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Abstract

:

During the last decade, different concepts, methodologies, and technologies have appeared, evolving industry toward what we know today as the fourth industrial evolution or Industry 4.0 (I4.0) and Advanced Manufacturing (AM). Based on both, Supply Chain (SC) is presented as the relevant process that sets the sustainability of manufacturing and, therefore, is defined as a key term in a sustainable approach to I4.0. However, there are no studies that analyze the evolution of science in the fields of I4.0 and AM together. In order to fill this gap, the aim of this research work is to analyze the tendencies of science research related to I4.0 and AM by conducting a bibliometric and network analysis and also to generate a new contribution through the analysis of scientific trends related to SC and Sustainable Supply Chain (SSC) within this scientific context, for the time span 2010–2019. The results show that the number of publications is growing exponentially and the most active countries are Germany and the U.S., with Rheinisch-Westfälische Technische Hochschule (RWTH) Aachen University being the most productive organization and Tecnologico de Monterrey the most collaborative. The analysis of the scientific terms allows us to conclude that the research field is in a growth phase, generating up to almost 4500 new terms in 2019.
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1. Introduction


The term I4.0 refers to the fourth industrial revolution [1], a consequence of the first three previous industrial revolutions, which lasted almost 200 years, with the presence and use or implementation of the I4.0 concept now being a reality in different industrial and business environments [2].



As a prelude to I4.0, a new manufacturing model, called Advanced Manufacturing (AM), appeared in production processes during the third industrial revolution which, through creative ideas and technological processes, created innovative products [3]. This new model began to gain more strength in the scientific field from the mid-1990s [4,5], in order to respond to production volumes and increased personalized demands [6], consequently generating various Advanced Manufacturing Technologies (AMT) or Advanced Manufacturing Systems (AMS) [7].



Despite the constant evolution of AM, which is more focused on physical manufacturing technology [8], due to the needs and changes in manufacturing processes and business models, the term I4.0 was born [9] in 2011, coined by the German government and focused on the analysis of data obtained through various automated and interconnected systems, designed to be of great help in decision-making processes and representing the main difference between the terms Industry 3.0 (I3.0) and I4.0 [10]. This implementation of interconnected automated systems results in real-time communication between products, equipment, and people; achieving increased productivity, flexibility, production speed, and mass customization; resulting in higher quality and productivity for companies [11]. In recent years, both I4.0 and AM, thanks to their technologies, have continued to evolve in search of production systems with which to reduce production costs and gain flexibility and productivity, while overcoming the various challenges arising from industrial globalization, customization, or product life cycle, among others [12], both being methodologies (I4.0 and AM) that improve innovation [13].



Regarding the technologies derived from this fourth industrial revolution, many industries have opted for them, but the fact that I4.0 supports the exchange of information and the integration of Supply Chain (SC), along with the synchronization of production with suppliers in order to shorten delivery times and reduce information desynchronization or distortions [14], has brought both manufacturing and logistics industries to the forefront in adopting or incorporating these new technologies [15]. Consequently, the automated processes and digitization derived from I4.0 have generated various impacts on both SC and, subsequently, the Supply Chain Management (SCM) structure [16]. Ojo et al. [17] defines SC as “a network of organizations responsible for the production and distribution of products from conception to the final consumer”. SCM is the integration and incorporation of all activities generated by the SC, improving relationships along the SC, thereby achieving a sustainable competitive advantage [18]. Therefore, the achievement of sustainable competitive advantages leads to a Sustainable Supply Chain (SSC), focusing on the improvement of environmental, social, and economic benefits [19], commonly referred to using a term that encompasses these three aspects: Triple Bottom Line (TBL) [20].



In view of the following, it is important to emphasize that achieving sustainability in any manufacturing company begins with SCM, and that sustainability is only achievable if it is properly managed [21], and for this purpose, the different technologies belonging to I4.0 technologies (Cyber–Physical Systems (CPS), Big Data (BD), Cloud Computing (CC), Industrial Internet of Things (IIoT)) play a very important role, under cyber security guidelines, as highlighted by several authors [22,23].



There are different analysis methods that allow us to identify the scientific evolution fundamental to an understanding of each concept of bibliometric analysis [24]. Therefore, Table 1 presents the main techniques used related to the science behind the measurement and analysis of the pros and cons of the different methods.



Once the pros and cons have been analyzed, the most appropriate way to define and quantify the academic performance of the defined field of research is through a bibliometric analysis of the data obtained from a scientific database. In addition, the most appropriate technique to identify the main groups of collaboration or the main fields of research, both of a specific organization and in general, is the analysis of networks, which generates relevant information for the scientific community.



