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Abstract
The changing needs of modern manufacturing require a re-examination of the maintenance
management role in achieving key cost and service benefits. The development of maintenance
requirements is supported by the progress of information technology, which provides new
opportunities for the implementation of maintenance processes. The aim of the article is to
describe the latest trends in the field of maintenance management from the perspective of the
challenges of the fourth and fifth industrial revolution as well as economic, environmental,
and social challenges. The five stages of the machine maintenance approach, related to the
five industrial revolutions, are characterized, along with the advantages and weaknesses of
each machine maintenance approach. The operating data in different operating periods were
characterized. Digitalization can empower machine maintenance services by using collected
data and advanced technologies to monitor equipment health, diagnose faults, predict and
prevent failures long before they occur and ensure performance optimization.
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Introduction

Modern civilization is mostly a technical civilization,
whose inseparable attribute is the use of devices and
machines by man. The operation of machines, as both
a science and a practical field, encompasses organiza-
tional, technical, economic, and social aspects related
to the interaction between people and machines. These
activities concern technical and organizational under-
takings in the field of machine use, broadly understood
as the maintenance of machinery and equipment. From
a technical point of view, operation can be divided into:
1. use – use of technical objects in accordance with

their purpose and functional properties,
2. servicing – maintaining technical facilities in a state

of fitness and restoring their required functional
properties through inspections, adjustments, main-
tenance, repairs and overhauls.
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Increasing the level of use and operation of machines
is not possible without the development of science and
operational research. Operation is a fundamental pro-
cess in the machine operation system. Its effectiveness
depends primarily on the rational use of machines,
the degree of implementation of the principle of their
economical use, the efficiency of living and objecti-
fied work, the organization of the use process and the
technical properties of the machines. The following
technical characteristics of machines determine the
process of use: functionality as the ability to perform
the intended functions, efficiency, flexibility as the abil-
ity to perform multiple functions, degree of readiness
understood as durability and reliability, and quality.

An important goal in the construction and operation
of machines is to ensure that the facilities operate prop-
erly for as long as possible. This is one of the main pre-
requisites for achieving satisfactory economic results
of an industrial enterprise. In the process of use, the
physical state of the object changes over time, and the
desired physical state is periodically restored to it in
the process of renewal. When, for technical or technical-
economic reasons, further renewals become ineffective,
then it is liquidated. Operation is of great importance
as a field of economic practice, because it covers all
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those problems that concern the use and operation
of a single device (machine) and a group of machines,
both in the technical and organizational spheres.

Literature review

According to Kobbacy and Murthy (Kobbacy &
Murthy, 2008), machine maintenance is an activity
aimed at “optimizing the total life cycle of an object,
which means maximizing the availability and reliability
of a technical facility in order to produce the desired
quantity of products with the required quality charac-
teristics on time. Of course, this must be achieved in
a cost-effective manner and in compliance with environ-
mental and safety regulations.” EN 13306:2017 defines
the maintenance of machinery as the combination of
all technical and related administrative activities re-
quired to maintain equipment, installations, and other
physical assets in the desired operational condition
or to restore them to that state in which the facility
can perform its obligatory functions. The presented
definitions indicate the multidisciplinary nature of
maintenance activities, which include both technical
aspects of the functioning of a technical facility and all
operational aspects relating to the facility itself, and
all stakeholders and resources involved in maintenance
processes. In the narrow sense, maintenance includes
all activities related to maintaining a certain level of
availability and reliability of a technical system and its
components, and the ability of the system to perform
functions at the required level of quality. On the other
hand, in a broader sense, maintenance also includes
decisions at all levels of the company’s organizational
structure related to the acquisition and maintenance
of a high level of availability and reliability of its tech-
nical equipment. Therefore, maintenance management
must refer to the business objectives of the company,
both at the strategic level as well as at the tactical
and operational level.

Numerous technological and management changes
over the past decades have changed the requirements
and content of maintenance. A few decades ago, main-
tenance was seen primarily as an activity necessary
to be performed after failure, and which is impossible
to manage. Today, maintenance is widely recognized
as a business function of the enterprise (according to
(Zonta et al., 2020), maintenance processes collectively
account for 15–60% of total production operating costs)
and a critical component of asset management. Organi-
zations are increasingly realizing that they can improve
customer service efficiency and reliability by planning
their maintenance and remediation efforts more effec-

tively. This results in more preventive maintenance ac-
tivities that are also better aligned with other business
functions, such as production planning or inventory
control of spare parts and consumables. Over the past
80 years, maintenance has evolved from an activity
necessary to repair asset failures to embedded asset
technology, to a vital part of profit generation, and
to a strategic component of any organization’s coop-
erative partnership. The development of maintenance
requirements is supported by the progress of informa-
tion technology, which provides new opportunities for
maintenance and repair activities.

This study is, among other things, the fruit of
the author’s long-term fascination with the issues
considered here. He also results from his own over
thirty years of practice as an academic lecturer of the
subjects "Machine Operation” and “Fundamentals of
Machine Maintenance” and the author of academic
textbooks (Legutko, 2002 and Legutko, 2007a) and
those intended for education at the technical school
level (Legutko, 2004; 2007b; 2009a; 2010; 2013), as
well as the author of chapters in the guide inspection
of machines and equipment dedicated to maintenance
departments in manufacturing companies (Legutko,
2007c; 2007d; 2008a; 2008b; 2008c; 2008d; 2011a;
2011b; 2011c; 2011d). This also includes scientific
activity and activity related to the dissemina-
tion of its results (Legutko, 2007a; 2007b; 2009b;
Jasiulewicz-Kaczmarek et al., 2020a; Legutko, 2023).

