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The manufacturing industry is a socio-technical system with high and medium-high technology, and companies
within these sectors aim to enhance their capabilities to maintain a competitive edge and ensure long-term
sustainability. Organizational performance plays a crucial role in the ecosystem, but performance outcomes may
not always align with continuous planning due to changes that can occur. Therefore, managing variability based
on the human factor, particularly in the manufacturing industry, which has a significant impact on the national
economy, is a top priority when developing solutions to address the challenges faced by these sectors. The
Functional Resonance Analysis Method (FRAM) is a safety analysis technique that aims to analyze variability that
causes deviations and well-performing situations. This study conducts a bibliometric analysis to provide insight
into studies that have benefited from FRAM in the manufacturing industry. The study found that 52% of published
works are journal articles, and Tarcisio Abreu Saurin and Eric Hollnagel are the most prominent authors in the
field. For researchers, the top three journals for publishing and citing are Safety Science, Reliability Engineering
& System Safety, and Ergonomics, respectively. Brazil, China, and Italy lead in the number of publications, with
a limited number coming from Turkey. To identify research gaps, it is suggested that researchers use keywords
such as FRAM, socio-technical systems, and resilience engineering. The results of this study are expected to
motivate future research that will support the long-term viability of Turkey manufacturing industry, particularly.
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1. Introduction

According to the NACE Rev.2 guide, manufacturing comprises 24 divisions [1]. While manufacturing
is considered a substantial alteration, renovation, or reconstruction of materials, the output of the
manufacturing process can either be ready for consumption or, in the form of semi-finished goods, serve
as input for further manufacturing. Additionally, the assembly of the component parts of manufactured
or purchased products is considered in manufacturing. Contemporary manufacturing systems are
classified into five groups: cellular manufacturing, computer-aided manufacturing, just-in-time
manufacturing, flexible manufacturing, and optimized manufacturing systems [2]. The manufacturing
industry plays a crucial role in the economic development of countries [3, 4]. The sectors within it are
known to possess high and medium-high levels of technology, which is a well-established fact [5].
Manufacturing companies typically prioritize investments in technology to maintain a competitive edge
and enhance productivity [6, 7]. Adapting to rapidly evolving technology and understanding the social
and technical components of the system, along with their functions, interactions, and potential threats,
are essential for maintaining the continuity of the current state [8, 9]. In previous studies, it has been
reported that occupational accidents affecting the safety and health of workers in the manufacturing
industry are prominent, ranking among the top issues in different sectors [10-13] Additionally,
occupational diseases in the manufacturing industry have been emphasized as significant [14]. The data
presented in Figure 1 indicates that the number of accidents per person employed in the manufacturing
industry in Turkey is roughly twice as high as the ratio observed in EU member countries. The need for
analyzing hazards in the manufacturing sector is unquestionably acknowledged.
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Figure 1: The percentage of employee and accidents for the manufacturing industry in Turkey and Europen
Union-27 countries [15, 16]

Safety analysis methods can be divided into two perspectives: Safety-1 and Safety-1l. Safety-1 is based
on the idea that identifying the causes of negative outcomes and reducing or eliminating their
occurrences will enhance safety, and all accidents can be prevented by avoiding unwanted events in this
way [17]. The notion that individual or collective human performance is always variable weakens the
belief that eliminating causes alone is sufficient for improving safety [17]. The Functional Resonance
Analysis Method (FRAM), proposed by Hollnagel [18], is a safety analysis method based on the Safety-
Il perspective. It assists in managing functions, interactions among them, and potential undesired effects
on complex socio-technical systems, contributing to the enhancement of system safety. FRAM also
provides reactive analysis, such as the examination of historical accident records [19, 20]. In FRAM, a
function is characterized by six aspects: input (1), output (O), preconditions (P), resources (R), time (T),
and control (C) [18]. The Figure 2 demonstrates an example Functional Resonance Analysis Method
(FRAM) for a system comprised of four functions. In this scenario, the Output of Function-1 serves as
the Control for Function-3, while the Output of Function-2 acts as the Input for Function-3. Lastly, the
Output of Function-4 represents the Resources required for Function-3.

OQutput-1

Qutput-2

Output-4

Figure 2: Example of FRAM model consist of four functions,

In a study carried out by Patriarca et al. [21], a thorough examination of the literature on FRAM was
conducted using the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA).

121



Ankara Science University, Researcher

Mutlu, 2024

The results revealed that the top three sectors where FRAM applications are most prevalent are Aviation,
Healthcare, and Industrial Operations. Among the literature reviews focusing on FRAM applications,
there are studies such as those by McGill et al. [22] on FRAM applications in healthcare and Salehi et
al. [23] on modeling complex socio-technical systems using FRAM. It is worth noting that no specific
research has been conducted to investigate FRAM applications in the manufacturing industry.
Therefore, this study aims to provide a quantitative overview of FRAM studies in the manufacturing
industry through numerical indicators, providing researchers with a comprehensive perspective.

