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Abstract

Industry 5.0 is based on the idea of merging sustainable development goals and digitalization provisions from the fourth
industrial revolution through human-centric solutions, bio-inspired technologies, and cyber safe data transmission. Industries
are yet the most significant drivers of the integrated sustainability development (economic, environmental, and social) over
the design, manufacturing, operation and disposal of products and services. This research investigates Industry 5.0 indicators
that are required to achieve sustainable reliability centered maintenance (RCM) for high-value equipment. The research work
examines the feasibility of a correlation between sustainable indicators between operation and maintenance phases using fuzzy
logic. The fuzzy approach is implemented to measure the impact of RCM technical indicators on sustainability. A broader
recommendation to improve sustainable RCM is presented through an academic survey.
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1. Introduction

The fifth industrial revolution, known as Industry
5.0 (I-5.0), has a vision for an innovative, resilient,
socio-centred and competitive industry that
minimises the negative environmental and social
impacts and respects people, the planet and
prosperity [1]. Six main technologies are identified
to enable I-5.0 vision: (i) human-machine-interactive
technologies; (ii) smart materials and bio-inspired
technologies; (iii) Digital twins and real-time
simulations; (iv) energy-efficient data transmission,
storage, and analysis technologies; (v) Artificial
Intelligence; and (vi) energy-efficient and
renewables technologies for storage and autonomy
[2]. I-5.0 has a different perspective on industry and
technology in a way that you should ask yourself
how new technologies can assist me rather than what
I can do with this new technology? What be natural
resources retrieved by new technology rather than
consumed? What prosperity can be made to society?
What value can be created for stakeholders rather
than for shareholders?

According to European Commission experts’
reports, the 1-5.0 vision for industry transition
should include the following three drivers: ‘green
transition’, ‘digital transition’, and ‘competitive
transition’. Green transition aims to avoid climate
change and environmental degradation. This
requires amendments to the current economic
growth strategies with a view to evade the net
emission of greenhouse gases, disengaged resource
use from economic growth, and support people and
places around different regions and sectors.

European Commission proposed the key elements
for fulfilling green transition as (1) supplying clean,
affordable, secure energy, (2) mobilizing industry
for a clean and circular economy, (3) promoting
energy and resource efficiency, (4) accelerating the
shift to sustainable and smart mobility, (5) providing
a fair, healthy and environmentally friendly food
system, (6) preserving and restoring ecosystem and
biodiversity, (7) promoting zero pollution ambition,
and (8) climate ambition for 2030 and 2050. Digital
transition aims to support the circular economy by
renovating digital strategies in terms of digital skills,
data, technologies, and infrastructures. Competitive
transition aims to convert marketing policies,
regulations, and standards to bring more prosperity
to people and create more value for businesses. It
focuses on fair, competitive, innovative, and flexible
business and marketing rules [3].

Industry 4.0 (I-4.0) technologies such as Internet
of things (IoT), automation and digitisation, cyber-
physical systems (CPS), blockchain, additive
manufacture, artificial intelligence (Al), robotics,
drones, virtual reality (VR) and augmented reality
(AR) can support the I-5.0 vision by providing
human-centric solutions and promoting the human-
machine integrated strength. For instance, smart
materials with recyclability features, smart factories
with energy-efficient automation technologies
support [-5.0.

Bruntland describes sustainable development in
1987 as “development that meets the needs of the
present without compromising the ability of future
generations to meet their own needs [4].” The notion
of ‘triple bottom line’ (economic, social,
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environmental) or 3 P’s (profit, people, planet) is
defined by Elkington in 1998 as the integrated
sustainability pillars [5]. Future, high-value
manufacturing should maintain sustainability and I-
5.0 goals. A report published in July 2020 by
“Manufacturing Technology Association” has
estimated that around 20 billion GBP will be added
to the UK manufacturing industry by sustainable
manufacturing, creating around a million jobs every
year [6]. Businesses across the globe, now see the
sustainability requirement not as an option, but as a
necessity.

