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ABSTRACT

This study provides a systematic review of the existing academic literature describing the
key components of eMaintenance. The current literature is reviewed by utilizing a number of
academic databases including Scopus, SpringerLink and ScienceDirect, and Google Search is
used to find relevant academic and peer-reviewed journal articles concerning eMaintenance.
The literature describes eMaintenance as an advanced maintenance strategy that takes ad-
vantage of the Internet, information and communication technologies, wireless technologies
and cloud computing. eMaintenance systems are used to provide real time analyses based
on real time data to offer a number of solutions and to define maintenance tasks. The collec-
tion and analysis of appropriate maintenance and process data are critical to create robust
‘maintenance intelligence’ and finally improvements in manufacturing costs, safety, environ-
mental impact, and equipment reliability. This paper describes how the scientific discussion
on eMaintenance has expanded significantly during the last decade, creating a need for an
up-to-date review. As a conclusion, three research gaps in the area of eMaintenance are
identified, including evaluating the benefits of eMaintenance, agreeing on a comprehensive
definition, and developing tools and structures for cooperative eMaintenance.

KEYWORDS
eMaintenance, information systems, intelligent manufacturing systems, decision support
systems.

Introduction

ature, and to identify and describe the key compo-

nents of eMaintenance.

Industries are searching for technological solu-
tions to improve their performance in business. The
growth of Information and Communication Tech-
nologies (ICT) has helped organizations in using ad-
vanced solutions, such as eMaintenance, to manage
their processes effectively, in this case their main-
tenance activities [1]. eMaintenance can be seen as
a tool for integrating companies’ production and
maintenance operations through information tech-
nological solutions. Due to the rapid technological
development, the research topic of eMaintenance is
changing and redirecting its focal point constantly.
The purpose of this paper is to provide an accurate
and up-to-date evaluation of existing academic liter-

o1

A number of academic reviews on eMaintenance
[2-6] describing the development and implementa-
tion of eMaintenance systems have been published
over the past decade. For example, the basic ideas
of eMaintenance have been presented [5], and Main-
tenance Management (MM) has been described as
composed of the pillar of IT, Maintenance Engineer-
ing (ME) and relationship management [6]. Another
classification is that MM consists of optimization,
models, maintenance techniques, scheduling and IT
[2]. eMaintenance defines the strategic vision, orga-
nization, service and data architecture, and IT in-
frastructure [4]. However, a number of joint academ-
ic and industrial papers providing an updated view



www.czasopisma.pan.pl P

N www.journals.pan.pl

POLSKA AKADEMLA NAUK

Management and Production Engineering Review

on eMaintenance systems or parts of them within
the context of industrial applications have been pub-
lished recently [7-9]. This paper reviews the litera-
ture and state-of-the-practice on eMaintenance and
suggests possible gaps from the point of view of re-
searchers and practitioners. In addition, the paper
focuses on information and knowledge management
and describes how eMaintenance can improve indus-
trial maintenance to ensure uninterrupted produc-
tion. The paper puts together a number of defini-
tions for eMaintenance, and conceptualizes its cur-
rent state. The benefits and barriers of using intel-
ligent maintenance systems are considered as well.
The growing importance of the research topic is ad-
dressed through studying the trend in the numbers
of published scientific articles.

The literature review presented in this paper has
been carried out by utilizing a number of academ-
ic databases, including Scopus, SpringerLink, Sci-
enceDirect and Google Search. These databases were
selected due to the high number of academic and
peer-reviewed journal articles available considering
eMaintenance. Figure 1 shows the section headings
of this paper and the main data sources used. A de-
tailed advanced search was undertaken to ensure that
a wide selection of journals was examined.

eMaintenance concept

eDatabases

Number of articles

eDatabases and Internet

Special issues

eDatabases

Handbooks

e|nternet

eMaintenancein enterprices

e|nternet

Advantagesand challenges

eDatabases

Areas of improvement

eAdvanced search, new articles

Fig. 1. Main data sources of the paper.

eMaintenance can be seen as an intelligent and
integrated maintenance software system which in-
tegrates a company’s production, maintenance and
other technical management systems [7, 10, 11]. So-
phisticated information technologies are used to cre-
ate intelligent maintenance systems [12, 13].

