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ABSTRACT

There is a lack of a design method for the manufacturing system reconfiguration to cope with the
changing demand and evolving production technologies while minimising energy consumption.
The key drivers for the new industrial paradigm are flexibility and sustainable manufacturing, which
have been studied independently in the prior research. The aim of this research is to study two drivers
simultaneously by designing robust models and analysing manufacturing system configurations to
achieve feasible solutions in any scenario that may arise due to evolving, incomplete, and unforeseen
production requirements, while minimising energy usage during product manufacture. To achieve
this goal, this research develops a robustly validated pre-emptive decision engineering framework
(DEF) for the manufacturing system reconfiguration process to manage future uncertainty of future
conditions and identifies current production vulnerabilities and alternative production portfolios. In
this research, a robust RMS reconfiguration strategy is designed using a compromise decision sup-
port problem (cDSP), and decentralised decision-making designs are explored through the use of
game theory. The findings provide a new production system for adaptable, responsive, and sus-
tainable manufacturing processes in the dynamic global economy. These results can empower
stakeholders to make timely design decisions that lead to significant cost savings and sustainable
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1. Introduction

In recent years, the globalisation of markets and the
dynamic global economy has heightened the demand for
manufacturing processes that are adaptable, responsive,
and sustainable, allowing them to effectively address the
constantly evolving customer requirements (Napoleone,
Pozzetti, and Macchi 2018). However, traditional man-
ufacturing systems, such as lean manufacturing, agile
manufacturing, Just-In-Time, dedicated manufacturing
systems (DMS), flexible manufacturing systems (FMS),
or cellular manufacturing systems, fall short in meet-
ing individual customer requirements in a prompt and
cost-effective manner. Moreover, external factors like cli-
mate change, pandemics, and inadequate regulations in
the free market system, coupled with internal factors
like random equipment failures, increase the vulnerabil-
ity of global supply chains. Consequently, manufacturers
may not be adequately prepared for the instability of the
free-market system and the vulnerability of global sup-
ply chains, leading to significant financial losses for the
national economy (Foresight, 2013).

To address the challenge of developing adaptable,
responsive, and sustainable manufacturing processes,

it is crucial to reconsider production strategies and
develop a reconfigurable manufacturing system (RMS)
that enhances production system stability and reduces
energy consumption. The digitisation of the manufactur-
ing industry, driven by the implementation of Industry
4.0 and the emerging Industry 5.0, offers a promising
solution (Xu et al. 2021).

The Industry 4.0 initiative focuses on intelligent man-
ufacturing, supply and logistics processes, encompassing
vertical, horizontal, and end-to-end operations (Pereira
and Romero 2017). On the other hand, Industry 5.0
emphasises human-centric and sustainable manufactur-
ing (Leng et al. 2022). By integrating the existing man-
ufacturing system infrastructure with the technological
advancements of Industry 4.0 and Industry 5.0, disrup-
tive changes in manufacturing paradigms are realised,
enabling the achievement of agile, flexible, highly respon-
sive, and sustainable manufacturing processes.

Responsive manufacturing systems, driven by disrup-
tive technologies, have the potential to foster reconfig-
urable, adaptive, and evolving factories capable of mass
customisation production, innovative business models,
flexible and digital market models, enhanced levels of
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servitisation, and increased stakeholder engagement and
collaboration (Pereira and Romero 2017). Moreover, sus-
tainable manufacturing systems will seamlessly integrate
physical products and cyber services across their entire
lifecycle. This integration will lead to improved produc-
tivity, flexibility, and resource efficiency while simultane-
ously reducing waste, energy consumption, and overpro-
duction. Furthermore, sustainable manufacturing sys-
tems will foster the creation of new forms of product
value through practices such as reusing, remanufactur-
ing, and recycling (Machado, Peter Winroth, and Ribeiro
da Silva 2020).

The new industrial paradigm is driven by two key
factors: flexibility (Driver 1) and sustainable manufactur-
ing (Driver 2), which have been examined independently
in previous research (Shrouf, Ordieres, and Miragliotta
2014). Flexibility plays a vital role in enabling manu-
facturing systems to adapt to changing demands in the
global market. Three decades ago, the development of
RMS was initiated through the integration of high flex-
ibility, reconfigurability, and artificial intelligence (Koren
et al. 1999). Reconfiguration enables manufacturing sys-
tems to seamlessly transition between products, provid-
ing the necessary flexibility to support customisation
and personalisation while maintaining dynamic capac-
ity and functionality (Battaia, Dolgui, and Guschinsky
2017). However, traditional manufacturing systems are
inadequate in responding to the rapid changes in demand
for customised and personalised products within a free-
market system. Additionally, sustainability has become
increasingly important in manufacturing and design
practices. Sustainable manufacturing aims to minimise
environmental impacts, conserve energy and natural
resources, and ensure the safety of employees, commu-
nities, and customers throughout the product life cycle.
Many companies have adopted approaches such as design
for environment and life cycle assessment to inform
decision-making related to products, services, and sec-
tors. Enterprises must develop dynamically stable capa-
bilities to adapt, integrate, and reconfigure manufactur-
ing systems in response to evolving business environ-
ments and promptly meet customer requirements while
minimising energy consumption. This also influences
design decisions to achieve greater energy savings (Seow
and Rahimifard 2011).

It is evident that the challenge of adapting tradi-
tional manufacturing systems to enable both customised
and personalised production amidst dynamic changes
remains unresolved, presenting a formidable obstacle
to the advancement of responsive manufacturing (Jiao
et al. 2021). Furthermore, although significant efforts
have been devoted to developing cost-effective reconfig-
uration strategies (Wang et al. 2018), minimising energy

consumption during the manufacturing process remains
a challenge for the continued progress of energy-saving
technologies in manufacturing.

In this paper, our focus is on simultaneously study
two drivers, namely flexibility and sustainable manufac-
turing, by designing robust models and analysing man-
ufacturing system configurations. The aim is to achieve
feasible solutions for various scenarios that may arise
due to evolving, incomplete, and unforeseen produc-
tion requirements, while minimising energy usage dur-
ing product manufacture. To accomplish this, we propose
the development of a responsive and sustainable RMS
and responsibly innovate it. We will assess the potential
of the RMS in meeting the aforementioned drivers by
addressing four research objectives: (1) design a robustly
validated pre-emptive decision engineering framework
(DEF) for the reconfiguration process in the manufac-
turing system. This framework will enable the system to
effectively cope with the uncertainty of future conditions,
(2) analyse the generation of future scenarios and identify
current production vulnerabilities, as well as alternative
production portfolios. This analysis will provide insights
into potential risks and opportunities for the manufac-
turing system; (3) design a robust RMS reconfiguration
strategy using a compromise decision support problem
(cDSP) approach. This strategy will facilitate the adap-
tation of the manufacturing system to changing require-
ments while considering multiple conflicting objectives,
(4) utilise game theory to explore decentralised decision-
making designs for manufacturing systems. This explo-
ration will identify systematic reconfigurations that opti-
mise decision-making processes within the manufactur-
ing system. By addressing these research objectives, we
aim to contribute to the development of a responsive
and sustainable manufacturing system that can effec-
tively adapt to changing conditions and minimise energy
consumption.