Through-life Engineering Services (TES) can be
described as an integrated and seamless service
strategy to support products throughout their
lifecycle, focusing on optimising products’
availability and reliability. Reliability centred
maintenance (RCM) is a method for maintenance
planning that was initially developed by the
aerospace industry and later adapted to several high-
value manufacturing sectors [7]. Maintenance
planning is a critical stage of asset management.
Sustainable asset management and TES aim to
create value for manufacturers and customers when
providing efficient and effective support for high-
value, long life-span assets. The economic pillar of
sustainability relates to profitability, productivity,
products and services efficiency, and optimal return
on capital investments. The social pillar can be
enhanced by focusing on the health and safety of the
workforce, working conditions of the workforce,
morale, and motivation at work. The environmental
impact can be reduced by supplying clean energy for
production and operation, reducing air, soil, water
and noise pollution, circular economy, and handling
hazardous material safety.

This paper conducts a literature review on
Industry 5.0 to investigate the industry technological
enablers for a sustainable RCM and find the
correlation between the integrated sustainability
indicators and the identified RCM components.

2. Literature review

Back in 2016, at the time of Industry 4.0, the
Japanese cabinet initiated the 5th Science and
Technology Basic Plan called Society 5.0 [8]. There
is no doubt that Society 5.0 goals have overlaps with
[-5.0 targets to promote human resources and
knowledge to overcome chronic economic and
social challenges. Potocan et al. [9] investigated how
Society 5.0 stabilities 1-4.0 regarding economic
development. Their study suggested the integration
of advanced technologies in completing social goals
and resolving social challenges. Welfare et al. [10]

study shows that cobots can assist humans at the
workplace by completing tasks that are more
susceptible to health and safety risks, repetitive,
long-hours, and feeling rushed. One of the 1-5.0
challenges will be to design hybrid workplaces to
implement and promote ethics in a human-machine
co-working environment. Demir et al. [11]
discussed the possible 1-5.0 challenges regarding a
collaborative human-robot co-working environment
from the organizational and employment
perspectives. Ethical issues, in particular, can be
conversed in terms of career ambition, hard-
working, dignity at work, and trustworthiness.
Longo et al. [12] study focused on Factory of the
Future. They specified the technological solutions
that support human values, ethical related risks and
issues emerging from [-5.0. Their research
considered Schwartz’s human values [13].

The concept of sustainable maintenance was
recognised in the early 21% century [14]. Sustainable
maintenance studies initially focused on material
and energy consumption. Garetti and Taisch [15]
extend the work by Takata et al. [14] and studied the
role of maintenance in asset lifecycle management.
Nezami and Yildirim [16] study indicated that
integration of sustainability and maintenance should
not be limited to asset management activities and
should influence the maintenance policies and
strategies. Ighravwe and Oke [17] implement two
different methodologies to rank maintenance
sustainability in maintenance planning. The
methods revealed two different results. Their
research concluded that ‘maintenance consumables
optimization’ and ‘workforce training’ are the best
ranked sustainable maintenance strategies using
fuzzy-TOPSIS and fuzzy axiomatic design
principles.

Sustainable maintenance and its role in
sustainable manufacturing have been studied
extensively in the past. As a result, the literature
identified many indicators for sustainable
maintenance [15], [18]-[20]. A recent study
identified integrated sustainability indicators in TES
following a systematic review of the literature
around sustainability assessment and TES [21]. The
outcome of this research indicates the following top
sustainability factors for operation and maintenance:
servitization, customization, remaining sustainable
life, predictive maintenance, real-time health
monitoring, sustainable condition monitoring and
remote maintenance. Following the literature
review, the sustainability indicators, the relevant I-
5.0 enablers and the RCM components are
identified as summarized in Table 1.
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Sustainability Sustainable RCM key indicators Industry 5.0 enablers RCM components and
dimensions indicators
Economic - Cost of maintenance (SR1) - Automation technologies R1: Measurement and NDT

- Revenue loss (SR 2)

- Ease of maintenance (SR 3)

- Predictive maintenance

- Virtual testing
- Smart dust
- Digital twin for maintenance

- Continuous real-time monitoring

techniques

R2: Accuracy of monitored
parameters

Environmental - Pollution (SR 4)

- Resource/ energy consumption

(SR 5)

