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ABSTRACT

Nowadays, product evolution and commercialization are done in very short cycles, therefore the
productivity and flexibility of current manufacturing systems are no longer competitive. As a result, a
new generation of reconfigurable manufacturing systems (RMS) emerges. These systems should be
responsive enough to cope with sudden market changes while maintaining excellent product quality at
a low cost. The expert in Production Systems introduced RMSs in the 1990s, during industry 3.0, which
was characterized by mass automation, but they also witnessed the 4th industrial revolution, dubbed
"industry 4". Thanks to this 4th industrial revolution, RMSs have been able to leverage the
technologies at the heart of Industry 4.0, such as artificial intelligence and machine learning, the
Internet of Things (loT) and digital twins to create an intelligent, dynamic, and above all,
reconfigurable factory, Called the Reconfigurable Factory 4.0. In this context, this paper proposes an
organized and up-to-date systematic review of the RMS literature. Addressing its various research
axes, namely the design approach, the RMS and Industry 4.0, the RMS features and performance, the
simulation part, and the significant approaches and technologies that have contributed to the
development of a reconfigurable factory 4.0.
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1. Introduction market  changes. Therefore, to remain

As a result of globalization and rapid socio-
economic changes over the past decades,
customers are becoming increasingly demanding
and require customized solutions and products.
However, these changes have led to an increase
in the complexity of manufacturing environments
and have raised many new challenges. A critical
review of Dedicated Manufacturing Lines
(DMLs) and Flexible Manufacturing Systems
(FMSs) shows that these systems cannot meet the
requirements imposed by the market, which are
mainly : the cost, the quality of products and the
responsiveness of the manufacturing system to
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competitive, companies must design production
systems that ensure low-cost, high-quality
products with adequate responsiveness to market
changes. Reconfigurable Manufacturing Systems
or RMSs, whose components are reconfigurable
machines and reconfigurable controllers, as well
as methodologies for their systematic design and
management, constitute a new paradigm of
manufacturing systems proposed as a solution to
current needs. Table 1 presents a comparison
between DML, FMS and RMS production
systems [1-4]. As shown in table 1, RMSs seem
to be a promising choice for industrial companies
as they effectively increase productivity and
system responsiveness and at the same time
reduce production costs. Also, an RMS combines
the high throughput of a DML, the flexibility of
an FMS and the ability to respond efficiently to
market changes at low cost. It is crucial to note
that the RMS has several advantages, but in order
to achieve the most efficient and suitable
operation, different optimization approaches must
be implemented throughout its construction and
use.
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Tab. 1. Comparison between DML, FMS and RMS

DML FMS RMS
System Structure Fixed Changeable Changeable
Machine structure Fixed Fixed Changeable
System Setting Part Machine Family of
components
Flexibility No General Personalized
Scalability No Yes Yes
Simultaneous use of Yes No Yes
tools
Productivity High Low High
Cost Low Expensive Medium

The previous reviews [5] and [6] demonstrate
that there is a rich and diverse literature on
RMSs. However, given the importance of the
subject and the multiple research projects carried
out on it every year, it is important to update the
literary reviews in a regular way. In this context,
the present document was created with the aim of
creating an updated and organized literature
review on the topic of the design and

optimization of reconfigurable manufacturing
systems. To that end, a diverse range of
publications on the design, management, and
industrial application of RMSs has been
addressed. Table 2 presents a few literature
reviews on RMSs. In addition, in order to keep
the size of the literature as small as possible, we
have selected only the most frequently cited
articles over the past few years.

Tab. 2. Recent reviews on RMSs and target.

Ref Year

Target

[7] 2004  Knowledge of reconfigurability and reconfigurable manufacturing systems.

[8] 2008  RMS requirements and strategies.

[9] 2014  Use of artificial intelligence in the design of RMSs.

[10] 2017  Reconfigurable machine tools.

[5] 2017  Analysis and synthesis of current design methods and evaluation of support tools.
[11] 2018  Principles of RMS design and operation.

[6] 2018  The fields of application, the main methodologies and tools of RMSs.

[12] 2021  Control and intelligence of distributed and decentralized machines.

[13] 2021  RMS optimization.

[14] 2021  Strategies for reconfiguring the workforce.

It is interesting to note from table 2 that the topic
of reconfigurability spans a number of research
axes, and each work therein focuses on a
particular axis. To address this issue, the
following article will cover the entire topic of
RMSs. By addressing several research axes,
namely design, optimization, RMS performance,
etc. To that end, the remainder of this paper is
organized as follows:

Section 2 provides a general introduction to
RMSs as well as an overview of its
characteristics and design principles. Section 3
describes the research methodology used to
establish this study. Section 4 gives a literature
review on RMSs, focusing on the various
research areas, namely: the design approach,
RMS & Industry 4.0, the features of the RMS, the
performance of RMS, the simulation part, and the
applied research & applications. The conclusions
and future work are presented in the final section.