From complete unpredictability to
limited uncertainty

Industrial revolutions have significantly influenced
the definition, organization, and implementation of
maintenance functions in an enterprise (Fig. 1). In
a reactive approach to the maintenance of produc-
tion machinery and equipment (Maintenance 1.0) is
to restore the damaged machine to normal operating
conditions. The high costs of unplanned production
downtime and the growing requirements for the effi-
ciency of the use of the machine park have resulted
in a change in the approach to maintenance, aimed at
preventing the occurrence of failures, not just remov-
ing them quickly. The concept of a system of planned
preventive repairs (Maintenance 2.0). Its essence is
to perform maintenance activities of machines and
equipment at set intervals, often using a checklist of
recommendations from the original equipment manu-
facturer. The automation of production processes and
the even greater complexity of machines have paved
the way for the next generation.
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Fig. 1. Industrial revolutions and related concepts for ma-
chine maintenance – from Maintenance 1.0 to Maintenance

4.0 [public domain]

– Maintenance 3.0 (also known as Condition Based
Maintenance – CBM). The company’s maintenance
function was expected to increase the availability and
reliability of the equipment, improve product quality,
long machine life and high-cost efficiency. CBM is a
maintenance program that recommends maintenance
actions (decisions) based on information obtained in
the process of monitoring the technical condition of
machines. The next generation of CBM (Maintenance
4.0), referred to in the literature as Predictive Mainte-
nance (PdM), is related to the development of infor-
mation technologies. The integration of digital tech-
nologies into maintenance processes has led to the
development of the eMaintenance concept. Iung et
al. (2009), which is further developed using Industry
4.0 technologies (Johansson et al., 2019; Navas et al.,
2020; Turner et al., 2019). In the context of Industry
4.0, maintenance function is often referred to as Smart
Maintenance, Intelligent Maintenance, Maintenance
4.0. According to Kinz et al. (2016), “Smart Main-
tenance means intelligent and learning maintenance
management, focusing on continuous improvement.”
According to Kumar & Galar (2018), “Maintenance
4.0 performs predictive analytics and suggests feasible
solutions that are primarily applicable to Industry 4.0,

especially in those aspects of maintenance that involve
data collection, data analysis, visualization, and asset
decision-making.” According to Bokrantz et al. (2020),
Smart Maintenance is “an organizational project for
managing maintenance in manufacturing plants in en-
vironments with ubiquitous digital technologies.”

One of the most frequently referenced operational
strategies in the context of Maintenance 4.0 is the
predictive strategy (PdM), which uses condition moni-
toring data to detect anomalies (i.e., identify deviations
from normal operating conditions) in manufacturing
processes, manufacturing equipment, and products,
and diagnose (i.e., characterize the existing state of
deviations) and forecast (i.e., predict the future evolu-
tion of deviations from normal operating conditions,
up to failure). The main task of PdM is to forecast
the Remaining Useful Life (RUL) of a technical facil-
ity to effectively use maintenance intervals and opti-
mize maintenance activities. According to the World
Economic Forum (Leurent & Boer, 2019), predictive
maintenance activities bring various benefits, such as,
among others, reducing repair times by 12%, reducing
the failure rate of some machines by up to 70%, and
reducing maintenance costs by about 30%.

The use of PdM has many advantages, but it also in-
volves overcoming several challenges. On the one hand,
the benefits of PdM include improved productivity, re-
duced system failures, minimized unplanned downtime,
increased efficiency in the use of financial and human
resources, and optimization of maintenance planning
(Leurent & Boer, 2019; Compare et al., 2019; Yoon
et al., 2019; Mendes et al., 2023). On the other hand,
overcoming challenges requires the integration of data
from various sources and systems within the facility,
which is important for gathering accurate informa-
tion to develop predictive models. Another important
aspect is the use of artificial intelligence and over-
coming challenges such as: acquiring training data,
dealing with dynamic operating environments, choos-
ing a machine learning (ML) algorithm that better
suits a given scenario, and the need to obtain contex-
tual information related to the execution environment
of the production process (Antosz et al., 2021). In ad-
dition, it should also be noted that PdM is not always
the best solution (Compare et al., 2019). Rather, the
opportunity offered by Industry 4.0 technologies in
machine maintenance lies in the ability to define the
optimal operating strategy for each component of the
machine, considering its specificities within the system,
e.g., applicable safety and environmental regulations,
quality standards, business relevance, physical and
functional characteristics, etc.

At the highest maturity level, Maintenance 4.0
not only predicts the probability of failure, but also
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pulls standard maintenance tasks from the library
to determine the best actions to avoid failures. The
concept of prescriptive maintenance goes beyond
simply predicting failures. Based on the analysis
of historical and current data, the system predicts
the required maintenance actions and determines
the course of actions. The main objective of this
strategy is to reduce operational risk, eliminate the
preventive approach based on planned repairs in favor
of a proactive approach and intelligent planning of
maintenance activities (Matyas et al., 2017; Silvestri
et al., 2020). According to Grijalvo Martín et al.
(2021), Prescriptive Maintenance is primarily about
sharing value with customers through more services
and with stakeholders in the company’s internal
ecosystem through service delivery capabilities.

The innovative approach to maintenance requires
mastering both modern technologies and organiza-
tional issues related to their planning, implementa-
tion and maintenance. From a technological point of
view, each of the nine pillars of Industry 4.0 (Au-
tonomous/Collaborative Robots (A/CR), Augmented
Reality (AR), Additive Manufacturing (AM), Big Data
& Analytics (BDA), Cloud Computing (CC), Inter-

net of Things (IoT), Horizontal/Vertical Integration
(HVI), Simulation (S), and Cybersecurity (CS) can
play an important role in the maintenance of machines
and equipment in the enterprise (Silvestri et al., 2020;
Bokrantz et al., 2017). The use of these technologies
has a significant impact on maintenance processes and
other areas of the company dealing with maintenance,
including logistics (spare parts and warehouse man-
agement), health, safety and the working environment
(information in an intelligent system can be used for
ongoing risk monitoring), design (the use of intelligent
components can lead to an increase in the reliability of
solutions), etc. (Kwon et al., 2016). In summary, the ad-
vantages, and disadvantages of individual approaches
to machine maintenance can be formulated (Table 1).

