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Abstract: Rapid shifts in consumer preferences have prompted enterprises to offer products in small
quantities and various options. To meet market demands, enterprises must be able to research the
development of modern conceptions of manufacturing systems which has revolved around new
practical and scientific results that are able to meet the assumptions of focused flexible manufacturing
systems (FMSs) and the challenges of the Industry 4.0 philosophy. These FMSs, which incorporate
automated facilities and computer control systems, play a crucial role in boosting the productivity
of enterprises. In this study, the development trajectory and applications of FMS research were
investigated. Scopus was used to collect and organize voluminous data, and main path analysis
was used to identify the most relevant studies on FMS research. The results revealed that early FMS
research concentrated on fundamental property analysis. After the flexibility and productivity of
these systems were enhanced, the elimination of loading problems was discussed. Generally, FMS
research has emphasized factor identification, flexibility evaluation, pre-simulation, and optimiza-
tion. In this study, cluster analysis was used to identify five subfields: loading problem mitigation
through scheduling, decision-making facilitation through simulation, FMS deadlock prevention,
FMS flexibility measurement, and FMS composition. This study provides planning directions for
industry, and the findings serve as a reference for manufacturing systems. The integrated analysis
successfully determined the trajectory of FMS based technological development and applications as
well as forecast the direction of future research.

Keywords: flexible manufacturing system; flexible manufacturing cell; main path analysis; manufac-
turing systems; production automation and robotization

1. Introduction

The flexible manufacturing system (FMS; Jerome H. Lemelson, 1923) was first con-
ceived as an all-in-one robot-based system for welding, riveting, shipping, and inspecting
products. Since the late 1960s, with robots, programmable controllers, and computer nu-
merical control (CNC) becoming prevalent in European manufacturing, FMSs have been
widely used. An FMS is a system that consists of a network of interconnected program
workstations and uses computers to facilitate a variety of production procedures, including
loading, production, assembly, storage, quality inspection, and data processing. The ma-
jority of machines in the system can automatically switch between fixtures and tools and
rapidly switch between products [1].

The advantage of an FMS lies in its high productivity; the ability to switch between
fixtures and tools saves much time for resetting machinery and enables various types of
products to be produced using the same system. Customized production is a strategic
direction in the development of FMSs. In terms of weakness, an FMS entails a high
installation cost in the beginning. Moreover, although a machine-based system saves
manual labor, it increases maintenance and servicing costs [1].
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Three conditions must be met for flexible manufacturing to occur: (1) the same machine
must be capable of manufacturing different types of products, and different machines must
be capable of manufacturing the same product; (2) existing machines must be capable of
manufacturing new products; and (3) machines must be capable of accommodating future
changes in product designs [2].

Generally, the products offered by companies must evolve in response to the rapid
shifts in consumer preferences and requirements. Because the number of products offered
increases on a daily basis, numerous products are currently available in a variety of types
and configurations. To meet market demand, enterprises must be able to rapidly manufac-
ture products that are of the same type but vary in the functions they provide. Therefore,
the ability to respond rapidly to commodity demand and make adjustments has become
a crucial competitive advantage for enterprises to possess in the face of market changes. To
achieve this competitive advantage, numerous enterprises have developed FMSs. FMSs are
a crucial component of comprehensive manufacturing systems that incorporate automated
equipment and a computer control system and are essential for enhancing productivity.
In an FMS, selecting an appropriate production method, creating production schedules,
and configuring production lines are crucial for increasing productivity and decreasing
production costs.

Each enterprise must have an FMS that is adaptable and easy to modify in order to
meet market demands. This is why each enterprise must establish its own comprehensive
FMS. In this study, the development trends of FMSs were examined through a literature
analysis. Scopus was used to collect data regarding the development and applications
of FMSs. The literature was reviewed using main path analysis, and the analysis results
were systematically organized to identify the trends, directions, and theories of FMS
development. The literature was also cross-referenced to explore current trends and future
directions of FMS development. The results of this study are expected to allow researchers
interested in FMSs to understand FMS-related data and literature with greater depth.
Specifically, this study aimed to clarify the previous trends, directions, and theories of FMS
development; analyze the application orientation of these systems; and identify potential
or emerging markets for these systems.

2. Literature Review

This section presents the concepts, origins, components, and types of flexibility of
FMSs, as revealed by the literature review.

2.1. Academic Literature on FMSs

In recent years, as a result of intense global competition, technological advancements,
and major changes in customer requirements, manufacturers have started to acknowledge
the importance of FMSs, which are a crucial component of an enterprise’s competitive
advantage [3]. A lot of articles have been reviewed, and the existing literature lacks
in providing a clear picture about the implementation of an FMS. However, it is really
a very difficult task for any organization to transform into an FMS on the basis of existing
research results.

Kustak [4] classified FMSs into the following five categories on the basis of the num-
ber and arrangement of CNC machines: flexible manufacturing modules (FMMs), which
consist of a CNC machine, a temporary storage station for workpieces, an automatic tool-
changing mechanism, and robots; flexible manufacturing cells (FMCs), which consist of
multiple FMMs that are configured differently for each product or manufacturing pro-
cess; flexible manufacturing groups (FMGs), which consist of FMCs whose operations are
controlled by computers; flexible manufacturing lines (FMLs), which consist of multiple
dedicated processing machines that perform material handling operations by using au-
tomated unmanned guided vehicles, robots, or conveyor belts; and flexible production
systems (FPSs), which consist of multiple FMMs, FMCs, FMGs, and FMLs with different
functions. Browne et al. [5] classified FMSs into the following four categories on the basis
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of their flexibility: flexible machining cells, which are the simplest and most flexible type
of FMS that consist of only one general-purpose CNC machine with automatic material
handling and storage equipment or loading and unloading machinery; flexible machining
systems, which are capable of real-time online control of part production and multipath
small batch production and may occasionally involve multispindle equipment to increase
production, making them a type of FMS with substantial flexibility in terms of processing,
manufacturing, products, and paths; flexible transfer lines, which arrange all components
in a single machine configuration and may involve special function machines, robots, and
special equipment; and flexible transfer multilines, which are a combination of flexible
joint production lines that enable easy scheduling and control and are capable of coping
with downtime, thereby facilitating substantial path flexibility. What really defines the
FMS of installation is how it is run, and flexibility is an important strategic decision in
implementation. This article does not make a complete decision-making framework for
what type of elastic manufacturing system, which is the main deficiency of this article.