2. Reconfigurable Manufacturing
System

2.1.  Definition of RMSs

The RMS is a reconfigurable manufacturing
system whose physical and logical structures at
all levels of system components may be modified
rapidly and affordably in order to adapt
production capacity and functionality around a
product family in reaction to unexpected market
changes. The RMS is built on standard physical
and logical modules (cells, machines, machine
elements, handling equipment, storage
equipment, controllers, tools, fixtures, etc.) that
can be easily and reliably added, updated
reorganized, exchanged or replaced to meet
changing market demands [1, 2, 15, 16]. An RMS
will have an open architecture that can be
upgraded, updated, and reconfigured rather than
being completely replaced, and it will give
tailored flexibility for a certain product family
[17,1].
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Using fundamental physical and logical modules
that can be swiftly and reliably changed or
replaced, a production system known as an RMS
may be built. Reconfiguration allows for the
addition, deletion, or modification of the
capabilities of a specific module, control system,
or machine design to modify production capacity
in response to shifting technical or market needs
[15, 16, 18].

2.2. The features of an RMS
An RMS contains a few essential components
that provide a high level of market reactivity for
the system. These six qualities should be included
into the reconfigurable system from the design
phase to provide a high degree of
reconfigurability [17, 19, 20, 21]. These
characteristics are:

o Customization (flexibility limited to one
product family): A system's or machine's
flexibility is restricted to a single product
family; as a result, it is tailored specifically
for that product family.

o Convertibility (design for changes in
functionality): The capacity to readily modify
current structure and machine functions to
find new production goals.

o Scalability (design for capacity changes):
easy modification of production capacity by
the addition or removal of production
resources (such as machines) and/or the
replacement of system components

o Modularity (components are modular): The
division of operational processes into units
that may be adjusted and traded between
production systems for the optimal layout.

o Integrability: (simple interfaces for rapid
integration): employing a collection of
mechanical, informational, and control
interfaces that make integration and
communication possible, one is able to
swiftly and precisely combine modules.

« Diagnosability (design for easy diagnostics):
The capacity to read the present status of the
system automatically in order to discover and
diagnose the sources of inaccurate output and
promptly rectify it.

These features greatly influence the productivity

and responsiveness of the system while reducing

manufacturing costs. Table 3 shows the influence
of the characteristics on the reconfiguration time,
productivity, and life cycle costs of the system

[22].

Tab. 3. Report on the main characteristics of an RMS

Reconfiguration Productivity System Life-Cycle Costs
Time

Modularity l

Integrability l l
Customization T l

Scalability T l
Convertibility l T l
Diagnosability l T l

2.3. Design of RMS

For the design of an RMS, in order to secure the
economic  viability of multiple product
generations and market conditions, [22] indicate
that it is vital to adopt a long-term perspective to
the production system. In other words, the system
will be developed to be adaptable in terms of
effectiveness and capacity. The concepts of
reconfiguration should guide RMS design. A
manufacturing system's ability to be reconfigured
increases as these ideas are applied to it again.
The ultimate objective is to create a dynamic
factory that can quickly modify its production
capacity while maintaining high levels of product
quality. This is achieved by incorporating these
ideas into the design of RMSs [19]. These
principles are:

e In order to react to erratic market fluctuations
and innate system occurrences, an RMS must
have scalable production resources.

e A RMS need to be built around a family of
goods, with just enough bespoke flexibility to
manufacture any member of the family.

e Both the system as a whole and its individual
parts should incorporate the key RMS
features (physical and logical).

e A rapid adjustment (increment or reduction)
of the capacity of an RMS should be possible
in modest steps.

e An RMS must have the flexibility to swiftly
adjust its capabilities to new items.

e An RMS's integrated adjustment features
must make it easier to react quickly to
unanticipated hardware faults.
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3. The Research Method
The search engine GOOGLE SCHOLAR
(scholar.google.com), as well as the E-ressource
platform (eressources.imist.ma) were used to
search and filter the articles presented in this
document.  Also, for the bibliographic
management. The MENDELEY software was
used not only for the management of references
but also for the proposal of works similar to those
found in the bibliography. The articles are then
entered sorted and reorganized in an Excel file to
be able to process the data easily. Following this
methodology and after filtering the different
documents obtained according to the degree of
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importance, we could select more than 160
articles published between 1999 and 2022 in
different journals or conferences. The distribution
of these publications throughout time is presented
in Figure 1. This work focuses on recently
published research, although it is necessary to
present some previous works that contributed to
the development of the fundamental concepts of
RMSs. Also, this research encompasses many
forms of documents (journal articles, book
chapters, indexed conference papers). Figure 2
depicts the distribution of these publications
based on the journals or conferences where they
were published.

Fig. 1. Distribution per year of publication
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4. RMS Research Trend

Since the introduction of the RMS concept in the
late 1990s [1, 17], research in this area has
increased and expanded considerably. This
research on RMS covers multiple issues and
different levels of structuring of a manufacturing
system [23], from the highest level of structurin’g
(network and factory) to the lowest level
(workstation). Figure 3 depicts the many themes
addressed in relation to reconfigurable
manufacturing systems. These principal areas of
study are:

I
|

*  Design approach.