2. Method and Material

This research aims to provide a comprehensive perspective, supported by quantitative data, on the
literature regarding the application of FRAM in the manufacturing industry. The decision to focus on
the manufacturing industry was made based on the statistical classification of economic activities in the
European Community Guide prepared by Carré [1]. Keywords were selected for the query based on
relevant sectors and definitions within the industry. The query (ALL(“Functional Resonance Analysis
Method”) AND ALL(“manufacture systems”) OR ALL (“manufacturing systems”) OR ALL(“assemble
systems”) OR ALL(“production systems”) OR ALL(“manufacturing industry”)) AND PUBYEAR >
2012 AND PUBYEAR < 2024) was executed in the Scopus database on January 1, 2024. However, the
five publications for the year 2024 were not included in the study, as the year had not yet been
completed. In total, 92 publications of various types, published between 2013 and 2023, were included
in the study. The dataset was analyzed using VOS viewer, a widely used tool in bibliometric analysis
studies [24-26]. The main results of the analysis included co-authorship of authors, citation of authors,
citation of countries, co-occurrence of author keywords, bibliographic coupling of documents, and
bibliographic coupling of authors.

3. Results

The prevalence of publications utilizing the Functional Resonance Analysis Method within the
manufacturing sector is depicted in Figure 3. A considerable proportion of these publications comprised
of journal articles, whereas conference papers were less than half the number of journal articles. Upon
analyzing the distribution of research by subject area, it was observed that the top three areas were
engineering, computer science, and social science.
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Figure 3: Documnet type in the dataset

In analyzing the publications related to FRAM in the manufacturing industry, a threshold of at least one
publication and one citation was established for co-authorship. The study of shared authorship
publications revealed that 25 authors were grouped into five clusters, comprising a total of 102 links
and 104 total link strengths. The clusters to which the authors belong, along with the links, total link
strength, and documents, are presented in Table 1. Tarcisio Abreu Saurin ranked first in terms of shared
authorship publications, citations, links, and total link strength. The network map for the co-authorship
of authors is illustrated in Figure 4. Although Ricardo Patriarca and Sylvie Nadeau, who each
contributed six documents, are among the top three authors with the highest number of documents, and
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Patrick Waterson and Peter Underwood, who each received 286 and 171 citations respectively, are

among the top three authors with the most citations, they are not among the most connected authors as
depicted in Figure 4.
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Figure 4: Map for co-authorship of authors
Table 1: The cluster for co-authorship of authors
# Links for # Total link # Documents
Cluster Cluster strength for
# Authors each one for each one
number color each one
author author author
1 Red 11 12 12 1
2 Green 5 5 5 1
4 1 1 1
3 Blue Tarcisio Abreu Saurin 24 26 10
4 Yellow Michel Jose Anzanello 2 2 1
Marlon Soliman 2 3 2
5 Violet 2 2 2 1

To assess the citation networks of authors, a citation analysis was conducted with a minimum threshold
of one publication and one citation per author. Among the 76 authors, 380 links were identified, and
they were grouped into six clusters. The 22 authors in Cluster 1 (red color) were followed by 15 authors
in Cluster 2 (green color), 12 authors in Cluster 3 (blue color), 10 authors each in Cluster 4 and Cluster
5 (yellow and violet colors, respectively), and seven authors in Cluster 6 (turquoise color). The top three
authors with the most citations are listed in Table 2. Tarcisio Abreu Saurin led in terms of the number
of publications, citations, and total link strength. The network map of the citations among the authors is
presented in Figure 5.

Table 2: Top 3 for citation of authors

Cluster Cluster . L. Total link
Authors Documents Links Citations
number color strength
2 Green Tarcisio Abreu Saurin 10 24 394 58
1 Red Patric Waterson 2 24 286 43
3 Blue Sylvie Nadeau 6 23 12 35
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Figure 5: Map of citation of authors

To examine the network map of countries that produced, received citations, and had relationships among
them, a threshold was set requiring at least one publication produced and one citation received by each
country. A total of 14 countries were identified with relationships among them, forming five clusters
within their own. There were 34 links between these countries. The United Kingdom had the most
citations, while Brazil had the most documents. The network map of the citations among countries is

shown in Figure 6. Turkey is included in Cluster 1, which has three documents, 37 citations, and a total
link strength of three.