Depending on the functions and levels involved, FMS flexibility can be divided into
various types. Sethi and Sethi [6] classified flexibility into basic flexibility (encompassing
machine flexibility, material handling flexibility, and job flexibility), system flexibility (e.g.,
process flexibility, path flexibility, product flexibility, quantity flexibility, and expansion
flexibility), and integrated flexibility (encompassing planning flexibility, production flex-
ibility, and market flexibility). This article does not study the CP (Continuous Process)
enterprises to create product diversity through component flexibility, control flexibility, and
mixed flexibility. Finally, we conclude that the study on the manufacturing flexibility of CP
enterprises will contribute to flexible production transformation in the industries with CP.

Before the late 1960s, the majority of industries were labor-intensive and had low
labor costs. The majority of mechanical equipment in factories was manually operated and
specialized. However, in the late 1960s, production plants were redesigned to reduce pro-
duction costs and completion time and achieved distributed transmission and centralized
processing. Consequently, manufacturers were required to develop production systems
capable of manufacturing a diverse range of products in small quantities.

According to Kusiak [7], the manufacturing industry has flourished over the preced-
ing half century because of the continuous evolution and improvement of technology. As
a result of technological advancements in computer and machine manufacturing, computer
programs have taken over the control of the majority of machines in the manufacturing
industry. In addition, materials and components have been transported by automated
material handling systems and stored in automated retrieval systems. The character of
smart manufacturing is captured in manufacturing technology and processes, materi-
als, data, predictive engineering, sustainability, and resource sharing and networking.
Yadav and Jayswal [8] argued that traditional manufacturing processes cannot effectively
respond to changes in market demand and that a system that is capable of doing so must be
developed. An empirical study approach was used to assess the implications of advanced
manufacturing strategies on firm performance in India [9]. Thus, flexibility is recognized
as an attribute that enables manufacturing systems to make appropriate adjustments to
prevent production line interruptions and delays.

An FMS is a manufacturing system that uses computers to organize machinery and
equipment and perform automatic processing and production. Each user can customize the
configuration of their FMS depending on their requirements. The manufacturing system
consists primarily of computer-controlled machine tools and is assisted by a variety of
systems, such as production and assembly equipment, robotic arms, quality inspection
machines, and automatic optical inspection machines, in conjunction with a computer-
integrated manufacturing material handling and storage system.

According to Groover [10], an FMS consists of multiple process workstations that
are linked by an automated material handling and storage system and controlled by
an integrated computer system. Browne et al. [5] argued that an FMS must consist of
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machine tools, a material handling system, a work-in-process storage area, and a computer
control system.

2.2. Literature on Main Path Analyses (MPAs)

In scientific and technical literature reviews, researchers have successfully conducted
global main path and key-route main path analyses. Verspagen [11], Fontana, Nuvolari, and
Verspagen [12], and Consoli and Mina [13] used main path analysis to identify technology de-
velopment trajectories. Bekkers and Martinelli [14] and Lucio-Arias and Leydesdorff [15] used
main path analysis to examine technological changes. Bhupatiraju et al. [16], Calero-Medina
and Noyons [17], Colicchia and Strozzi [18], Harris et al. [19], Liu, Lu, and Lu [20],
Chuang et al. [21], Yan, Tseng, and Lu [22], and Su et al. [23] used main path analysis
to review the literature in various fields. Li [24] used main path analysis to reduce the
number of patent verdicts, thereby confirming the validity of using main path analysis in
the research of patent verdicts. Li [25] used main path analysis to identify critical verdicts
and observe the trends of patent right abuse in the 100 years before this study.

3. Proposed Methodology

In this study, main path analysis and cluster analysis were used to elucidate the trends
of academic research on FMSs. To identify keywords relevant to the purpose of this study
and understand the background and origins of academic research on FMSs, extensive
pieces of literature on FMSs, including academic papers, journals, and monographs, were
collected and analyzed. The data were then examined using main path analysis to identify
the major trends of academic research on FMSs, and cluster analysis was performed to
identify subsets of data with high correlations.

3.1. Scopus Database

Data were collected using Scopus, a citation database co-curated by independent
subject matter experts since November 2004 and the largest indexed abstract database
worldwide. Scopus contains works published by more than 5000 publishers covering
more than 25,100 topics, thus providing a comprehensive overview to scholars and experts
in various fields, such as natural science, technology, medicine, social science, art, and
humanities. The database also contains business journals, academic journals, seminar
papers, monographs, publications, national patent documents, scientific websites, and
other academic information.

3.2. Main Path Analysis

The purpose of main path analysis is to examine the context of knowledge in any
academic field by processing massive amounts of literary data. The main path is determined
by calculating the weight of each link segment between the source of literature in an
academic field and the point of literature convergence. Currently, the three most commonly
used weight calculation methods are search path count (SPC), search path link count
(SPLC), and search path node pair (SPNP) [26]. Liu and Lu [27] recommended performing
global main path and key-route main path analyses to calculate the weight of each link
segment, and their empirical study demonstrated that SPLC is superior to SPC and SPNP
in terms of mining a plethora of knowledge diffusion phenomena in main path analysis.
In SPLC, one link segment was selected from a network, and the number of all possible
paths between the source point and the end of the link segment and the number of paths
between the segment end and the point of convergence were calculated. The two numbers
were then multiplied by each other to obtain the weights of all link segments (Figure 1).