From experience to data

EN 13306:2017 defines the maintenance of machin-
ery as the combination of all technical and related
administrative activities required to maintain equip-
ment, installations, and other physical assets in the
desired operational state or to restore them to the

Table 1
Advantages and disadvantages of each approach to machine maintenance

Intention Benefits Weaknesses
Maintenance 1.0 Servicing is undertaken

only in the event of a com-
plete failure of the equip-
ment

No upfront planning and
scheduling

Unpredictable equipment
availability, shorter equip-
ment life, increased en-
ergy costs, and potentially
lower production efficiency
due to partial failures

Maintenance 2.0 Performing regular main-
tenance services to avoid
partial or total equipment
failure. Preventive mainte-
nance can be performed at
specific intervals or when
a specific condition is met

Increase the availability of
production equipment by
performing maintenance
at specified intervals and
within a specified scope

Premature component re-
placement and servicing
can increase costs

Maintenance 3.0 Actions to be carried out,
as appropriate, based on
information from the mon-
itoring system

Reduction of maintenance
activities, only necessary
activities are carried out,
which leads to reduced
costs and rational use of
resources

Fatigue damage or uniform
wear is not easily detected
by CBM measurements

Maintenance 4.0
Predictive

Predict a problem before it
occurs and be able to esti-
mate the remaining service
life (RUL) of the machine
and/or its assemblies

Optimizes resources and
reduces costs by predicting
the life of machine assem-
blies to avoid premature re-
placement and reduce un-
necessary maintenance

Given that prediction is
probabilistic rather than
deterministic, there is
a risk of false alarms that
could lead to unnecessary
maintenance activities
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desired operational state. The implementation of these
activities and their effectiveness requires appropriate
data management, i.e., data collection, data analysis
and the use of adequate models supporting decision-
making (Knast, 2025). Data in maintenance is needed
for a variety of purposes:
1. planning, monitoring, comparing, and evaluating

various maintenance activities (e.g., inspections,
repairs)

2. building models to support decision-making pro-
cesses (e.g., defining service intervals, purchasing
spare parts and consumables)

3. improvement of activities (e.g., reduction of costs,
service time, energy consumption).

Over the years, both the possibilities of acquiring, col-
lecting, and processing data, as well as the scope of their
use, have changed (Jasiulewicz-Kaczmarek et al., 2020b).

In the era of Maintenance 1.0 data related to the
operation of the machines was collected primarily in
the operator’s memory and was used to support deci-
sions regarding maintenance, repair, and replacement
of the machine. Since there were no dedicated technical
services in the companies, each maintenance decision
was based on the empirical experience of the opera-
tor. Operators processed the data manually based on
empirical experience.

In the era of Maintenance 2.0 the way data is ac-
quired and processed has changed. Specialized depart-
ments were established in manufacturing companies
to carry out maintenance and repair tasks, and the
operators of machinery and equipment in practice did
not participate in these activities and had no influence
on their scope. Maintenance technicians were increas-
ingly collecting data on their activities. Maintenance
managers began to use more systematic methods of
documenting (procedures, instructions, maintenance
records, etc.) and analyze maintenance data. The raw
data was saved in written documents, not in the ma-
chine operator’s memory. Machine data was used to
make decisions about machine maintenance, repair,
and replacement. Statistical models have been intro-
duced to analyze the failure rate, determine the fre-
quency and scope of maintenance activities and spare
parts. Nevertheless, although scientific methods were
increasingly used to analyze data, data was still ac-
quired and analyzed manually. As a result, the utiliza-
tion rate of service data remained relatively low.

With the next industrial revolution, the role of in-
formation technologies and the scope of their applica-
tion in production processes has increased significantly.
This allows companies to Maintenance 3.0 They could
obtain more data from different functional areas, in-
cluding production and maintenance. Many factors
have influenced these new opportunities.

First, to improve maintenance management (e.g., spare
parts management, maintenance planning), companies
began to implement IT systems, among others. CMMS
(Computer Maintenance Management System) was used.
Subsequently, OEE (Overall Equipment Effectiveness)
began to use IT systems such as CAD and CAM to
modify and optimize the design of new machines. Third,
sensors and computers have been used to automatically
control machines. Machine data from operation and
maintenance processes began to be collected in computer
systems and managed by means of IT systems.

With the advent of Industry 4.0 condition monitor-
ing techniques have evolved from visual inspection and
manual analysis of data sets to sensors that generate
real-time data and advanced data analysis methods.
The source of data (i.e., engineering systems vs. hu-
man systems) is one of the main differences between
traditional and recent data applications. Due to the
intensive development of information technology and
its applications, as well as the development of sensor
technology, maintenance managers have gained many
new data sources (e.g., sensors enable continuous mea-
surement, monitoring, and reporting of the current
operating status of production equipment and its oper-
ating environment). These new data sources generate
large amounts of different types of data, called big
data, in a short period of time. As such, data-driven
approaches have become an important solution for
smart maintenance (Cao et al., 2022; Gopalakrishnan
et al., 2022; Pawellek, 2013; Chen et al., 2021). Data ex-
ploration requires advanced data analysis. Karim et al.
(2016) developed the concept of Maintenance Analyt-
ics, which consists of four phases: descriptive analytics,
diagnostic analytics, predictive analytics, and prescrip-
tive analytics. This approach was used by Ansari et
al. (2019) to build another concept known as Knowl-
edge Based Maintenance (KBM). According to Lee
(2017) “KBM collects data about machines (systems),
processes and products, which is then sent to three
areas providing overall maintenance strategies, namely
i) risk-based maintenance, ii) condition-based main-
tenance or lifetime maintenance, and iii) Total Pro-
ductive Maintenance (TPM) and Lean Maintenance
(LM).” Ansari et al. (2019) defines KBM as “a func-
tional unit responsible for i) continuously supporting
value generation and ii) facilitating the development
and protection of collective smart factory maintenance
knowledge, which is enhanced by the sensing, mod-
elling, and representation of need-based or capability-
based knowledge.” KBM uses a variety of methods
(Ansari et al., 2019), including advanced statistics,
stochastics, real-time computation and analysis, ma-
chine learning algorithms, statistical rules based on
“knowledge discovery, prediction, optimization, adapta-
tion, self-learning, and ideally self-learning” (Figure 2).
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Fig. 2. The evolution of knowledge-based machine mainte-
nance (Jasiulewicz-Kaczmarek et al., 2020c; Ansari et al.,