A bibliometric analysis is a well-established method used to measure publications in a particular area of scientific research [36], thus allowing us to better understand scientific research. In addition, it contributes to the inspection, organization, and analysis of vast amounts of data and identification of models, thus helping in the decision-making process [37]. According to Cobo et al. [38], the most outstanding and productive topics and areas, as well as the subfields with the greatest impact, can be detected through such analyses. Moreover it is considered a tool for assessing the academic quality, productivity, and influence of a topic or area [39]. Therefore, in order to delve deeper into the different terms of I4.0 and AM, we conducted a bibliometric analysis to identify scientific research tendencies, noting that there is no bibliometric analysis that covers the joint fields of I4.0 and AM, and to analyze the scientific behavior of the SC in this context. Only a few bibliometric analyses are observed, which study the terms referring to I4.0 and AM separately. Muhuri et al. [40] performed a bibliometric analysis along with a detailed overview of I4.0 between 2012 and 2017, which is very similar in terms of date range to the analysis performed by Cobo et al. [41], whereas Mariani et al. [42] carried out a bibliometric analysis between 2011 and 2018 with reference to I4.0, focusing exclusively on the areas of business, management, and accounting, decision sciences, economics, econometrics and finance, and social sciences. More recently, Kipper et al. [43] conducted a bibliometric study between 2011 and 2018 of the term I4.0 using bibliometric software. Regarding sustainability, Sierra-Henao et al. [24] presented a bibliometric analysis on sustainability and I4.0. In contrast, in relation to AM, Dezhina et al. [44] carried out a study based on bibliometrics and AMT patenting between the 1990s and 2014 in Russia.



Science mapping, also known as bibliometric mapping, is an important research topic within the field of bibliometrics [45,46]. Science mapping is generated through different and varied techniques such as quotation analysis, bibliographic coupling, or keyword co-occurrence analysis, among others, making it possible to measure or quantify and visualize the progress of the field or area to be investigated [47], thus generating knowledge through analysis of the data. Among the various methods available for science mapping is network analysis: defining networks as a set of entities that are linked by a set of connections, with the entities being defined as nodes and the connections as links, which can represent different types of unions or connections [48,49]. As well as bibliometric analysis related to I4.0 and AM, there are no studies based on network analysis related to those research areas; nonetheless, there are studies relative to mapping I4.0, such as Chiarello et al. [50] analyzing I4.0 technologies and Yildiz [51], which analyzed the I4.0 concept.



The research fields related to I4.0 and AM cover a wide technological environment in which it is important to see the scientific paths that these associated technologies are developing. For this purpose, the techniques of bibliometric data analysis allow scientific development to be researched, identifying the academic performance (trends, authors, countries, and organizations), research topics, and collaboration networks, among others, that are leading science. There are different techniques to achieve this goal (see Table 1), but it is important to choose the right one to reach the proposed objective. In addition, a review of the literature has allowed us to conclude that there are no bibliometric analyses that cover both research topics, motivating us to opt for an analysis of the scientific trends that allow us to clarify the behavior of both fields of knowledge, sometimes not very distinguished, which complicates the definition of the search that is going to be carried out.



Therefore, the objectives of this article are, on the one hand, to carry out a bibliometric analysis and a network analysis in order to ascertain a scientific profile of I4.0 and AM in order to identify the academic performance and the main research fields; and, on the other hand, at the same time, to analyze the research field related to SSC and SC framed within I4.0 and AM in order to identify and analyze the most relevant research fields associated with SSC/SC and which organizations work in the fields. Accordingly, synergies and new lines of research will be created within the scientific community with other research groups, both national and international, to produce a competitive advantage while continuing to advance throughout the I4.0-related technological environment.




2. Methodology


The objectives of the research work are achieved through the following three phases: The first is based on retrieving data in order to generate a database of scientific publications related to I4.0 and AM. Several studies state that the use of different databases (Scopus, Web of Science (WoS), and Google Scholar (GS)) produces better results. However, GS presents as many citations as Scopus and WoS, and those citations that differ or are unique have less scientific impact than those of Scopus and WoS [52,53]. Furthermore, these two databases are complementary to each other, but in this case, Scopus presents more records than WoS, which is why it has been chosen. That said, for this reason, Scopus database is used, as it is one of the largest databases of abstracts and citations in peer-reviewed literature (75 million documents indexed) [54].



The allocation was accomplished by creating and iteratively testing different queries, composed of different terms for gathering data from the database’s scientific documents. With the aim of building the main query terminology, the particular terms that occur in previous AM- and I4.0-related work were established. In the search strategy, it is very important to define the search query and find a balance between recall and precision [55]. In this case, the research field can cover different approaches, and therefore, the query was built using “Advanced manufacturing or Industry 4.0” and both, as the case may be, combined with “technology or systems or overview or key” as keywords (groups Author Keywords and Index Terms derived from Elsevier’s thesauri), in order to obtain a precise query with a greater recall (see Figure 1). The data collection time span was set between 2010 and 2019. The main query used in Scopus retrieved a total of 6571 publications.