The findings of this research will empower stake-
holders to make informed and timely design decisions.
By gaining a fundamental understanding of systematic
reconfiguration strategies for manufacturing systems and
processes, stakeholders will be able to achieve significant
cost savings. This research will also contribute to advanc-
ing sustainable manufacturing practices, taking a step
towards a more environmentally conscious approach.

The remaining sections of this paper are organised as
follows. Section 2 presents a systematic literature review
on reconfigurable manufacturing and sustainable manu-
facturing. In Section 3, the research framework is intro-
duced, highlighting the structural and logical validity
of the study as well as its overall consistency. Section 4
examines the example problem(s) utilised to validate the
design method. The analysis of experimental results is



discussed in Section 5. Section 6 addresses the limitations
of the study and outlines potential directions for future
research.

2. Literature review

To clarify the research problems in this study, a litera-
ture review is presented in this section. First, different
types of manufacturing systems are introduced. Secondly,
the issue of sustainability in manufacturing is discussed.
Next, publications related to managing uncertainty in the
manufacturing process are reviewed and analysed. Lastly,
current research related to reconfigurable manufacturing
is reviewed and analysed.

2.1. Manufacturing systems

Manufacturing systems are used to produce finished
product from raw materials. Normally a manufacturing
system contains machines, materials, material handling
machines, labour and information. Different types of
manufacturing systems which are applied in practices
are introduced in this section including DMS, FMS, and
RMS.

2.1.1. Dedicated manufacturing system (DMS)

DMS is extensively used in mass production, employing
dedicated or specialised machines to produce parts or
products (Renzi et al. 2014). It operates with a dedicated
manufacturing line designed for high production rates
of a specific part or product, optimising the sequence
of operations for efficient performance. The fixed struc-
tures and configurations of machines in a DMS make
changes time-consuming and costly (Renzi et al. 2014).
With high production volumes, the cost per part is rela-
tively low, resulting in cost efficiency. DMS was favoured
in the past century for its cost-saving advantages. How-
ever, the advent of Industry 4.0 has transformed the
manufacturing industry. Global sourcing of parts and
increased demand for customised designs have dimin-
ished the capacity utilisation of DMS and its ability to
meet customer demands.

2.1.2. Flexible manufacturing system (FMS)

EMS is a highly flexible manufacturing system com-
posed of a group of processing stations, typically com-
puter numerical control (CNC) machines, arranged in
an automated machine cell. These CNC machines are
interconnected through automated material storage and
handling systems, controlled by an integrated computer
system (Frolov et al. 2017). FMS is capable of produc-
ing a variety of part types. Despite its potential, FMS
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has not been widely adopted in practice, and many man-
ufacturers who have implemented FMS are dissatisfied
with its performance. This reluctance can be attributed
to the high initial cost, lower production rates compared
to DMS, and the requirement for highly skilled workers
to operate the system, which incurs additional expenses
and training time.

2.1.3. Reconfigurable manufacturing system (RMS)
RMS is a manufacturing approach that addresses the
limitations of DMS and FMS. It enables easy and rapid
changes to its capabilities and functionalities based on
fluctuating part volume and variety demands. In the era
of Industry 4.0, the ability to quickly adapt to new mar-
ket requirements has become increasingly crucial, lead-
ing to heightened attention towards RMS. Introduced by
Koren et al. (1999), RMS is considered the most suitable
solution for coping with changing market conditions.
It typically consists of reconfigurable machines that can
be easily added, removed, or adjusted, either by hard-
ware changes or software reprogramming. According to
Koren et al. (1999), a RMS should possess the following
characteristics: modularity, integrability, customisation,
convertibility, diagnosability, and scalability.

Machado, Peter Winroth, and Ribeiro da Silva (2020)
provided a summary of key functionality indicators for
RMS. The first indicator is cost, which encompasses cap-
ital cost, operation cost, and reconfiguration cost. Recon-
figuration cost refers to the expenses involved in adjust-
ing the system to meet new requirements, such as adding
or removing reconfigurable machines or tools. The sec-
ond indicator is reconfiguration time, which includes
both the time required for changing the production line
layout and the time needed to modify the structure or
reconfigurable machine tool (RMT) of the machines.
Energy consumption is another significant indicator, as
it poses a major challenge in the manufacturing sec-
tor. Consequently, research on RMS energy consump-
tion has garnered significant attention. Additionally,
other indicators like system flexibility, configuration con-
vertibility, and system reliability have been considered.
Yelles-Chaouche et al. (2021) conducted a comprehen-
sive survey of research publications focused on optimis-
ing RMS (Reliability, Maintainability, and Supportability)
and the methods used to address associated problems.
The survey presents relevant objective functions and per-
formance indicators used to evaluate the effectiveness
of RMS.

2.2. Sustainable manufacturing

Sustainable manufacturing is a vital aspect of achiev-
ing sustainable development (SD), as highlighted in
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the Brundtland Report (Brundtland 1987). It aims to
improve the quality of life for current and future gen-
erations. Manufacturing, with its significant impact on
the economy (GDP), environment (material and energy
consumption, carbon emissions), and society (job oppor-
tunities), plays a crucial role in this pursuit. Hence, sus-
tainable manufacturing is a critical element in the overall
objective of sustainable development.

In this paper, the definition of sustainable manufactur-
ing used is from Garetti and Taisch (2012): ‘Sustainable
manufacturing can be defined as the ability to smartly use
natural resources for manufacturing, by creating prod-
ucts and solutions that, thanks to new technology, regu-
latory measures, and coherent social behaviors, are able
to satisfy economic, environmental, and social objec-
tives, thus preserving the environment while continuing
to improve the quality of human life.” This definition is
chosen because it encompasses the three perspectives and
impacts of the manufacturing industry.