5

[N)

The structure of the paper is as follows. First,
the concept of eMaintenance is introduced with sup-
porting definitions, data sources and the enterprise
perspective. Next, scientific articles and web pages
about eMaintenance are presented, followed by scien-
tific articles in special issues about eMaintenance and
in handbooks, which have a more practical point of
view. Then the advantages and challenges of eMain-
tenance are summarized. Finally, the conclusion de-
scribes the main findings of the study and suggests
future research targets.

eMaintenance concept

One of the first articles to explain eMainte-
nance examined a distributed intelligent and inte-
grated system [10]. This system integrated the con-
trol, maintenance and technical management activi-
ties of a shop-floor organization to an intelligent sys-
tem, now known as eMaintenance. eMaintenance al-
lows the integration of production and maintenance
operation systems. The importance of the mainte-
nance function should be acknowledged, because it
can impact the production operations and business
process by ensuring system safety and by decreasing
the costs of operations during the life time of sys-
tems [7].

eMaintenance as a system should be connected
to other systems to assist in the collection, analysis
and definition of maintenance tasks which take ad-
vantage of the idea “right data to right person at
right time”. The ‘strength’ of eMaintenance is based
on various data sources, and it utilizes different tools
and techniques [11].

eMaintenance can be described as an “intelligent
maintenance center” because it collects data from
a number of different sources and provides relevant
data to be used in the development of maintenance
tasks. It supports the use of data collection and
transfer to remote use through a number of Internet-
enabled technologies. eMaintenance technologies can
be used with other maintenance strategies to share
and exchange information, such as elntelligence. eln-
telligence is a term that covers eMaintenance but al-
so other data and ICT — related aspects of business
[12-14].

Definitions of eMaintenance

Various authors have defined eMaintenance as ei-
ther a concept, a philosophy, or a technology, which
makes it difficult to create a unified way of un-
derstanding eMaintenance [14]. eMaintenance defi-
nitions collected from different journal articles are
listed below:
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(1) “Transformation system that enables the
manufacturing operations systems to achieve predic-
tive near-zero-downtime performance as well as to
synchronize with business systems through the use
of web-enabled and tether-free (i.e. wireless, web. .. )
infotronics technologies” [15].

(2) “Maintenance support which includes the
resources, services and management necessary to
enable proactive decision process execution. This
support includes e-technologies (i.e. ICT, Web-
based, tether-free, wireless, infotronics technolo-
gies) but also eMaintenance activities (operations or
processes) such as e-monitoring, e-diagnosis, e-pro-
gnosis...” [16].

(3) “The network that integrates and synchro-
nises the various maintenance and reliability ap-
plications to gather and deliver asset information
where it is needed. eMaintenance is a subset of e-
manufacturing and e-business” [17].

(4) “eMaintenance is a maintenance management
concept where maintenance tasks are managed elec-
tronically using real time equipment data obtained
over the Internet. It introduces an unprecedented lev-
el of transparency and efficiency into the entire in-
dustry” [18].

(5) “The appearance of e-technologies allowing
the increase of maintenance efficiency, velocity and
so on optimising maintenance related workflow (i.e.
infotronics technologies)” [4].

(6) “The need to integrate business performance,
which imposes to the maintenance area the follow-
ing requirements: openness, integration and collab-
oration with the others services of the e-enterprise
(new way of thinking maintenance)” [4].

(7) eMaintenance is “the set of maintenance
processes that uses the e-technologies to enable
proactive decisions in a particular organization” [19].

Based on the definitions presented above, it can
be suggested that eMaintenance is a strategy with-
in maintenance, which is supported by the use of
ICT and new technologies. It utilizes real-time data
from different sources to provide support to decision
makers. These definitions show that eMaintenance
can be understood in a number of different ways,
which all should include advanced software and intel-
ligent sensor systems, thereby providing connectivity
and access to specific data. According to Zachman’s
framework [20], eMaintenance can be structured to
five levels [4]:

e strategic vision,

e business processes,

e organization,

e service and data architecture, and
e IT infrastructure.
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Zachman’s framework defines an information sys-
tem architecture for eMaintenance. The strategic vi-
sion supports the scope of eMaintenance, the busi-
ness processes support the owner’s view of the busi-
ness, eMaintenance organization supports the archi-
tect’s view, the service and data architecture sup-
ports the designer’s view, and finally the IT in-
frastructure supports the builder’s view on the sys-
tem. eMaintenance has been presented as a concept
executed by advanced ICT. It is important to note,
however, that this also connects eMaintenance to
the strategic vision and business processes of a com-
pany.