3.3. The g-Index and h-Index

In this study, periodical statistics data, including journal names, publication periods,
and the g- and h-indices of the journals, were exported from literary data aggregated using
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Scopus. Author statistics data, including author names, publication periods, and the g- and
h-indices of the authors, were also exported [28].
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The g-index represents the minimum number of times the highest-ranked g documents
were being cited up to g2 times after the academic literature or research results were
arranged in descending order by the number of citations. The h-index indicates that h
articles of an author were cited h times or more.

In this study, the g- and h-indices were used, with g-index as the main index and
h-index as the secondary index, to determine the effect of academic journals on FMSs and
measure the contribution of authors to the field. The 20 most influential academic journals
on FMS research were also determined.

3.4. Edge-Betweenness Clustering

Cluster analysis was used to divide academic articles with the same properties or sim-
ilar topics into multiple groups, with the name of each group based on the keywords
of each article. Edge-betweenness clustering was performed in accordance with the
following procedure [29,30]:

1. Calculate all the betweenness values in a network. The betweenness of two arbitrary
nodes in a network is the number of shortest paths that pass through the line segment,
representing the shortest path between the two nodes.

2. Remove the line segment with the greatest betweenness.
3. If a cluster isolated from the citation network is detected, then calculate the modularity

of the cluster; otherwise, repeat Steps 1 and 2 until all line segments are removed.
Modularity is used to compare the strengths of node relationships within a cluster
and between the nodes inside and outside of the cluster.

4. Identify the cluster with the highest modularity, which represents the optimal cluster-
ing result in cluster analysis.

3.5. Word Cloud

The title content of each cluster from cluster analysis was imported into Wordle to
calculate the frequency of each word in the bulk text, excluding prepositions and definite
articles. The frequencies were presented as a word cloud. The frequency of relevant
keywords in each cluster was then ranked, and the keywords were used as a reference for
cluster naming.

Scopus was used to gather, interpret, and select valid data. Global main path and key-
route main path analyses were then performed to identify the key research development
trajectory of FMSs. Finally, cluster analysis was performed to classify studies with similar
key contents into subclusters in order to further clarify the key points of FMS research.

4. Results
4.1. Data

Figure 2 depicts a statistical analysis of the number of FMS-related studies published
annually. Since 1973, FMS development has been ongoing, reaching its first peak between
1995 and 1998, when FMSs were a popular topic. At that time, the discussion focused on
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the introduction of a scheduling system. To increase the output and production capacity
of FMSs, various calculation methods, which were occasionally combined, were used to
integrate scheduling systems into FMSs. During the second peak of FMS development,
from 2009 to 2012, methods for resolving problems caused by algorithm application were
discussed for FMS optimization. In addition to optimizing FMSs, researchers developed
various simulation techniques to forecast and prevent FMS-related problems and reduce
their occurrence.
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Journal Statistics

To identify the top 20 academic journals on FMSs, the g-indices were arranged in
descending order. Journals with identical g-indices were rearranged depending on their h-
indices (Table 1). The results indicated that the most influential journal on FMS research was
the International Journal of Production Research, which focuses on manufacturing, industrial
engineering, operations research, and management science. Since 1984, the journal has
published 577 studies on FMSs, the largest number of studies published among the top 20
journals. The literature published in this journal considerably affected the development of
FMSs. The second-most influential journal was the European Journal of Operational Research,
which focuses on the methodology and decision analysis of operational research and
features the fourth-largest number of studies on FMSs among the top 20 journals. These
statistics indicated the importance of FMS-related methods and decision making.

Table 1. Top 20 journals on FMS development.

g-Index
Ranking

h-Index
Ranking Journal g-Index h-Index Active Year Total

Papers
Papers after

2000

1 1 International journal of production research 106 72 1984~2020 577 280
2 2 European journal of operational research 78 45 1982~2021 168 61
3 3 International journal of production economics 64 37 1991~2020 106 63
4 4 International journal of advanced manufacturing technology 60 36 1996~2020 213 178
5 6 IEEE transactions on robotics and automation 60 33 1989~2004 60 22
6 12 CIRP annals—manufacturing technology 59 25 1981~2013 61 18
7 10 Robotics and computer-integrated manufacturing 58 30 1992~2020 77 66
8 5 IIE transactions (institute of industrial engineers) 56 35 1983~2016 90 27
9 8 Computers and industrial engineering 56 32 1983~2020 170 70

10 7 International journal of flexible manufacturing systems 54 33 1994~2008 124 61
11 9 Journal of intelligent manufacturing 51 30 1995~2020 74 51
12 13 Computers in industry 51 25 1986~2019 70 21
13 11 Journal of manufacturing systems 50 29 1982~2021 70 30
14 17 Computers and operations research 32 19 1987~2018 32 24
15 20 Production planning and control 31 16 1992~2019 49 22
16 23 Journal of materials processing technology 31 15 1996~2020 31 19
17 15 Operations research 27 22 1985~2016 27 4
18 18 IEEE transactions on automation science and engineering 25 18 2006~2021 25 25
19 28 Journal of the operational research society 25 13 1986~2018 30 7
20 22 Journal of manufacturing technology management 24 15 2004~2020 33 33

Total 2087 1082
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The results indicated that the third to fifth most influential journals were the Interna-
tional Journal of Production Economics, which focuses on the interface between industry and
management; the International Journal of Advanced Manufacturing Technology, which focuses
on advanced manufacturing technologies and systems; and the IEEE Transactions on Robotics
and Automation, which focuses on kinematics, dynamics, control, robot simulation, and
smart mechanical systems. The majority of articles published in these journals are related
to manufacturing. The fact that the numbers of studies on FMSs published before and after
2000 (1005 and 1082, respectively) are extremely close indicates that FMS development
has been ongoing since 1983. In this study, main path and cluster analyses were used to
examine the development of FMSs in more detail.