- 6R principles in service design

- Supplying clean, affordable, secure
energy

- Smart/ recyclable/ lightweight materials

- Hydrogen and Power-to-X technologies

R3: Feasibility of condition
monitoring

(SR 6) - Self-repairing and traceable material R4: Operating conditions for
- Renewable energy - Biosensors and networked sensors health monitoring
Social - Working environment (SR 7) - Human-Al interactive technologies R5: Monitoring interval

- Workers health and safety (SR 8)
- Workers equality and diversity

- Training (SR 9)

- Regulatory compliance (SR 10)

- Dignity at work

R6: Data acquisition rate
R7: Fault detections and
sensors location

Economic- - Circular economy
Environmental - Reverse logistics

- Sustainable and smart mobility
- Energy-efficient smart factories

R8: Measurement and
trending

Social- - Servitization - AR
Economy - PSS customization
- Remote maintenance

- VR and
- mix-reality for training

R9: Quality of measurement

Social- - Sustainable resource planning
Environment - Lean principles

- Human assistance cobots

R10: Diagnosis and
prognosis

3. Methodology

In this study, the research design includes
qualitative, quantitative and mixed approaches. The
research methodology comprises five main stages:
problem definition, data collection, data analysis,
validation, and conclusion. Step 1: problem
definition: This study investigates Industry 5.0
indicators required to achieve sustainable RCM for
high-value equipment. Moreover, this paper
examines the feasibility of a correlation between
sustainable indicators between operation and
maintenance. Step 2: Data collection: the primary
data collection is carried out by sending a
questionnaire and an online survey to 15 academic
members at the University and 4 industrial experts.
Complete responses were only received from 7
academics and 3 industrial experts due to the Covid-
19 restrictions. The secondary data are collected
through reviewing the relevant literature in
‘sustainable maintenance’, ‘RCM’ and ‘Industry
5.0’. Key indicators of the sustainable industrial
revolution through I-5.0 in the context of high-value
equipment operation and maintenance are identified.
Moreover, the main components of the operation
and maintenance for RCM are specified.

Step 3: Data analysis: an online survey focused
on RCM components was sent to 10 experts. After
collecting data, a Fuzzy TOPSIS approach was
applied to collected data to get the impact ranking to
assess the impact level of various indicators on
sustainability (SR1-SR10). Step 4: Data validation:
benchmarking is completed to compare the research
results with existing knowledge from literature. Step
5: Conclusion: the concluding remarks are drawn to

identify the area that I-5.0 can enable sustainable
RCM most.

4. Results

In this study, based on the survey results, 10
sustainability indicators and 10 RCM components
are considered and ranked using the Fuzzy TOPSIS
method. Each expert is assigned equal importance
with the weight of (0.1, 0.1, 0.1). A triangular
membership function of lower (L), middle (M),
upper (U) values are used for the calculation of
fuzzy (see Appendix Al). First, the economic
indicator ‘cost of maintenance’ has been selected,
and the analysis is detailed in this Section.

Step-1: The evaluation matrix is therefore created
based on the Experts (E) responses for each RCM

component, matrix (x;;) where, x;; = (I;;,m;j, ;).

10x10’

Step-2: To calculate the impact level through
Fuzzy TOPSIS, the positive and negative ideal
solutions as maximum (r;;) and minimum (r;;) impact
solutions are considered. the normalised matrix is
created using Equation (1) and (2):

lLij mij wj
;= (L{,—i’,—ﬂ’), where: uj = max; u;; (D
]
[ e
- J J J - i
r; =(2+,-L,2L), where I = min, I;; 2
Y (uij'mij'lij)’ J Ly )

Step-3: The weighted normalised decision matrix
(D), is calculated as follows, where, (#;)is the
weight vector:

17ij = (fij-Wij)wxw (3)

Following Steps 1-3, the decision matrix for
RCM components is created as in Table 2.
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7 El E2 E3 E4 E5 E6 E7 E8 E9 E10

R (0.056,0.05 (0.033,0.03 (0.033,0.04 (0.056,0.05 (0.033,0.03 (0.033,0.03 (0.033,0.04 (0.033,0.03 (0.033,0.04 (0.033,0.04
' 6,0.071) 3,0.043) 3,0.060) 6,0.071) 3,0.043) 3,0.043) 3,0.060) 3,0.043) 3,0.060) 3,0.060)