The main elements of eMaintenance can be iden-
tified as:
base knowledge,
data acquisition system,
models (mathematical and statistical), and
performance reporting [21].

Base knowledge means understanding the physi-

cal system to be maintained, as well as the critical
features and characteristics from which performance
and health can be predicted. The data acquisition
system is an ICT system for monitoring the physi-
cal system to be maintained. Mathematical and sta-
tistical models support decision making in mainte-
nance. They estimate the reliability and remaining
lifetime of the physical system, determine the main-
tenance actions, and plan and schedule the mainte-
nance. The performance reporting system gives re-
ports of eMaintenance, production, and other ser-
vices. ICT has an integrated network of machines,
and the technology enables eMaintenance to share
data effectively [21]. Tt should also be noted that
eMaintenance could be intra-organizational or inter-
organizational. In fact, eMaintenance allows many
manufacturing companies to transfer from product-
oriented business to service-oriented business [22].

Data

The aim of eMaintenance is to connect mainte-
nance and production data with an intelligent sys-
tem to analyze a number of manufacturing parame-
ters. In effect, it creates a ‘smart factory’ environ-
ment. However, to be useful, eMaintenance solutions
need to be integrated with other information systems
which allow transferring data between different en-
vironments. It is important that all systems in the
eMaintenance network can exchange information in
an efficient and usable way [23]. This is depicted in
Fig. 2.

Figure 2 shows that eMaintenance includes mon-
itoring, collection, recording and distribution of real-
time data and decision/performance support in-
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formation. eMaintenance improves the performance
of the maintenance process through effective data
collection and distribution. Data is converted in-
to information and then generated to knowledge,
which is valuable in the decision-making process
[25]. Computerized Maintenance Management Sys-
tems (CMMS) allow users to use maintenance da-
ta. Maintenance information systems often contain
work order control, labor management, equipment
management, material control & purchase, and per-
formance report modules [21]. Enterprise Resource
Planning (ERP) systems have been used previous-
ly in maintenance management to collect, store and
analyze manufacturing data [26]. However, eMainte-
nance is a much wider concept than the relatively
narrow modules suggested in ERPs. eMaintenance
solutions must have access to different data sources.
The integration of different systems can be challeng-
ing. Data quality must be taken into consideration,
and also interconnectivity is important for eMain-
tenance solutions, because data is transferred be-
tween heterogeneous environments. All systems must
be able to interact in an efficient and usable way in
eMaintenance solutions [27].

Product Data

Busmess Data
Context Data

\\ Mamtenance Data
eMalntenance
<— Opevatlonal Data

Flg. 2. eMaintenance data access [24].

Loglstlc Data

Health & Usage Data

Safety Data

Traditional “fail and fix” maintenance practices
are changing into a perspective of “predict and pre-
vent”. eMaintenance methodology has emerged due
to the increase in Internet technologies, faster da-
ta transfer and specific data analytics to collect and
analyze large amounts of data quickly and effective-
ly. Sensors enable the collection and delivery of data
about the status of machines. This data is rarely used
to support a continuous information flow through-
out entire maintenance processes, because the in-
frastructures do not support data delivery, manage-
ment and analysis. A possible answer is to include
smart machines in a remotely monitored network,
where the data is modeled and analyzed with embed-
ded systems, this should allow a shift from predic-
tive maintenance to intelligent prognostics. Intelli-
gent prognostics is a systematic approach to monitor
and predict potential machine failures continuously,
and to synchronize maintenance actions with pro-

54

duction operation, maintenance resources and spare
parts [28].

However, data quality from different sources can
be inadequate to support maintenance actions. An-
other issue is technical problems in transferring data
from one system to another system. Relevant data is
needed, and real-time data and data analysis can im-
prove maintenance actions, but the existing body of
knowledge has not yet succeeded in finding optimal
solutions to these challenges.