All FMS studies published in the IEEE Transactions on Automation Science and En-
gineering, the 18th most influential journal, and the Journal of Manufacturing Technology
Management, the 20th most influential journal, were published after 2000. The two journals
contain relatively few and recent studies on FMSs and warrant further research to deter-
mine whether these two journals are essential to FMS development and the current trend
in FMS development.

4.2. Academic Literature and Overall Development Trajectory of FMSs

In Figure 3, the source points (represented by green nodes) and points of convergence
(represented by blue nodes) on the global main path of FMS research and development
are identified with each node representing a single study and connected by directional
arrows. These arrows indicate the direction of knowledge flow. Each node is accompanied
by a string of text codes. Each text code contains the surname of the first author, followed
by the first alphabets of the names of the other authors. The number at the end of the
code represents the publication year of the study. If the codes arranged in the database are
repeated, they are sorted by adding lowercase alphabets to them.
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4.2.1. Global Main Path Analysis of FMSs

Figure 3 depicts the global main path of FMS research, which is the path with the great-
est weight in the citation network. The global main path contains 17 nodes, each of which
represents a single study, with each study being considerably critical to FMS development.

The majority of the 17 studies argued that because of the fluctuating market envi-
ronment, each enterprise must have its own optimized FMS to face the challenges posed
by international competition, fluctuating customer demands, rapid market delivery, and
technological advancements. Buzacott and Shanthikumar [31] examined the fundamental
properties of an FMS and established a module of FMS productivity to highlight the poten-
tial of workload balancing, the benefits of gig production, and the advantages of common
storage areas in an FMS. Stecke and Morin [32] used symmetric mathematical program-
ming to perform an optimization analysis of workload balance and yield maximization
in a single-server closed queuing network model on an FMS. According to Stecke [33],
an FMS is a CNC system aggregate consisting of machine tools that are capable of au-
tomatic tool change and are interconnected by an automatic material handling system.
According to Chen and Chung [34], in conventional production management, the load of
a production line and the fixed path configuration hinder the appropriate use of an FMS
and thus the realization of the key advantage of flexibility. Gunasekaran, Martikainen, and
Yli-Olli [35] investigated the importance of FMSs in improving productivity and product
quality. Guerrero et al. [36] proposed a method for providing alternative production paths
to each component and addressing load problems in FMSs. Swarnkar and Tiwari [37] exam-
ined load problems in an FMS, taking into account technical constraints, such as available
machining time and grooves, to minimize system imbalance and maximize productivity.
They also proposed a hybrid algorithm based on tabu search and simulated annealing to
solve these problems.

Because manufacturing industries have rapidly shifted from economies of scale to
economies of scope, and because products have a short lifespan and a wide variety, pro-
duction lines must be made more efficient and flexible. According to Nagarjuna, Mahesh,
and Rajagopal [38], FMSs combine the productivity of the process line with the flexibility
of the production line, and load problems in FMSs must be addressed. Raj, Shankar, and
Suhaib [39] used interpretative structural modeling to analyze the key enablers of transition-
ing from a conventional manufacturing system to an FMS and the management implications
of these enablers. According to Raj, Attri, and Jain [40], manufacturing enterprises must
consider implementing FMSs as a viable option to enhance their competitiveness.

In the manufacturing sector, identifying the most appropriate type of flexibility is
regarded as a strategic problem for FMSs. Jain and Raj [41] used fuzzy logic to transform
15 qualitative factors related to flexibility into quantitative factors. They reported that
production flexibility affected FMSs the most and that procedural flexibility affected them
the least. Jain and Raj [42] evaluated the flexibility of FMSs. They used an analytical
hierarchy process to calculate the index weights and conducted interpretative structural
modeling to investigate whether production flexibility had a stronger effect than that of
other types of flexibility on FMSs. Jain and Raj [43] also used several variables, namely
production flexibility, machine flexibility, product flexibility, and batch size flexibility, to
examine the effect of FMS flexibility on the Indian manufacturing industry.

FMSs are a viable option for increasing the competitive advantage of an enterprise.
Jain and Raj [44] reported strong drive capability and weak dependency capability in the
use of reconfigurable machines, automation, and flexible fixtures, which were positioned
at the lowest level of their model. Jain and Raj [45] also indicated that the three primary
factors of FMSs were quality, productivity, and flexibility.

An FMS is composed of various automated workstations, material handling equip-
ment, and storage systems, the majority of which are controlled by a computer. Yadav and
Jayswal [46] examined the effect of factors such as component combinations, layouts, and
batching conditions on system performance, including productivity, utilization, and cycle
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time. They conducted a simulation and a Taguchi experiment to explore how different
factors at various levels affect the performance of FMSs.

Analysis of FMS performance allows for identifying the advantages and disadvantages
of the production process implemented by an enterprise. Zhang et al. [47] developed
a stochastic model to analyze the reliability performance of two FMSs in a smart FMS. They
used machine utilization rate and productivity as performance indices for calculation and
optimization.

Overall, these studies have primarily focused on fundamental properties, flexibility
and productivity, load problems, factor identification, flexibility evaluation, and prepara-
tory simulation and optimization. These factors allowed for exploring the major processes
involved in the history of FMS development.

