timeline of the evolution of the definition of a Digital Twin (DT). 
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Figure 2. Digital Twin concept. 
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Figure 3. Methodological framework. 
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Figure 4. Publications in the DT research field by document type. 
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Figure 5. Annual publication trend of 3301 documents retrieved from Scopus for the DT research field in the period 2003–2021. 
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Figure 6. Map of affiliated countries publishing on DTs. 
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Figure 7. Network visualization of the DT research field. 
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Figure 8. Overlay visualization of the DT research field. 
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Figure 9. Publications in the intersection of the DT and safety research fields by document type. 






Figure 9. Publications in the intersection of the DT and safety research fields by document type.



[image: Applsci 11 02767 g009]







[image: Applsci 11 02767 g010 550] 





Figure 10. Annual publication trend of 3301 documents retrieved from Scopus for the intersection between the DT and safety research fields in the period 2003–2021. 
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Figure 11. Map of affiliated countries publishing in the intersection of the DT and safety research fields. 
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Figure 12. Network visualization of the intersection of the DT and safety research fields. 
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Figure 13. Overlay visualization of the intersection of the DT and safety research fields. 
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Table 1. Top ten affiliated countries publishing on DTs.
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	Country
	Number of Documents





	Germany
	492



	United States
	477



	China
	434



	United Kingdom
	241



	Russian Federation
	205



	Italy
	164



	France
	144



	India
	116



	Spain
	95



	South Korea
	89
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Table 2. Top ten most frequent index keywords in the DT research field.
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	Keyword
	Frequency





	Digital twin
	1404



	Life cycle
	333



	Manufacture
	325



	Embedded systems
	248



	Internet of things
	206



	Industry 4.0
	200



	Decision making
	179



	Cyber–physical system
	169



	Virtual reality
	153



	Digital storage
	151
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Table 3. Top ten affiliated countries publishing in the intersection of the DT and safety research fields.
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	Country
	Number of Documents





	United States
	40



	Germany
	25



	China
	21



	United Kingdom
	16



	Italy
	13



	Russian Federation
	10



	Austria
	9



	Sweden
	8



	India
	7



	Norway
	6
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Table 4. Top ten most frequent index keywords in intersection of the DT and safety research fields.
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	Keyword
	Frequency





	Digital twin
	93



	Life cycle
	32



	Safety engineering
	21



	Accident prevention
	19



	Virtual reality
	19



	Internet of Things
	17



	Embedded systems
	17



	Manufacture
	16



	Offshore oil well production
	12



	Offshore technology
	10
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
h 4

Communication layer

y

Digital world

Data
processing

Physical world

Data
acquisition

A

A

Information sharing






media/file18.png
Bl Conference Paper
B Article

B Conference Review
B Review

B Book Chapter





media/file21.jpg





media/file26.png
mor'ring architeg;,al design

/
gaS| ry AN I
{' informationggmanagement
) . battery mana nt systems
\ . - | A

P 4
offshore n0|ogy

» 1

» .‘~ A
to thmgs sality. lithium-ion batteries

£ ol - a
offshore oil produc } . 4
- | \ y

-

condition

."{ 4

ins;‘i/on \k ) gl , % >a§tlﬁc| 2l iggelligence

H N
deter‘atlon dig;tal.evg,g,es 2

mtelllge.systems A N i/

er}tye

e %S
shipb ding
./ shies
.ﬂeet o#ations
machn}‘/ rn*
airggaft

2018.0 2018.5 2019.0 20195

2020.0





media/file3.jpg
/—~ Communication layer -~

Physical world Digital world

(Ol
Data & Data
=
acquisition — processing
¥

————1 Information sharing «———






media/file22.png





media/file19.jpg
\
°“"“°'““l-. -ll||.

$$§§@§$$§$$ﬁ$$@&$$“





media/file7.jpg
33%

%

3%

1%

2%

57%

8 Conference Pape

B Article
B Conference R
BBook Chapter
BReview

®|Others





media/file10.png
1400

1279

1200

852
355

o7 33 39 350 37
mm mm W B

41
=

1000
800
600
400
200






media/file14.png
raackiirihg

computer cgfjtrol systems

®  machigi tools ®Mire igegycies @

welding digital im
" o’ Oa¥vS¢ n.vércnnt fatigue of materials
prEoce antrol . d D . .“ﬂes . >
manufactdging se ' T J - 'mag g
. Stems : ite .e’n method @
e -
-
] y ‘_“ ,’ . ".t 3 ;
. -%:s;* U o ¥ Po GO
industiyd0 & e GNPt ® mulation” diffragtion
@ @, J O % gitaldevices ut hi
arczi*tus ,‘ strial int 4 fthings® % . ® PO ‘
intego '