The second step is the cleaning up of retrieved data, using text mining tools. For this, VantagePoint (VP) software [56] was used, a text-mining software that helps us to clean up the data and then analyze it through a combination of statistics. This software includes data cleaning tools based on fuzzy matching techniques or thesaurus, and furthermore, it incorporates techniques for analyzing data, such as co-occurrences matrix, Social Network Analysis (SNA), natural language programming, etc.



The third step is the generation of the scientific research profile, through which the publication trends, academic performance, and research topics are described. In order to improve and deepen the analysis of scientific trends, based on the co-occurrence matrices created in VP, a network analysis was carried out. The networks allow us to visualize and identify the collaborative networks between countries, organizations, the most relevant research fields in general or of a specific organization or the organizations related to a specific research area, among others. The networks were generated and visualized through Gephi software [57]. In addition, Microsoft Power BI software [58] was used to map and thus represent other results of the analysis carried out using VP.




3. Results


3.1. Scientific Performance Profile


3.1.1. General Trends of Publications


As shown in Figure 2, there has been a marked increase in the number of published documents over the last 10 years, which shows the great interest generated in the academic world, the most published types of documents being conference papers and articles. During the period from 2010 to 2014, the increase in the number of publications was gradual, and even a slight decrease occurred during 2012. However, from 2015 onward, the increase has been exponential, almost doubling year after year. Thus, the scientific and research community (and companies) is paying greater attention to the technological area as regards I4.0 and AM.




3.1.2. Academic Performance: Country, Organizations, and Authors


As far as academic performance is concerned, the most productive countries, organizations, and authors in the field of study were analyzed. Regarding countries, the most productive countries were Germany (896 publications), followed by the United States (U.S.) (798), China (682), and Italy (636), as shown in Figure 3. It should be noted that the U.S. and China have produced consistently over the last ten years; however, in 2014 Russia (ranked #7) started to publish the results of its research on AM and I4.0.



In order to identify the main collaborative networks between countries, a network analysis was done. The size of the node indicates the number of collaborations, and as shown in Figure 4, the most collaborative countries are located in the core of the network and are U.S., China, United Kingdom (U.K.), Germany, and Italy. In addition, we also found other countries such as Australia (ranked #10), Mexico (ranked #12), India (ranked #13), Malaysia (ranked #16), and Canada (ranked #18), which present an important level of collaboration. Therefore, in the field of research, the collaborations are located in what is known as the tri-polar world (America, Europe, Asia-Pacific), positioning the scientific powerhouse countries in the central zone of the network, surrounded by emerging countries.



In order to quantify these levels of collaboration, Table 2 indicates the weighted degrees of the different countries, making it possible to quantify the number of collaborations of the different countries (the size of the node in Figure 4). Emphasizing that the most productive countries are the most collaborative.



In terms of organizations, the most productive organizations between 2010 and 2019 were the Rheinisch-Westfälische Technische Hochschule (RWTH) Aachen University (Germany) with 72 publications, followed by Università degli Studi di Brescia (Italy) with 53 publications, and Saint Petersburg National Research University of Information Technologies, Mechanics, and Optics University (ITMO) (Russia) with 52 publications, as shown in Table 3. However, it should be noted that the publications of Stuttgart University (ranked #6) have an average of three times more citations than those of first-ranked RWTH Aachen University, which indicates the influence that the research carried out by this organization has on the rest of the scientific community. Finally, within the Top 10, there is a majority presence of European organizations, differentiating the organizations from Russia and two American countries (Brazil and Mexico) within this ranking as non-European organizations and emphasizing the influence of the publications of the Tecnológico de Monterrey.



The following network of organizations (Figure 5) reflects the most collaborative organizations. The University of Monterrey, despite being the tenth (ranked #10) most productive organization, is the university that produces the most articles in collaboration. Similarly, the University of Naples Federico II is active and very collaborative. In addition, the high degree of collaboration with other organizations of the University of Pennsylvania in its research work is interesting. Furthermore, South China University of Technology, Beihang University, Shanghai Jiao Tong University, and Plekhanov Russian University of Economics are very active organizations in terms of collaboration.



In regard to the organizations, Table 4 shows the degrees of collaboration between the different organizations, thus quantifying the different nodes of organizations represented in Figure 5.



Regarding authors, the first three authors with the highest number of publications (Zakoldaev, Danil A.; Zharinov, Igor Olegovich; and Shukalov, Anatoly Vladimirovich), belong to ITMO University.



Despite this, their “average citations per publication” is one of the lowest in the top 10, which means that their scope or repercussion on other works and/or authors is much lower than that of Wuest, Thorsten (ranked #7); Mourtzis, Dimitris (ranked #10); or Ferrari, Paolo (ranked #8), who are more influential in this field of study.



Figure 6 shows the geographical location of the different authors observed in Table 5. The greater the concentration of authors in that geographical area, the greater the diameter of the node that represents them, with Russia being the country with the most authors in the top 10 but, as mentioned previously, with less impact. In fact, within the top 5, the author with the highest average citations per publication is located in the U.S., and the remaining four authors are located in Europe.