2019)

Given the continuous development of data acqui-
sition and analysis methods, new concepts for data-
driven maintenance management will emerge, enabling
maintenance managers to improve the efficiency and
availability of production equipment, reduce costs and
be flexible in approaching customer requirements.

To sum up, from the point of view of the data life
cycle, defined as “the process of collecting, transmit-
ting, storing, analyzing, visualizing and using data,”
the changes in the way data is acquired, stored, an-
alyzed and managed at different periods of machine
maintenance (Siddiqa et al., 2016) can be referred to
the “data life cycle”, as shown in Table 2.

From a single internal customer
stakeholder to a network of external
customers

The approach has evolved from a single internal cus-
tomer stakeholder to a network of external customers.
Delivering value to stakeholders and a balanced ap-
proach to their requirements is a key factor in the
competitiveness of companies. Therefore, production
paradigms and changing stakeholder requirements were
taken as a reference to show the evolution of the scope
of maintenance functions. Each change in the produc-
tion paradigm, and thus a change in the way of “car-
rying out production”, affects all functional areas of
the company. Therefore, with the change in production
paradigms, the approach to the maintenance of produc-
tion equipment has changed, from a reactive approach
corresponding to artisanal production, through preven-
tive, lean maintenance, Green (Green Maintenance),
to a contemporary approach in which it is considered
a process to be managed from a sustainable perspective.

The concept of Lean TPM, also known as Lean Main-
tenance, is a response to Lean Manufacturing’s demand
for reliable and stable machine operation. Smith and
Hawkins (2004) defined Lean Maintenance as “a proac-
tive maintenance operation, involving planned main-
tenance activities through holistic productive mainte-

Table 2
Comparison of maintenance data in the previously used approaches to maintenance (Jasiulewicz-Kaczmarek et al., 2020)

Key Attribute Maintenance 1.0 Maintenance 2.0 Maintenance 3.0 Maintenance 4.0

Data source Operator experience Operator and
machine

Operator, Operator,
Machinery &

Computer Systems

Operator, Service Officer,
Information Systems, Data

Providers, OEM

Data collection Manual collection Manual collection Semi-automatic
collection

Automatic collection via
sensors and IoT

Data Retention Operator memory Written documents Database Cloud

Data analysis Arbitrarily With the help of
reliability theory

Conventional
algorithms

Fuzzy logic, Neural networks,
Machine learning,

Evolutionary algorithms
Transfer of

data Verbal communication Written documents Digital files Digital files
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nance (TPM) practices, using maintenance strategies
developed through the application of decision logic,
reliability-focused maintenance (RCM), and the prac-
tice by authorized (self-contained) teams of activities
using the 5S process, weekly Kaizen improvement
events, autonomous maintenance and computerized
maintenance system management (CMMS) or Enter-
prise Asset Management (EAM)”. The concept of Lean
Maintenance aims to identify losses in maintenance
processes and take actions to eliminate or reduce them
through appropriate management and continuous im-
provement. Losses can be identified in various main-
tenance processes, both those related to the direct
implementation of maintenance activities (e.g. repairs,
overhauls) and those related to the flow of information
(Antosz & Ratnayake, 2016; Jasiulewicz-Kaczmarek &
Saniuk, 2018; Ribeiro et al., 2019; Marttonen-Arola &
Baglee, 2019). In addition, maintenance losses affect
the efficiency of customer service, production, logis-
tics, etc. processes. The extent of the impact of losses
therefore indicates many groups of stakeholders within
the company who are affected by these losses, as well
as those stakeholders with whom cooperation should
be undertaken to reduce or eliminate these losses.

In the early 1990s, the concept of Green Maintenance
(GMn) was proposed to support the implementation
of the Green Manufacturing paradigm. The Green
Maintenance concept focuses on the efficient use of
resources (consumables, spare parts, etc.). According
to Skoogh et al. (2011), about 30% of energy consump-
tion in industrial enterprises is wasted on machines
under repair or idle.

Waste minimization is indicated and the negative
impact of production equipment on the environment
throughout the life cycle of a technical facility is empha-
sized, i.e., from design, through production, operation
to decommissioning.

As described in (Lewis et al., 2011), “proper mainte-
nance is necessary to achieve optimal energy efficiency,
while energy efficiency data is needed for effective main-
tenance management”. Including the environmental
dimension in the definition of maintenance obliges man-
agers to consider the impact of maintenance activities
on the natural environment in their decisions, identify
opportunities to reduce this impact and define, opti-
mize, and link environmental costs with maintenance
costs (Lewis et al., 2011; Costantino et al., 2013).

The practical implementation of the Green Mainte-
nance concept in a company depends on many factors,
both internal (e.g. decision criteria when purchasing
new machines/modernizing existing ones, maintenance
strategy, the method of planning maintenance works,
the repair technologies and materials used, the com-
petence of employees and their awareness) and ex-

ternal (e.g. design features of machines and equip-
ment). Therefore, the inclusion of new requirements
(environmental issues) has resulted in the fact that
maintenance in its operations must consider potential
environmental risks associated with the occurrence of
equipment failures, introduce risk analysis tools into
the decision-making processes related to the selection
of maintenance strategies and proactively integrate the
stages of the product life cycle. Meeting environmental
obligations towards internal and external stakeholders
requires that various departments, such as structural
and technology design and production, treat mainte-
nance as a complementary, interdependent function
(Ajukumar & Gandhi, 2013; Fraser & Hvolby, 2015).