Enterprise perspective

In this section, the role of eMaintenance is re-
viewed from the perspective of enterprises, busi-
ness, and maintenance strategies. According to the
standard EN 13306 maintenance strategy means the
management method used to achieve the mainte-
nance objectives, e.g. outsourcing maintenance, al-
location of resources [29]. Maintenance strategies
are directly linked to the performance of mainte-
nance and production. Maintenance strategies can
be classified to reactive strategy, proactive strate-
gy and aggressive strategy [30]. However, sometimes
maintenance concepts like Total Productive Mainte-
nance (TPM) and Reliability-Centered Maintenance
(RCM) are included in maintenance strategies [31].
Reactive strategy can be classified as Corrective
Maintenance (CM), proactive strategy can be seen
as either Preventive Maintenance (PM) or Predictive
Maintenance (PdM), and aggressive strategy can be
included in TPM [29].

However, maintenance types can be divided into
CM, PM and Improvements in main level, see Fig. 3
[32, 35]. In this paper, the main focus is on PM,
Condition-based maintenance (CBM) and on PdM
as eMaintenance is based on them.

Maintenance
1
I T 1
Corrective
Maintenance

Preventive
Maintenance

——

Condition Based
Maintenance

Improvement

Predetermined
Maintenance

Deferred

Pr_ed'lC’['l\-'e L Scheduled
Maintenance

Immediate

Non Predictive
Condition based
maintenance

Fig. 3. Maintenance types [29].
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Reactive maintenance is often represented as a fi-
re-fighting approach to maintenance. Failed equip-
ment is replaced and then operated until it fails
again. Reactive maintenance is usually associat-
ed with lower performance. Proactive maintenance
strategies try to avoid equipment breakdowns by
monitoring the equipment and making minor repairs
to keep the equipment in condition. Proactive main-
tenance strategies are associated with improved per-
formance [33].

CMMS use condition monitoring alarm levels to
launch maintenance activities [34]. Condition moni-
toring and diagnostics are important tools in reduc-
ing the costs of production and maintenance. CBM
is a strategy that recommends maintenance actions
based on monitoring the equipment and therefore in-
formation in order to avoid needless maintenance ac-
tions [35]. However, a CBM strategy is challenging to
implement due to the complexity of remote sensing,
data acquisition, data manipulation, state detection,
health and prognostic assessment, and generation of
advice [36].

CBM is a key component of eMaintenance, hav-
ing features such as predicting, preventing, and per-
forming maintenance effectively and efficiently [21].
PdM detects early signs of failure in order to make
maintenance operations proactive. PAM has been
widely adopted in manufacturing and service indus-
tries because it can improve reliability, safety, avail-
ability, efficiency, and quality. Remote maintenance
and eMaintenance support PAM for example in un-
safe working environments and dispersed locations.

Cash Flow

|
|
|
|
| E-commerce
|
|
|
|

PdM is a maintenance policy based on the current
condition of the system, which is maintained. The
potential of PAM is increasing due to the emergence
of eMaintenance (or remote maintenance), as well as
the growing use of the Internet of Things (IoT) and
RFID in maintenance [37].

The current sensor boards contain different types
of radio frequency connectivity, e.g. Bluetooth or
WiFi. The wireless sensor networks are easy to scale,
and it is easy to replace a node. The main advan-
tage of using wireless sensor nodes is the fact that
the network is simple to design and easy to install
and scale, because a new node can be added easi-
ly [38, 39]. CBM monitors the condition of machines
with technologies such as vibration analysis, infrared
thermography, oil analysis, ultrasonics, motor cur-
rent analysis, performance monitoring, and visual in-
spection [34].

The technical infrastructure of eMaintenance
consists of different components: hardware, software
and hybrid components. I'T enables running the ap-
plications, communication between the applications,
and the execution of needed applications at all lev-
els of the organization. From the point of view of
eMaintenance, the IT infrastructure consists of one
or more network(s) with servers, workstations, appli-
cations and databases, as well as sensors, a Personal
Digital Assistant (PDA), Radio-frequency Identifi-
cation (RFID), and the Global Positioning System
(GPS) [14].

