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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
havebeen studied independently in theprior research. The aimof this research is to study twodrivers
simultaneously by designing robust models and analysing manufacturing system configurations to
achieve feasible solutions in any scenario thatmay arise due to evolving, incomplete, andunforeseen
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
manufacturing.
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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 e ectively 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-e ective 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,
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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 themanufactur-
ing industry, driven by the implementation of Industry
4.0 and the emerging Industry 5.0, o ers 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, PeterWinroth, 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 (Battaïa, 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 e orts
have been devoted to developing cost-e ective 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 productmanufacture. 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
e ectively 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 e ec-
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 formanufacturing 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
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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, di erent
types ofmanufacturing systems are introduced. Secondly,
the issue of sustainability in manufacturing is discussed.
Next, publications related tomanaging 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. Di erent types of
manufacturing systems which are applied in practices
are introduced in this section including DMS, FMS, and
RMS.

2.1.1. Dedicatedmanufacturing 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. Flexiblemanufacturing system (FMS)

FMS 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

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. Reconfigurablemanufacturing 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 e ectiveness
of RMS.

2.2. Sustainablemanufacturing

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 sustainablemanufactur-
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).

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

• 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.

• Products use smaller amounts ofmaterials 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.

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

• Technical support for theory andmethodology of life-
cycle and end-of-life assessment of products.

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

Efficient and Sustainable Manufacturing – EU.

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

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

• Increasing the inclusion of humans in factories.

2.2.1. Links between sustainablemanufacturing 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 andKhatory (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
manufacturingwithin the context of Industry 4.0. Kumar,
Shankar, andThakur (2018) focused onoptimisingmain-
tenance strategies using a big data-driven sustainable
manufacturing framework for condition-based mainte-
nance optimisation. Ferrera et al. (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
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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 a ects the implementation of
Industry 4.0.

2.3. Managing uncertainties inmanufacturing

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 problemmodelling

Internal and external uncertainties are inherent in the
model-based realisation of complex engineering systems,
particularly in simulation-based design (Burggräf, Wag-
ner, and Weißer 2020). Internal uncertainties arise from
variabilities in the systemmodel, 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,

evolving quality demands, and disruptions in manufac-
turing or the supply chain (Pessôa 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 addressingmissing 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 e ects
on the decision-making process.

2.4. Sustainable reconfigurablemanufacturing

As discussed in Section 1, both sustainable manufactur-
ing and reconfigurablemanufacturing are crucial compo-
nents of Industry 4.0. The integration of sustainableman-
ufacturing, with its potential for cost savings, resource
conservation, and improved efficiency, along with recon-
figurable manufacturing, which o ers 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. Battaïa, 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

Choi et 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
Liu et al. 2018 ε-Constraint method, NSGA-II & MOSA Energy cost
Khezri et al 2019 Augmented ε-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 efficiency, 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 dynamicNSGA-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. Battaïa 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-
urablemanufacturing 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 e ectively 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. Proposedmethod

To ensure cost-e ective 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
DEF 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



I N T E R N A TI O N A L J O U R N A L  O F P R O D U C TI O N R E S E A R C H 7

Fi g ur e 1. D esi g n f or r es p o nsi v e a n d s ust ai n a bl e r e c o n fi g ur a bl e R M S.

i n cl u d e fl e xi bl e pr o d u cti o n, a n al ysis of hist ori c al d at a a n d
p ast e x p eri e n c e, c o n n e cti vit y a m o n g s yst e m el e m e nts,
a n d  mi ni misi n g e n er g y us a g e.  W h e n d esi g ni n g a r o b ustl y
v ali d at e d pr e- e m pti v e  D E F t h at is a d a pt a bl e a n d s us-
t ai n a bl e i n r es p o ns e t o d y n a mi c a n d a m biti o us  m ar k et
d e m a n ds, f o u n d ati o n al r e q uir e m e nts ar e cl assi fi e d i nt o
f o ur gr o u ps: a d a pt a bilit y, o p er a bilit y, r e c o n fi g ur a bilit y,
a n d s ust ai n a bilit y, as ill ustr at e d i n Fi g ur e 1 .

A d a pt a bilit y. A d a pt a bilit y is r e fl e ct e d i n t h e f oll o w-
i n g as p e cts ( 1) e xt e nsi v e s ol uti o n s p a c e e x pl or ati o n t o
a c c o m m o d at e fl e xi bilit y i n s el e cti n g a n d d et er mi ni n g
t h e v al u es of d esi g n p ar a m et ers, ( 2) c o n c urr e nt d esi g n
of  m e c h a ni c al a n d s u b-s yst e ms, ( 3) di a g n os a bl e d esi g n
f or err or a n d c o ntr oll a bl e d esi g n f or s u b-s yst e ms u n d er
di ff er e nt t y p es of u n c ert ai nt y ( Milis a vlj e vi c- S y e d et al.
2 0 2 0 b ).

O p er a bilit y. O p er a bilit y is r e fl e ct e d i n t h e n e e d t o
a n al ys e t h e o v er all s yst e m f u n cti o n alit y at a d y n a mi c
st at e t o d et er mi n e s yst e m f u n cti o n alit y a n d p erf or m a n c e
( Milis a vlj e vi c- S y e d et al. 2 0 2 0 b ).

R ec o n fi g ur a bilit y. R e c o n fi g ur a bilit y  m a nif ests t hr o u g h
t h e n e c essit y of t hr e e k e y str at e gi es ( 1)  R M T, ( 2) r e c o n fi g-
ur ati o n of i ns p e cti o n t o ols, ( 3)  R M S ( Milis a vlj e vi c- S y e d
et al. 2 0 2 0 b ).

S ust ai n a bilit y. S ust ai n a bilit y is r e fl e ct e d i n t h e n e e d t o
a n al ys e t h e o v er all s yst e m e n er g y c o ns u m pti o n, dis p os al
c osts of h a z ar d o us li q ui d  w ast e, a n d t h e e missi o ns of
gr e e n h o us e g as es ( G H G)  wit hi n a r e c o n fi g ur a bl e str at e g y
( Milis a vlj e vi c- S y e d et al. 2 0 2 0 b ).

3. 1. Pr o bl e m st at e m e nt

T h e pr o bl e m is t o d esi g n a r o b ustl y v ali d at e d pr e- e m pti v e
D E F f or t h e r e c o n fi g ur ati o n pr o c ess i n t h e  m a n uf a ct ur-
i n g s yst e m.  T his fr a m e w or k ai ms t o a d dr ess t h e u n c er-
t ai nt y of f ut ur e c o n diti o ns c a us e d b y c h a n g es i n d e m a n d
d u e t o i nst a bilit y i n t h e fr e e- m ar k et s yst e m or c h a n g es i n
pr o d u cti o n t e c h n ol o gi es d u e t o t h e i n d ustri al d e c ar b o n-
is ati o n str at e g y.