With the increasing impact of maintenance on
various areas inside and outside the company,
sustainability challenges have attracted the attention
of practitioners and academia alike. Sustainable
development is an extremely important challenge
for enterprises, and the range of issues it concerns
(social, economic, environmental, technical, ethical)
contributes to its ubiquity.

The maintenance function plays a key role in pro-
moting sustainability, reducing impact, and integrat-
ing sustainability aspects to guarantee specific perfor-
mance, availability, and quality with limited resources
and energy consumption. On the one hand, sustainable
maintenance guarantees the compliance of processes
and products and reduces their industrial impact on
the economy, society, and the surrounding environment.
On the other hand, it must be a business-balanced func-
tion and limit the own revenue generated during any
maintenance activities. According to Franciosi et al.
(2020a), “Poor maintenance management leads to sig-
nificant economic, environmental, and social impacts
and obstacles to the sustainable production paradigm.”

The economic dimension of sustainable development
is one of the main areas that is highly influenced
by maintenance (Fraser & Hvolby, 2015). Although
maintenance itself is an unavoidable cost (every orga-
nization has machinery and equipment that must be
kept running), the cost of maintenance activities will
not be so high if they are performed at the right time
and to the right extent (Jasiulewicz-Kaczmarek et al.,
2021a; Zhang et al., 2022).

On the other hand, environmental aspects can be
seen throughout the life cycle of technical facilities,
in which maintenance plays a key role at each stage
of this cycle (Macchi et al., 2016). From this perspec-
tive, improperly defined and executed maintenance
processes and activities lead to several environmental
effects, such as hazardous emissions, inefficient energy
consumption, inefficient use of resources, etc. (Al-Turki
et al., 2014; Xia et al., 2018).
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Building sustainable livelihoods also requires so-
cial aspects to be considered. The social dimension of
sustainable maintenance concerns, among others, the
safety and health of employees, working hours (com-
pliance with legal requirements), financial resources
allocated to employee training and investments in new
equipment and software to support employees in per-
forming their work (Vrignat et al., 2022). Taking into
account the fact that in the near future maintenance
employees will need new competences that will allow
for the effective use of modern technologies in the
implementation of the process of operating complex
and automated technical systems, the requirements
for appropriate education and training will increase,
which may be a critical factor in the success of the
company (Jasiulewicz-Kaczmarek & Drożyner, 2013).
This applies in particular to the challenges of the
fourth industrial revolution (Industry 4.0), to which
the concept of maintenance 4.0 is the answer.

The earliest maintenance practices focused primarily
on reactive maintenance activities, which most often
led to inefficient use of resources and environmen-
tal degradation. Currently, the paradigm is shifting
towards predictive practices, based on energy (Orošn-
jak et al., 2023) and sustainable maintenance (SM)
(Karuppiah et al., 2021). These practices include not
only the strategy of extending the lifespan for prof-
itability, in fact, environmental and social priorities
are now at the forefront (Hami et al., 2019). By in-
tegrating sustainability principles into maintenance
practice (Jasiulewicz-Kaczmarek, 2013), the expected
outcome considers minimized negative environmental
impact, reduced resource consumption, and increased
resilience of physical assets. In fact, SM goes beyond
the traditional understanding of maintenance as a sim-
ple technical activity consisting of condition monitor-
ing, maintenance activities and planning (Orošnjak
et al., 2021). In fact, the interconnectedness between
human activities, asset management and the environ-
ment are recognised, also considering the importance
of sustainability challenges (Samadhiya et al., 2022).
Such a holistic approach provides (1) a shift from the
traditional perception of maintenance as a “necessary
evil” to a “value-added activity” (Orošnjak & Šević,
2023); (2) the transition from short-term financial gain
to a long-term perspective; and (3) a better under-
standing of the impact of maintenance activities on the
product life cycle (Taddese et al., 2020). The adoption
of SM practices potentially contributes to the Sus-
tainable Development Goals (SDGs) (United Nations,
2015) – recommended by the European Commission,
promotes the principles of the Circular economy (CE)
(Elia et al., 2017) and increases social justice (Turner et
al., 2022). In addition, MS brings economic benefits in

the long run. Namely, by investing in advanced main-
tenance technologies, organizations can avoid costly
repairs, overhauls, and parts replacements, minimize
downtime, and improve overall operational efficiency
(Singh et al., 2021). In addition, SM internships can cre-
ate new employment opportunities in sectors such as
sustainable energy, renewable energy, and sustainable
materials. Therefore, understanding and implementing
the SM strategy is essential not only to protect the
environment and achieve the global sustainable devel-
opment goals, but also to promote economic growth
and resilience (Kanisuru, 2017).