The importance of sustainable manufacturing has
been widely recognised and accepted by governments
and organisations worldwide. Here are some examples of
sustainable manufacturing projects initiated by govern-
ments and organisations:

A more sustainable manufacturing in UK - UK
(Machado, Peter Winroth, and Ribeiro da Silva 2020).

e Minimised material inputs; waste management;
energy efficiency; reduced water usage; efficiency in
land usage; leadership in low-carbon technology.

e New forms of value associated with products includ-
ing sustainability; products reused, remanufactured,
recycled and redesigned with recovery in mind; more
durable products designed for shared ownership;
spare capacity built into supply chains to ensure
resilience.

e Products use smaller amounts of materials and energy;
material is not land-filled but kept in a ‘productive
loop’; cleaner and quieter factories close to consumers,
suppliers, and academic institutions; supply chains
with spare capacity at all stages.

Made in China 2025 - China.

e A management system for safeguarding sustainable
manufacturing should be established to provide tech-
nical and policy support to meet guidelines.

e Technical support for theory and methodology of life-
cycle and end-of-life assessment of products.

e Implementation of ‘5R’ strategy for promoting a ‘tech-
nology and information platformy’ for green design of
Chinese products.

Efficient and Sustainable Manufacturing — EU.

e Increasing throughput, quality, environmental and
social sustainability of manufacturing activities while
reducing cost.

e Reducing emissions, energy, resources, and materials
consumption.

e Increasing the inclusion of humans in factories.

2.2.1. Links between sustainable manufacturing and
Industry 4.0

Existing literature has highlighted a strong correlation
between Industry 4.0 and sustainable manufacturing.
The literature exploring the connection between Indus-
try 4.0 and sustainable manufacturing can be categorised
into five areas.

Area 1: Business Model. Gerlitz (2016) developed a
business modelling and value creation method for smart
and sustainable manufacturing in small and medium-
sized enterprises (SMEs). Stock and Seliger (2016) pre-
sented a use case for retrofitting machine tools as an
opportunity for new services and sustainable manufac-
turing. Kiel et al. (2017) assessed the benefits and chal-
lenges of the industrial internet of things (IIoT) in achiev-
ing sustainable industrial value creation. Their research
highlighted the importance of considering economic,
social, ecological/environmental, technical integration,
data and information, and public context dimensions.
Bakkari and Khatory (2017) focused on leveraging Indus-
try 4.0 technology to enhance working conditions.

Area 2: Production. Larreina et al. (2013) studied
sustainability indicators for smart manufacturing extru-
sion systems and production processes. Shrouf, Ordieres,
and Miragliotta (2014) explored how IIoT systems sup-
port energy efficiency management in smart factories.
Lee et al. (2015) developed a sustainable manufactur-
ing testbed system to assess the sustainability perfor-
mance of production systems. Trentesaux, Borangiu, and
Thomas (2016) emphasised the importance of consid-
ering machine lifecycle and maintenance in sustainable
manufacturing within the context of Industry 4.0. Kumar,
Shankar, and Thakur (2018) focused on optimising main-
tenance strategies using a big data-driven sustainable
manufacturing framework for condition-based mainte-
nance optimisation. Ferrera etal. (2017) proposed a total-
efficiency framework to enhance the environmental and
economic performance of industrial companies. Angio-
letti et al. (2016) discussed the benefits and challenges
of additive manufacturing in improving material and
energy efficiency for sustainable manufacturing.

Area 3: Supply Chain. Prause (2015) evaluated the
creation of complex manufacturing networks using



cyber-physical systems (CPS). Severengiz et al. (2015)
proposed a Sustainable Manufacturing Community, a
web-based platform that utilises CPS to facilitate net-
working and knowledge management in production net-
works, including material flow and component recy-
cling. Prause and Atari (2017) conducted a case study
on cross-company production processes in an interna-
tionally operating high-tech manufacturing enterprise.
They examined the relationship between networking,
organisational development, structural conditions, and
sustainability in the context of Industry 4.0.

Area 4: Products. Stark et al. (2014) developed a new
process for printed circuit board repair and overhaul,
aiming to reduce errors, automate processes, and enable
non-destructive testing. Gerlitz (2016) focused on design
integration for extensive value creation in manufactur-
ing, products, and services. Stock and Seliger (2016)
addressed sustainable product design with the aim of
achieving closed-loop life cycles. Miranda et al. (2019)
proposed a reference framework for the systematic devel-
opment of sensing, smart, and sustainable products,
incorporating an integrated product, process, and manu-
facturing system development reference model.

Area 5: Policy Development. Morrar, Arman, and
Mousa (2017) emphasised the need for policymakers
to consider the social dimensions and global impact of
new technologies. Bogle (2017) highlighted the grow-
ing importance of cybersecurity as a national priority
for countries. Frolov et al. (2017) stated that improved
collaboration between universities and research organisa
tions positively affects the implementation of
Industry 4.0.

2.3. Managing uncertainties in manufacturing
systems

Uncertainty is a key aspect of decision-making in com-
plex engineered systems. In the context of Industry 4.0,
these uncertainties arise throughout the product value
chain (Wang et al. 2021). They can be categorised into
three areas: problem modelling, decision process uncer-
tainty, and design exploration uncertainty.

2.3.1. Uncertainty in problem modelling

Internal and external uncertainties are inherent in the
model-based realisation of complex engineering systems,
particularly in simulation-based design (Burggrif, Wag-
ner, and Weifer 2020). Internal uncertainties arise from
variabilities in the system model, which can be attributed
to assumptions, simplifications, limited data, and com-
putational considerations (Frazzon et al. 2020). External
uncertainties stem from decision preferences and design
expectations, including factors like customer satisfaction,

INTERNATIONAL JOURNAL OF PRODUCTION RESEARCH . 5

evolving quality demands, and disruptions in manufac-
turing or the supply chain (Pessoa and Jauregui Becker
2020).

2.3.2. Uncertainty in decision process

Traditional design models such as IDEF0, BPMN, and
EPC are inadequate for capturing uncertain informa-
tion and its transitivity in a process chain (Wang et al.
2021) and for addressing missing data (Souifi et al. 2022).
In the design of multi-stage manufacturing systems,
uncertainty propagates due to unpredictable parameters
and structural unpredictability in the model chains. The
key challenge lies in developing a hierarchical process
model that graphically represents interconnected subsys-
tem parameters and the propagation characteristics of
uncertainty in the model and process chain (Wang et al.
2021).

2.3.3. Uncertainty in design exploration

The goal of uncertainty management in the design
of complex engineered systems is to create a resilient
and adaptive system, particularly in the Industry 4.0
era (Hsieh 2022). In the context of managing a multi-
stage manufacturing system, designers must account for
uncertainties in design exploration, such as incomplete
models and decision preferences, to ensure adaptability
and diagnose potential risks. This requires systematically
adjusting the design space to mitigate error accumu-
lation and propagation throughout the process chain,
utilising data from sensors and exploring the dynamic
propagation characteristics of uncertainty in decision-
making. The challenge lies in assessing the impact of
uncertainty on the system’s design results and its effects
on the decision-making process.