R (0.056,0.05 (0.033,003 (0.033,0.03 (0.056,0.05 (0.043,0.06 (0.033,0.04 (0.033,0.03 (0.033,0.04 (0.033,003 (0.033,0.04
> 6,0.071) 3,0.043) 3,0.043) 6,0.071) 0,0.100) 3,0.060) 3,0.043) 3,0.060) 3,0.043) 3,0.060)

R (0.056,0.07 (0.033,004 (0.033,0.04 (0.056,0.07 (0.033,0.04 (0.043,0.06 (0.033,0.04 (0.043,0.06 (0.033,0.04  (0.043,0.06
> 1,0.100) 3,0.060) 3,0.060) 1,0.100) 3,0.060) 0,0.100) 3,0.060) 0,0.100) 3,0.060) 0,0.100)

R (0.056,0.07 (0.033,003 (0.043,0.06 (0.056,0.07 (0.033,0.03 (0.033,0.03 (0.043,0.06 (0.043,0.06 (0.043,0.06 (0.033,0.03
“1,0.100) 3,0.043) 0,0.100) 1,0.100) 3,0.043) 3,0.043) 0,0.100) 0,0.100) 0,0.100) 3,0.043)

R (0.056,0.05 (0.033,004 (0.043,0.06 (0.056,0.07 (0.033,0.04 (0.033,0.03 (0.033,0.03 (0.043,0.06 (0.033,0.03 (0.033,0.03
S 6,0.071) 3,0.060) 0,0.100) 1,0.100) 3,0.060) 3,0.043) 3,0.043) 0,0.100) 3,0.043) 3,0.043)

R (0.056,0.05 (0.033,003 (0.033,0.03 (0.056,0.05 (0.033,0.03 (0.033,0.04 (0.033,0.03 (0.033,0.04 (0.033,0.03 (0.033,0.04
° 6,0.071) 3,0.043) 3,0.043) 6,0.071) 3,0.043) 3,0.060) 3,0.043) 3,0.060) 3,0.043) 3,0.060)

R (0.056,0.07 (0.033,004 (0.033,0.04 (0.056,0.07 (0.033,0.04 (0.043,006 (0.033,0.04 (0.033,0.04 (0.033,0.04 (0.033,0.03
7 1,0.100) 3,0.060) 3,0.060) 1,0.100) 3,0.060) 0,0.100) 3,0.060) 3,0.060) 3,0.060) 3,0.043)

R (0.056,0.07 (0.043,006 (0.033,0.03 (0.056,0.05 (0.033,0.03 (0.043,0.06 (0.033,0.03 (0.043,0.06 (0.033,0.03 (0.043,0.06
® 1,0.100) 0,0.100) 3,0.043) 6,0.071) 3,0.043) 0,0.100) 3,0.043) 0,0.100) 3,0.043) 0,0.100)

R (0.056,0.05 (0.033,003 (0.033,0.03 (0.056,0.05 (0.033,0.03 (0.033,0.04 (0.033,0.03 (0.043,0.06 (0.033,0.03  (0.033,0.03
° 6,0.071) 3,0.043) 3,0.043) 6,0.071) 3,0.043) 3,0.060) 3,0.043) 0,0.100) 3,0.043) 3,0.043)

R (0.056,0.05 (0.033,003 (0.033,0.04 (0.056,0.05 (0.033,0.03 (0.033,003 (0.033,0.03 (0.033,0.04 (0.033,0.03 (0.033,0.03
" §,0.071) 3,0.043) 3,0.060) 6,0.071) 3,0.043) 3,0.043) 3,0.043) 3,0.060) 3,0.043) 3,0.043)

Step-4: The maximum impact ideal (4*) and

minimum impact ideal (A7) of the alternatives can
be defined respectively as shown in Equation (4) and
Equation (5) as follows:

A ={D}, D3, ..., 0} = {(mlaxvl] li€ B),(m]invl] li€ C)}

“
6))

A ={D, D5, ., Tn} = {(minv” lie B),(maxvu lie C)}
J J

where, 7] is the max value of i for all the alternatives
and ¥; is the min value of i for all the alternatives.
B and C represent the maximum and minimum ideal
solutions, respectively. The resultant maximum and
minimum impact solutions from Equation (4) and

Equation (5) are shown in Table 3.