We pr o p os e t h e d esi g n of a n n-st a g e e n gi n e eri n g s ys-
t e m  wit h di ff er e nt st a g es a n d o p er ati o ns, as ill ustr at e d
i n Fi g ur e 2 . E a c h o p er ati o n i n t h e pr o c ess is c arri e d o ut
wit hi n s p e ci fi e d t ol er a n c es.  T h e ulti m at e d e cisi o n r e g ar d-
i n g t h e pr o d u ct’s q u alit y,  w h et h er it is d e e m e d e x c ell e nt
or u n a c c e pt a bl e, li es  wit h t h e c ust o m er.  T h e fi n al pr o d-
u ct,  m a n uf a ct ur e d  wit h  mi ni m al e n er g y c o ns u m pti o n
u n d er a r e c o n fi g ur a bl e str at e g y,  will b e d e e m e d a c c e pt-
a bl e.
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Fi g ur e 2. Pr o bl e m d es cri pti o n –  D esi g n a n d a n al ys e of r es p o nsi v e a n d s ust ai n a bl e R M S.

Sc e n ari o 1,  R o w 1 i n Fi g ure 2 . I n a n i d e al sit u ati o n,
t h er e ar e n o err ors, t h e  m o d el is c o m pl et e a n d a c c ur at e,
a n d all d at a ar e k n o w n.  We  will h a v e a n i d e al  m a n uf a c-
t uri n g pr o c ess t h at will r es ult i n a pr o d u ct of e x c ell e nt
q u alit y.

Sc e n ari o 2,  R o w 2 i n Fi g ure 2 . Pr o c ess iss u es  m a y aris e
at a n y st a g e d u e t o i m pr e cis e fi xt uri n g of p arts, s u c h
as  mis ali g n m e nts,  w hi c h c a n l e a d t o di m e nsi o n al v ari a-
ti o ns a n d i m p a ct pr o d u ct q u alit y.  T h es e err ors pr o p a g at e
t hr o u g h o ut t h e r est of t h e pr o c ess a n d ulti m at el y a ff e ct
t h e fi n al pr o d u ct q u alit y, o wi n g t o t h e c h ar a ct eristi cs of
n et w or k e d e n gi n e eri n g s yst e ms.

Sc e n ari o 3,  R o w 3 i n Fi g ure 2 . Pr o c essi n g iss u es at
St ati o n 1 m a y n ot b e e asil y r es ol v e d. H o w e v er, t o m a k e
a dj ust m e nts a n d e n h a n c e t h e pr o c ess es i n s u bs e q u e nt
st ati o ns, it is ess e nti al t o d e v el o p a s yst e m t h at is a d a pt-
a bl e t o t h es e c h a n g es.  T h e s yst e m is d esi g n e d t o o bs er v e
a n d l o c at e err ors, d et e ct t h eir c a us es, a n d e ff e cti v el y  mit-
i g at e t h e m.  B y i m pl e m e nti n g t his a p pr o a c h, t h e pr o-
c ess c a n r e b o u n d aft er St ati o n 1 a n d bri n g it b a c k o n
tr a c k  wit hi n s p e ci fi e d t ol er a n c es, ulti m at el y r es ulti n g i n
a pr o d u ct of e x c ell e nt q u alit y.

Sc e n ari o 4,  R o w 4 i n Fi g ure 2 . If t h e  m at h e m ati c al
m o d els us e d f or si m ul ati n g a pr o c ess ar e i n c o m pl et e or
i n c orr e ct, or if t h er e is a l a c k of d at a, u n c ert ai nti es  m a y
aris e d u e t o t h e i n h er e nt r a n d o m n ess or u n pr e di ct a bilit y
of t h e s yst e m, u n c ert ai nt y i n  m o d el p ar a m et ers, u n c er-
t ai nt y i n  m o d el str u ct ur e, a n d pr o p a g at e d u n c ert ai nti es.
T o a d dr ess t his, w e c a n d esi g n a s yst e m t h at is c a p a-
bl e of o p er ati n g e ff e cti v el y, i d e ntif yi n g a n d  m a n a gi n g

u n c ert ai nt y, a d a pti n g t o c h a n g e, a n d st a bilisi n g t h e pr o-
c ess  wit hi n s p e ci fi e d t ol er a n c es.  B y i m pl e m e nti n g s u c h a
s yst e m,  w e c a n e ns ur e t h at t h e pr o c ess r e b o u n ds a n d g ets
b a c k o n tr a c k, ulti m at el y l e a di n g t o t h e pr o d u cti o n of a
pr o d u ct of e x c ell e nt q u alit y.

Sc e n ari o 5,  R o w 5 i n Fi g ure 2 . If criti c al iss u es aris e t h at
ar e b e y o n d t h e p oi nt of r e p air,  w e c a n d esi g n a s yst e m t o
o bs er v e a n d d et e ct t h es e iss u es, b ut n ot t o  miti g at e t h e m
or  m a n a g e u n c ert ai nt y. I n s u c h c as es, t h e b est c o urs e
of a cti o n is t o r e c o n fi g ur e t h e s yst e m a n d r efr ai n fr o m
pr o c e e di n g wit h t h e c urr e nt pr o c ess.

B as e d o n t h e af or e m e nti o n e d s c e n ari os, t h e pr o d u cts
of e x c ell e nt q u alit y  will u n d er g o a fi n al a n al ysis b as e d
o n e n er g y c o ns u m pti o n a n d  w ast e dis p os al c ost.  C o ns e-
q u e ntl y, t h e pr o d u cts t h at e x hi bit e x c ell e nt q u alit y  w hil e
mi ni misi n g e n er g y c o ns u m pti o n a n d  w ast e dis p os al c ost
will b e a c c e pt e d.

3. 2. Pr o p o s e d  m et h o d o v er vi e w

A  m o d el is pr o p os e d t o a d dr ess t h e st at e d pr o bl e m, as
d e pi ct e d i n Fi g ur e 3 .  T h e  m o d el c o m pris es t hr e e st e ps. I n
st e p o n e, t h e  m a n uf a ct uri n g c o m p a n y r e c ei v es d y n a mi-
c all y c h a n gi n g r e q uir e m e nts fr o m c ust o m ers.  T h e s e c o n d
st e p i n v ol v es t h e pr o c ess of d esi g ni n g t h e  m a n uf a ct uri n g
s yst e m. I n t his st e p, c ust o mis e d or p ers o n alis e d pr o d-
u cts ar e d esi g n e d b as e d o n t h e r e q uir e m e nts g at h er e d
i n t h e pr e vi o us st e p.  T o e ns ur e b ot h c ust o mis a bilit y a n d
c ost- e ff e cti v e n ess of t h e d esi g n e d  m a n uf a ct uri n g s yst e m,
t h e  m o d el utilis es t h e  R M S d esi g n  m et h o d i ntr o d u c e d b y
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Fi g ur e 3. Pr o p os e d  m et h o d – I m pli c ati o n f or  D E F d e v el o p m e nt.

Milis a vlj e vi c- S y e d et al. ( 2 0 2 0 b ).  T his  m et h o d f a cilit at es
t h e g e n er ati o n of a d e cisi o n s p a c e f or t h e  R M S r e c o n-
fi g ur ati o n str at e g y t hr o u g h r o b ust d esi g n a n al ysis. I n t h e
fi n al st e p, t h e e n er g y c o ns u m pti o n of t h e d e cisi o n s p a c e
f or t h e  R M S r e c o n fi g ur ati o n str at e g y is c al c ul at e d.  T his
e ns ur es t h at t h e d esi g n e d  m a n uf a ct uri n g s yst e m n ot o nl y
m e ets c ust o m er r e q uir e m e nts a n d s yst e m c ost- e ffi ci e n c y
b ut als o  mi ni mis es e n er g y c o ns u m pti o n.