2.4. Sustainable reconfigurable manufacturing

As discussed in Section 1, both sustainable manufactur-
ing and reconfigurable manufacturing are crucial compo-
nents of Industry 4.0. The integration of sustainable man-
ufacturing, with its potential for cost savings, resource
conservation, and improved efficiency, along with recon-
figurable manufacturing, which offers enhanced flexi-
bility, adaptability, and customisability, enables compa-
nies to gain a competitive advantage in Industry 4.0.
Researchers have recognised the importance of con-
sidering sustainable manufacturing and reconfigurable
manufacturing together. Battaia, Dolgui, and Guschin-
sky (2020) emphasised the inclusion of environmental
indicators such as energy consumption and waste dis-
posal when implementing RMS. The following sections
will review relevant publications in this field, focusing on
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Table 1. Resent publications on sustainable reconfigurable manufacturing.

Author Year Methodology Sustainability indicator

Choiet al. 2015 Muti-objective optimisation Energy consumption

Zhang et al. 2015 Reconfigurable timed net condition/event systems Energy efficiency

Huang et al. 2018 Mathematical Energy consumption, Water consumption
Liuet al. 2018 e-Constraint method, NSGA-Il & MOSA Energy cost

Khezri et al 2019 Augmented &-constraint Energy consumption, Waste

Cerqueus et al. 2020 GA Energy cost

Khezri et al 2021 AUGECON, NSGA-II, SPEA-II Energy consumption, Waste

Massimi et al. 2020 Mathematical Energy consumption

Khettabi et al. 2021 GA& TOPSIS Carbon emission

Khettabi et al. 2022 NSGA-II, New NSGA-III Hazardous liquid waste, Carbon emission

system performance optimisation and energy consump-
tion.

2.4.1. System performance optimisation

In this class, the authors focused on optimising the per-
formance of sustainable RMS by considering various
indicators such as cost, lead time, waste, emissions, and
energy consumption. Huang, Badurdeen, and Jawahir
(2018) explored the characteristics of RMS and devel-
oped a method to assess the changes in sustainable man-
ufacturing performance when these characteristics vary.
The indicators they assessed included emissions, waste,
water use and efficiency, energy use and efliciency, man-
ufacturing cost, and operational performance. However,
their study was limited to considering only the system
convertibility as a variable.

Khezri, Benderbal, and Benyoucef (2019) investigated
the sustainability of RMS from the perspective of waste
liquid and gas emissions. They aimed to optimise the
operation progress of RMS by considering objectives
such as hazardous liquid waste, greenhouse gas emis-
sions, production cost, and production time. In their sub-
sequent study, Khezri, Benderbal, and Benyoucef (2021)
further developed a multi-objective mathematical model
for sustainable RMS based on their previous work. Khet-
tabi, Benyoucef, and Boutiche (2022) proposed a multi-
objective optimisation approach using dynamic NSGA-II
and new NSGA-III to optimise objectives such as haz-
ardous liquid waste, greenhouse gas emissions, produc-
tion cost, and production time.

2.4.2. Energy consumption

In this class, energy consumption is considered a prime
indicator. Battaia et al. (2020) analysed the state of
the art on the topic of sustainable and energy-efficient
RMS and suggested five new avenues of research. Choi
and Xirouchakis (2015) calculated the energy consumed
per part for each configuration. Energy consumption
depends on production planning and the corresponding
configurations of the system. Idle times, setup, transfer
of parts or tools (with conveyors, gantries, or automated
guided vehicles), as well as waste and chip management,

are considered when calculating. Zhang et al. (2015)
introduced reconfigurable and energy-efficient concep-
tual manufacturing systems and presented a discrete
event simulation model to verify their energy efficiency.
It allows for local reconfiguration aimed at reducing
energy consumption in a given configuration. The fol-
lowing In Table 1 the list of recent publications on
the topic of sustainable reconfigurable manufacturing is
presented.

To summarise, humans are now in the era of Indus-
try 4.0, and the concept of Industry 4.0 is evolving over
time. Sustainable manufacturing, as a critical element
of Industry 4.0, has garnered significant attention from
both researchers and policymakers. Similarly, reconfig-
urable manufacturing remains a popular topic that shows
no signs of slowing down since its establishment in the
1990s, primarily due to its ability to quickly adapt to
market changes. Researchers have begun to explore the
integration of sustainable manufacturing and reconfig-
urable manufacturing to enhance companies’ competi-
tiveness in Industry 4.0. However, some have overlooked
the uncertainty inherent in real-world manufacturing
processes. Therefore, to effectively merge the concepts
of sustainable manufacturing and reconfigurable manu-
facturing, a realistic new design method is required. In
response to this issue, we have developed a framework
for realisation of responsive and sustainable RMS. The
details of the framework are presented in the following
Section 3.

3. Proposed method

To ensure cost-effective processes and high product qual-
ity while manufacturing products in an energy-efficient
manner, it is crucial to design systems that are adaptable
and sustainable to meet dynamic and ambitious mar-
ket demands. Therefore, a robustly validated pre-emptive
DEEF is proposed to support adaptable, operable, sustain-
able, and reconfigurable manufacturing processes.

In the context of traditional manufacturing sys-
tems, several requirements must be fulfilled to achieve
responsive and sustainable RMS. These requirements
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include flexible production, analysis of historical data and
past experience, connectivity among system elements,
and minimising energy usage. When designing a robustly
validated pre-emptive DEF that is adaptable and sus-
tainable in response to dynamic and ambitious market
demands, foundational requirements are classified into
four groups: adaptability, operability, reconfigurability,
and sustainability, as illustrated in Figure 1.

Adaptability. Adaptability is reflected in the follow-
ing aspects (1) extensive solution space exploration to
accommodate flexibility in selecting and determining
the values of design parameters, (2) concurrent design
of mechanical and sub-systems, (3) diagnosable design
for error and controllable design for sub-systems under
different types of uncertainty (Milisavljevic-Syed et al.
2020b).

Operability. Operability is reflected in the need to
analyse the overall system functionality at a dynamic
state to determine system functionality and performance
(Milisavljevic-Syed et al. 2020b).

Reconfigurability. Reconfigurability manifests through
the necessity of three key strategies (1) RMT, (2) reconfig-
uration of inspection tools, (3) RMS (Milisavljevic-Syed
et al. 2020b).
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in demand
\ /} *  Analyze system energy

,..-v

INTERNATIONAL JOURNAL OF PRODUCTION RESEARCH 7

Pre-emptive Decision-based Design

Adaptable Design

Operable Design

+  Apalyze dynamic performance of
system undergoing dynamic
changes

consumption of final products
under reconfigurable strategies

+  Analyze disposal cost of waste
under reconfigurable strategies

Sustainability. Sustainability is reflected in the need to
analyse the overall system energy consumption, disposal
costs of hazardous liquid waste, and the emissions of
greenhouse gases (GHG) within a reconfigurable strategy
(Milisavljevic-Syed et al. 2020b).