*  RMS & Industry 4.0 :

*  Features of the RMS (listed in section 2.2).

*  Performance of RMS.

*  The simulation part.

»  The applied research & applications.

The remainder of this part presents the analysis of
each topic as well as the work completed in each
stream. Figure 3 illustrates the principal areas of
RMS research.

e

Convertibility e

Design approch Industry 4.0

Modularity

Customisatio s Integrability

Diagnosibility

Applied research

Product family L Planification
formation & Scheduling

|
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Fig. 3. Research areas on RMS

4.1. The design approach

In the literature, the solutions presented to solve
the RMSs design problem are numerous, and they
address the problem from different perspectives
with different levels of detail. Many authors
indicate that there is a lack of a systematic design
method for RMSs [2, 3, 4, 24, 25, 26]. For
example, [26] present a review of existing
methods for designing the system architecture, its
configuration, and its control system design.
They conclude that a systematic design method is
missing. However, given the account, numerous

researchers have recently resorted to system
engineering to answer the issue of designing an
RMS as a complex system [27] or work that
addresses the design of RMS through
approximatively multicriteria approaches. In [27],
the author divides the problem of designing
RMSs into several parts: production process
design, system level design, machine level
design, control system design and management
system design. Table 4 presents the different
works carried out in the multiple perspectives of
the design of RMS.

Tab. 4. Literature review, general designing of RMS

Ref Year Target

[28] 2007 Design of RMS strongly coupled
[29] 2007 Reconfigurable machine design concepts
[30] 2009 design using Petri nets
[19] 2010 Concepts for reconfigurable machine designs
[31] 2011 A method for developing the design of RMS
[32] 2013 The RMS's quick response time
[33] 2014 Designing a manufacturing system architecture
[34] 2015 Support system for reconfigurable manufacturing system design and optimization
[35] 2015 Cloud-based design and production.
[36] 2017 Machine selection in reconfigurable manufacturing system (RMS) design using a
flexibility-based multi-objective approach
[37] 2017 Journey and future of reconfigurable manufacturing systems
[38] 2018 a multi-objective approach for the design of RMS
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reconfigurable manufacturing systems: dynamic design and management
creation of a framework for RMS to choose the optimum collaboration path between
Framework for designing and assessing a RMS based on the integration of moveable

Designing and operating reconfigurable production systems using ergonomic principles

A multi-objective particle swarm optimization, design and scheduling of RMS.
Designing a balance-first sequence-last algorithm RMS: a mathematical model for

balancing reconfigurable manufacturing systems with performance guarantees

A Comparative Analysis Tool for Reconfigurable Manufacturing System Concept

[39] 2019 A plan for designing a mobile RMS
[40] 2019
[41] 2019 Module-based machinery design of RMS.
[42] 2020
machines
[43] 2021
robots
[44] 2021
[45] 2021
[46] 2021
[47] 2021
Designs
[48] 2022

Using a Genetic Algorithm to Design a Reconfigurable Manufacturing System

4.2. The features of the RMS

As discussed in Section 2.2, an RMS should be
designed from the outset with six key features in
mind: Customizability, Convertibility,
Scalability, = Modularity,  Integrability,  and
Diagnostibility. Because they greatly affect the
system's productivity and responsiveness while
also lowering manufacturing costs. Several
publications in the literature address the
integration of these characteristics into the design
process, as well as how they might increase the
performance of the RMS. In terms of RMS
scalability, a plan should be implemented that
allows for an incremental increase in system
capacity [49, 50, 51]. In this regard, [52]
describes an RMS scalability design technique

that uses an optimization method based on
evolutionary algorithms to discover the most
cost-effective way to reorganize an existing
system. The authors also developed a modular,
flexible, scalable, and reconfigurable technique to
produce microsystems based on additive
manufacturing and electronic printing [53]. In
[54], the key characteristics of an RMS are
quantified based on a study of the reconfiguration
of  reconfigurable  machine parts and
manufacturing cells. The quantitative models are
then used as the foundation for building an RMS
evaluation index system based on the Preference
Ranking Organization Method for Enrichment
Evaluation (PROMETHEE). Table 5 lists the
most pertinent studies on RMS features.