3.1.3. Sources and Subject Area Classification


The different sources with more documents related to I4.0 and AM were identified. As shown in Figure 7, the number of documents published by the top 10 sources is about the 19.7% of the publications on this subject. For example, the journal Procedia Computer Science (ranked #1) monopolizes 3.3% of the documents published. Of the total of documents, 58.3% are published in conference proceedings and 34.3% in journals, with the remaining percentage being published in book chapters, reviews, etc. It is worth noting the importance of Procedia in the number of documents published. Procedia (Procedia Computer Science, CIRP (see footer of Figure 7), Manufacturing …) is an open source series published by Elsevier that has the purpose of publishing proposed conference proceedings. Therefore, conferences become the most important source of dissemination of scientific research related to I4.0 and AM.



Regarding the subject area of publications based on the categorization performed by the Scopus database, the most represented areas are engineering with 30% of the publications, followed by computer science with 24% and mathematics with 7%.




3.1.4. Research Topics


Keywords are the core of knowledge in academic studies; therefore, through the analysis of keywords we can observe and identify the fields of research in development, as well as the main research topics in I4.0 and AM. In this research, 13,657 author keywords were extracted from 6571 documents, and after an exhaustive cleaning and debugging process using VP software, these were reduced to 11,530. The analysis of the number of keywords or terms that are defined in scientific research based on the first time or first year that the term appears in the dataset studied, allows us to ascertain the level of maturity of the research term. Therefore, as shown in Figure 8, two different stages can be identified: an initial period between 2010 and 2014, in which the new terms or keywords defined each year grow slowly, and a growth period between 2015 and 2019, in which the generation of new research areas grows exponentially.



In addition, as shown in Figure 9, the network of author’s keywords that co-occur at least fifty times was plotted using Gephi, based on the matrix of co-occurrences. In the network, three clusters are identified, highlighting the main cluster (purple), which groups the largest number of terms linked to I4.0. The terms with the highest number of co-occurrences are: Internet of Things (IoT), CPS, BD, Smart Manufacturing (SM), IIoT, Smart Factory (SF), digitalization, CC, and SC. The second most important cluster (green) groups the terms related to AM, such as, additive manufacturing, Rapid Prototyping (RP), Analytic Hierarchic Process (AHP), design, and optimization. Moreover, the third (blue) groups terms related to Machine Learning (ML), such as Deep Learning (DL) and Neural Networks (NN).



Regarding the quantification of the degree of co-occurrence of keywords, Table 6 shows the weighted degree of the main terms of the three clusters together with the degree of collaboration of the main terms of the clusters. Highlighting the high degree of co-occurrence of the cluster relative to I4.0.



Furthermore, taking into account that the University of Stuttgart has been identified as the most influential of the top 10, a network analysis based on the co-occurrence matrix has been carried out to identify the University of Stuttgart’s main research topics (see Figure 10). The main research topics refer to I4.0, CPS, digitalization, manufacturing, data analytics, process optimization, IoT, SM, IIoT, Cloud Manufacturing (CMfg), data mining, production systems, and Petri nets, among others.



The different nodes or research topics of the network do not present a great difference in size, except in the case of I4.0, as indicated by the weighted degree of the main terms represented in Table 7.





3.2. What about the Sustainable Supply Chain?


In order to analyze the academic–scientific behavior of SC or SSC in the scientific environment of I4.0 and AM, we have analyzed, on the one hand, the evolution of these terms (and others related to them) based on the first year that these terms appear in the scientific research. On the other hand, based on a network analysis, the research topics that co-occur in this area of research have been identified, and in addition, both the organizations and countries that research in the area have been identified.



Regarding terms or keywords, the first year in which the terms associated with SC appeared has been identified. As is shown in Table 8, the terms associated with SC have evolved over the last ten years, with the recent appearance (2018) of the sustainable and SC research model as the keyword “Sustainable Supply Chain”. Please note that the first reference in our SC dataset is from 2011; however, it may be earlier since a limitation of the study is that not all publications have been considered, only those published in the last ten years.



The recent definition of SSC as a research topic may be due to time constraints, as it is not a term that co-occurs a lot with other research topics, and this is what the author’s keyword co-occurrence matrix tells us (see Figure 9). Therefore, as shown in Figure 11, based on the network analysis the terms most influential to ““Supply Chain” are identified: sustainability, Logistic 4.0, digitalization, data mining, optimization, simulation, Decision Support Systems (DSS), process control, among others.



With regard to the countries and organizations that research SC and SSC, the network analysis has made it possible to identify these (see Figure 12). The SC research field has a broad background and, therefore, its scientific development is located in America, Asia, Africa, and Europe, highlighting countries such as U.S., China, Germany, Spain, Italy, India, Indonesia, Brazil, and South Africa. However, the SSC research field has a more limited expansion, due to its brief time in scientific development (see Table 8). Nonetheless, its research is carried out in countries such as U.S., India, Spain, Iran, Lithuania, South Africa, Denmark, China, U.K., Brazil, among others.