3.1. Problem statement

The problem is to design a robustly validated pre-emptive
DEEF for the reconfiguration process in the manufactur-
ing system. This framework aims to address the uncer-
tainty of future conditions caused by changes in demand
due to instability in the free-market system or changes in
production technologies due to the industrial decarbon-
isation strategy.

We propose the design of an n-stage engineering sys-
tem with different stages and operations, as illustrated
in Figure 2. Each operation in the process is carried out
within specified tolerances. The ultimate decision regard-
ing the product’s quality, whether it is deemed excellent
or unacceptable, lies with the customer. The final prod-
uct, manufactured with minimal energy consumption
under a reconfigurable strategy, will be deemed accept-

able.
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Figure 2. Problem description — Design and analyse of responsive and sustainable RMS.

Scenario 1, Row 1 in Figure 2. In an ideal situation,
there are no errors, the model is complete and accurate,
and all data are known. We will have an ideal manufac-
turing process that will result in a product of excellent
quality.

Scenario 2, Row 2 in Figure 2. Process issues may arise
at any stage due to imprecise fixturing of parts, such
as misalignments, which can lead to dimensional varia-
tions and impact product quality. These errors propagate
throughout the rest of the process and ultimately affect
the final product quality, owing to the characteristics of
networked engineering systems.

Scenario 3, Row 3 in Figure 2. Processing issues at
Station 1 may not be easily resolved. However, to make
adjustments and enhance the processes in subsequent
stations, it is essential to develop a system that is adapt-
able to these changes. The system is designed to observe
and locate errors, detect their causes, and effectively mit-
igate them. By implementing this approach, the pro-
cess can rebound after Station 1 and bring it back on
track within specified tolerances, ultimately resulting in
a product of excellent quality.

Scenario 4, Row 4 in Figure 2. If the mathematical
models used for simulating a process are incomplete or
incorrect, or if there is a lack of data, uncertainties may
arise due to the inherent randomness or unpredictability
of the system, uncertainty in model parameters, uncer-
tainty in model structure, and propagated uncertainties.
To address this, we can design a system that is capa-
ble of operating effectively, identifying and managing

uncertainty, adapting to change, and stabilising the pro-
cess within specified tolerances. By implementing such a
system, we can ensure that the process rebounds and gets
back on track, ultimately leading to the production of a
product of excellent quality.

Scenario 5, Row 5 in Figure 2. If critical issues arise that
are beyond the point of repair, we can design a system to
observe and detect these issues, but not to mitigate them
or manage uncertainty. In such cases, the best course
of action is to reconfigure the system and refrain from
proceeding with the current process.

Based on the aforementioned scenarios, the products
of excellent quality will undergo a final analysis based
on energy consumption and waste disposal cost. Conse-
quently, the products that exhibit excellent quality while
minimising energy consumption and waste disposal cost
will be accepted.

3.2. Proposed method overview

A model is proposed to address the stated problem, as
depicted in Figure 3. The model comprises three steps. In
step one, the manufacturing company receives dynami-
cally changing requirements from customers. The second
step involves the process of designing the manufacturing
system. In this step, customised or personalised prod-
ucts are designed based on the requirements gathered
in the previous step. To ensure both customisability and
cost-effectiveness of the designed manufacturing system,
the model utilises the RMS design method introduced by
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Milisavljevic-Syed et al. (2020b). This method facilitates
the generation of a decision space for the RMS recon-
figuration strategy through robust design analysis. In the
final step, the energy consumption of the decision space
for the RMS reconfiguration strategy is calculated. This
ensures that the designed manufacturing system not only
meets customer requirements and system cost-efficiency
but also minimises energy consumption.

The workflow of the proposed method is depicted
in Figure 4, highlighting four steps: Scenarios Discov-
ery, Decision Model, Decision Interaction, and Decision
Network. Step 1 involves analysing the required level of
reconfiguration, resulting in the identification of future
condition scenarios. This step also includes data mining
to collect historical data and past experiences, as out-
lined in Section 3.1. Step 2 focuses on modelling the
decision-making process for RMT configuration design
and sustainability configuration design, as explained in
Section 3.3. Step 3 revolves around defining the inter-
action between RMT and sustainable design, encom-
passing the modelling of interaction in non-cooperation
design case, cooperation design case, and leader-follower
design case, as detailed in Section 3.4. Finally, Step 4
encompasses forming the decision network to explore
the sustainable RMS reconfiguration strategy, integrat-
ing decision models and interaction, as presented in
Section 3.5.

3.3. The compromise decision support problem
(cDSP) -Based model for decision-making in
sustainable RMS configuration design

The cDSP is a mathematical construct utilised to facil-
itate multi-objective decision-making, as described by
Hernandez, Allen, and Mistree (2001). It is commonly

Manufacturing
»  Process
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employed to handle uncertainties in the design of
complex engineering systems. In this paper, the cDSP
is employed to design a robust RMS reconfiguration
strategy. The following section provides a comprehen-
sive overview of the cDSP-based model for decision-
making in sustainable RMS configuration design, offer-
ing detailed information on its application and imple-
mentation.

3.3.1. Modelling sustainable RMS configuration

A processing route is a crucial element in the design
of any sustainable RMS configuration, and it should
be considered during the design phase. In order to
provide a comprehensive understanding of the sustain-
able RMS design process, a precise description based
on a set of mathematical equations is presented in
Equation (1),

Cp = {cp1,cp2,--- ,cpn} (1)
where Cp represents the processing route and cp; repre-
sents the ith operation. N is the number of operations in
processing route Cp. Based on the model of the RMS con-
figuration and the processing route, constraints and goals

are modelled as follows.

3.3.2. Designing the sustainable RMS model

The construction of the constraint model is essential for
designing sustainable RMS configurations that satisfy the
requirements from the operation set and environmental
protection. The operation set encompasses the quantity
of required operations and their specific characteristics.
In this paper, the environmental requirement primarily
focuses on energy consumption. To address the opera-
tion set and environmental requirement, the sustainable
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Figure 4. The proposed specific process to explore the decision network for sustainable RMS reconfiguration strategy.

RMS needs to possess suitable capabilities and function-
ality. This entails establishing mathematical expressions
for capability and functionality, which are then combined
with the processing parameters of the operational and
environmental requirements to form the design model.