4.2.2. Key-Route Main Path Analysis of FMSs

A total of 24 studies were identified on the key-route main path of FMS research,
namely 1 source point, 20 path nodes, and 3 convergence points (Figure 4). Key nodes from
the top 20 journals on the key-route main path exhibited more complex paths than those on
the global main path, indicating the overall axial structure of FMS research development.
In addition to the seventeen studies on the global main path, seven more studies were
included here.
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The following studies are path nodes on the global main path: Swarnkar and Tiwari [37],
who investigated load problems in an FMS, linked the key-route main path to the findings
of Chan and Swarnkar [48], who argued that the FMS improved the flexibility and competi-
tiveness of enterprises while ensuring cost effectiveness and customized manufacturing.
Chan and Swarnkar [48] used a fuzzy goal programming method to model machine selec-
tion and job assignment problems in an FMS and optimized their model with the ant colony
optimization algorithm. Rao [49] used an improved compromise sorting method with
an analytical hierarchy process framework to solve problems related to FMS evaluation
and selection and evaluate and weight problems related to system selection. Maniya and
Bhatt [50] used a multicriterion decision-making method based on the preference selection
index to select an appropriate FMS in order to easily control the qualitative criteria involved
in the decision-making process. They developed an FMS to manage dynamic and uncertain
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production conditions, thereby facilitating high productivity and production flexibility.
Singholi, Ali, and Sharma [51] argued that optimizing machine flexibility, path flexibility,
and part population substantially shortened the maximum product completion time in
an FMS, thereby allowing for effectively managing and controlling production lines and
improving product quality and productivity.

In terms of global main paths, Jain and Raj [41–45] identified factors affecting the
evaluation of flexibility. In [52], they combined a neural network with a fuzzy system to
develop an adaptive neuro-fuzzy interference system for solving assembly line problems in
an FMS. They used the Nawaz–Enscore–Ham algorithm to calculate the product completion
time on the assembly line and predict the maximum completion time. In another study [53],
they explored the limitations of an FMS and reported that the FMS increased resource
utilization, reduced labor costs and work-in-progress inventory, and shortened delivery
time. They used an analytical hierarchy process to determine the relative importance of
the variables and reported that fixtures and robots were key factors in the limitations of
the FMS.

According to Yadav and Jayswal [54], the installation and capital costs of FMSs were
particularly high, and a mathematical programming method must be used to calculate
the performance of an FMS in advance to ensure its feasibility. Finally, they found the
simulation techniques that it easier to analyze the performance of complex and large
FMS problems.

These studies revealed that, from 1980 to 2004, the fundamental concepts of FMSs, im-
portance of flexibility, productivity improvement, and load problems, have been discussed
in the context of the global main path in FMS research. In 2006, branches started to stem
from the global main path. The right path in Figure 4 is consistent with the global main path
depicted in Figure 3, with Nagarjuna, Mahesh, and Rajagopal [38] exploring load problems.
The left path in Figure 4 starts with Chan and Swarnkar [48], which focused on problems
associated with machine selection and job assignment. Subsequently, Roa [49] explored
the methods used to evaluate and select FMSs, a topic that was further explored later
by Maniya and Bhatt [50]. According to Singholi and Sharma [51], optimizing flexibility
improves productivity. This finding was later expanded by Jain and Raj [52], who explored
flexibility evaluation.

All studies on the global main path have cited each other. At the end of the path, three
branches were developed. One was Zhang et al. [47], which explored FMS performance
optimization; another was Yadav and Jayswal [54], which focused on estimating the perfor-
mance of a large and complicated FMS in advance to prevent wasting resources; and the
third was Jain and Raj [52,53], which focused on predicting product completion time and
determining key limitations in an FMS.

4.3. Academic Research Themes

This study focused on the five literature clusters with the largest number of studies.
To summarize the title for each group, Wordle was used to elucidate the common character-
istics of keywords within each cluster (Table 2). The first cluster focused on solving load
problems through scheduling, featuring 554 studies; the second cluster focused on enabling
decision making through simulation, featuring 518 studies; the third cluster focused on
FMS deadlock prevention, featuring 502 studies; the fourth cluster focused on measuring
flexibility in FMSs, featuring 381 studies; and the fifth cluster focused on FMS composition,
featuring 262 studies. A global main path analysis was then performed on the studies
included in these five clusters, and Pajek was used to visualize the main path in order
to clarify the development path within each cluster. In other words, the contents of the
clusters were analyzed to classify the fields of FMS research and elucidate their concepts
and development directions.
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Table 2. Statistics of the top five clusters in cluster analysis.

Cluster Topic Solving Loading Problems
through Scheduling

Facilitating Decision Making
through Simulation FMS Deadlock Prevention FMS Flexibility Measurement Flexible Manufacturing Cell

Number of
Studies 554 518 502 381 262

Keyword/ratio

Scheduling 0.33 Scheduling 0.47 Petri nets 0.78 Manufacturing
flexibility 0.23 Cellular manufacturing 0.56

Mathematical models 0.21 Computer simulation 0.29 Deadlock prevention 0.30 Manufacture 0.19 Group technology 0.29
Optimization 0.21 Production control 0.19 Siphons 0.30 Industrial research 0.14 Algorithms 0.22
Algorithms 0.19 Optimization 0.14 Supervisory personnel 0.19 Mathematical models 0.13 Optimization 0.21

Production control 0.18 Decision making 0.13 Manufacture 0.19 Strategic planning 0.12 Cells 0.21
Heuristic methods 0.18 Mathematical models 0.13 Graph theory 0.18 Flexibility 0.10 Cytology 0.19

Problem solving 0.17 Algorithms 0.11 Algorithms 0.17 Production control 0.10 Cellular
manufacturing systems 0.16

Computer simulation 0.14 Genetic algorithms 0.10 Deadlock prevention policy 0.15 Competition 0.09 Cell formation 0.16

Machine tools 0.14 Manufacture 0.09 Computer system recovery 0.14 Production
engineering 0.09 Genetic algorithms 0.15