Table 3: Top 3 for citation of countries

Cluster Cluster . . o Total link
Countries Documents Link Citation
number color strength
1 Red United Kingdom 6 11 496 28
3 Blue Canada 9 93 24
2 Green Brazil 18 7 457 18
3 Blue China 13 4 169 9
4 Yellow Italy 12 6 249 14
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Figure 6: Map of citation of countries based on # document

The research conducted on "Co-occurrence of author keywords" uncovered the categorization of at least
two related and observed keywords into seven distinct clusters, resulting in a total of 136 connections
between them. Table 4 showcases the top three keywords in terms of overall link strength. Moreover,
the network map portraying the co-occurrence of author keywords is illustrated in Figure 7.
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Figure 7: Map of co-occurence of authors keywords
Table 4: The top three keywords for co-occurrence of author keywords

Cluster

Cluster color Keyword # Occurrences Total link strength
number
5 Violet fram 12 32
3 Blue socio-technical systems 7 25
2 Green resilience engineering 7 22

In conducting the analysis of “bibliographic coupling of authors”, it was stipulated that an author must
have produced at least one publication and received at least one citation. The resulting network map
displayed in Figure 8 indicates that 211 authors were grouped into 17 clusters, which represent various
aspects of FRAM research in manufacturing. The largest cluster, comprising approximately 29% of the
articles, was centered around Tarcisio Abreu Saurin. A network map for the bibliographic coupling of
the authors is visible in Figure 8.
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Figure 8: Map of bbibliographic coupling of authors
The network map for the “Co-citation of cited authors” analysis, considering publications where an
author received at least 10 citations, is depicted in Figure 9. This map shows that 116 authors are
interconnected, forming five clusters. Although Tarcisio Abreu Saurin was the dominant author in the
bibliographic coupling of authors, Hollnagel E. emerged as the most frequently cited author among
them. The distribution of citations among the authors was more balanced (see Table 5).

Table 5: The top co-cited publications based link and total link strength

Cluster ) . Total link
Cluster color Authors Link Citations
number strenght
4 Yellow Hollnagel E. 114 291 12841
3 Blue Patriarca R. 108 100 5957
4 Yellow Abreu Saurin T. 102 86 3027
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Figure 9: Map of co-citation of cited authors

The “bibliographic coupling of documents” analysis, which involves identifying works that have been
cited by at least two independent sources, was conducted with a minimum threshold of one citation.
This analysis resulted in the identification of 72 linked publications, which were grouped into eight
clusters, and a total of 1043 links and a total link strength of 2265. The three publications with the
highest bibliometric matching are Underwood (2013), with 171 citations, Waterson (2015), with 115
citations, and Almeida Marodin (2015), with 97 citations. In terms of total link strength, the top three
publications are Braithwaite (2018), with a total link strength of 336, Hollnagel (2018), with a total link
strength of 330, and Adriaensen (2019), with a total link strength of 162. The network map for the
“Bibliographic coupling of documents™ analysis is provided in Figure 10.
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Figure 10: Map of bibliographic coupling of documents

In our analysis of “Co-citation of journal”, we applied a threshold of at least 20 citations per journal.
This resulted in the identification of 19 journals that were grouped into four clusters, with a total of 107
links and a total link strength of 6,728. A network map for “Co-citation of journal” is presented in Figure
11. Among the 19 journals, the top three in terms of both citations received and total link strength were:
(1) Safety Science (#citations=156, total link strength=2,684), (2) Reliability Engineering & System
Safety (#citations=80, total link strength=1,402), and (3) Ergonomics (#citations=99, total link
strength=1,578). It is worth noting that “safety science” and “saf. sci.” refer to the same journal, as do
“reliability engineering & syt” and “reliab eng syst saf.” This is clear from the network map, which
shows records with a single expression in the Scopus database. Furthermore, these journals are indexed
using the SCIE index.
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Figure 11: Map of co-citation analysis for journals

3. Conclusion

This study aimed to provide a comprehensive perspective for researchers by utilizing quantitative data
on publications related to FRAM in the manufacturing industry from 2013 to 2023. Specifically, the
study analyzed publications in the Scopus database and found that a significant number of them were
published in the reputable journal, Safety Science. Tarcisio Abreu Saurin and Eric Hollnagel are
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prominent authors in this field. The study also identified Brazil, China, and Italy as the countries with
the highest number of publications in this domain.

For future research, it is suggested that researchers consider studies related to keywords such as FRAM,
sociotechnical systems, and resilience engineering to identify research gaps. However, the study's
analysis was limited to the Scopus database, and it is recommended that future studies utilize the Web
of Science (WOS) and Google Scholar databases to reassess the consistency of the network map. This
is due to the abbreviations and full names of the journals where publications are produced, which may
result in incomplete data. Additionally, the inability to access index information for publication types
through the Scopus database interface is another limitation to be considered.
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