(1) Construction of the Capability Model

The construction of capability model is shown in
Equation (2) (Wang et al. 2018),

o = tir ® hir (2)

where o}, represents the motion requirement for the r*
direction of the I"* operation and o}, is defined as the
degrees of freedom of motion on the X-, Y-, Z-, A-, B-,
and C-axes (see Figure 5). If the motion in this direction
is needed for the operation, oy, is 0; otherwise, it is equal
to 1. t;, represents the motion in the r*# direction of the I**
tool-related configuration. h;, indicates the motion in the
' direction of the workpiece-related configuration. &

represents binary addition; that is, if fy = 0and h;, = 0,
ty®hy, = 0, else t;,®hy, = 1.

(2) Construction of the functionality model

The construction of functionality models is shown in
Equations (3)-(5),

TEC = IEC + REC (3)
M
IEC = Z xi x ECy (4)
i=1
N o o 6
REC= ) Y tar x ECt+ ) Y hior x ECy
=1 [=1 r=1 o=1 r=1
(5)

where TEC is total energy consumption. IEC is the energy
consumption of RIS configuration, and REC is the energy
consumption of RMS configuration. M is the RIMs in
RIS, O is the RMT in RMS, and N is the number of
RMT operations. ECy is the energy consumption of each
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Figure 5. The six axes of degree of freedom.

sensor in RIMs. EC; and ECy, are the energy consump-
tion of tool-related configuration and workpiece-related
configuration. x; represents the number of sensors in i
RIM.

(3) Modelling the sustainable RMS configuration design
goal

The decision model for sustainable RMS configuration
design can be developed and solved by analysing sus-
tainability aspects. Sustainability plays a critical role in
ensuring minimal energy consumption during RMS con-
figuration changes. This includes considering both the
initial energy consumption and the energy consumption
associated with the changeover process. The quantitative
models for assessing sustainability in RMS configuration
are presented in Equations (6),

where SCR is the sustainability of the RMS configura-
tion design. fer represents emission factor for electricity
consumption.

3.4. Game theory-based model for interactions in
RMS configuration design and sustainability design

Game theory is a mathematical framework utilised
for evaluating decision-making in interactive scenarios
where the actions of one player are influenced by the
decisions of other players (Osborne 2004). In game the-
ory, a game is defined by a group of players, a range of
possible strategies for each player, and a reward func-
tion that assigns payouts to each player for every possible
combination of strategies.

In this paper, we employ game theory to describe and
model the interactions between RMS and RMT. Based
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on the information exchange between RMT configura-
tion design and RMT configuration design process, the
exploration process is divided into the following three
situations: weak-weak interaction, strong-strong inter-
action, and strong-weak interaction, as illustrated in
Figure 6.

3.4.1. Solution space exploration in weak-weak
interaction

In the design and construction process described in this
scenario, an enterprise has independently separated the
production system and sustainability design into two
distinct projects, each awarded to different design com-
panies. These companies have designed their respective
missions without knowledge of the other’s design. Con-
sequently, there is no information exchange between the
RMT configuration design and the sustainability design.
Each design is based on assumptions about what the
other party will design, and they are developed indepen-
dently to optimise reconfigurability and sustainability.

Step 1: Identify the design information, including vari-
ables, constraints, and targets for both RMT and sustain-
able configuration design.

Step 2: Establish the cDSP-based model for RMT and
sustainable configuration design based on the identified
design information.

Step 3: Utilise each other’s feasible design space as a
parameter in the decision model. Define specific param-
eter values to solve the decision model and obtain the
corresponding solution space.

Step 4: Select a point that lies within the intersection
of the three solution spaces obtained in Step 3. This point
represents a satisfactory solution for the sustainable RMS
systemic reconfiguration strategy.

3.4.2. Solution space exploration in strong-strong
interaction

In this situation, during the design and construction
of RMS, enterprises come together to form an alliance
and collaborate on completing the production system
and sustainability design projects. Within this enterprise
alliance, the member enterprises cooperate with each
other based on the alliance agreement to achieve a con-
sensus on the allocation of design and configuration
resources, with the aim of maximising reconfigurability
and sustainability.

Step 1: Identify the design information, including vari-
ables, constraints, and targets, for both RMT and sustain-
able configuration design.

Step 2: Establish the cDSP-based model for RMT and
sustainable configuration design based on the identified
design information.
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Figure 6. Solution space exploration in weak-weak interaction (a), strong-strong interaction (b), and strong-weak interaction (c).

Step 3: Combine the cDSP-based models of RMS and
sustainable configuration design into a unified cDSP-
based model for sustainable RMS reconfiguration design.
Explore the solutions generated by this model as the
reconfiguration strategy for achieving sustainability in
the RMS.

3.4.3. Solution space exploration in strong-weak
interaction

In this situation, the enterprise takes the lead in designing
the RMS process and carries out the design and con-
struction tasks of the RMS production process internally.
However, it outsources the testing system project and
requires the design of the testing system to align with the
production process design proposed by the enterprise. In
other words, the RMT configuration design serves as the
foundation for the sustainability design.

Step 1: Identify the design information, including vari-
ables, constraints, and targets, for both RMT and sustain-
able configuration design.

Step 2: Establish the cDSP-based model for RMT and
sustainable configuration design based on the identified
design information.

Step 3: Use the feasible domain of sustainable design
as a hypothesis parameter in the decision model for
RMT configuration design. Select specific parameter
values to solve the decision model and obtain the
corresponding solution space for RMT configuration
design.

Step 4: Utilise the solution space obtained in Step 3
for RMT configuration design and input it into the deci-
sion model for sustainable configuration design. This will
yield the corresponding solution space for the sustainable
configuration design.

3.5. Decision network for exploring the sustainable
RMS reconfiguration strategy

The decision network for exploring the sustainable RMS
reconfiguration strategy is illustrated in Figure 7. This
decision network is constructed using cDSPs and interac-
tion models (game theory models) to facilitate the explo-
ration of sustainable RMS reconfiguration methods and
serve as the foundation for dynamic management of such
reconfigurations.

The input to the decision network consists of
the requirements for sustainable RMS reconfiguration,
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Figure 7. Decision network for exploring the sustainable RMS reconfiguration strategy.

which encompass design parameters, design variables,
and other relevant factors. The output of the decision
network is a satisfactory sustainable RMS reconfigura-
tion strategy, enabling decision makers to make informed
decisions and improve the efficiency and sustainability of
the manufacturing process.

Step A: Preprocessing of information to effectively col-
lect and analyse the diverse and complex input informa-
tion. A common design architecture is utilised to gather
and analyse the relevant information of different gran-
ularity configurations, dividing the design information
into design variables, parameters, and goals.