Integer programming 0.12 Process control 0.08 Integer programming 0.13 Decision making 0.08 Cellular manufacturing 0.15

Word cloud
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4.3.1. Solving Load Problems through Scheduling

The first cluster focused on solving load problems through scheduling, featuring
554 studies. A total of fifteen studies were identified on the main path, including three
source points and two convergence points (Figure 5). Generally, load problems are difficult
to completely eradicate in manufacturing systems, and assigning an equal load to each
machine, distributing the processing sequence, and arranging the processing sequence do
not facilitate an optimal approach to address all load problems. These problems have been
generalized by experts as nondeterministic polynomial-time hardness problems. Numerous
researchers have used various algorithms to optimize system load balance. In this section,
studies on optimizing system load balance through scheduling are discussed.
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In an FMS, scheduling problems consist of two interdependent tasks: loading and
sorting. Shanker and Tzen [55] developed a simulation model that incorporates four assign-
ment rules, namely first-in first-out, shortest processing time, longest processing time, and
minimum offer price rule, to minimize system imbalance. Each manufacturing system has
a unique arrangement of machines of different sizes, loads, and properties for processing.
These different processing functions of each machine affect the configuration of the system
schedule. Stecke and Solberg [56] used a closed queuing network model and reported
that in a multiserver queue, the performance of the manufacturing system was relatively
favorable when the servers were unevenly configured and loaded. An FMS is an integrated
system that integrates CNC and automatic material handling. Berrada and Stecke [57] and
Stecke and Kim [58] proposed an FMS production planning model to mitigate loading
problems by allocating required machines, operations, and tools for concurrently produced
components. Because machine tool magazines cannot accommodate all the tools required
for machining components, the components to be produced must be decided in advance to
configure the tools early so as to optimize the machine workload distribution [59,60]. FMS
planning problems are complex. Nayak and Acharya [61] proposed a three-stage method
to solve problems related to component selection, machine loading, and total component
quantity. Kumar and Shanker [62] used genetic algorithms to solve two principal problems
affecting FMS scheduling: workpiece selection and loading. Workload balancing is a key
problem in FMSs; each type of unbalanced measure facilitates a balancing goal. Kumar and
Shanker [63] and Kim and Kim [64] compared these goals in terms of their effectiveness.
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Automated manufacturing systems improve the flexibility and efficiency of automated
systems, with load decisions playing a critical role in determining the efficiency of a man-
ufacturing system. Prakash et al. [65] and Yogeswaran, Ponnambalam, and Tiwari [66]
combined genetic algorithms and simulated annealing to develop a modified immune algo-
rithm to reduce technical constraints such as machining time and grooves, minimize system
imbalance, and maximize system output. Load is a critical task in an FMS. Basnet [67]
created a task pool that can be applied on spare machines and tools and assigned tools
and machines to different tasks to mitigate system imbalance. Mahmudy, Mariana, and
Luong [68] and Mahmudy [69] solved problems related to multicycle workpiece selection
and loading in FMSs to maximize system output.

Various calculation methods, algorithms, and their combinations have been used to
eliminate loading problems. Although the occurrence of these problems cannot be fully
eliminated, optimal configurations should be formulated to prevent operational delays in
the production program when a system imbalance occurs.

4.3.2. Facilitating Decision Making through Simulation

The second cluster focused on facilitating decision making through simulation, fea-
turing 518 studies. A total of 15 studies were identified on the global main path (Figure 6).
Studies 6 to 15 were consistent with the second half of the global main path (Figure 3), indi-
cating the substantial effect of the cluster on FMS development. In this cluster, numerous
methods were used for simulation and scheduling to clarify the methods that maximize
the efficacy of FMSs and reduce the unnecessary waste of resources.
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Although expert systems have been used to solve scheduling problems, these systems
are not applicable to all situations. Wu and Wysk [70] proposed a multipass expert control
system to simulate all recommended alternative solutions and obtain performance metrics.
According to Wu and Wysk [71] and Ishii and Talavage [72], a transient-based real-time
scheduling method allows for effectively responding to critical changes in the stage of
a dynamic system at any time. Arzi and Iaroslavitz [73] reported that production control
systems based on neural networks outperformed production control systems based on
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decision trees and single-rule production control systems. Shnits, Rubinovitz, and Sinre-
ich [74] used a dynamic scheduling method with two levels of the control structure. The
upper level was used to analyze the status of the actual production line and determine
decision-making criteria and relevant task assignment rules, whereas the lower level was
used to determine the optimal scheduling strategy through simulations.

Flexibility refers to the available alternative resources. Chan, Bhagwat, and Wad-
hwa [75] used the Taguchi method to simulate flexibility parameters. They reported that
changes in the physical and operating parameters of an alternative machine may prevent
desired performance from being achieved through increased flexibility and an improved
control system. According to Raj, Shankar, and Suhaib [39] and Raj, Attri, and Jain [40],
manufacturing enterprises must consider FMSs as a viable option to enhance their com-
petitiveness. According to Jain and Raj [41,42], identifying the most applicable type of
flexibility in the manufacturing sector is a strategic problem that is critical to FMSs. In
their study, they used an analytical hierarchy process and the VIKOR (VlseKriterijumska
Optimizacija I Kompromisno Resenje) method to integrate all types of flexibility. They also
used fuzzy logic to convert qualitative characteristics into quantitative characteristics and
reported that production flexibility affected the FMS the most and that process flexibility
affected the FMS the least. In another study, Jain and Raj [43] investigated the effects of
various variables on the flexibility of an FMS through a literature review. They reported
that production flexibility, machine flexibility, product flexibility, and batch size flexibility
were the most critical variables in the FMS [43]. Jain and Raj [44] also reported that recon-
figurable machines, automation, and flexible fixtures facilitated strong drive capability. In
another study [45], they argued that three factors affected the performance of the FMS:
quality, productivity, and flexibility.