Tab. 5. Lists of publications in features of RMS

Ref  Year  Convertibility Customization  Scalability = Modularity Integrability Diagnosibility
[49] 2006 4
[50] 2007 4
[51] 2008 4
[55] 2012 v
[56] 2012 v
[56] 2016 v
[53] 2016 v 4
[57] 2017 v v v
[52] 2017 4
[58] 2017 v
[54] 2017 v v 4 4 4 v
[59] 2017 v
[60] 2018 v v
[61] 2018 v v
[62] 2018 4
[63] 2019 v
[47] 2021 v
[64] 2021 v
[65] 2021 v
[66] 2021 v v v v v v
[67] 2022 v v
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4.3. The RMS & industry 4.0

The creation of a "smart, dynamic factory" that
can swiftly adjust its production capacity and
diversity while maintaining a high level of
quality at an affordable price has been a major
focus in recent years [27]. To meet these
expectations, Industry 4.0 is characterized by its
adaptability, flexibility, and efficiency, which
allow it to meet the needs of customers in today's
market. It represents a significant advance in the
organization and supervision of the entire value
chain. This concept applies to the entire life cycle
from manufacturing to product delivery [68].
Therefore, manufacturers are seeking for "smart"
and "reconfigurable" machines more than ever
before in order to rapidly and dynamically satisfy
the needs of today, tomorrow, and the lifespan of
their goods [69]. In [69], which evaluates the
state of the art in distributed and decentralized
machine control and intelligence in a unique
approach, basic research on reconfigurable
manufacturing systems (RMS) is examined. This
presentation offers a fresh perspective on the
intelligence and reconfigurability of the next
generation of Industry 4.0 production machines.
According to [ 70,71 ], for Industry 4.0 to
become a reality, it is essential to implement
horizontal integration of the B2B value network,
end-to-end the integration of the engineering
value chain, and vertical integration of the
factory. In this context, [71] suggests employing
a vertical integration technique to construct a
flexible and changeable smart factory. They came
up with the idea that smart items and machines
could converse and bargain with one another in
order to reconfigure themselves for the flexible
manufacturing of wvarious products. Massive
amounts of data may be collected from smart
items and sent to the cloud via the IWN (Wireless
Industrial Network). In order to increase system
performance, this provides system-wide
coordination and feedback based on data
analysis. Self-organized reconfiguration,
feedback, and data synchronization define the
framework and operating system of the smart
factory [71].

In the pharmaceutical industry, a data-driven
reconfigurable production mode of the Smart
Factory for pharmaceutical manufacture is
presented in [72] to address the rising need for
agility, flexibility, and low cost in the healthcare
sector. The observation layer, the deployment
layer, and the execution layer are the three key
levels that make up the smart factory architecture.
The perception layer, which oversees
pharmaceutical production planning, introduces a
knowledge base based on the semantic

manufacturing ontology. The demand for
pharmaceutical manufacturing and the condition
of the low-level machine resource data are used
to develop reconfigurable plans. IEC 61499 is
also introduced for feature modeling and machine
control [72]. Regarding to [73] an innovative
vision of teaching and training is essential in
Industry 4.0 to prepare students for the challenges
of the real shop floor environment. This
highlights the wvalue of grounded theoretical
notions in real-world applications. To maintain
the future generation's desire, educate them about
cutting-edge technologies, and accomplish the
aims of sustainable manufacturing, rational and
logical approaches, such as virtual reality, are
essential [73]. To this purpose, the authors
provide a way for applying the primary virtual
reality-based visualization methodology in the
production of goods. It seeks to familiarize
students with the idea of Industry 4.0 and the
reconfigurable manufacturing system (RMS) in
order for them to anticipate the RMS's design,
interact with it, comprehend how it works, and
assess its performance.

4.4. The performance of RMSs

Since its introduction into the industrial sector, a
number of studies have focused on the industrial
performance of reconfigurable manufacturing
systems (RMSs). There are works that are
interested in the measures of performance
indicators and others that participate in the
improvement of their performance. Of these
works, the majority of the research is oriented
towards the sustainability side because it
represents a very important lever to ensure the
economic, social, and environmental feasibility
of several product and system generations.

4.4.1. The performance metrics

In order to maintain competitiveness, companies
need to monitor the current state of the
production system and take appropriate
performance measures [74]. In [74], which
focuses on performance measurements and how
to select the optimal configuration for a
reconfigurable manufacturing system. According
to the authors, the performance of the
reconfigurable manufacturing system is affected
by different performance indicators such as ramp-
up time, cost, reliability, availability, turnaround
time, reconfiguration time, etc. In the same
concept, in [75], a combinatorial technique is
presented to assess the compound performance
indicators (CPIs) of a repairable RMS.

This approach incorporates the stationary state
probabilities of repairable reconfigurable
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machine tools (RMTs) and the inventory state
probabilities of buffers using an enhanced
universal generating function. The simulation
findings validate the RMS performance
evaluation's correctness. Thus, it is beneficial for
boosting machine dependability, resource
consumption efficiency, and decision making
regarding RMS setup with buffers. Also in [76] a
composite performance measure (CPM) was
suggested, which uses a combined score to
evaluate the performance of the RMS based on
all 10 performance measures. The Analytic
Hierarchical Process (AHP) approach is used in
the CPM development technique, and the
weighting of each performance metric is also
taken into account. [76] Provides an overview of
the important performance parameters that are
taken into account while selecting and comparing
alternative setup.