T h e  w or k fl o w of t h e pr o p os e d  m et h o d is d e pi ct e d
i n Fi g ur e 4 , hi g hli g hti n g f o ur st e ps: S c e n ari os  Dis c o v-
er y,  D e cisi o n  M o d el,  D e cisi o n I nt er a cti o n, a n d  D e cisi o n
N et w or k. St e p 1 i n v ol v es a n al ysi n g t h e r e q uir e d l e v el of
r e c o n fi g ur ati o n, r es ulti n g i n t h e i d e nti fi c ati o n of f ut ur e
c o n diti o n s c e n ari os.  T his st e p als o i n cl u d es d at a  mi ni n g
t o c oll e ct hist ori c al d at a a n d p ast e x p eri e n c es, as o ut-
li n e d i n S e cti o n 3. 1. St e p 2 f o c us es o n  m o d elli n g t h e
d e cisi o n- m a ki n g pr o c ess f or  R M T c o n fi g ur ati o n d esi g n
a n d s ust ai n a bilit y c o n fi g ur ati o n d esi g n, as e x pl ai n e d i n
S e cti o n 3. 3. St e p 3 r e v ol v es ar o u n d d e fi ni n g t h e i nt er-
a cti o n b et w e e n  R M T a n d s ust ai n a bl e d esi g n, e n c o m-
p assi n g t h e  m o d elli n g of i nt er a cti o n i n n o n- c o o p er ati o n
d esi g n c as e, c o o p er ati o n d esi g n c as e, a n d l e a d er-f oll o w er
d esi g n c as e, as d et ail e d i n S e cti o n 3. 4. Fi n all y, St e p 4
e n c o m p ass es f or mi n g t h e d e cisi o n n et w or k t o e x pl or e
t h e s ust ai n a bl e  R M S r e c o n fi g ur ati o n str at e g y, i nt e gr at-
i n g d e cisi o n  m o d els a n d i nt er a cti o n, as pr es e nt e d i n
S e cti o n 3. 5.

3. 3. T h e c o m pr o mi s e d e ci si o n s u p p ort pr o bl e m
( c D S P) - B a s e d  m o d el f or d e ci si o n- m a ki n g i n
s u st ai n a bl e R M S c o n fi g ur ati o n d e si g n

T h e c D S P is a  m at h e m ati c al c o nstr u ct utilis e d t o f a cil-
it at e  m ulti- o bj e cti v e d e cisi o n- m a ki n g, as d es cri b e d b y
H er n a n d e z,  All e n, a n d  Mistr e e ( 2 0 0 1 ). It is c o m m o nl y

e m pl o y e d t o h a n dl e u n c ert ai nti es i n t h e d esi g n of
c o m pl e x e n gi n e eri n g s yst e ms. I n t his p a p er, t h e c D S P
is e m pl o y e d t o d esi g n a r o b ust  R M S r e c o n fi g ur ati o n
str at e g y. T h e f oll o wi n g s e cti o n pr o vi d es a c o m pr e h e n-
si v e o v er vi e w of t h e c D S P- b as e d  m o d el f or d e cisi o n-
m a ki n g i n s ust ai n a bl e  R M S c o n fi g ur ati o n d esi g n, o ff er-
i n g d et ail e d i nf or m ati o n o n its a p pli c ati o n a n d i m pl e-
m e nt ati o n.

3. 3. 1.  M o d elli n g s u st ai n a bl e R M S c o nfi g ur ati o n
A pr o c essi n g r o ut e is a cr u ci al el e m e nt i n t h e d esi g n
of a n y s ust ai n a bl e  R M S c o n fi g ur ati o n, a n d it s h o ul d
b e c o nsi d er e d d uri n g t h e d esi g n p h as e. I n or d er t o
pr o vi d e a c o m pr e h e nsi v e u n d erst a n di n g of t h e s ust ai n-
a bl e  R M S d esi g n pr o c ess, a pr e cis e d es cri pti o n b as e d
o n a s et of  m at h e m ati c al e q u ati o ns is pr es e nt e d i n
E q u ati o n ( 1),

C p = { c p 1 , c p 2 , · · · , c p N } ( 1)

w h er e C p r e pr es e nts t h e pr o c essi n g r o ut e a n d c p i r e pr e-
s e nts t h e it h o p er ati o n. N is t h e n u m b er of o p er ati o ns i n
pr o c essi n g r o ut e C p. B as e d o n t h e  m o d el of t h e  R M S c o n-
fi g ur ati o n a n d t h e pr o c essi n g r o ut e, c o nstr ai nts a n d g o als
ar e  m o d ell e d as f oll o ws.

3. 3. 2.  D e si g ni n g t h e s u st ai n a bl e R M S  m o d el
T h e c o nstr u cti o n of t h e c o nstr ai nt  m o d el is ess e nti al f or
d esi g ni n g s ust ai n a bl e  R M S c o n fi g ur ati o ns t h at s atisf y t h e
r e q uir e m e nts fr o m t h e o p er ati o n s et a n d e n vir o n m e nt al
pr ot e cti o n.  T h e o p er ati o n s et e n c o m p ass es t h e q u a ntit y
of r e q uir e d o p er ati o ns a n d t h eir s p e ci fi c c h ar a ct eristi cs.
I n t his p a p er, t h e e n vir o n m e nt al r e q uir e m e nt pri m aril y
f o c us es o n e n er g y c o ns u m pti o n.  T o a d dr ess t h e o p er a-
ti o n s et a n d e n vir o n m e nt al r e q uir e m e nt, t h e s ust ai n a bl e
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Fi g ur e 4. T h e pr o p os e d s p e ci fi c pr o c ess t o e x pl or e t h e d e cisi o n n et w or k f or s ust ai n a bl e R M S r e c o n fi g ur ati o n str at e g y.

R M S n e e ds t o p oss ess s uit a bl e c a p a biliti es a n d f u n cti o n-
alit y.  T his e nt ails est a blis hi n g  m at h e m ati c al e x pr essi o ns
f or c a p a bilit y a n d f u n cti o n alit y,  w hi c h ar e t h e n c o m bi n e d
wit h t h e pr o c essi n g p ar a m et ers of t h e o p er ati o n al a n d
e n vir o n m e nt al r e q uir e m e nts t o f or m t h e d esi g n  m o d el.

( 1) C o nstr ucti o n of t he  C a p a bilit y  M o d el

T h e c o nstr u cti o n of c a p a bilit y  m o d el is s h o w n i n
E q u ati o n ( 2) ( Wa n g et al. 2 0 1 8 ),

o lr = tlr ⊕ h 1 r ( 2)

w h er e o lr r e pr es e nts t h e  m oti o n r e q uir e m e nt f or t h e rt h

dir e cti o n of t h e lt h o p er ati o n a n d o lr is d e fi n e d as t h e
d e gr e es of fr e e d o m of  m oti o n o n t h e  X-,  Y-,  Z-,  A-, B-,
a n d  C- a x es (s e e Fi g ur e 5 ). If t h e  m oti o n i n t his dir e cti o n
is n e e d e d f or t h e o p er ati o n, o lr is 0; ot h er wis e, it is e q u al
t o 1. tlr r e pr es e nts t h e  m oti o n i n t h e rt h dir e cti o n of t h e lt h

t o ol-r el at e d c o n fi g ur ati o n. h 1 r i n di c at es t h e  m oti o n i n t h e
rt h dir e cti o n of t h e  w or k pi e c e-r el at e d c o n fi g ur ati o n. ⊕

r e pr es e nts bi n ar y a d diti o n; t h at is, if tlr = 0 a n d h 1 r = 0,
tlr⊕ h 1 r = 0, els e tlr⊕ h 1 r = 1.