According to Yadav and Jayswal [46], an FMS consists of various automated work-
stations, material handling equipment, and storage systems, which are all controlled by
computers. In their study, they investigated the effects of factors such as component combi-
nations, layouts, and batching conditions on system performance, including productivity,
utilization, and cycle time. According to Zhang et al. [47], analyzing the performance of an
FMS allows for identifying the strengths and weaknesses of an enterprise’s production pro-
cess. In their smart FMS, they used manufacturing cell machine utilization and production
capacity as performance indices for calculation and optimization.

This cluster started with the exploration of the decision intervals of scheduling rules,
system performance under different types of schedules, and the use of alternative resources.
Because the second half of the cluster involves factor identification, flexibility evaluation,
and simulations for system performance optimization and prediction, it is consistent with
the global main path.

4.3.3. FMS Deadlock Prevention

The third cluster focused on FMS deadlock prevention, featuring 502 studies. A total
of fourteen studies were identified on the global main path with five points of convergence
(Figure 7). In manufacturing systems, deadlocks are influenced by factors as minor as
component selection and as major as overall task assignment rules. Preventing deadlocks is
a critical process, and preventing deadlocks and eliminating them when they occur require
appropriate supplementary measures.

In order to deal with deadlock issues, James L. Peterson (1977) proposed the Petri
net, which has gained increased usage and acceptance as a basic model of systems of
asynchronous concurrent computation [76]. Wysk, Yang, and Joshi [77] explored dead-
locks that may occur during an FMS operation, which indicates that machines cannot
continue working after being allocated workpieces, thereby resulting in delays and idleness.
Deadlock-free operation is critical in manufacturing system control. Deadlocks are caused
by the limited number of shared resources, including machines, buffers, and fixtures. There-
fore, to prevent unnecessary restrictions in FMS operations, structural control policies were
developed for configurable and scalable deadlock-free buffer space allocation [78–80].
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According to Uzam [81], an effective deadlock prevention strategy optimizes the
use of system resources, prevents the occurrence of deadlocks, and ensures deadlock-
free operation and high performance in terms of resource utilization and system output.
In [82–85], the concept of a resource usage ratio was introduced to reflect the extent to
which a task utilizes resources.

Control steady state has been used to monitor and prevent deadlocks. In [86–90],
a deadlock control algorithm was used to eliminate deadlocks in a Petri net.

The scope of factors associated with deadlocks is broad and encompasses the rules of
task assignment, task dispatch frequency, machine selection, tool replacement configuration,
time allocation, machine grouping methods, and task contents. Changes in one of these
factors result in considerable changes in others. Therefore, each step must be evaluated
through trial calculation and actual operation to ensure the absence of deadlocks, thereby
maximizing the resource usage and production output.

4.3.4. FMS Flexibility Measurement

The fourth cluster focused on FMS flexibility measurement, featuring 381 studies.
A total of eleven studies were identified on the global main path with two source points
(Figure 8). Flexibility is the most critical factor to an FMS. Numerous topics related to
flexibility have been explored, such as selecting the most applicable type of flexibility for
a system, defining flexibility, measuring the utility of flexibility, and measuring flexibility.

An FMS is a key component of manufacturing systems. It consists of a series of pro-
duction stages with a variety of characteristics. An FMS is a viable approach for enhancing
production flexibility and productivity. Therefore, flexibility is critical for manufacturing
systems to adapt to unpredictable situations and changes in the operating environment.
In [91–93], the basic properties, operating characteristics, and variables of FMSs were
discussed. Chen and Chung [94] assessed various types of manufacturing flexibility and
analyzed their strategies and economic values in improving the performance of manu-
facturing systems. Through a literature review, [95–97] summarized that four elements
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(range–number, range–heterogeneity, mobility, and uniformity) and six dimensions (ma-
chinery, labor, material handling, mixing, new products, and modifications) of flexibility
measurements could be used to observe both the scope and the achievability of flexibility
choices made by enterprises within and across each dimension of flexibility.
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Studies have expanded the structure of manufacturing flexibility. Flexibility research
on operations management, supply chain management, and marketing, along with manu-
facturing flexibility, requires taking the customer perspective into account to enhance the
competitiveness of products in the market [98–101].

Since 1985, flexibility measurement has been regarded as a key index of FMS perfor-
mance. Measuring and evaluating the types of flexibility suitable for each FMS are essential
for further improvement of FMSs. In addition to the perspective of enterprise production
and profit, flexibility measurement must consider the customer perspective; simulations
must be conducted, and appropriate responses must be made to customer feedback.

4.3.5. FMS Composition

The fifth cluster focused on FMS composition, featuring 262 studies. A total of nine
studies were identified on the global main path (Figure 9). To respond to production
scheduling requirements, each production line requires high productivity and a short
changeover time. Arranging FMS components is therefore the most fundamental step for
production line improvement and is associated with shortening the time and distance of
workpiece flow and maximizing machine utilization. Configuring group technology is
also a critical preliminary task in improving the performance of FMSs. In [102], optimal k-
decomposition of a weighted network was used to establish a component grouping problem
model. In [103,104], a distribution approach was used to improve the manufacturing
efficiency and productivity of FMSs, and the EXGT-S expert system was used to solve
problems related to group technology. In [105,106], components were grouped according
to their similarities in manufacturing, and machines were divided into manufacturing cells
to reduce component movement between cells
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Similarity between components has been used to reduce the complexity of part design-
ing and manufacturing. Part-machine grouping has also been used to group components
with similar machining requirements or design features into families. In [107,108], the
bicluster graph editing problem was investigated to solve problems related to manufac-
turing cell composition. In [109,110], machines and components were combined into
manufacturing cells to solve problems related to multiobjective manufacturing cell design,
maximize the cell load, and reduce the movement of components between cells to improve
machine utilization.