Sustainable machine maintenance is slowly becoming
the focus of mainstream research, due to the benefits
this practice offers, ensuring the long-term functionality,
durability, and profitability of various systems and infras-
tructures (Jasiulewicz-Kaczmarek et al., 2021b; Saihi et al.,
2022; Franciosi et al., 2020b; Sari et al., 2021; Roda et al.,
2021). As the world faces unprecedented challenges such as
climate change and resource depletion, there is an urgent
need to adopt a sustainable approach to maintaining and
managing an organization’s physical assets (Hanski & Oja-
nen, 2020). Given that sustainable manufacturing enables
the transition from a linear to a circular economy (CE) for
efficient resource management and waste reduction (Elia
et al., 2017), it is important to consider the interlinkages
between maintenance and sustainability. This is particu-
larly important given that CE is considered one of the
promising sustainable pathways for industrial companies
that aim to reduce resource consumption (Acerbi et al.,
2020). Finally, beyond functionality, sustainability, and
service life, recent research has begun to highlight the im-
portance of Industry 5.0 for sustainable reliability-focused
maintenance (RCM) (Farsi et al., 2021). Recent review
studies show that the existing knowledge on sustainable
maintenance in Industry 4.0 (Samadhiya et al., 2022) and
Industry 5.0 (Psarommatis et al., 2023), i.e. Maintenance
5.0, mainly concerns (Cortés-Leal et al., 2022) research on
maintaining worker resilience (Turner et al., 2022). It puts
the well-being of the worker at the heart of the production
process, enabling the use of advanced technologies that
ensure prosperity beyond the workplace. It complements
the existing Industry 4.0 approach, by using research and
innovation in the service of the transition to sustainable,
smart, human-centered manufacturing (Zhang et al., 2023)
and the resilience of European industry (Aheleroff et al.,
2022). Moreover, the existing work is limited by the lack
of emphasis on data-driven reasoning in machine mainte-
nance decision-making, which the authors believe (Vasić et
al., 2024) is the missing link in the adoption of sustainable
maintenance policies by top maintenance management.
This can be attributed primarily to a lack of knowledge
and understanding of operational process data, which often
goes untapped as maintenance technicians and engineers
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neglect useful information and knowledge in recognizing
the hidden potential of data (Jasiulewicz-Kaczmarek et
al., 2020b). In addition, the increased complexity of big
data visualization techniques (e.g., multidimensional data
visualization) (Jasiulewicz-Kaczmarek & Antosz, 2023) is
one of the reasons why the transition from big data to
smart data is much more appropriate for data-driven main-
tenance (Triguero et al., 2019). Finally, given the increase
in the number of systematic literature reviews conducted
on MS, there is no uniform consensus on existing research
on MS (Vasić et al., 2024).

Today’s challenges – from Industry 4.0
and Maintenance 4.0 to Industry 5.0
and Maintenance 5.0

The practical challenges of maintenance in Indus-
try 4.0 include, among others (Table 3):

1. complexity of industrial systems
2. obtaining and processing data
3. new criteria for optimizing operations and
4. prescriptive maintenance.

Table 3
Maintenance challenges in the Industry 4.0 era

Industry trends Consequences for maintenance

1. jointly optimize multiple criteria (e.g., combining MCDM
(Multiple Criteria Decision Making) with uncertainty man-
agement methods and using big data to obtain more ob-
jective information, and Metaheuristic Search Algorithms
(MSAs)

2. manage unknown dependencies and interdependence be-
tween components and subsystems (use of AI (Artificial
Intelligence) and ML (Machine Learning) algorithms, en-
abling the discovery of previously unknown dependencies.

3. Maintenance challenges in the Industry 4.0 era
• Industrial systems are complex.
• Systems are multifunctional.
• The operational environment is uncertain and governed

by stochastic processes.
• Components and subsystems may exhibit hidden or poorly

understood interdependencies.

• The need to manage data and model uncertainty.
• The need to extract information about component de-

pendencies from the data.

Advances in Sensors and Sensor Technology.
• Large amounts of data must be processed.
• Data are heterogeneous and may require multimodal

processing techniques.

Availability of AI algorithms for data mining.
• AI algorithms can estimate the current state of system

components.
• They can predict future states of those components.
• They help assess current operating conditions.
• They support forecasting of future operating conditions.

New and more ambitious performance and safety targets.
• One of the criteria is sustainability and environmental

impact.
• Another criterion is system immunity, such as resistance

to electromagnetic interference or cyber threats.

Operation and maintenance are integrated through prescrip-
tive maintenance strategies. • Information is available on detection, diagnostics, and

forecasting.
• Operating conditions can be estimated.
• Estimations cover both current and future states.
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The complexity of technical systems in the context
of maintenance and repair activities requires, among
other things, the development of methods that allow:
a) jointly optimize multiple criteria (e.g., com- bining

MCDM (Multiple Criteria Decision Making) with
uncertainty management methods and using big
data to obtain more objective information, and
Metaheuristic Search Algorithms (MSAs)

b) manage unknown dependencies and interde- pen-
dence between components and subsys- tems (use
of AI (Artificial Intelligence) and ML (Machine
Learning) algorithms, ena- bling the discovery of
previously unknown dependencies.

These considerations require moving away from
static maintenance strategies that cannot handle un-
expected events and developing dynamic maintenance
strategies to adapt in real-time to the changing con-
text. In addition, the widespread use of data-driven
approaches in Industry 4.0 requires an adequate rep-
resentation of model and data uncertainty, as poor
quantification can lead to suboptimal or even erro-
neous decisions (Bakon et al., 2022).

Another challenge concerns data collection and pro-
cessing technology. In this area, it is necessary to assess
the suitability of new data, information, and knowledge
for maintenance optimization in relation to the invest-
ment requirements related to the purchase of sensors
and software necessary to carry out analyses and ap-
propriate training of operators (Compare et al., 2022).

The third challenge concerns obligations towards
the environment and society. The concept of sustain-
ability and resilience are becoming increasingly critical
and must be considered by companies in parallel with
safety and economic goals. Despite the importance of
these issues, they are not common among practitioners
and are usually limited to aspects of qualitative rather
than quantitative evaluation (Franciosi et al., 2018).
Although Industry 4.0 includes some energy efficiency
and environmental impact targets (Breque et al., 2021),
its original concept focuses on improving productivity
and economic viability. Industry 5.0, which was pro-
posed as an extension of Industry 4.0, focuses on the
role of research and innovation in supporting industry
in the long-term service of humanity, considering the
global challenges that have the greatest impact on
society. As a result, efforts to improve maintenance
efficiency are sure to evolve to include new criteria
along with criteria related to efficiency and safety. This
requires the definition of measurable quantities to as-
sess the effectiveness of a specific servicing strategy
with respect to the resilience and sustainability of the
system (Moreno-Sader et al., 2019).