In order to identify the organizations that research in the area of SC and SSC, a network was created based on the matrix of co-occurrences of terms and organizations, most notably VIT University (Vellore Institute of Technology) of India for its research in both areas (see Figure 13). In addition, the field of SC research has a strong presence in the following organizations: Universidade do Minho, University of Bozen-Bolzano, Berlin School of Economics and Law, Chulalongkom University, and St. Petersburg Institute for Informatics and Automation of the RAS (SPIIRAS). In turn, research related to SSC is also present in University of Sevilla, Columbia University, Beijing University of Technology, and Copenhagen Center for IoT Economy, among others.





4. Discussion


The analysis of the scientific profile adopted by I4.0 and AM shows an exponential growth of the number of publications in recent years. In addition, the study of the number of terms or research topics that appear for the first time in the time span of the dataset allows us to estimate the level of technological growth [59], concluding that the scientific field related to I4.0 and AM is in a period of growth, generating up to almost 4500 new terms in the year 2019.



According to academic performance, the most productive countries are also the most collaborative countries, creating international synergies in scientific development that are capable of uniting the four continents. The significant presence of European countries among the top 10 is worth mentioning, with emerging scientific countries beginning to occupy central positions, moving gradually toward the nucleus of the collaboration network, and the science powerhouses being located in the central positions [60]. In the case of SC or SSC research topics in the context of I4.0 and AM, the countries and organizations that develop their scientific research are located in America, Europe, Asia, and Africa and research at a very similar level, highlighting the University of Minho (Portugal) and the University of Bozen-Bolzano (Italy) as the most active, and VIT University (India) that researches both research topics.



With respect to collaborations in the spatial patterns, regarding organizations, RWTH Aachen University in Germany (the birthplace of I4.0), is the one with the highest number of publications. Nonetheless, the University of Stuttgart and Tecnologico de Monterrey should be highlighted as the organizations with the greatest scientific impact, having the highest average citations per publication despite not being among the top 5 organizations with the most publications. However, Tecnologico de Monterrey (Mexico), together with the University of Naples Federico II (Italy) are the most collaborative organizations. This allows us to determine the capacity of relation, diffusion, or scientific–technological transfer of these organizations, noting that greater collaboration and linkage (over time) between organizations contributes to above-average productivity along with greater impact on the citation impact of individual (non-collaborative) publications, resulting in additional visibility and therefore greater dissemination [61].



With respect to authors, the three authors with the greatest number of publications belong to the same institution, ITMO University (Russia), forming a research group, but the impact of those publications is low. Nevertheless, Thorsten Wuest, from West Virginia University (U.S.), stands out in terms of research impact; with an average citations per publication more than double that of the second most influential author.



In terms of publication subject area, the most represented and notable areas are engineering with 30% of publications, followed by computer science with 24%. This is not surprising, since both connectivity and digitalization, which is mainly associated with I4.0, are mainly found in industrial manufacturing sectors [62], which involve continuous engineering work and computer knowledge. In addition, the main source of publication is conference proceedings.



The network analysis of the research topics allows us to conclude that there are two main research areas grouped in two clusters, the main cluster being the one formed by the I4.0 field, in which the SC- and SSC-related topics are grouped, besides other research areas such as CPS, digitalization, manufacturing, data analytics, process optimization, IoT, SM, IIoT, CMfg, data mining, etc. The cluster related to AM group terms include additive manufacturing and RP and AHP. Comparing these topics with the works produced by other authors such as Da Silva et al. [63] and Cimini et al. [64], we can see that the topics observed in the network effectively coincide with the technological bases that the different authors use as a foundation in the process of technological and digital transformation of SC directed toward I4.0 through their technologies. Therefore, despite the fact that I4.0 and AM present the same approach to increase competitiveness in different production systems, it can be concluded that, as far as scientific development is concerned, the research fields linked to them are clearly differentiated.



In reference to SSC, as it is a relatively new term (first year 2018) in comparison with the term SC (2011), the transformation of SC into a sustainable one requires a series of decisions to be taken, accompanied by correct Sustainable Supply Chain Management (SSCM) [65], which includes environmental, social, and economic issues in order to be sustainable. Considering the adoption of these issues as a win–win situation, together with the various environmental improvements to reduce waste, resource use, and inefficiency, along with interest from governments [66], we note that the field of SSC is a very important and almost an obligatory area to work on, and will therefore open the way to future research, much of which is linked to the technologies derived from I4.0, which today, as we have seen in this study, serve as a basis for the search for sustainability in SC.



Finally, in order to clarify the academic–scientific contribution of this research work, Table 9 presents all research work that has been carried out via a bibliometric analysis related to I4.0.