It is shown in Fig. 4 how eMaintenance can be
implemented to support a company’s operations and

Information Flow Materials Flow

Customer
Relationship
Management

Supply Chain
Management

E-Operations

E-Maintenance

Predictive Prognostics |

Condition-based Monitoring |

Sensors

Controller

Product, Machines or Systems

Fig. 4. Enterprise view of eMaintenance [15].
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business. In this figure, eMaintenance is presented as
CBM and prognostics. Diagnostics is a part of oper-
ations, and e-business consists of e-commerce, CRM
and Supply Chain Management (SCM). eMainte-
nance can be considered as a maintenance plan which
faces the future automated manufacturing world by
CBM, predictive prognostics, remote maintenance
and service support, provision of real-time informa-
tion access, and the integration of maintenance with
production. Information flows to all parts can be or-
ganized.

eMaintenance can offer low risk and low cost in-
tegration of enabling technologies in maintenance
processes and activities. Key enabling technologies
are for example web services, wireless networks,
portable devices, wired and wireless sensors, Micro-
Electro-Mechanical Systems, and Radio-Frequency
Identification (RFID) [1, 40]. Also Personal Digital
Assistants (PDA) have increased reliability, efficien-
cy and safety in maintenance [11].

Maintenance activities are often outsourced,
which makes it difficult for service providers to ob-
tain sensor data, as the companies owning the assets
are sensitive to sharing their data. However, the ser-
vice providers would often have the best knowledge
to analyze the sensor data to support asset mainte-
nance. Successful implementation of the technologies
in industrial environments also requires improve-
ments to managerial and organizational processes.

Scientific articles and web pages

eMaintenance addresses the fundamental needs
of predictive intelligence tools for monitoring the
degradation of the assets. This approach has raised
growing interest from both the academia and in-
dustrial practitioners. In 2005, an Internet search
with the Google Search tool identified approximately
2.15 million articles in which the expression “eMain-
tenance” appeared. By 2015 this had increased to
approximately 62.3 million articles. However, with-
in the citation database Scopus, articles discussing
eMaintenance increased year by year until 2010, after
which the number of articles declined. In the Springer
and ScienceDirect databases the growth continues.
This growth is due to the fact that IT has become
available at low cost and has been developing rapid-
ly [2].

The Scopus, SpringerLink and ScienceDirect
databases were examined to ensure that the review
would include the most relevant papers in the aca-
demic literature. In addition, a more general search
in the Internet was carried out with Google Search.
In Fig. 5, the number of articles in the databases is
on the left and the number of Google Search hits on
the right. The results for 2016 include two months of
the year, depicted by the falling curve.

The scale on the right is the search of web pages
mentioning eMaintenance. This search was done by

90 70000 000
Springer )
20 pring /\
/\ / 60000 000
70 1
|
/ \ / / ﬂx 50000 000
o \V 4
N\ / / \ 40000 000
50 {
ScienceDirect \ wf
4 Google
o // S’ / 30000000
30 r 4 S
,_.\/ / /\ / /\_/\/\ 20000 000
/™ \\ 10000 000
10
A X/ Scm\
0 I T T T T T T T T T T T T T T T T 1 0
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Fig. 5. Publications in databases per year.

56

Volume 9 e Number 1 e March 2018



W\-\'\’\;.(lé‘dS()])J‘.hlllﬂ.])lel.pl P

I

% www journals.pan.pl

POLSKA AKADEMIA NAUK

Management and Production Engineering Review

Google Search. The Google search included all web
pages that contained the search word “eMainte-
nance” written in a number of different ways, giving
62,300,000 hits for 2015. The key attributes of data
quality are accuracy, correctness, currency, complete-
ness, and relevance. As regards the search results, it
is possible that the data quality was to some extent
incomplete (some web pages could have been counted
many times, some webpages might have been miss-
ing, and the number of hits changes because the web
pages are not available all the time). However, the ex-
act number of web pages is not the most important
finding here, what is important and interesting is the
growing trend of web pages about eMaintenance.

A classification has been made in the field
of maintenance management based on available
scientific literature. Garg and Deshmukh [2] di-
vided the existing maintenance management re-
search into six areas: (A) maintenance optimiza-
tion, (B) maintenance techniques, (C) maintenance
scheduling, (D) maintenance performance measure-
ment, (E) maintenance information systems, and
(F) maintenance policies. Before this, the classifi-
cation of maintenance management was limited in
the literature. Various trends have been suggested
to help researchers to identify gaps in the literature
and maintenance professionals to understand main-
tenance management. With regard to eMaintenance,
the results of Garg and Deshmukh’s study [2] are
interesting. 142 papers were analyzed, out of which
only 6 papers dealt with maintenance systems. An
interesting feature in this review was that the word
“eMaintenance” was not included, either in the re-
view paper or in the titles of the references. Thus,
as figure 5 shows, the main body of knowledge on
eMaintenance has developed rapidly during the last
decade, and there is a clear need for an up-to-date
review to study the current research trends and pos-
sible gaps.