( 2)  C o nstr u cti o n of t h e f u n cti o n alit y  m o d el

T h e c o nstr u cti o n of f u n cti o n alit y  m o d els is s h o w n i n
E q u ati o ns ( 3) –( 5),

T E C = I E C + R E C ( 3)

I E C =

M

i= 1

x i × E C x ( 4)

R E C =

O

o = 1

N

l= 1

6

r = 1

tolr × E C t +

O

o = 1

6

r = 1

h 1 or × E C h

( 5)
w h er e T E C is t ot al e n er g y c o ns u m pti o n. I E C is t h e e n er g y
c o ns u m pti o n of  RI S c o n fi g ur ati o n, a n d R E C is t h e e n er g y
c o ns u m pti o n of  R M S c o n fi g ur ati o n. M is t h e  RI Ms i n
RI S, O is t h e  R M T i n  R M S, a n d N is t h e n u m b er of
R M T o p er ati o ns. E C x is t h e e n er g y c o ns u m pti o n of e a c h
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Fi g ur e 5. T h e si x a x es of d e gr e e of fr e e d o m.

s e ns or i n  RI Ms. E C t a n d E C h ar e t h e e n er g y c o ns u m p-
ti o n of t o ol-r el at e d c o n fi g ur ati o n a n d  w or k pi e c e-r el at e d
c o n fi g ur ati o n. x i r e pr es e nts t h e n u m b er of s e ns ors i n it h

RI M.

( 3)  M o d elli n g t h e s ust ai n a bl e  R M S c o n fi g ur ati o n d esi g n
g o al

T h e d e cisi o n  m o d el f or s ust ai n a bl e  R M S c o n fi g ur ati o n
d esi g n c a n b e d e v el o p e d a n d s ol v e d b y a n al ysi n g s us-
t ai n a bilit y as p e cts. S ust ai n a bilit y pl a ys a criti c al r ol e i n
e ns uri n g  mi ni m al e n er g y c o ns u m pti o n d uri n g  R M S c o n-
fi g ur ati o n c h a n g es.  T his i n cl u d es c o nsi d eri n g b ot h t h e
i niti al e n er g y c o ns u m pti o n a n d t h e e n er g y c o ns u m pti o n
ass o ci at e d  wit h t h e c h a n g e o v er pr o c ess.  T h e q u a ntit ati v e
m o d els f or ass essi n g s ust ai n a bilit y i n  R M S c o n fi g ur ati o n
ar e pr es e nt e d i n E q u ati o ns ( 6),

S C R mi n = fef × T E C ( 6)

w h er e S C R is t h e s ust ai n a bilit y of t h e  R M S c o n fi g ur a-
ti o n d esi g n. fef r e pr es e nts e missi o n f a ct or f or el e ctri cit y
c o ns u m pti o n.

3. 4.  G a m e t h e or y- b a s e d  m o d el f or i nt er a cti o n s i n
R M S c o n fi g ur ati o n d e si g n a n d s u st ai n a bilit y d e si g n

G a m e t h e or y is a  m at h e m ati c al fr a m e w or k utilis e d
f or e v al u ati n g d e cisi o n- m a ki n g i n i nt er a cti v e s c e n ari os
w h er e t h e a cti o ns of o n e pl a y er ar e i n fl u e n c e d b y t h e
d e cisi o ns of ot h er pl a y ers ( Os b or n e 2 0 0 4 ). I n g a m e t h e-
or y, a g a m e is d e fi n e d b y a gr o u p of pl a y ers, a r a n g e of
p ossi bl e str at e gi es f or e a c h pl a y er, a n d a r e w ar d f u n c-
ti o n t h at assi g ns p a y o uts t o e a c h pl a y er f or e v er y p ossi bl e
c o m bi n ati o n of str at e gi es.

I n t his p a p er,  w e e m pl o y g a m e t h e or y t o d es cri b e a n d
m o d el t h e i nt er a cti o ns b et w e e n  R M S a n d  R M T.  B as e d

o n t h e i nf or m ati o n e x c h a n g e b et w e e n  R M T c o n fi g ur a-
ti o n d esi g n a n d  R M T c o n fi g ur ati o n d esi g n pr o c ess, t h e
e x pl or ati o n pr o c ess is di vi d e d i nt o t h e f oll o wi n g t hr e e
sit u ati o ns:  w e a k- w e a k i nt er a cti o n, str o n g-str o n g i nt er-
a cti o n, a n d str o n g- w e a k i nt er a cti o n, as ill ustr at e d i n
Fi g ur e 6 .

3. 4. 1. S ol uti o n s p a c e e x pl or ati o n i n  w e a k- w e a k
i nt er a cti o n
I n t h e d esi g n a n d c o nstr u cti o n pr o c ess d es cri b e d i n t his
s c e n ari o, a n e nt er pris e h as i n d e p e n d e ntl y s e p ar at e d t h e
pr o d u cti o n s yst e m a n d s ust ai n a bilit y d esi g n i nt o t w o
disti n ct pr oj e cts, e a c h a w ar d e d t o di ff er e nt d esi g n c o m-
p a ni es.  T h es e c o m p a ni es h a v e d esi g n e d t h eir r es p e cti v e
missi o ns  wit h o ut k n o wl e d g e of t h e ot h er’s d esi g n.  C o n-
s e q u e ntl y, t h er e is n o i nf or m ati o n e x c h a n g e b et w e e n t h e
R M T c o n fi g ur ati o n d esi g n a n d t h e s ust ai n a bilit y d esi g n.
E a c h d esi g n is b as e d o n ass u m pti o ns a b o ut  w h at t h e
ot h er p art y  will d esi g n, a n d t h e y ar e d e v el o p e d i n d e p e n-
d e ntl y t o o pti mis e r e c o n fi g ur a bilit y a n d s ust ai n a bilit y.

St e p 1: I d e ntif y t h e d esi g n i nf or m ati o n, i n cl u di n g v ari-
a bl es, c o nstr ai nts, a n d t ar g ets f or b ot h  R M T a n d s ust ai n-
a bl e c o n fi g ur ati o n d esi g n.

St e p 2: Est a blis h t h e c D S P- b as e d  m o d el f or  R M T a n d
s ust ai n a bl e c o n fi g ur ati o n d esi g n b as e d o n t h e i d e nti fi e d
d esi g n i nf or m ati o n.

St e p 3:  Utilis e e a c h ot h er’s f e asi bl e d esi g n s p a c e as a
p ar a m et er i n t h e d e cisi o n  m o d el.  D e fi n e s p e ci fi c p ar a m-
et er v al u es t o s ol v e t h e d e cisi o n  m o d el a n d o bt ai n t h e
c orr es p o n di n g s ol uti o n s p a c e.