® )
i anc®® @yPtagraphy 2
- @ @ ®emotesensi
- ® @9 - &nsmg ‘ateermetry
product life ‘S:Pf.ldmg Sur.Qu.ng‘





media/file11.jpg





media/file6.png
[ Bibliometricanalyses ]

[ Digital twinresearchfield |

Publication trend:

— =  Document type Bibliometrix
g =  Trend in time package within R
o = Affiliated countries

Themes:

= Keyword frequency
8 = Keyword ranking VOSviewer
(=4 =  Co-occurrence analysis

= Clustering

[ Intersection between DT and safety research fields |

Publication trend: f [ Content analysis ]\

- =  Document type Bibliometrix
o] = Trend in time package withinR
= = Affiliated countries [ Intersection between DT and safety research fields ]
Themes:
»  Keyword frequency Cluster content analysis:
. K d ranki . *  Recentpapers’ content analysis RQ3
eyword ranking VOSviewer . G Ivsi
o =  Co-occurrence analysis ap analysis

= Clustering K /






media/file15.jpg
e
i SR @
¢ o






nav.xhtml


  applsci-11-02767


  
    		
      applsci-11-02767
    


  




  





media/file16.png
machining
computer coptrol systems
mach‘ tools “entire lifegycles
- .indt’" ots &

welding digital ima;

184 dliO (“ .rs c
» ® @ & n.vur e g fatigue ofimaterials
'.} [ ‘!d D l'. ‘.a"llnes : “lh st
manufacturing se PrOC PR - % = - imag alysis
* 5 © , i - dinite .e"\t method @
¢ - . \: . ' & 3 ® -
tories o gedetection
« : . "' ® > invege'oblems
in . y 4.0 ‘. o T ' ?mu‘o' diffragtion
¢ o~ r ( - \
arc? .:tur in M, putaler I‘

av ' i e ‘ fshore ¢ , ro&lw

Itel'atIV

int DIl : 2 e »
W “ % e : . ’”tlorﬂ . scwg ‘na&
digita.at’on. f 4“ g o .‘ b anca’ Eryptagraphy .‘ -
- ‘ ‘ ° | ..’ @ ‘remotggensing - t‘.oﬁ
Broduct life c ‘ gnt ° .S:D el SUergge gy spatighligh@modulators

2015 2016 2017 2018 2019 2020





media/file2.png
DT concept appeared
First aerospace missions

DT concept theorization
University of Michigan,
Grieves

2003

DT first definition

NASA,
Shafto et al.

DT concept consolidation

New definition are
widespread

2021





media/file20.png
100

90

80

70

51

60
50
40
30 16
20 9
10 622 26
o 1 1T o o o 1 o0 o 1
PFFPFLFODL LSNP oS
R U SR N N S S M M U U M M NI





media/file23.jpg





media/file5.jpg





media/file24.png
mOWﬂng architect@pal design

gas ?é{y—

; B\ k. ’ \ G
\ : / N mfgrrn'atlo Wpanagement ,
offshoreec! n‘6logy 1% ‘ ; v : battery mana; nt systems
‘ - 117 % — ~

b, s
d reality lithiu ,nl ) batteries
! ” e

- ¢\

IR\ A cyberp'%a"sys
Jeetp ations N\ W, '
A\ human-roba.ollaboration
' machinelearning
aireaft





media/file1.jpg
a mim defiiton
DT concept appeared oot






media/file25.jpg
a0 ies o s 20





media/file12.png





media/file9.jpg
1400
1279

1200
1000 w2
500
60
255
10
20
3 2 0y oy N W l I
U--------I-Il
&'i‘

FELFLSSF LT 5





media/file0.png





media/file8.png
Bl Conference Paper
M Article

@ Conference Review
B Book Chapter

B Review

B Others





media/file17.jpg