Table 3. Maximum and minimum impact solutions

A" A~
R (0.056,0.056,0.071) (0.056, 0.071, 0.100)
R:_ (0.033,0.033, 0.043) (0.043, 0.060, 0.100)
R: (0.033,0.033,0.043) (0.043, 0.060, 0.100)
Re _ (0.056, 0.056,0.071) (0.056, 0.071, 0.100)
R: _ (0.033,0.033, 0.043) (0.043, 0.060, 0.100)
Re _ (0.033,0.033,0.043) (0.043, 0.060, 0.100)
R:__ (0.033,0.033, 0.043) (0.043, 0.060, 0.100)
Re  (0.033,0.033,0.043) (0.043, 0.060, 0.100)
Ro__ (0.033,0.033, 0.043) (0.043, 0.060, 0.100)
Rio__ (0.033,0.033,0.043) (0.043, 0.060, 0.100)

Step-5: The distance between each alternative
and fuzzy maximum impact ideal solution S;" and the
distance between each alternative and fuzzy
minimum impact ideal solution S; are respectively
calculated using in Equation (6) and Equation (7):

S =Y, d(@y,7) 112 ..,10 (6)
ST =T d(y,5) 1210 (1)
where, d(¥;;,7;) and d(D;;,7;) are crisp

numbers and d is the distance between two fuzzy
numbers when given two triangular fuzzy numbers
(11, mq,w) and (1, m,, u), the distance between the
two can be calculated as shown in Equation (8):

dv(MlvMZ) = \j% [y = )% + (my = mp)? + (uy — up)?] (8)

The results for distance from maximum and
minimum impacts are presented in Table 4.

Table 4. Distance from maximum and minimum impact

R R R R R R R R R R
1 2 3 4 5 6 7 8 9 10
S*
t 2) — [¥a) Ye) ’g) <t N Ne) =2} o
<t o~ S o] — o < el < N
S g a8 = = S = = S g
=] =] (=] (=] =] =] (=] (=] =] =]
S
0 [o\] N [ <] [N — O < (=]
0 \O N < — (=) (o)) el 0 —
4 4 = = a4 g = = a «
=] =] (=] (=] =] =] (=] (=] =] =]

Step-6: The closeness coefficient of each
alternative can be calculated as shown in Equation

©)

The best alternative is closest to the fuzzy
maximum impact ideal solution and farthest to the
fuzzy minimum impact ideal solution. Assessment
of impact level is repeated for each sustainability
indicator (SR1 — SR10), based on the responses
received from subject experts. The results of the
decision matrix with the top 3 major components
which impact sustainability indicators are presented
in Table 5.

5. Discussion

The outcome of this study indicated the economic
dimensions, ‘cost of maintenance’ and ‘loss of
revenue’ are most influenced by ‘diagnosis and
prognosis’. The social dimensions ‘workers health
and safety’ and ‘physical environment’ can be most
influenced by ‘operating condition during
monitoring’. ‘measurement and NDT techniques
influence ‘pollution’, ‘circular economy’, and
‘training’ indicators of environmental sustainability.
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Table 5. Correlation matrix for impact level of each sustainability indicator