Finally, regarding the fourth challenge, Industry 4.0
changes the perception of maintenance from monitor-

ing the degradation status of components and predict-
ing their failure to recommending the most appropriate
actions to optimally manage the entire system, consid-
ering the dynamic production environment in which it
is embedded (operational context). This requires the
development of an appropriate structure to process all
available sources of information, with the accompany-
ing uncertainties, and to manage many system states
and possible maintenance actions.

Prescriptive maintenance is gaining popular-
ity among researchers. This is because there is
a widespread belief that, firstly, complex service strate-
gies are always the best solution and secondly, that re-
active maintenance should always be avoided. Because
the most appropriate maintenance strategy should be
chosen depending on the characteristics of each compo-
nent, e.g. functionality, cost, criticality, environmental
and safety regulations, and company goals. Therefore,
a dynamic and flexible maintenance strategy that can
be adapted to the specific conditions of the system and
its environment should be preferred. It would therefore
be necessary to focus on the development of methods
that will require maintenance engineers to draw up
a list of possible operational and maintenance actions,
without pre-selecting a maintenance strategy for all
components under all conditions.

Changes in manufacturing paradigms, automation
technologies, and social values are fostering the cre-
ation of manufacturing jobs that are characterized
by creativity and flexible problem-solving, while also
favouring intelligent robots and AI-powered bots that
will take on monotonous and dangerous tasks. The
production paradigm has evolved significantly under
the influence of the revolutionary technological ad-
vances associated with the five industrial revolutions.
Artisanal manufacturing during the first industrial
revolution provided hand-made, customized products
at a high cost. This was changed by mass production,
which was made possible by dedicated production
lines during the Second Industrial Revolution. During
the Third Industrial Revolution, computers and flexi-
ble manufacturing systems emerged, leading to mass
customization. In the age of Industry 4.0, mass person-
alization, i.e. the flexible production of high-quality
personalized products with mass efficiency, is becom-
ing possible through real-time communication and
adaptive collaboration. However, increased consumer
demand for personalized products with unique val-
ues requires human creativity in product development,
enhanced by flexible production automation (Knast,
2021). In managing increasingly intelligent automation
systems, more than ever, humans need to play a key
role. Industry 5.0, driven by societal needs, further
strengthens the key role of humans in production.
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The European Union presented the Industry 5.0 ini-
tiative in 2021. According to this concept, it is recog-
nised that the impact of industry should extend be-
yond jobs to achieve social goals and economic growth
to become a resilient source of prosperity, by ensur-
ing respect for the planet’s resources in production
and placing the well-being of the industrial worker at
the heart of the production process. It complements
the existing Industry 4.0 paradigm, as research and
innovation drive the transition to a human-centric, sus-
tainable and resilient European industry. The human-
centred approach in Industry 5.0 puts basic human
needs and interests at the centre of the production
process, moving from technology-based advances to
an entirely human- and social-cantered approach. As
a result, the industry will enter a new role. There
will be a shift in value from treating employees not
as a “cost” but as an “investment”. Technology is de-
signed to serve people and societies, which means that
the technology used in manufacturing adapts to the
needs and diversity of the industry’s workforce. A safe
and inclusive working environment must be created
that prioritizes physical health, mental health and
well-being, and ultimately protects workers’ funda-
mental rights of autonomy, human dignity and privacy.
However, despite its well-thought-out human-centred
concept, its industrial feasibility and technical connota-
tions remain unproven. Industry 5.0 technologies will
play an important role in developing industry flexibil-
ity and resilience through data collection, automated
risk analysis and increased safety. According to the
European Commission’s report, the new vision for the
manufacturing industry should be firmly embedded in
social, environmental and political contexts, based on
three pillars. The first is human orientation, the second
is sustainability, and the third is resilience. Resilience
is understood as the ability to respond to disruptive
changes. The fourth industrial revolution focuses pri-
marily on technology, while the economy should be
shaped in a way that first considers the human sit-
uation, and not, for example, the competitiveness of
a company, industry or country. Sustainability and
resilience are also not new demands, although in the
EU definition of Industry 5.0 they have been empha-
sized as strategic issues. The fifth industrial revolution
should bring something completely new to Industry
4.0. Perhaps it is worth seeing in the concept proposed
by the European Commission not a new revolution,
but a vision of Industry 4.0 even more focused on the
role, not so much of the employee, but simply of the
human being in the entire social context. Therefore,
the labour market and the competences of employees
are changing. Industry 4.0 has an impact on work and
competence profiles, and as a result, new competences

will be needed among employees. Technical compe-
tence will be much less important in the future, and
personal skills will become more critical. Synthetically
speaking and outlining the general picture of the de-
velopment of the production of goods, it can be said
that the first industrial revolution used the energy of
water and steam to mechanize production. The Second
Industrial Revolution used electricity for mass produc-
tion. The Third Industrial Revolution used computers
to automate production. The Fourth Industrial Revo-
lution, which is currently underway, uses information
technology to connect the physical world with the dig-
ital world. The Fifth Industrial Revolution is expected
to bring man back to the centre of action through the
human-cybernetic-physical system for value creation
(Fig. 3, Table 4).