Step B and F: Analysis and exploration of the single
granularity configuration design as the initial solution.
The relationship between design parameters and vari-
ables is defined based on the key features of different
RMS granularity configurations and their corresponding
performance indicators. Simultaneously, a single-grain
configuration design scheme is explored. If design goals
change, re-exploration of the solution space is required.
The initial solution obtained from the single-granularity
configuration design can be used to explore systematic
reconfiguration methods.

Step C and F: Consideration of interactions between
different granularity configuration designs and the estab-
lished exploration of RMS reconfiguration methods. The
cDSP model is employed to generate the most satisfactory
solution scheme.

Step D: Utilisation of weights derived from sys-
tem simulation or analysis of the application sce-
nario. These weights help assess the sensitivity of the

design plan to dynamic demand changes and enhance
the designer’s understanding of RMS reconfiguration
behaviour. Finally, the designers evaluate the satisfactory
design schemes to promote the dynamic management of
RMS reconfiguration.

4. Case study

In this section, we validate the empirical performance
of the proposed framework through an engine cylinder
block case study and showcase the application of sus-
tainable RMS configuration design. We demonstrate the
most satisfactory sustainable RMS configuration design
by generating a feasible RMT design. The RMT design
of the RMS is constructed using a configuration tree. To
illustrate the example, we present a simplified module
library (Wang et al. 2018) in Table 2, along with its corre-
sponding energy consumption (Sullivan, Burnham, and
Wang 2010), based on the functions of modules, motion,
and support.

The demand for automotive product customisation is
rapidly increasing, leading to a wide variety of automo-
biles in the market. As automotive technology evolves,
the core component of automotive power, the engine,
is also undergoing changes. Currently, there are three
common engine structures: in-line four-cylinder engine
(L4), V-type six-cylinder engine (V6), and V-type eight-
cylinder engine (V8). Different automotive manufactur-
ers choose engine types based on factors such as dis-
placement and noise reduction. Figure 8 (a) illustrates the
cylinder blocks of the 14 and V8 engines.
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Table 2. RMT basic modules and the corresponding energy consumption (Sullivan, Burnham, and Wang 2010).

Num  Module name  Simplified module  Node domain Node function Energy consumption (MJ/KG)
1 Spindle head 1} . Modules with a variety of tools 0.25
2 Fixture [— . Modules for positioning the workpiece 0.2
3 Slider Modules for moving tool and work-piece left and right 3.5
4 Cross-slider Modules for moving tool and work-piece forward and backward 35
5 Column Modules for moving tool and work-piece up and down 4
6 Rotary table . Modules for allowing tool and work-piece rotary motion 45
Modules for support and connection of the modules 0.17

7 Base .

In response to dynamic market demands, enterprises
strive to improve their manufacturing systems while
maintaining low energy consumption and high quality.
They aim to produce a wider range of parts to meet
the requirements of various automotive assemblies and
enhance their competitiveness. In the automotive indus-
try, RMS hold immense development and application
potential, making them an essential driving force for
emerging enterprises in the future. Therefore, we demon-
strate the proposed method for exploring the RMS recon-
figuration strategy by manufacturing the engine cylinder
block, showcasing its relevance and effectiveness in the
industry.

The engine cylinder block is a complex and rigid
component, with different engine types having unique
structures. Machining the cylinder block involves multi-
ple surfaces and holes, each requiring specific machining
accuracy. Therefore, the proper arrangement and divi-
sion of the process route are crucial for parts processing.
In this example, we explore the sustainable RMS reconfig-
uration strategy in two scenarios: transitioning between
different part families and transitioning between different
parts within a part family.

Based on the cylinder block structure, we identify
two part families for machining: the L-type engine block
family and the V-type engine block family. The L-type
engine block family consists of a single component, the
L4 engine block, while the V-type engine block family
consists of two components, the V6 engine block and the
V8 engine block. Therefore, the first design requirement
is to reconfigure the RMS to accommodate the transition
from the L4 engine block to the V6 engine block. The sec-
ond task involves transitioning from the V6 engine block
to the V8 engine block.

Before delving into the detailed design of the sus-
tainable reconfiguration configuration, we need to anal-
yse the processing routes for the three engine blocks
mentioned above. Considering the large number of

machining features, we focus on the key operations in this
example. The L4, V6, and V8 engine blocks used in this
case were sourced from a company, as depicted in Figure
8 (b), and their key operating information is presented in
Table 3.

During the reconfiguration process, the process route
for the L4 engine block is Op11 - Op12 - Op13 - Op14 -
Op15 - Op16. The process route for the V6 engine block
is Op21 - Op22 - Op23 - Op24 - Op25 - Op26 -
Op27 - Op28. To minimise fixture errors caused by fix-
ture changes, the process path change for the V8 engine
block is Op21 - Op25 - Op22 - Op23 - Op24 - Op27 -
Op26 - Op28.

The initial configuration of the RMS is designed
to fulfil the manufacturing requirements of the L4
engine block. The system or subsystem configurations
are depicted using a block diagram, while the configura-
tion of each device is presented through a configuration
tree. The initial RMS configuration for this text example
is illustrated in Figure 9. It comprises a total of 9 work-
stations, with six being RMTs and three being RIMs. The
configuration tree for each RMT is shown alongside the
corresponding workstation.

The first production partition includes RMT 1, and
RIM 1 is responsible for monitoring the state of RMT 1.
RIM 1 consists of four sensors to facilitate the inspection
process. The second production partition encompasses
four machine tools: RMT 2, RMT 3, RMT 4, and RMT 5.
RIM 2 is employed to monitor the states of these four
machine tools and is equipped with eight sensors for this
purpose. The final production partition involves RMT 6,
and RIM 3 is responsible for monitoring the state of
RMT 6. RIM 3 is equipped with four sensors to carry out
the necessary inspections.

Furthermore, to incorporate the company’s priori-
ties and preferences, an investigation is conducted to
understand the company’s manufacturing needs. Rele-
vant parameter data are extracted, which include module
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Figure 8. The example of the L4 (right) and V8 (left) engine block (a) and three types of the cylinder block (b) (Abbas and EIMaraghy

2016).
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Table 3. Key operation for L4, V6 and V8 engine cylinder production (Milisavljevic-Syed et al. 2020a).