St e p 4: S el e ct a p oi nt t h at li es  wit hi n t h e i nt ers e cti o n
of t h e t hr e e s ol uti o n s p a c es o bt ai n e d i n St e p 3.  T his p oi nt
r e pr es e nts a s atisf a ct or y s ol uti o n f or t h e s ust ai n a bl e  R M S
s yst e mi c r e c o n fi g ur ati o n str at e g y.

3. 4. 2. S ol uti o n s p a c e e x pl or ati o n i n str o n g- str o n g
i nt er a cti o n
I n t his sit u ati o n, d uri n g t h e d esi g n a n d c o nstr u cti o n
of  R M S, e nt er pris es c o m e t o g et h er t o f or m a n alli a n c e
a n d c oll a b or at e o n c o m pl eti n g t h e pr o d u cti o n s yst e m
a n d s ust ai n a bilit y d esi g n pr oj e cts.  Wit hi n t his e nt er pris e
alli a n c e, t h e  m e m b er e nt er pris es c o o p er at e  wit h e a c h
ot h er b as e d o n t h e alli a n c e a gr e e m e nt t o a c hi e v e a c o n-
s e ns us o n t h e all o c ati o n of d esi g n a n d c o n fi g ur ati o n
r es o ur c es,  wit h t h e ai m of  m a xi misi n g r e c o n fi g ur a bilit y
a n d s ust ai n a bilit y.

St e p 1: I d e ntif y t h e d esi g n i nf or m ati o n, i n cl u di n g v ari-
a bl es, c o nstr ai nts, a n d t ar g ets, f or b ot h  R M T a n d s ust ai n-
a bl e c o n fi g ur ati o n d esi g n.

St e p 2: Est a blis h t h e c D S P- b as e d  m o d el f or  R M T a n d
s ust ai n a bl e c o n fi g ur ati o n d esi g n b as e d o n t h e i d e nti fi e d
d esi g n i nf or m ati o n.
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Fi g ur e 6. S ol uti o n s p a c e e x pl or ati o n i n  w e a k- w e a k i nt er a cti o n ( a), str o n g-str o n g i nt er a cti o n ( b), a n d str o n g- w e a k i nt er a cti o n ( c).

St e p 3:  C o m bi n e t h e c D S P- b as e d  m o d els of  R M S a n d
s ust ai n a bl e c o n fi g ur ati o n d esi g n i nt o a u ni fi e d c D S P-
b as e d  m o d el f or s ust ai n a bl e  R M S r e c o n fi g ur ati o n d esi g n.
E x pl or e t h e s ol uti o ns g e n er at e d b y t his  m o d el as t h e
r e c o n fi g ur ati o n str at e g y f or a c hi e vi n g s ust ai n a bilit y i n
t h e  R M S.

3. 4. 3. S ol uti o n s p a c e e x pl or ati o n i n str o n g- w e a k
i nt er a cti o n
I n t his sit u ati o n, t h e e nt er pris e t a k es t h e l e a d i n d esi g ni n g
t h e  R M S pr o c ess a n d c arri es o ut t h e d esi g n a n d c o n-
str u cti o n t as ks of t h e  R M S pr o d u cti o n pr o c ess i nt er n all y.
H o w e v er, it o uts o ur c es t h e t esti n g s yst e m pr oj e ct a n d
r e q uir es t h e d esi g n of t h e t esti n g s yst e m t o ali g n  wit h t h e
pr o d u cti o n pr o c ess d esi g n pr o p os e d b y t h e e nt er pris e. I n
ot h er  w or ds, t h e  R M T c o n fi g ur ati o n d esi g n s er v es as t h e
f o u n d ati o n f or t h e s ust ai n a bilit y d esi g n.

St e p 1: I d e ntif y t h e d esi g n i nf or m ati o n, i n cl u di n g v ari-
a bl es, c o nstr ai nts, a n d t ar g ets, f or b ot h  R M T a n d s ust ai n-
a bl e c o n fi g ur ati o n d esi g n.

St e p 2: Est a blis h t h e c D S P- b as e d  m o d el f or  R M T a n d
s ust ai n a bl e c o n fi g ur ati o n d esi g n b as e d o n t h e i d e nti fi e d
d esi g n i nf or m ati o n.

St e p 3:  Us e t h e f e asi bl e d o m ai n of s ust ai n a bl e d esi g n
as a h y p ot h esis p ar a m et er i n t h e d e cisi o n  m o d el f or
R M T c o n fi g ur ati o n d esi g n. S el e ct s p e ci fi c p ar a m et er
v al u es t o s ol v e t h e d e cisi o n  m o d el a n d o bt ai n t h e
c orr es p o n di n g s ol uti o n s p a c e f or  R M T c o n fi g ur ati o n
d esi g n.

St e p 4: Utilis e t h e s ol uti o n s p a c e o bt ai n e d i n St e p 3
f or  R M T c o n fi g ur ati o n d esi g n a n d i n p ut it i nt o t h e d e ci-
si o n  m o d el f or s ust ai n a bl e c o n fi g ur ati o n d esi g n.  T his  will
yi el d t h e c orr es p o n di n g s ol uti o n s p a c e f or t h e s ust ai n a bl e
c o n fi g ur ati o n d esi g n.

3. 5.  D e ci si o n n et w or k f or e x pl ori n g t h e s u st ai n a bl e
R M S r e c o n fi g ur ati o n str at e g y

T h e d e cisi o n n et w or k f or e x pl ori n g t h e s ust ai n a bl e R M S
r e c o n fi g ur ati o n str at e g y is ill ustr at e d i n Fi g ur e 7 . T his
d e cisi o n n et w or k is c o nstr u ct e d usi n g c D S Ps a n d i nt er a c-
ti o n  m o d els ( g a m e t h e or y  m o d els) t o f a cilit at e t h e e x pl o-
r ati o n of s ust ai n a bl e  R M S r e c o n fi g ur ati o n  m et h o ds a n d
s er v e as t h e f o u n d ati o n f or d y n a mi c  m a n a g e m e nt of s u c h
r e c o n fi g ur ati o ns.

T h e i n p ut t o t h e d e cisi o n n et w or k c o nsists of
t h e r e q uir e m e nts f or s ust ai n a bl e  R M S r e c o n fi g ur ati o n,
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Fi g ur e 7. D e cisi o n n et w or k f or e x pl ori n g t h e s ust ai n a bl e R M S r e c o n fi g ur ati o n str at e g y.

w hi c h e n c o m p ass d esi g n p ar a m et ers, d esi g n v ari a bl es,
a n d ot h er r el e v a nt f a ct ors.  T h e o ut p ut of t h e d e cisi o n
n et w or k is a s atisf a ct or y s ust ai n a bl e  R M S r e c o n fi g ur a-
ti o n str at e g y, e n a bli n g d e cisi o n m a k ers t o m a k e i nf or m e d
d e cisi o ns a n d i m pr o v e t h e e ffi ci e n c y a n d s ust ai n a bilit y of
t h e  m a n uf a ct uri n g pr o c ess.