R1 R2 R3 R4 RS R6 R7 R8 R9 R10
SR1 C; 0.864 0.787 0386 0.443 0.654 0.898 0.573 0.5 0.855 0.932
Rank 3 5 10 9 6 2 7 8 4 1
SR2 C; 0.847 0.751 0.741 0389 0.401 0.216 0.804 0.542 0.556 0.937
Rank 2 3 5 9 8 10 4 7 6 1
SR3 C; 0.601 0454 0.833 0.577 0.623 0.622 0.601 0.66 0.615 0.8
Rank 7 9 1 8 4 5 7 3 6 2
SR4 C; 0.825 0452 0.698 0454 0.782 0.588 0.515 0.63 0.579  0.772
Rank 1 10 4 9 3 6 8 5 7 2
SRS G 0.698 0462 0373 0551 0.282 0.28 0.845 0.551 0.53 0.623
Rank 2 6 7 4 8 9 1 4 5 3
SR6 C; 0.826 0.703 0.541 0.607 0.551 0.418 0.659 0.348 0.472 0.538
Rank 1 2 6 4 5 9 3 10 8 7
SR7 C; 0.639 0371 0.686 0.796 0.433 0.433 0.363 0.43 0.42 0.588
Rank 3 8 2 1 5 5 9 6 7 4
SR8 C; 0.635 0.635 0.534 0914 0423 0.534 0.529 0.826 0.721 0.635
Rank 4 4 5 1 7 5 6 2 3 4
SR9 Co 0.874 0.672 0.308 0.465 0.81 0.385 0.39 0468 0.612 0.597
Rank 1 3 10 7 2 9 8 6 4 5
SR10  Cio  0.82 0.753  0.62 0.576 0362 0437 0366 0364 0.44 0.56
Rank 1 2 3 4 10 7 8 9 6 5

Diagnosis and prognosis contribute to detecting a
defect, prediction of remaining useful life (RUL).
The process of prediction of health and estimation
of RUL can influence economic performance in the
form of, unavailability of equipment and poor
quality of the product [22]. Regarding the
environmental dimension, ‘measurement
techniques’ has the most impact on sustainability.
Measurement techniques directly affect usage of
resources, level of pollution and scope of reusability.
Measurement techniques also directly relate to the
accuracy and durability of the maintenance
procedure [23]. The social dimension of
sustainability is mainly affected by ‘operating
condition during monitoring’. Similar results were
obtained by [24]. They found lighting and
ventilation and occupational health and safety are
influenced sustainability most. Hendiani et al. [25]
and Sari e al. [26] also realised the importance of
operating conditions for social sustainability in the
construction industry and stated that health and
safety practices and regulations, and prohibition are
few key important factors for social sustainability.

6. Concluding remarks

The project offers a quantitative relationship
between sustainability indicators and components of
the operation and maintenance phase of reliability
centered maintenance. Following the survey results
from 10 experts, 10 sustainability indicators across
economic, environmental and social dimensions are
selected. The top then RCM components are also
identified from the literature and the survey results.
The Fuzzy TOPSIS with a triangular membership
function is implemented to identify the correlation
between sustainability indicators and the RCM
components.

Diagnosis and prognosis are most influential for
economic sustainability, measurement techniques
for environmental sustainability and operating
conditions during maintenance for social
sustainability of RCM. This research highlighted
that a quantitative correlation is feasible between
RCM components and integrated sustainability
indicators, which can help industry professionals
and planners to identify and implement sustainable
maintenance strategies. Overall, the results indicated
that the RCM components ‘Data acquisition rate’
and ‘measurement and sensor locations’ have the
most impact on sustainability. Availability,
accessibility and agility in data transient and just-in-
time data capturing is crucial for sustainability.
Moreover, measurements’ type and location for fault
detection, accessibility of sensors, and signal
conditioning are crucial for sustainability.

Industry 5.0 mission is to ensure technologies and
innovations support humanity. Following the recent
Covid-19 pandemic experience, 1-5.0 is needed to
focus on industry and technology resilience and
sustainability. The global economic crisis shows that
industry, innovation, and technology are still
vulnerable. It is expected that 1-5.0 solutions
improve the resilience and robustness of industries
and technologies to resolve this weakness.

Although it is challenging to quantify the
environmental and social impacts of RCM activities,
this study shows the feasibility of a strong
correlation between sustainable indicators and RCM
components. Technologies and workplaces must
provide safety, security and integrity. Identifying
skill gaps and providing several training sessions is
necessary for businesses when adopting new
technology and creating a machine-human
integrated workplace.
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Further research should focus on exploring
technological solutions and practical roadmap
industries to promote integrated sustainability in the
context of 1-5.0, focusing on social-economic and
social-environmental dimensions.
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Appendix A.

Fuzzy scales for the membership function

Code  Linguistic term (L) ™M) )

1 Very low 1 1 3

2 Low 1 3 5

3 Medium 3 5 7

4 High 5 7 9

5 Very high 7 9 9
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