Therefore, in addition to covering the gap indicated at the beginning of this work, through our study and analysis we are providing the scientific community new ways of collaboration, both in terms of I4.0 and AM, by representing and indicating the most collaborative and outstanding countries and institutions, determining their capacity for dissemination and relationship. Likewise, we are contributing to the identification of the scientific trends of SSC and SC, especially within the scientific context referring to I4.0 and its technologies, also identifying the countries and institutions that research more in this area, opening the way to future research and collaboration in search of greater sustainability within the manufacturing sector.




5. Conclusions


The research carried out in this paper allows us to conclude that the scientific research related to I4.0 and AM is growing exponentially, and the main active countries are Germany, U.S., and China. In addition, the scientific publications are developed collaboratively all over the world (Europe, America, and Asia-Pacific), the scientific powerhouses being the core or central part of the network, and in turn, the most collaborative. As far as organizations are concerned, RWTH Aachen University is the most productive organization; however, the articles by the University of Stuttgart and Tecnologico de Monterrey have a significant influence on scientific production, Tecnologico de Monterrey being the most collaborative organization. In terms of research topics, the network of one of the most influential universities allows us to define several main research fields relating to I4.0 technologies: CPS, digitalization, manufacturing, data analytics, process optimization, IoT, SM, among others.



Therefore, it can be concluded that this is a very active field of research, opening the way to new investigations that make it possible to further the transfer of the knowledge generated (as co-citation analysis), in order to facilitate and promote new research to the scientific community.



Due to the environmental, social, and economic improvements brought about by SSC, together with government pressure and customer demands concerning environmental matters, SSC will be a target for continuous research. Therefore, the use of technologies that have emerged from I4.0 and AM, primarily I4.0, will be essential, in fact there are already a few articles linking I4.0 with sustainability through the circular economy, with terms such as Green Supply Chain Management (GSCM) coming to fore.



Finally, Figure 14 presents the science map for I4.0 and AM, in which the bibliometric and network analysis carried out are shown (Figure 15, Figure 16, Figure 17, Figure 18 and Figure 19 represent a zoom of the different parts of the “Science map for I4.0 and AM”).
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Figure 1. Scheme Followed in Defining the Search Query. *: wildcard character with which to represent and cover any other term, within our area of study, through the different existing possibilities of the character * onwards. 
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Figure 2. No. of Document Types and Total per Year. 
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Figure 3. Publication Evolution by Top Countries per Year. 
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Figure 4. Country Collaboration Network. 
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Figure 5. Network of Collaboration between Organizations. 
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Figure 6. Location of the Top 10 Authors. 
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Figure 7. Number of Publications according to Top Sources. IOP, Institute of Physics; CIRP, College International Pour la Recherche en Productique; IFIP, International Federation for Information Processing; SPIE, Society of Photographic Instrumentation Engineers; ACM, Association for Computing Machinery. 
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Figure 8. Number of New Author’s Keywords in Any Year Vs. The Number of Records for that Year. 
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Figure 9. Authors’ Keyword Co-Occurrences Network. 
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Figure 10. Author’s Keywords and University of Stuttgart Co-Occurrence Network. 
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Figure 11. Network of Terms that Co-Occur with Supply Chain. 
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Figure 12. SC and SSC and Country Co-Occurrence Network. 
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Figure 13. SC and SSC and Organization Co-Occurrence Network. 
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Figure 14. Science Map for I4.0 and AM. 
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Figure 15. Zoom of Part 1. 
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Figure 16. Zoom of Part 2. 
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Figure 17. Zoom of Part 3. 
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Figure 18. Zoom of Part 4. 
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Figure 19. Zoom of Part 5. 






Figure 19. Zoom of Part 5.



[image: Sustainability 12 07840 g019]







[image: Table] 





Table 1. Pros and cons of the different analysis methods.
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	Analysis Method
	Pros
	Cons
	Reference(s)





	Quotation analysis
	Consolidated method (applied since 1927), has extensive applications, and can be effectively applied in many areas through practice.

Useful to identify fundamental papers and authors.

Form the relationship between quotation and cited

scientific literature, being one of the basic elements of scientific literature.

It includes mathematical, logical, statistical, induction, comparison, generalization, and abstraction methods.
	Quotation is limited by many factors, such as language, publication time, and discipline.

Many types of literature sources are available for quotation statistics, such as review journals and other basic publications.
	[25,26]



	Bibliographic coupling
	Identifies hot research topics.

Possibility of capturing the initial stages of the evolution of a specialty, by helping researchers find related research conducted in the past.

Bibliographic coupling is independent of language and words.
	Some noise filtering required.

It does not simply clarify the study of changes in research fields over time.
	[27,28,29]



	Keyword co-occurrence analysis
	It represents the evolution of the research areas.

There is a variety of software with which to convert the data obtained into visual format (network format).