St e p  A: Pr e pr o c essi n g of i nf or m ati o n t o e ff e cti v el y c ol-
l e ct a n d a n al ys e t h e di v ers e a n d c o m pl e x i n p ut i nf or m a-
ti o n.  A c o m m o n d esi g n ar c hit e ct ur e is utilis e d t o g at h er
a n d a n al ys e t h e r el e v a nt i nf or m ati o n of di ff er e nt gr a n-
ul arit y c o n fi g ur ati o ns, di vi di n g t h e d esi g n i nf or m ati o n
i nt o d esi g n v ari a bl es, p ar a m et ers, a n d g o als.

St e p  B a n d F:  A n al ysis a n d e x pl or ati o n of t h e si n gl e
gr a n ul arit y c o n fi g ur ati o n d esi g n as t h e i niti al s ol uti o n.
T h e r el ati o ns hi p b et w e e n d esi g n p ar a m et ers a n d v ari-
a bl es is d e fi n e d b as e d o n t h e k e y f e at ur es of di ff er e nt
R M S gr a n ul arit y c o n fi g ur ati o ns a n d t h eir c orr es p o n di n g
p erf or m a n c e i n di c at ors. Si m ult a n e o usl y, a si n gl e- gr ai n
c o n fi g ur ati o n d esi g n s c h e m e is e x pl or e d. If d esi g n g o als
c h a n g e, r e- e x pl or ati o n of t h e s ol uti o n s p a c e is r e q uir e d.
T h e i niti al s ol uti o n o bt ai n e d fr o m t h e si n gl e- gr a n ul arit y
c o n fi g ur ati o n d esi g n c a n b e us e d t o e x pl or e s yst e m ati c
r e c o n fi g ur ati o n  m et h o ds.

St e p  C a n d F:  C o nsi d er ati o n of i nt er a cti o ns b et w e e n
di ff er e nt gr a n ul arit y c o n fi g ur ati o n d esi g ns a n d t h e est a b-
lis h e d e x pl or ati o n of  R M S r e c o n fi g ur ati o n  m et h o ds.  T h e
c D S P m o d el is e m pl o y e d t o g e n er at e t h e m ost s atisf a ct or y
s ol uti o n s c h e m e.

St e p  D:  Utilis ati o n of  w ei g hts d eri v e d fr o m s ys-
t e m si m ul ati o n or a n al ysis of t h e a p pli c ati o n s c e-
n ari o.  T h es e  w ei g hts h el p ass ess t h e s e nsiti vit y of t h e

d esi g n pl a n t o d y n a mi c d e m a n d c h a n g es a n d e n h a n c e
t h e d esi g n er’s u n d erst a n di n g of  R M S r e c o n fi g ur ati o n
b e h a vi o ur. Fi n all y, t h e d esi g n ers e v al u at e t h e s atisf a ct or y
d esi g n s c h e m es t o pr o m ot e t h e d y n a mi c  m a n a g e m e nt of
R M S r e c o n fi g ur ati o n.

4.  C a s e st u d y

I n t his s e cti o n,  w e v ali d at e t h e e m piri c al p erf or m a n c e
of t h e pr o p os e d fr a m e w or k t hr o u g h a n e n gi n e c yli n d er
bl o c k c as e st u d y a n d s h o w c as e t h e a p pli c ati o n of s us-
t ai n a bl e  R M S c o n fi g ur ati o n d esi g n.  We d e m o nstr at e t h e
m ost s atisf a ct or y s ust ai n a bl e  R M S c o n fi g ur ati o n d esi g n
b y g e n er ati n g a f e asi bl e  R M T d esi g n.  T h e  R M T d esi g n
of t h e  R M S is c o nstr u ct e d usi n g a c o n fi g ur ati o n tr e e.  T o
ill ustr at e t h e e x a m pl e,  w e pr es e nt a si m pli fi e d  m o d ul e
li br ar y ( Wa n g et al. 2 0 1 8 ) i n Ta bl e 2 , al o n g wit h its c orr e-
s p o n di n g e n er g y c o ns u m pti o n ( S ulli v a n,  B ur n h a m, a n d
Wa n g 2 0 1 0 ), b as e d o n t h e f u n cti o ns of  m o d ul es,  m oti o n,
a n d s u p p ort.

T h e d e m a n d f or a ut o m oti v e pr o d u ct c ust o mis ati o n is
r a pi dl y i n cr e asi n g, l e a di n g t o a  wi d e v ari et y of a ut o m o-
bil es i n t h e  m ar k et.  As a ut o m oti v e t e c h n ol o g y e v ol v es,
t h e c or e c o m p o n e nt of a ut o m oti v e p o w er, t h e e n gi n e,
is als o u n d er g oi n g c h a n g es.  C urr e ntl y, t h er e ar e t hr e e
c o m m o n e n gi n e str u ct ur es: i n-li n e f o ur- c yli n d er e n gi n e
( L 4),  V-t y p e si x- c yli n d er e n gi n e ( V 6), a n d  V-t y p e ei g ht-
c yli n d er e n gi n e ( V 8).  Di ff er e nt a ut o m oti v e  m a n uf a ct ur-
ers c h o os e e n gi n e t y p es b as e d o n f a ct ors s u c h as dis-
pl a c e m e nt a n d n ois e r e d u cti o n. Fi g ur e 8 ( a) ill ustr at es t h e
c yli n d er bl o c ks of t h e L 4 a n d  V 8 e n gi n es.
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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 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 3.5

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 4.5

7 Base Modules for support and connection of the modules 0.17

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 proposedmethod for exploring the RMS recon-
figuration strategy by manufacturing the engine cylinder
block, showcasing its relevance and e ectiveness in the
industry.

The engine cylinder block is a complex and rigid
component, with di erent 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
di erent part families and transitioning betweendi erent
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 theV6 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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Fi g ur e 8. T h e e x a m pl e of t h e L 4 (ri g ht) a n d V 8 (l eft) e n gi n e bl o c k ( a) a n d t hr e e t y p es of t h e c yli n d er bl o c k ( b) ( A b b as a n d El M ar a g h y
2 0 1 6 ).
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T a bl e 3. K e y o p er ati o n f or L 4, V 6 a n d V 8 e n gi n e c yli n d er pr o d u cti o n ( Milis a vlj e vi c- S y e d et al. 2 0 2 0 a ).