Type Num Manufacturing operations Manufacturing Features Reference Surface

L4 1 Op11 XYZ Undersurface and two locating pin holes
2 Op12 XYZ Side datum, position shoulder and two pin holes
3 Op13 XYZ Side datum, position shoulder and two pin holes
4 Op1a XYZ Side datum, position shoulder and two pin holes
5 Op1s YZB Side datum, position shoulder and two pin holes
6 Op1s YZC Side datum, position shoulder and two pin holes

V6 and V8 1 Opz1 XYZ Undersurface and two locating pin holes
2 Opz XYZ Side datum, position shoulder and two pin holes
3 Opz3 XYZ Side datum, position shoulder and two pin holes
4 Opaa XYZ Side datum, position shoulder and two pin holes
5 Opys XYZ Side datum, position shoulder and two pin holes
6 Opzg XYZB Side datum, position shoulder and two pin holes
7 Opz7 YZB Side datum, position shoulder and two pin holes
8 Opzs XYZBC Side datum, position shoulder and two pin holes
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Figure 9. The RMS initial configuration in text example.

fixing and assembly costs (Wang et al. 2018), sensor reli-
ability, sensor cost, detector installation cost (Shang et al.
2021), and energy consumption (refer to Table 2), among
others. To assign weights to the different factors, the
tool-related and workpiece-related energy consumption
are given weights of 0.7 and 0.3, respectively. This deci-
sion is based on the understanding that spindle energy
primarily originates from the motor across machine tools
(Zhao et al. 2017).

The reconfiguration process in this case consists of two
stages: transitioning from the L4 engine cylinder block
to the V6 engine block, and then from the V6 engine
block to the V8 engine block. To simplify the description,
these two phases are referred to as Phase A and Phase
B, respectively, considering and not considering energy
consumption.

In Phase A, the requirement is to reconfigure the sys-
tem due to the transition between different part families.
Designers are tasked with re-designing and reconfiguring
the production and detection processes. To address the
challenge of multi-granularity interactions at this stage,

the cooperative model presented in Figure 5 is utilised to
explore potential solutions. Figure 10 (a) and Figure 10
(b) illustrate the satisfactory solutions for Phase A, with
and without considering energy consumption, respec-
tively.

Phase B involves the conversion of different parts
within the same part family, resulting in the reconfiguration
of the system. To address this stage, the leader-follower
model is employed, where the leader represents the RMT
configuration design. Figure 11 (a) and Figure 11 (b)
depict the satisfactory solutions for Phase B, considering
and not considering energy consumption, respectively.

In this case study, we assume that an engine block
weighs approximately 300 kg, while an inspection sensor
weighs around 1kg. Additionally, we assign an emis-
sion factor (fef) of 0.543 T CO,/MWH for electricity
consumption based on previous research (Kofhi et al.
2017b). Figure 12 illustrates the total energy consump-
tion and sustainability of the RMS reconfiguration design
for each phase. The results indicate that Phase A(b) and
Phase B(b) exhibit lower energy consumption compared
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Figure 11. The solution of Phase B with (a) without (b) considering energy consumption.

to Phase A(a) and Phase B(a), respectively. Furthermore,
the RMS reconfiguration designs that take sustainability
into account, namely Phase A(b) and Phase B(b), out-
perform the designs that do not consider sustainability,
namely Phase A(a) and Phase B(a).

5. Result and discussion

The proposed method, introduced in Section 3, is vali-
dated using the test case described in Section 4, aiming
to identify the most satisfactory sustainable RMT con-
figuration for dynamic requirements. As the number of
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Figure 12. Results of sustainability for each phase with and without considering energy consumption.

workstations increases, the configuration design of an
RMS becomes more complex. However, the cDSP-based
construction and game theory approach can effectively
address the space exploration process in configuration
design. The results obtained from the proposed method
demonstrate efficient utilisation of original resources.
For example, the processing characteristics of the 14
engine’s cylinder block align with the first four steps
of the V6 engine’s cylinder process line, allowing for a
consistent configuration design and avoiding unneces-
sary reconfiguration. Additionally, different interaction
relationships can be utilised to describe priorities and
preferences among designers. For instance, the recon-
figuration in Phase A involves different part families,
necessitating the reconfiguration of both the production
process and the detection process. This calls for the appli-
cation of a cooperative model, which maximises the bal-
ance between reconfigurability and sustainability. On the
other hand, Phase B involves different parts with many
similar processes, making the reconfiguration process
more influenced by sustainable production. As a result,
the leader-follower model is employed.

Furthermore, the sustainability results of each phase,
with and without considering energy consumption, are
compared. In Phase A(a) and Phase B(a), the focus
is on reconfiguring an RMT to meet functionality
and diagnosability requirements. To achieve sustain-
able RMS configuration design, feasible configuration
designs, namely Phase A(b) and Phase B(b), are gen-
erated. In Phase A(b) and Phase B(b), the objective is
to minimise energy consumption during reconfigura-
tion, based on satisfactory RMS configuration designs.
The resulting design solutions enhance the sustainabil-
ity of the specific production process throughout the part
family processing.

Compared to existing methods, the proposed method
not only supports sustainable RMT in achieving repeated

reconfigurations but also enables the sustainable RMT
to adapt to changing market needs. In this research,
the selection of the most satisfactory design primar-
ily focuses on sustainability, specifically reducing energy
consumption based on tool-related and workpiece-
related configuration tree considerations.

6. Conclusion and future work

Industry 4.0 and the associated enabling technologies
present both opportunities and challenges for companies
of all sizes. In this context, sustainable manufacturing
and reconfigurable manufacturing play crucial roles. By
incorporating the capabilities of cost savings, resource
conservation, and efficiency improvement from sustain-
able manufacturing, along with the flexibility, adaptabil-
ity, and customisability enhancement of reconfigurable
manufacturing, companies can gain a competitive edge
in the Industry 4.0 era.

The contributions of this research are as follows:
Firstly, we discuss the demand and necessity of devel-
oping a sustainable reconfigurable manufacturing sys-
tem. Secondly, we present a method for designing a
sustainable RMS reconfiguration strategy under uncer-
tain conditions, taking into account not only the char-
acteristics of RMS but also sustainable development fea-
tures. Finally, we provide a case study to validate the
proposed method, demonstrating how it supports sus-
tainable RMT by enabling repeated reconfigurations and
meeting evolving market needs. However, it is important
to acknowledge the limitations of this research. Firstly,
the energy consumption data used for calculations are
synthetic and not based on real-world measurements.
Secondly, this study only considers one sustainable devel-
opment indicator, namely energy consumption, while
other indicators such as waste and carbon emissions are
not included. In future research, we intend to gather



real-world data to validate the proposed method. Addi-
tionally, we plan to incorporate waste disposal costs into
the analysis since different sustainable RMS configu-
rations result in varying amounts of waste, including
hazardous liquid waste and greenhouse gas emissions,
which can impact disposal costs. Achieving a satisfac-
tory sustainable RMS configuration design will require
meeting operational requirements while striking a bal-
ance between waste disposal costs and sustainability
considerations.
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