4.4.2. The performance improvement

Following the discussion of the many techniques
of measuring performance, it is critical to
understand how these metrics and indicators may
be improved. Several publications listed in the
literature in this area focus on increasing RMS
performance. According to [77] choosing an
appropriate configuration is crucial since it
influences a number of performance metrics that
affect the system's responsiveness, economy, and
reliability. In this context, [77] proposes a
comprehensive decision-making approach that
takes into account cost, machine utilization,
operational capacity, machine reconfigurability,
configuration convertibility, and reliability as
performance measures in order to choose the best
configuration for the one-piece reconfigurable
flow line. The issue has been presented as a
multiple-criteria decision-making problem, and
the fuzzy best worst case approach is used to
combine the decision-linguistic =~ maker's
preferences in order to get the appropriate
weights for each criterion. Despite their degree of
automation, these systems need human operators
to carry out particular activities, such moving
auxiliary modules from the warehouse to the
RMTs and assembling/disassembling those [78].
Due of the interaction between humans and
machines, this issue creates pertinent ergonomic
and safety concerns. The technical aim function
reduces the amount of time needed for
reconfiguration, or for the RMTs to be outfitted
with the necessary auxiliary modules and for the
components and auxiliary modules to be moved
between RMTs. According to ISO 11228-3, the
ergonomic goal function reduces the repetitive
motions made human operators during job

operations. The findings demonstrate that there is
a good balance between the two target functions,
demonstrating the feasibility of enhancing the
ergonomic circumstances for human operators
without noticeably lengthening the overall time
needed to reconfigure the RMTs and transfer the
components and auxiliary modules [78].

In [79], the authors affirms that human
interaction is one of the important factors
influencing system performance in the majority
of industrial settings. Worker tasks are
anticipated  to change frequently  as
reconfigurable manufacturing systems (RMS) are
implemented. The system designer may receive
advice on necessary skill levels, training
programs, job design, task assignment, work
organization, and possibilities for system
modification to achieve higher quality results
from the ability to predict the likelihood of errors
brought on by human involvement. Multi-
attribute utility analysis was used in [79] to create
a model for calculating the probability of human
error in RMS based on task characteristics, work
environment, and worker capabilities. For the
dynamic management of RMSs, the authors in
[80] propose a linear programming optimization
model that best balances the reconfiguration of
RMTs while taking into account the availability
of auxiliary modules, that is, the work required to
install and remove auxiliary modules from the
machines, and the flow of parts between RMTs.
An operational case study application broadens
the discussion of the model, and a multi-scenario
analysis that examines how total system
performance changes as a function of accessible
auxiliary modules brings the research to a close.
The combined presence of several components on
the same RMT in each time shown by the data
points to the critical role of auxiliary modules in
developing functional and adaptable structures
appropriate for processing multiple parts.
Furthermore, according to [81], whether or not a
production process to be conducted is capable of
meeting the stated performance requirements is
dependent on the reliability of the machines and
technical equipment that compose the system
being created. The reliability of a manufacturing
system as a whole is heavily dependent on how
the various components are structured since they
all have varying degrees of reliability.

In [81], the authors talks about how to choose a
manufacturing system's structure that can adjust
to changing machine reliability while maintaining
the stability of the production process. The
reliability of reconfigurable systems can be
increased by replacing or reordering components
without affecting their reliability [82]. A cost-
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effective technique to increase the dependability
of reconfigurable systems is presented in [82] by
combining the benefits of the replacement
method with the rearrangement method. Then,
based on the integrated technique, a 0-1 integer
programming  model of  multi-objective
optimization is developed to achieve the
reconfiguration with the highest system reliability
and the lowest reconfiguration cost. The multi-
objective model is solved using the coarse-
grained parallel genetic algorithm (CPGA), and
the novel efficiency function allows the multi-
objective issue to be reduced to a single-objective
problem.

4.4.3. RMS & sustainability

Responsibility, commitment, corporate social
responsibility, corporate accountability, total
societal impact, corporate governance. All of
these phrases are related to a larger notion known
as sustainability. The phrase '"sustainable
development" refers to any actions that enable
growth to occur in a way that satisfies the
requirements of the present generation without
risking the ability of future generations to do the
same [83]. Today, the idea of sustainability is
separated into three categories: social, ecological,
and economic. The next generation of
manufacturing systems must be able to adapt
swiftly and affordably to the industrial market.
The objective is to adapt to shifting market
demands while reducing harmful environmental
effects. Reconfigurable manufacturing systems
(RMS) can improve system sustainability and
response to market demands due to its flexibility
and features [84]. In terms of features, [84, 85]
shows how the RMSs' convertibility,
customizability, and modularity affect their
durability. Convertibility is measured from the
perspective of the RMS by taking configuration
convertibility, machine convertibility, and
handling device convertibility into account. [84]
Demonstrates how the sustainable manufacturing
performance of RMSs varies as a function of
system convertibility using known sustainable
manufacturing indicators. [85] examines the
impact and possibilities of Modular Architecture
Principles (MAPs) on the sustainable design of
open architecture goods. According to [86, 87,
88, 89, 90, 91], increasing sustainability is
primarily about minimizing total production time,
total production cost and the amount of
environmentally hazardous waste. Environmental
hazardous waste includes hazardous liquid waste
and emissions (GHG). For this purpose, [88]
presents a linear programming technique (I-
MOILP) and its comparison with the two