Special issues in eMaintenance

In 2006, Computers in Industry published a Spe-
cial issue on eMaintenance. It contained 10 articles
examining eMaintenance, presented in Table 1.

In the 10 scientific articles about eMaintenance
listed in Table 1, the most often used key words
were: “eMaintenance” (mentioned 5 times), “pre-
dictive maintenance” and “condition monitoring”
(both mentioned 3 times), as well as “neural net-
works”, “diagnosis”, and “artificial intelligence” (2
times each). All the other key words were used on-
ly once, although some of them were quite closely
connected with each other. Most of the interrelat-
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ed keywords focused on for instance remote use of
systems (keywords like “remote monitoring”, “dis-
tant system”, “monitoring”, “remote maintenance”,
and “concurrent engineering”). Another group of
key words was related to maintenance policies with
keywords like “service integration”, “strategic plan-
ning”, “eMaintenance service”, and “maintenance
engineering”. The third group was related to in-
telligent ICT systems (keywords like “artificial in-
telligence”, “application integration”, “health condi-
tion”, “intelligent system”, “CMMS”, and “UML”).
The forth group was related to analysis of mainte-
nance with keywords like “diagnosis”, “prognostics”,
“detection”, “fault latency”, “fault diagnosis”, “nov-
elty detection”, “fault tree”, “alarms” and “criticali-
ty analysis”. The rest of the key words were difficult
to group, so they are only listed here: “spare part
manufacturing”, “logistic support”, “discrete-event
systems”, “timed automata”, “neuro-fuzzy”, “main-
tenance”, “SCADA (Supervisory Control and Data
Acquisition)”, “FMECA (Failure Modes Effects and
Critical Analysis)”, “maintenance effectiveness”, “in-
duction motors”, “simulation” and “benchmarking”.

On the basis of the above, it can be seen that
eMaintenance uses condition monitoring and analy-
sis to execute predictive maintenance. Also techni-
cal systems, including neural networks and intelligent
ICT systems, are used in eMaintenance. According
to the topics presented in the Special issue on eMain-
tenance, the main components of eMaintenance in-
clude predictive maintenance, condition monitoring,
intelligence in the network, remote operations, main-
tenance policies, and analysis.

In 2014, the Journal of Quality in Maintenance
Engineering published a Special Issue: Condition
Monitoring and eMaintenance. The special issue con-
tained 6 articles about eMaintenance, which are pre-
sented in Table 2.

In the 6 scientific articles listed in Table 2, the
key words mentioned several times were: “eMain-
tenance” (4 times), “maintenance” (3 times), “rail-
way” (2 times) and “information and communication
technologies” (2 times). There were keyword groups
like ICT-related, maintenance measurement, decision
support and others. The ICT-related group includ-
ed “Web 2.07, “Cloud computing”, “agent technolo-
gies”, “online”, “cloud”, and “CMMS”. Cloud com-
puting is a technology that is dynamically scalable,
and resources are provided as a service over the Inter-
net. The keywords relating to maintenance measure-
ment were: “prognostic health management”, “avail-
ability performance”, “dependability improvement”,
“dependability”, and “performance measurement”.
“Usability” and “user interface” are close to each oth-
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er. In this special issue there was a more ICT-related
view to eMaintenance than in the previous journal
presented in table 1. The same kinds of things were
of course presented, but now much more ICT tech-

Table 1

nologies were included. This could mean that ICT
had developed in 8 years so quickly that these sys-
tems were more developed than before. Also usability
and user interfaces were taken into account.

Computers in Industry, Special issue on eMaintenance (2006).

Title

Authors

Key Topics

Intelligent prognostics tools and e-
maintenance

Jay Lee, Jun Ni,
Dragan Djurdjanovic,
Hai Qiu, Haitao Liao

Develops predictive tools and intelligent maintenance
systems, smart prognostics, performance prediction,
diagnosis and assessment, CBM, Watchdog Agent

Envisioning e-logistics developments;
Making spare parts in situ and on de-
mand; State of the art and guidelines
for future developments

Francois Péres,
Daniel Noyes

Presents a concept of spare part manufacturing, iso-
lated systems, quick manufacturing technologies using
eMaintenance support, e-logistics development based
on freeform technologies manufacturing spare parts on
request and in a short time, rapid prototyping, rapid
spare part manufacturing