It helps to discover elements of revealing knowledge, along with the most frequent terms and perceptions that appear in the scientific literature thanks to the links between keywords and their patterns.
	Without data processing and post-processing to network format it is often complex to interpret.
	[30,31]



	Science Mapping/Network analysis
	It represents the body of scientific literature in a tangible way so that it can be worked on more effectively.

It provides an overview of the scientific landscape as well as the relationships between various “actors”.

It helps to reflect on the results.
	This is a complex field.

The results must be interpreted as they have no quantitative data.
	[32,33]



	Bibliometric analysis
	Tool that helps in the decision-making process.

It facilitates the analysis of trends in the analyzed areas.

It analyses data, which concerns the essence of scientific work.
	Databases may not cover all scientific work.

They are numerical data with very biased distributions requiring their evaluation by appropriate statistical methods.
	[34,35]
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Table 2. Quantification of Collaboration between Countries.
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	Number
	Country
	Weighted Degree 1





	1
	United States
	380



	2
	Germany
	306



	3
	China
	276



	4
	Italy
	257



	5
	United Kingdom
	256



	6
	France
	155



	7
	Spain
	133



	8
	Sweden
	126



	9
	Portugal
	109



	10
	Australia
	98



	11
	Brazil
	93



	12
	Mexico
	92



	13
	India
	90



	14
	Finland
	88



	15
	Austria
	87



	16
	Malaysia
	77



	17
	Switzerland
	73



	18
	Canada
	68



	19
	Poland
	65



	20
	Czech Republic
	60







1 The number of links for a node, weighted by the weight of each link.
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Table 3. The Most Active Organizations.
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	Publications
	Organization
	Country
	Average Citations per Publication





	72
	RWTH Aachen University
	Germany
	3.50



	53
	Universita degli Studi di Brescia
	Italy
	4.87



	52
	ITMO University
	Russia
	1.94



	50
	Politecnico di Milano
	Italy
	7.44



	50
	Universidade do Minho
	Portugal
	5.72



	50
	University of Stuttgart
	Germany
	11.22



	48
	Universita degli Studi di Napoli Federico II
	Italy
	5.73



	43
	Free University of Bozen-Bolzano
	Italy
	4.05



	43
	Universidade de Sao Paulo (USP)
	Brazil
	4.70



	42
	Tecnologico de Monterrey
	Mexico
	10.83







RWTH, Rheinisch-Westfälische Technische Hochschule; ITMO, Information Technologies, Mechanics, and Optics.
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Table 4. Quantification of Collaboration between Organizations.
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	Number
	Organization
	Weighted Degree 1





	1
	Tecnologico de Monterrey
	71



	2
	Universita degli Studi di Napoli Federico II
	70



	3
	Saint Petersburg National Research University of Information Technologies
	63



	4
	South China University of Technology
	57



	5
	Pennsylvania State University
	56



	6
	Universidade do Minho
	55



	7
	Beihang University
	53



	8
	Shanghai Jiao Tong University
	49



	9
	Plekhanov Russian University of Economics
	48



	10
	RWTH Aachen University
	47







1 The number of links for a node, weighted by the weight of each link.
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Table 5. The Most Active Authors.
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	Author
	Documents
	Institution
	Country
	Average Citations per Publication
	Subject Area





	Zakoldaev, Danil A.
	38
	ITMO University
	Russia
	1.68
	Engineering 23/Materials Science 23



	Zharinov, Igor Olegovich
	38
	ITMO University
	Russia
	1.68
	Engineering 23/Materials Science 23



	Shukalov, Anatoly Vladimirovich
	35
	ITMO University
	Russia
	1.80
	Engineering 22/Materials Science 22



	Rauch, Erwin
	31
	Free University of Bozen-Bolzano
	Italy
	5.06
	Engineering 28



	Matt, Dominik T.
	26
	Innovation Engineering Center (IEC)
	Italy
	3.88
	Engineering 21



	Rivera, Marco
	25
	Universidad de Talca
	Chile
	0.32
	Computer Science 25/Engineering 25



	Wuest, Thorsten
	25
	West Virginia University
	United States
	15.12
	Decision Sciences 15



	Ferrari, Paolo
	19
	Universita degli Studi di Brescia
	Italy
	7.16
	Engineering 16



	Gurjanov, Andrey Vladimirovich
	19
	Stock Company Experimental Design Bureau Electroavtomatika Named after P.A. Yefimov
	Russia
	2.47
	Engineering 11/Material Science 11



	Mourtzis, Dimitris
	17
	Panepistimion Patron
	Greece
	7.24
	Engineering 16
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Table 6. Quantification of the Network of Co-Occurrences.
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Main Term of the Cluster

	
Weighted Degree 1

	
Terms

	
Weighted Degree 1






	
I4.0 (cluster 1—purple)

	
11,348

	
IoT

	
2804




	
CPS

	
1877




	
BD

	
974




	
AM (cluster 2—green)