methods (AMOSA) and (NSGA-II). Also, in
order to reduce emissions and hazardous
materials during product development, [92]
presents  Multidisciplinary Green Bill of
Materials (MDG-BOM) with a green bill of
materials model, also to enable multiple
departments to integrate various CAD design data
sources and control/track changes at each step of
the process, an intelligent spreadsheet for MDG-
BOM management was created.

4.5. The applied research on RMS

This section discusses the primary RMS
application areas that have been proposed in the
literature. This research focuses on the design of
Reconfigurable Machine Tools (RMT), the
challenge of product family development,
scheduling and production planning in
reconfigurable systems, and the selection of the
RMS configuration.

4.5.1. Reconfigurable machine tools RMT
The novelty of RMS is that the system's structure,
as well as its machines and controls, may be
rapidly updated in reaction to market (demand
and product) changes. RMS heavily relies on the
reconfigurable machine tool (RMT). RMTs, as
opposed to typical CNCs, are intended for a
specific, specialized range of operating needs and
can be cost-effectively changed when
requirements change [93].When developing
RMTs, the selection of relevant modules is a
critical decision element in meeting production
requirements  successfully and efficiently.
However, selecting relevant modules is a difficult
undertaking since it is a multi-domain mapping
process that strongly relies on expert domain
knowledge, which is typically unstructured and
implicit. [94] Proposes an ontology-based RMT
module selection approach to efficiently assist
RMT designers. First, an ontology is created to
explicitly express the taxonomy, attributes, and
causal relationships of/between three core
domain concepts: the machining feature, the
machining process, and the RMT module
involved in the RMT design. Second, a four-step
sequential approach is devised to aid in the
selection of optimal RMT modules by using
coded knowledge from a knowledge base. The
technique takes a given family of parts as input,
infers the needed machining operations as well as
the RMT modules automatically using rule-based
reasoning, and then produces a set of RMT
configurations capable of machining the output
family of parts. Finally, an example of
manufacturing a family of plates is used to show
the usefulness of the ontology-based RMT
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module selection process. The results suggest that
the technique is helpful in supporting designers
by picking modules and producing configurations
in the RMT design in a timely and suitable
manner. In [95], a novel method for RMT design
is put forth that is closely related to the process
planning of a specific family of box-like parts.
The most similar process plans for a given part
family can be determined and used for RMT
structural design using the similarity calculation
model. As a result, the designed RMTs can
achieve rapid conversion of processing functions
with minimal module replacement or adjustment
to achieve part family production. Following
reconstruction, the correctness of the new
machine tool must first be ensured, putting
greater emphasis on the flexibility of error
definition and modeling [96]. As a result, [96]
presents a method for numerical and structure-
adaptive geometric error definition and modeling
in order to respond fast to changes in the RMT
structure. First, a coding method is proposed for
expressing the machine tool component with
structure and motion information so that
geometric error definition and modeling can be
automated. Then, as kinematic and structural
properties, a common expression of geometric
mistakes is  offered. According to the
configuration tree, the geometric error
identification coefficient matrix is defined and
calculated using an assignment algorithm.
Finally, the geometric error modeling modules
are defined, and the sequential multiplication
computation is shown to create the geometric
error model automatically. According to [96], a
reconfigurable machine tool is a group of
machines that may be configured in a variety of
ways to fulfill production requirements. [96]
Considers the production scheduling problem on
a shop floor with reconfigurable machine tools to
be an extension of the flexible job shop
scheduling problem (FJSSP).

4.5.2. The configuration of RMS

The system's state that reacts to a specific context
is known as a configuration. To define the system
configuration, a set of system parameters that
determine the configuration must be defined. A
change in a parameter signifies a change in the
system setup. Reconfiguration is the procedure
that allows the system to transition from one
configuration to another, and it frequently
necessitates the execution of means and persons.
The configuration of an RMS is changed during
its operational phase due to the occurrence of
reconfiguration trigger events, or DRs. A
reconfiguration trigger event is an event that