Manufacturing cell development, which involves component grouping, grouping
technology, reducing waste through algorithmic evaluation, simulations with different
algorithms, and maximizing machine utilization, considerably improves the performance
of FMSs.

5. Conclusions

This study investigated the development trajectory and applications of FMS research
in an attempt to explore the potential directions of future FMS research. Global main path
analysis was used to elucidate the overall structure of FMS development, and data were
grouped using cluster analysis to clarify the key points of FMS development.

A total of 11,788 valid data points were identified using the keywords “flexible man-
ufacturing system” and “flexible manufacturing cell” in Scopus. These data were then
examined using statistical analysis, global main path analysis, key-route main path analysis,
and cluster analysis and divided into five clusters.

5.1. Conclusions

In this study, global main path analysis was used to explore the most influential
topics in FMS research, and key-route main path analysis was used to examine the overall
axial structure of FMS research. The results indicated that the global main path was fully
manifested on the key-route main paths, indicating that each study on the global main path
considerably influenced the development of FMS research. The results also indicated that
early FMS research focused on analyzing the fundamental properties of FMSs and the use
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of mathematical modules to improve production efficiency and machine utilization. During
the intermediate stage of FMS research, various algorithms were used to determine the
optimal schedule configurations and thereby mitigate loading problems. In addition, the
late stage of FMS research focused on clarifying the methods and connotations of flexibility
evaluation and the most suitable approaches for flexibility evaluation for different FMSs.
In the three years before this study, FMS research focused on performance simulation,
prediction, and optimization. Valid data were clustered into the following five clusters:

1. Mitigating loading problems through scheduling: Loading problems categorized by
experts as nondeterministic polynomial-time hardness problems were mitigated to
attain the maximum load balance and prevent loading problems.

2. Facilitating decision making through simulation: Scheduling rules were used to
determine how to improve the performance of FMSs under different combinations of
task assignments, and various simulation methods were used to identify and evaluate
the key factors of FMSs.

3. FMS deadlock prevention: Various mathematical modules were used to identify and
address the causes of FMS deadlocks, and different strategies were formulated to
prevent deadlocks.

4. FMS flexibility measurement: Appropriate methods of flexibility measurement were
explored for different FMSs.

5. FMS composition: Configurations of group problems were explored. Sources of
production were composed of manufacturing cells, which are the basis of productivity
and utilization improvement and the prevention of resource waste.

5.2. Contributions

In this study, we obtained the development trajectory of the FMS from main path
analysis, and cluster analysis obtained important research topics. The contribution is
as follows:

1. Global main path: Studies on global and key-route main paths have entirely focused
on the first and second clusters in cluster analysis, indicating that frequent discussions
have been made on the scheduling methods, loading problems, and factors associated
with FMSs.

I. The first half of the global main path is closely associated with the first cluster,
indicating that early research on FMSs focused on mitigating problems caused
by a loading imbalance. The global main path of the first cluster ended in 2015,
indicating that loading problems have been considerably mitigated, even though
attention must continue to be paid to them.

II. The second half of the global main path is associated with the second cluster,
indicating that the intermediate and late stages of FMS research have focused
on flexibility factors, which are essential in maximizing the efficacy of FMSs.

2. Cluster analysis: Although the third, fourth, and fifth clusters were not associated
with any study on the global main path, the topics they involve, namely deadlock
prevention (1991–2020), flexibility measurement (1985–2019), and FMS composition
(1986–2019), respectively, play a major role in FMSs. Their development histories and
the origins of their main paths do not considerably differ, and these topics continue to
be researched and may continue developing in different directions.

5.3. Future Suggestions

In this study, global main path analysis was used to provide an overview of FMS
research. According to the results, the following suggestions were made:

1. The global main path identifies the most influential literature on FMS research, and the
key-route main paths indicate the overall axial structure of FMS research development.
Their tail ends converge on one study, which discussed intelligent FMSs. Over the
last half decade, several methods, such as machine learning and big data analysis,
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have been incorporated into artificial intelligence. These methods can be further
examined in future studies. FMSs can be controlled using a variety of methods, thereby
allowing computer systems to issue commands independently during the integration
of different systems, such as during enterprise resource planning, material planning,
and manufacturing execution. This technique enables easy FMS management and
control, thus facilitating the operations of fully automatic factories.

2. Key-route main path analysis is used to determine the points of convergence during
the examination of key factors limiting the performance of FMSs. Therefore, to
improve the performance of FMSs, further research must be conducted on mitigating
or eliminating these limiting factors.

3. There were 22 articles related to the topic of artificial intelligence (AI) between the
years 2000 and 2021. In these articles, we can find that AI technology was mainly
used in the establishment of databases and optimizing the control process of FMSs.
However, AI has served some flexible issues in the effective implementation of FMSs,
such as during the scheduling, machine loading, material handling, and decision-
making stages. The study of the Fourth Industrial Revolution, combining AI with
FMSs, mostly discussed how to improve production efficiency and product quality.
At last, the era of artificial intelligence application trends and technical challenges is
coming, and many flexible manufacturing systems will be introduced in the future.

5.4. Limitations

Based on the literature data, we collected FMS-related papers from the Scopus database
and conducted a literature review. A limitation of this study was that this paper may miss
some important and related papers because the database used in this paper was only Scopus.
Secondly, papers about these domains are not full, and the results of the main path analysis
may change when the number of papers changes. Finally, though review papers play
an important role in the development of these domains, it remains controversial whether
to remove review papers for main path analysis. Moreover, the results of the study can
help future researchers define their research directions and understand the development
trajectory of the field, which can be utilized by the modern manufacturing system.
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