Fig. 3. Machine Maintenance concepts in connection with
Industrial Revolutions – from Maintenance 1.0 to Mainte-

nance 5.0 [Public Domain]
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Table 4
Maintenance data of machines over different periods including Maintenance 5.0

Maintenance
1.0

Maintenance
2.0

Maintenance
3.0

Maintenance
4.0

Maintenance
5.0

Enablers of
Technology

Workforce and
mechanical loop Electric motors Automation

Cyber-physical
systems, IIoT,

Big Data, cloud
computing, 3D
printing, etc.,
mobile devices

Cyber-physical
human systems,
human-machine,
mutual learning,

body area,
networks,
artificial

intelligence AI

Maintenance,
corrective
actions

“Fix when it
breaks”

Postponed
corrective actions:
“I act, you fix”

Preventive
Maintenance,

Condition-Based
Maintenance)

“Automation
works, you fix”

Predictive
Maintenance
(predictive
analytics)

Advanced
analytics and
modernization

with
man-in-the-loop

technology

Metric Number of repairs Availability,
durability, cost

Reliability,
availability, repair

processability,
safety

Productivity,
offshoring

Resilience,
sustainability,
value chain

impact

Employee Manual and
cognitive skills of

employees

Manager as an
employee

supporting
operators

Computer-
assisted and

robot-assisted
workers

Enriched with
technologies:
exoskeletons,

personal
assistants, mobile

devices, etc.

Intelligent
Machine

human-assisted

Industry 4.0 focuses primarily on achieving eco-
nomic goals through the digital transformation and
automation of work processes, while Industry 5.0 will
also include social and environmental goals and will
strive to place the well-being of people at the heart
of production systems (Knast & Maciejewski, 2023;
Knast & Maciejewski, 2024). Human-centricity, sus-
tainability, and resilience are three of the key features
of Industry 5.0 (Figure 4) that are not included in
the concept of Industry 4.0. While Industry 4.0 is
technology-driven and productivity-focused, Indus-
try 5.0 is seen as value-based and human-centered.
Industry 5.0 does not replace Industry 4.0, but
improves it, broadening its horizons and adapting it
to new needs and constant changes.

The concept of Industry 4.0 is concerned with build-
ing smart factories through the application of robotics
and virtualization in production systems, while Indus-
try 5.0 focuses on the synergistic relationship between
such systems and people, considering social and ethical
issues (Özdemir & Hekim, 2018). Industry 4.0 lays the
foundations for the Smart Factory, while Industry 5.0
is the era of the “Social Smart Factory”. The Euro-
pean Commission has announced that Industry 4.0

Fig. 4. Elements of Industry 5.0 not covered by In-
dustry 4.0 [https://reputationtoday.in/are-we-ready-for-

industry-5-0/]

can no longer serve as an adequate framework for sus-
tainable industrial transformation and mitigation of
today’s socio-environmental crises. It is argued that
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Industry 4.0 lacks the necessary features to integrate
circularity into value chains, promote social well-being,
and prevent environmental degradation (Renda et al.,
2022). In particular, the European Commission took
the initiative in 2021 to formalize the Industry 5.0
framework. According to this framework, Industry 5.0
cannot be considered a chronological evolution of In-
dustry 4.0. Instead, it complements and expands the
benefits of Industry 4.0 by introducing environmental
protection, a focus on people, and resilience as the
main goals. In line with the European Commission’s
agenda, we define Industry 5.0 as a paradigm shift in
the management of digital industrial transformation to
achieve sustainable economic and socio-environmental
development. Although the European Commission’s
initiative has led to a consensus on the definition of
Industry 5.0, there are few attempts to operationalize
the concept in the literature so far. Industry 5.0 is still
a technological phenomenon because the delivery of
value is based on technological innovation.

Industry 4.0 has been going on for a decade, and the
introduction of the concept of Industry 5.0 has caused
two significant controversies (Müller, 2020). First, in-
dustrial revolutions have always revolved around tech-
nological innovation, and the pull of environmental and
social values of Industry 5.0 is shattering this tradi-
tion. The latest contribution to the operationalization
of Industry 5.0 has largely resolved this controversy.
Academic and social views articulated on this subject
define Industry 5.0 as a technopolitical phenomenon
(Sindhwani et al., 2022). Industry 5.0 is technological
in nature because it continues to draw on technological
capabilities to deliver anticipated values. Industry 5.0
is also political in nature, given that it draws on the
regulatory and governance powers of public entities
and societal groups to steer the industrial transfor-
mation towards human and environmental values [54]
(Legutko, 2007a). In addition, Industry 4.0 is still de-
veloping and has not yet reached its full potential
(Agrawal et al., 2022).

As the authors put it synthetically (Verdugo-Cedeno
et al., 2023), the Industry 5.0 initiative aims at the
sustainability and resilience of production systems
achieved through digital technologies. The Operator
5.0 concept derived from such an initiative gained
enormous publicity and made the operator a major
contributor to value creation in sustainable and re-
silient human-machine systems. Intelligent service sys-
tems are data-driven services that provide intelligent
decision-support capabilities for business processes.
Despite previous research on multi-technology smart
services in different contexts, more research needs to
be done on digital twins as enablers of intelligent ser-
vices at the stages of machine use. Enabling Industry

5.0, the Digital Twin is a technology that virtually
represents physical assets that collect and analyse
data from real-world operations to make predictions
for decision-making. Simulation-based digital twins
generate simulation models that are continuously up-
dated with real-time asset data, improving prediction
accuracy.

Hopes for Industry 5.0

The biggest challenge that Industry 5.0 poses to en-
gineering is the transformation of the industrial sector
by designing robust, safe, and scalable systems that
are human-centered. These solutions will be based on
the Industrial Internet of Things (IIoT) and cognitive
computing. There is currently a lot of interest in imple-
menting Industry 5.0 because it is a mindset shift that
not only increases the productivity of processes but
also reduces uncertainty by keeping physical assets in
the required condition from the point of view of their
availability. The objectives of Industry 5.0 refer pri-
marily to the leading role of humans in the transition
from a productivity model to a personalization model.
The concept of Industry 5.0 treats the employee as an
investment, not an expense; besides, it aims to allevi-
ate uncertainty by increasing immunity; and third, it
seeks to have an impact on society.
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