	
630

	
Additive Manufacturing

	
578




	
Optimization

	
224




	
RP

	
100




	
ML (cluster 3—blue)

	
399

	
DL

	
178




	
NN

	
98




	
Quality

	
75








1 The number of links for a node, weighted by the weight of each link. I4.0, Industry 4.0; AM, Advanced Manufacturing; IOT, Internet of Things; CPS, Cyber–Physical System; BD, Big Data; RP, Rapid Prototyping; DL, Deep Learning; NN, Neural Network.
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Table 7. Quantification of the Main Research Topics of the University of Stuttgart.
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	Terms
	Weighted Degree 1





	I4.0
	36



	CPS
	6



	Digitalization
	4



	Manufacturing
	4



	Data Analytics
	4



	Process optimization
	4



	IoT
	3



	SM
	3



	IIoT
	3



	CMfg
	3







1 The number of links for a node, weighted by the weight of each link. SM, Smart Manufacturing; IIoT, Industrial Internet of Things; CMfg, Cloud Manufacturing.
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Table 8. First Year that Terms or Keywords Related to “Supply Chain” Appear.
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	Year
	Term(s)





	2010
	Green Supply Chain (GSC)



	2011
	Supply Chain (SC)



	2012
	Supply Chain performance



	2013
	Responsive Supply Chain



	2014
	No terms *



	2015
	Supply Chain resilience

Lean Supply Chain Management

Agile Supply Chain

Supply Chain network



	2016
	Supply Chain integration

Global Supply Chains



	2017
	Supply Chain risk management

Supply Chain dynamics



	2018
	Sustainable Supply Chain (SSC)

Digital Supply Chain

Supply Chain coordination

Food Supply Chain

Smart Supply Chain



	2019
	Supply Chain engineering

Industry 4.0 Supply Chain

Supply Chain designSupply Chain Processes







* No term related to “supply chain” appears this year.
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Table 9. Research Studies Related to I4.0 Based on Bibliometric Analysis.
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	Reference No.
	Title
	Authors
	Results/General Objective
	Period Analyzed
	Database Used
	Software Used





	[40]
	Industry 4.0: A bibliometric analysis and detailed overview
	Muhuri, P.K.; Shukla, A.K.; Abraham, A.
	Bibliometric analysis for I4.0.

Articles, quotes, authors, journals, thematic areas, countries, and institutions are analyzed, deepening in the most influential works.
	2012–2017
	Scopus and WOS
	VOSViewer



	[41]
	Industry 4.0: A perspective based on bibliometric analysis
	Cobo, M.J.; Jürgens, B.; Herrero-Solana, V.; Martínez, M.A.; Herrera-Viedma, E.
	Bibliometric analysis with respect to I4.0.

It carries out a mapping analysis of conceptual science focusing on discovering the main research topics.
	2013–2017
	WOS
	SciMAT



	[42]
	Industry 4.0: A bibliometric review of its managerial intellectual structure and potential evolution in the service industries
	Mariani, M.; Borghi, M.
	Bibliometric analysis (keywords, publication trend, journals, and countries among others) and network analysis (identification of communities or clusters) in reference to the I4.0 in the domain of services, making a more comprehensive analysis to the term “service”, emphasizing the use of the bibliographic coupling method.
	2011–2018
	Scopus
	SciMAT and Python



	[43]
	Scopus scientific mapping production in industry

4.0 (2011–2018): a bibliometric analysis
	Kipper, L.M.; Furstenau, L.B.; Hoppe, D.; Frozza, R.; Iepsen, S.
	Bibliometric analysis referring to I4.0 extracting the most relevant information based on the co-occurrence frequency of the keywords.

The number of publications, authors, journals, thematic areas, and countries are analyzed, along with the creation of strategic diagrams and challenges of I4.0.
	2011–2018
	Scopus
	SciMAT



	[24]
	Sustainable Development Supported by Industry 4.0: A Bibliometric Analysis
	Sierra-Henao, A.; Muñoz-Villamizar, A.; Solano-Charris, E.; Santos, J.
	Bibliometric and network analysis of scientific works that relate and analyze sustainability and I4.0.

The trend of publications, co-occurrence of author keywords, most cited documents, authors, countries, subject areas, and institutions are analyzed.
	2002–2019 1
	Scopus
	VOSViewer



	[50]
	Extracting and mapping industry 4.0 technologies using Wikipedia
	Chiarello, F.; Trivelli, L.; Bonaccorsi, A.; Fantoni, G.
	I4.0 scientific mapping, focused on the development of a dictionary of enabling technologies for I4.0.

Trends of publications, subject areas, technical, and scientific articles, among others are analyzed, making a mapping and deep analysis regarding existing and emerging technologies (and their clusters) of I4.0.
	2012–2017
	Scopus and Wikipedia
	Gephi (with the Force Atlas algorithm)
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	Yıldız, T.
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1 Not defined in article. Obtained through the visualization of graphics in article.
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