necessitates system reconfiguration. It can be
intrinsic and extrinsic [27]. Configuration
selection for reconfigurable manufacturing
systems (RMS) is one of the critical issues that
must be addressed to move RMS deployment
from its infancy to maturity [97]. The quality of
RMSs, as well as the resources necessary to bring
them into dependable production, are primarily
controlled by the speed with which the
reconfiguration process is carried out [98]. [98]
Offers a mechanism for comparing various
reconfiguration implementation methods. To
differentiate the impact of the offered solutions,
three classes of reconfiguration are specified. The
procedure employs a recently established
indexing mechanism for the building of RMS
process modules based on the axiomatic design
methodology. The resources and time required to
implement the reconfiguration process are
calculated using weighting criteria. [97] Proposes
and demonstrates a system for production line
configuration selection (MFL) utilizing a non-
dominated sorting genetic algorithm-II (NSGA-
II). The framework includes the production of a
product on a multi-stage reconfigurable serial
production line (RSPFL) to increase RMS
performance while taking numerous objectives
into account as selection criteria. With the same
goal of achieving good performance [99] defines
a new reconfiguration effort index that considers
all reconfiguration efforts at the process level
rather than just machine configuration effort. The
newly constructed reconfiguration index is
employed as an objective function to solve the
RMS design problem, allowing the optimum
process plan with the least amount of
reconfiguration effort to be obtained. Taking
advantage of RMS modularity, [100] provides a
novel 0-1 nonlinear integer programming model
to optimize the configuration of modular goods
and RMSs at the same time, based on unique
client requirements. To solve this model, a
genetic algorithm-based solution is provided, and
its parameters are tweaked using a full two-level
factorial design. To address the classic RMS's
convertibility issues, the Delayed RMS (D-RMS)
was proposed. D-fundamental RMS's principle is
to keep partial production capacity by postponing
reconfiguration to the last stages of the
manufacturing system. To implement D-RMS
with deferred reconfiguration, configuration
design is necessary. As a result, [101] provides a
D-RMS configuration design approach. The
industrial robot is also considered in the
configuration design to suit the requirement for
smart production. [102] Presents a networked
autonomous  reconfigurable = manufacturing

International Journal of Industrial Engineering & Production Research, June 2023, Vol. 34, No. 2


https://www.iust.ac.ir/ijieen/article-1-1640-fa.html

[ Downloaded from www.iust.ac.ir on 2025-07-17 ]

Reconfigurable manufacturing systems: From automation through Industry 4.0 11

system with decentralized management of
individual autonomous lines that may be
modified via manufacturing modules for diverse
production tasks. In a similar vein, [103]
proposes a new class of open architecture
machine tools (OAMTs) that consists of a fixed
standard platform and various custom modules
that can be quickly added and interchanged. By
incorporating custom modules into its OAMTs,
the production system can be modified to meet
the requirements of process planning.

4.5.3. Product family formation

An RMS is designed around a family of products
with enough flexibility to manufacture them all.
These products are grouped into families based
on certain shared characteristics such as
modularity,  sequence of  manufacturing
operations, etc. Each product family requires a
system configuration to produce them, and
switching from one product to another or more
generally from one product family to another
requires reconfiguring the system. According to
[19], designing around a family of products
instead of a single specific product allows
designers to plan a system that supports different

variations of the same product family with
minimal changes to the production system. The
design of an RMS is strongly related to the
product portfolio, as the system should be able to
produce several product variants within a product
family, but also different generations of the same
product family [104, 105, 106]. Thus, the
effectiveness of an RMS depends on the
formation of the best set of product families.

For more than a decade, both research and
practice have focused on the formation of product
families [107]. There are several approaches to
defining what constitutes a product family [108].
However, because the RMS is built around
product families to reduce flexibility and increase
efficiency, product families must be designed
alongside the production system [109]. Three
concerns have been identified in the literature in
this regard: grouping products into product
families, designing the corresponding optimal
configuration, and adapting system
configurations to changing product families [110,
111]. Several approaches to addressing these
concerns are available in the literature.

Table 6 summarizes the various papers on
product family design found in the literature.

Tab. 6. Review on product family formation.

Ref year Keywords
[112] 2000 commonality index of components
[113] 2000 the component communality and process communality
[114] 2002 customer needs
[108,115] 2004; 2007 Operational Similarity, AHP analytical hierarchical processing
[116] 2007 modularity, commonality, compatibility, reusability, and
demand

[117]
[118]
[119]

2008 Tool and direction
2007; 2009  the component level
2011 Bill of materials BOM

[120] 2014 cell configuration

[121] 2014 the assembly sequences, product demand and commonality
[122] 2016 Bill of materials BOM, components and assembly structure
[123] 2016 bypassing moves and idle machines

[124] 2016 Component, interface synergy

[125] 2018 Datum Flow Chain DFC

[126] 2018 Pareto, commonality and modularity

[127] 2020 LPCS, ALC, D-RMS system.

[128] 2020 dynamic expression

[139] 2021 MBPF

[130] 2022 Differential Evolution (DE)

[131] 2022 D-RMS, machine learning, K-medoids, LPCS.