Ty p e N u m  M a n uf a ct uri n g o p er ati o ns  M a n uf a ct uri n g F e at ur es R ef er e n c e S urf a c e

L 4 1 O p 1 1 X Y Z U n d ers urf a c e a n d t w o l o c ati n g pi n h ol es

2 O p 1 2 X Y Z Si d e d at u m, p ositi o n s h o ul d er a n d t w o pi n h ol es

3 O p 1 3 X Y Z Si d e d at u m, p ositi o n s h o ul d er a n d t w o pi n h ol es

4 O p 1 4 X Y Z Si d e d at u m, p ositi o n s h o ul d er a n d t w o pi n h ol es

5 O p 1 5 Y Z B Si d e d at u m, p ositi o n s h o ul d er a n d t w o pi n h ol es

6 O p 1 6 Y Z C Si d e d at u m, p ositi o n s h o ul d er a n d t w o pi n h ol es

V 6 a n d V 8 1 O p 2 1 X Y Z U n d ers urf a c e a n d t w o l o c ati n g pi n h ol es

2 O p 2 2 X Y Z Si d e d at u m, p ositi o n s h o ul d er a n d t w o pi n h ol es

3 O p 2 3 X Y Z Si d e d at u m, p ositi o n s h o ul d er a n d t w o pi n h ol es

4 O p 2 4 X Y Z Si d e d at u m, p ositi o n s h o ul d er a n d t w o pi n h ol es

5 O p 2 5 X Y Z Si d e d at u m, p ositi o n s h o ul d er a n d t w o pi n h ol es

6 O p 2 6 X Y Z B Si d e d at u m, p ositi o n s h o ul d er a n d t w o pi n h ol es

7 O p 2 7 Y Z B Si d e d at u m, p ositi o n s h o ul d er a n d t w o pi n h ol es

8 O p 2 8 X Y Z B C Si d e d at u m, p ositi o n s h o ul d er a n d t w o pi n h ol es

Fi g ur e 9. T h e R M S i niti al c o n fi g ur ati o n i n t e xt e x a m pl e.

fi xi n g a n d ass e m bl y c osts ( Wa n g et al. 2 0 1 8 ), s e ns or r eli-
a bilit y, s e ns or c ost, d et e ct or i nst all ati o n c ost ( S h a n g et al.
2 0 2 1 ), a n d e n er g y c o ns u m pti o n (r ef er t o  Ta bl e 2 ), a m o n g
ot h ers.  T o assi g n  w ei g hts t o t h e di ff er e nt f a ct ors, t h e
t o ol-r el at e d a n d  w or k pi e c e-r el at e d e n er g y c o ns u m pti o n
ar e gi v e n  w ei g hts of 0. 7 a n d 0. 3, r es p e cti v el y.  T his d e ci-
si o n is b as e d o n t h e u n d erst a n di n g t h at s pi n dl e e n er g y
pri m aril y ori gi n at es fr o m t h e  m ot or a cr oss  m a c hi n e t o ols
( Z h a o et al. 2 0 1 7 ).

T h e r e c o n fi g ur ati o n pr o c ess i n t his c as e c o nsists of t w o
st a g es: tr a nsiti o ni n g fr o m t h e L 4 e n gi n e c yli n d er bl o c k
t o t h e  V 6 e n gi n e bl o c k, a n d t h e n fr o m t h e  V 6 e n gi n e
bl o c k t o t h e  V 8 e n gi n e bl o c k.  T o si m plif y t h e d es cri pti o n,
t h es e t w o p h as es ar e r ef err e d t o as P h as e  A a n d P h as e
B, r es p e cti v el y, c o nsi d eri n g a n d n ot c o nsi d eri n g e n er g y
c o ns u m pti o n.

I n P h as e  A, t h e r e q uir e m e nt is t o r e c o n fi g ur e t h e s ys-
t e m d u e t o t h e tr a nsiti o n b et w e e n di ff er e nt p art f a mili es.
D esi g n ers ar e t as k e d  wit h r e- d esi g ni n g a n d r e c o n fi g uri n g
t h e pr o d u cti o n a n d d et e cti o n pr o c ess es.  T o a d dr ess t h e
c h all e n g e of  m ulti- gr a n ul arit y i nt er a cti o ns at t his st a g e,

t h e c o o p er ati v e  m o d el pr es e nt e d i n Fi g ur e 5 is utilis e d t o
e x pl or e p ot e nti al s ol uti o ns. Fi g ur e 1 0 ( a) a n d Fi g ur e 1 0
( b) ill ustr at e t h e s atisf a ct or y s ol uti o ns f or P h as e  A,  wit h
a n d  wit h o ut c o nsi d eri n g e n er g y c o ns u m pti o n, r es p e c-
ti v el y.

P h as e  B i n v ol v es t h e c o n v ersi o n of di ff er e nt p arts
wit hi n t h e s a m e p art f a mil y, r es ulti n g i n t h e r e c o n fi g ur ati o n
of t h e s yst e m.  T o a d dr ess t his st a g e, t h e l e a d er-f oll o w er
m o d el is e m pl o y e d,  w h er e t h e l e a d er r e pr es e nts t h e  R M T
c o n fi g ur ati o n d esi g n. Fi g ur e 1 1 ( a) a n d Fi g ur e 1 1 ( b)
d e pi ct t h e s atisf a ct or y s ol uti o ns f or P h as e  B, c o nsi d eri n g
a n d n ot c o nsi d eri n g e n er g y c o ns u m pti o n, r es p e cti v el y.

I n t his c as e st u d y,  w e ass u m e t h at a n e n gi n e bl o c k
w ei g hs a p pr o xi m at el y 3 0 0 k g,  w hil e a n i ns p e cti o n s e ns or
w ei g hs ar o u n d 1 k g.  A d diti o n all y,  w e assi g n a n e mis-
si o n f a ct or (f ef ) of 0. 5 4 3  T  C O 2 / M W H f or el e ctri cit y
c o ns u m pti o n b as e d o n pr e vi o us r es e ar c h ( K o ffi et al.
2 0 1 7 b). Fi g ur e 1 2 ill ustr at es t h e t ot al e n er g y c o ns u m p-
ti o n a n d s ust ai n a bilit y of t h e  R M S r e c o n fi g ur ati o n d esi g n
f or e a c h p h as e.  T h e r es ults i n di c at e t h at P h as e  A( b) a n d
P h as e  B( b) e x hi bit l o w er e n er g y c o ns u m pti o n c o m p ar e d
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Fi g ur e 1 0. T h e s ol uti o n of P h as e A  wit h ( a) a n d  wit h o ut ( b) c o nsi d eri n g e n er g y c o ns u m pti o n.

Fi g ur e 1 1. T h e s ol uti o n of P h as e B  wit h ( a)  wit h o ut ( b) c o nsi d eri n g e n er g y c o ns u m pti o n.

t o P h as e  A( a) a n d P h as e  B( a), r es p e cti v el y. F urt h er m or e,
t h e  R M S r e c o n fi g ur ati o n d esi g ns t h at t a k e s ust ai n a bilit y
i nt o a c c o u nt, n a m el y P h as e  A( b) a n d P h as e  B( b), o ut-
p erf or m t h e d esi g ns t h at d o n ot c o nsi d er s ust ai n a bilit y,
n a m el y P h as e  A( a) a n d P h as e  B( a).

5.  R e s ult a n d  di s c u s si o n

T h e pr o p os e d  m et h o d, i ntr o d u c e d i n S e cti o n 3, is v ali-
d at e d usi n g t h e t est c as e d es cri b e d i n S e cti o n 4, ai mi n g
t o i d e ntif y t h e  m ost s atisf a ct or y s ust ai n a bl e  R M T c o n-
fi g ur ati o n f or d y n a mi c r e q uir e m e nts.  As t h e n u m b er of
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Fi g ur e 1 2. R es ults of s ust ai n a bilit y f or e a c h p h as e  wit h a n d  wit h o ut c o nsi d eri n g e n er g y c o ns u m pti o n.

w or kst ati o ns i n cr e as es, t h e c o n fi g ur ati o n d esi g n of a n
R M S b e c o m es  m or e c o m pl e x.  H o w e v er, t h e c D S P- b as e d
c o nstr u cti o n a n d g a m e t h e or y a p pr o a c h c a n e ff e cti v el y
a d dr ess t h e s p a c e e x pl or ati o n pr o c ess i n c o n fi g ur ati o n
d esi g n.  T h e r es ults o bt ai n e d fr o m t h e pr o p os e d  m et h o d
d e m o nstr at e e ffi ci e nt utilis ati o n of ori gi n al r es o ur c es.
F or e x a m pl e, t h e pr o c essi n g c h ar a ct eristi cs of t h e L 4
e n gi n e’s c yli n d er bl o c k ali g n  wit h t h e first f o ur st e ps
of t h e  V 6 e n gi n e’s c yli n d er pr o c ess li n e, all o wi n g f or a
c o nsist e nt c o n fi g ur ati o n d esi g n a n d a v oi di n g u n n e c es-
s ar y r e c o n fi g ur ati o n.  A d diti o n all y, di ff er e nt i nt er a cti o n
r el ati o ns hi ps c a n b e utilis e d t o d es cri b e pri oriti es a n d
pr ef er e n c es a m o n g d esi g n ers. F or i nst a n c e, t h e r e c o n-
fi g ur ati o n i n P h as e  A i n v ol v es di ff er e nt p art f a mili es,
n e c essit ati n g t h e r e c o n fi g ur ati o n of b ot h t h e pr o d u cti o n
pr o c ess a n d t h e d et e cti o n pr o c ess.  T his c alls f or t h e a p pli-
c ati o n of a c o o p er ati v e  m o d el,  w hi c h  m a xi mis es t h e b al-
a n c e b et w e e n r e c o n fi g ur a bilit y a n d s ust ai n a bilit y.  O n t h e
ot h er h a n d, P h as e B i n v ol v es di ff er e nt p arts wit h m a n y
si mil ar pr o c ess es,  m a ki n g t h e r e c o n fi g ur ati o n pr o c ess
m or e i n fl u e n c e d b y s ust ai n a bl e pr o d u cti o n.  As a r es ult,
t h e l e a d er-f oll o w er  m o d el is e m pl o y e d.

F urt h er m or e, t h e s ust ai n a bilit y r es ults of e a c h p h as e,
wit h a n d  wit h o ut c o nsi d eri n g e n er g y c o ns u m pti o n, ar e
c o m p ar e d. I n P h as e  A( a) a n d P h as e  B( a), t h e f o c us
is o n r e c o n fi g uri n g a n  R M T t o  m e et f u n cti o n alit y
a n d di a g n os a bilit y r e q uir e m e nts.  T o a c hi e v e s ust ai n-
a bl e  R M S c o n fi g ur ati o n d esi g n, f e asi bl e c o n fi g ur ati o n
d esi g ns, n a m el y P h as e  A( b) a n d P h as e  B( b), ar e g e n-
er at e d. I n P h as e  A( b) a n d P h as e  B( b), t h e o bj e cti v e is
t o  mi ni mis e e n er g y c o ns u m pti o n d uri n g r e c o n fi g ur a-
ti o n, b as e d o n s atisf a ct or y  R M S c o n fi g ur ati o n d esi g ns.
T h e r es ulti n g d esi g n s ol uti o ns e n h a n c e t h e s ust ai n a bil-
it y of t h e s p e ci fi c pr o d u cti o n pr o c ess t hr o u g h o ut t h e p art
f a mil y pr o c essi n g.

C o m p ar e d t o e xisti n g  m et h o ds, t h e pr o p os e d  m et h o d
n ot o nl y s u p p orts s ust ai n a bl e  R M T i n a c hi e vi n g r e p e at e d

r e c o n fi g ur ati o ns b ut als o e n a bl es t h e s ust ai n a bl e  R M T
t o a d a pt t o c h a n gi n g  m ar k et n e e ds. I n t his r es e ar c h,
t h e s el e cti o n of t h e  m ost s atisf a ct or y d esi g n pri m ar-
il y f o c us es o n s ust ai n a bilit y, s p e ci fi c all y r e d u ci n g e n er g y
c o ns u m pti o n b as e d o n t o ol-r el at e d a n d  w or k pi e c e-
r el at e d c o n fi g ur ati o n tr e e c o nsi d er ati o ns.

6.  C o n cl u si o n a n d f ut ur e  w or k

I n d ustr y 4. 0 a n d t h e ass o ci at e d e n a bli n g t e c h n ol o gi es
pr es e nt b ot h o p p ort u niti es a n d c h all e n g es f or c o m p a ni es
of all si z es. I n t his c o nt e xt, s ust ai n a bl e  m a n uf a ct uri n g
a n d r e c o n fi g ur a bl e  m a n uf a ct uri n g pl a y cr u ci al r ol es.  B y
i n c or p or ati n g t h e c a p a biliti es of c ost s a vi n gs, r es o ur c e
c o ns er v ati o n, a n d e ffi ci e n c y i m pr o v e m e nt fr o m s ust ai n-
a bl e  m a n uf a ct uri n g, al o n g  wit h t h e fl e xi bilit y, a d a pt a bil-
it y, a n d c ust o mis a bilit y e n h a n c e m e nt of r e c o n fi g ur a bl e
m a n uf a ct uri n g, c o m p a ni es c a n g ai n a c o m p etiti v e e d g e
i n t h e I n d ustr y 4. 0 er a.

T h e c o ntri b uti o ns of t his r es e ar c h ar e as f oll o ws:
Firstl y,  w e dis c uss t h e d e m a n d a n d n e c essit y of d e v el-
o pi n g a s ust ai n a bl e r e c o n fi g ur a bl e  m a n uf a ct uri n g s ys-
t e m. S e c o n dl y,  w e pr es e nt a  m et h o d f or d esi g ni n g a
s ust ai n a bl e  R M S r e c o n fi g ur ati o n str at e g y u n d er u n c er-
t ai n c o n diti o ns, t a ki n g i nt o a c c o u nt n ot o nl y t h e c h ar-
a ct eristi cs of  R M S b ut als o s ust ai n a bl e d e v el o p m e nt f e a-
t ur es. Fi n all y,  w e pr o vi d e a c as e st u d y t o v ali d at e t h e
pr o p os e d  m et h o d, d e m o nstr ati n g h o w it s u p p orts s us-
t ai n a bl e  R M T b y e n a bli n g r e p e at e d r e c o n fi g ur ati o ns a n d
m e eti n g e v ol vi n g  m ar k et n e e ds.  H o w e v er, it is i m p ort a nt
t o a c k n o wl e d g e t h e li mit ati o ns of t his r es e ar c h. Firstl y,
t h e e n er g y c o ns u m pti o n d at a us e d f or c al c ul ati o ns ar e
s y nt h eti c a n d n ot b as e d o n r e al- w orl d  m e as ur e m e nts.
S e c o n dl y, t his st u d y o nl y c o nsi d ers o n e s ust ai n a bl e d e v el-
o p m e nt i n di c at or, n a m el y e n er g y c o ns u m pti o n,  w hil e
ot h er i n di c at ors s u c h as  w ast e a n d c ar b o n e missi o ns ar e
n ot i n cl u d e d. I n f ut ur e r es e ar c h,  w e i nt e n d t o g at h er
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real-world data to validate the proposed method. Addi-
tionally, we plan to incorporate waste disposal costs into
the analysis since di erent 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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