[132] 2022 ELECTRE III

4.5.4. Planification & Scheduling of RMS
The reconfigurable manufacturing system (RMS)
is anticipated to offer low-cost, high-response
customization. Optimizing reconfiguration to
generate mass-customized durable items in RMS,
on the other hand, is a complicated task that
necessitates multi-criteria decision making. It is

linked to three issues: process planning,
scheduling, and layout optimization, all of which
must be combined to enhance the RMS's
performance [133, 134] Seeks to merge the three
challenges mentioned above and devise an
effective method for solving them all at once. It
develops a multi-objective mathematical model
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that simultaneously optimizes process planning,
task scheduling, and the open-field layout
problem in order to increase the RMS's
sustainability.

The penalty for product delay, total
manufacturing cost, hazardous waste, and
greenhouse gas emissions are all reduced. When
looking for Pareto-optimal solutions, economic
and environmental indicators are established to
adjust the Pareto efficiency. Raw search yields
the exact Pareto-optimal answers, which are then
compared to the model without environmental
indicators.

To produce approximation Pareto-optimal
solutions with great efficacy and efficiency,
NSGA-III is used. The similar vision of [135]
concentrates on a comprehensive method of
production planning in a reconfigurable
manufacturing system. The energy consumption
and material fluxes incurred on the
reconfigurable manufacturing system are defined
through the process plan detailing how to build a
part. Alternative system reconfigurations are
evaluated dynamically in terms of several holistic
criteria such as energy usage, environmental
consequences, and throughput. A multi-objective
production planning model is created to minimize
energy usage while maximizing throughput. IPPS
(Integrated Process Planning and Scheduling) is a
manufacturing technique that views process
planning and scheduling as a single operation
rather than two separate processes performed
sequentially [136]. [136] Proposes a new
heuristic for the IPPS problem for reconfigurable
manufacturing systems (RMS). It takes into
consideration RMT machines multi-configuration
to combine process planning and scheduling. In
particular, with the emergence of the Internet of
Things (IoT) as a global concern in recent years,
many companies or manufacturers have
attempted to integrate it into their intelligent
systems. The advancement of IoT technology has
enabled the collection of hidden information
within systems. [137, 138] concentrated on the
IoT-based  reconfiguration  decision-making
system with data collecting system. Using the
data acquired by the IoT sensors, the decision-
making system identified a reconfiguration
situation and created a reconfiguration strategy.
[137] addresses the significance of incorporating
[oT into RMS and establishing a mathematical
model to handle planning difficulties in order to
save time, money, and effort in reconfiguration .

4.6. Simulation part of RMS
Despite this expected trend in the field of RMS
manufacturing, there is little literature on the

simulation part for RMS design. According to
[139] simulation of a production line's
manufacturing process is critical for reducing the
cost and time of production line design.
Traditional simulation approaches are either
limited in quality or rely on real-world equipment
and external tools. The digital twin is a key
component of Industry 4.0 and is thought to be
the next generation of simulation. However, the
digital twin's application to industrial process
simulation has received insufficient attention.
[139] Offers an integrated manufacturing
simulation and digital twin platform (DTMSIP)
incorporated in a cyber-physical system to model
and analyze the manufacturing process of
production lines in advance (CPS). DTMSIP,
which is powered by the CPS Plug-and-Play, may
serve as both monitoring and simulation, with
accuracy maintained by accurate digital mapping.
In the same perspective, [140] offers a fresh
approach by integrating the Industry 4.0 idea into
a manufacturing procedure, where reconfigurable
machines are employed to make up for the loss of
production of a specialized production line as a
result of a machine failure. Using FlexSim, a
simulation-based technique is built to test two
broad configurations against three major
performance indicators (KPIs) [141].

5. Conclusion
Reconfigurable manufacturing systems (RMS)
have been described as a viable manufacturing
solution that supports the transition from mass
production to custom production while
maintaining high quality at low cost. Since 1999,
a number of studies have focused on the design
and optimization of RMS to create automated and
reconfigurable factories. However, with the
fourth industrial revolution, known as Industry
4.0, new technologies such as artificial
intelligence and machine learning, digital twins,
additive manufacturing, etc. have appeared. As a
result, it is critical to use these technologies to
improve RMS design with the ultimate goal of
having reconfigurable and intelligent
manufacturing. This review presents a current
assessment of the RMS literature, covering the
main research themes such as design approaches,
RMS characteristics, reconfigurability in Industry
4.0, product family development, simulation, and
so on. According to the literature review, various
research streams have gained significant attention
from the research community, such as the
analysis of design techniques, the investigation of
RMS features (particularly scalability), and
durability, which is a critical topic for today's and
tomorrow's industries. Others, such as simulation
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of RMSs and reconfigurability towards Industry
4.0, require additional investigation. These latter
two axes (in the industrial field) imply the
necessity to further strengthen research in these
areas in order to help the current market in its
transition to reconfigurability 4.0. But the
question is:

How can we leverage Industry 4.0 to
achieve Reconfigurability 4.0?

This question is a first step in expanding our
knowledge of RMS and key Industry 4.0
technologies to support the industry of the future
in its transition to tomorrow's reconfigurable
production and to what are called 4.0 factories.
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