Monitoring and predictive mainte-
nance; Modeling and analysis of fault
latency

Zineb Simeu-Abazi,
Zouhir Bouredji

Proposes a new way of modeling complex systems,
monitoring the manufacturing system, evaluation of
fault latency and performance, fault analysis

Flexible software for condition moni-
toring, incorporating novelty detection
and diagnostics

Christos Emmanouilidis,
Erkki Jantunen,
John Maclntyre

Investigates a flexible monitoring and diagnostic sys-
tem, novelty detection, diagnosis of software, data-
base structure, novelty identification and machinery
diagnostics, independent software modules, such as
the Fault and Symptom Tree, the Fuzzy Classifica-
tion module, the Novelty Detection and the Neural
Network Diagnostics sub-systems, CBM

A neuro-fuzzy monitoring system; Ap-
plication to flexible production sys-
tems

Nicolas Palluat,
Daniel Racoceanu,
Noureddine Zerhouni

Investigates a new method for developing a neuro-
fuzzy monitoring system supporting a diagnosis aid
system combining neural network learning capabilities
and natural language formalism, UML

PROTEUS - Creating distributed
maintenance systems through an inte-
gration platform

Thomas Bangemann,
Xavier Rebeuf,

Denis Reboul,
Andreas Schulze,
Jacek Szymanski,
Jean-Pierre Thomesse,
Mario Thron,
Noureddine Zerhouni

Presents a maintenance-oriented platform, the archi-
tecture and basic concepts of an integration platform,
remote maintenance, implementation of several sys-
tem components, design and implementation of main-
tenance workflow, global access and communication

SIMAP: Intelligent System for Pre-
dictive Maintenance; Application to
health condition monitoring of a wind
turbine gearbox

Mari Cruz Garcia,
Miguel A. Sanz-Bobi,
Javier del Pico

Studies the diagnosis of real-time industrial processes,
proposes an intelligent system for predictive mainte-
nance, which takes account of the information coming
from different sensors and other information sources
in real time and tries to detect possible anomalies in
the normal behavior expected of the industrial com-
ponents, maintenance scheduling

Development of an e-maintenance sys-
tem integrating advanced techniques

Tian Han, Bo-Suk Yang

Investigates a new e-maintenance system which en-
ables manufacturing operations to achieve near-zero-
downtime performance on a sharable, quick and conve-
nient platform, condition monitoring, fault diagnosis

Information requirements for e-
maintenance strategic planning: A
benchmark study in complex produc-
tion systems

Marco Macchi,
Marco Garetti

Presents a benchmark study in complex production
systems materializing information requirements for
eMaintenance strategic planning, maintenance logistic
operations and cost optimization

An intelligent maintenance system for
continuous cost-based prioritisation of
maintenance activities

Will J. Moore,
Andrew Starr

Investigates a strategy called cost-based criticality
(CBC), condition monitoring , up-to-date cost infor-
mation and risk factors, allowing an optimized prior-
itization of maintenance activities, combines informa-
tion about the technical state or machine health, cost
of maintenance activities or loss of production, and
non-technical risk factors, such as customer informa-
tion

o8
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Table 2
Journal of Quality in Maintenance Engineering, Special Issue: Condition Monitoring and eMaintenance (2014).

Title

Authors

Key Topics

Condition monitoring and e-maintenance
solution of railway wheels

Matthias Asplund,
Stephen Famurewa,

Matti Rantatalo

Study of failures in train wheels, analysis of factors
that correlate with the high occurrence of wheel de-
fects, such as temperature, travelling directions, dif-
ferent vehicles, wheel condition monitoring

Current and prospective information and | Jaime Campos
communication technologies for the e-

maintenance applications

ICTs in condition monitoring, Web 2.0 technologies,
Cloud computing, agent technologies, MaaS (Mainte-
nance as a Service)

Peter Soderholm,
Per Norrbin

Information logistics for continuous de-
pendability improvement

Study of improvement in the performance of the
Swedish railway system, information logistics and
technologies to support continuous monitoring, relia-
bility performance, maintenance support performance,
maintainability performance, technical systems, qual-
ity of service

Ravdeep Kour,
Phillip Tretten,
Ramin Karim

eMaintenance solution through online
data analysis for railway maintenance
decision-making

eMaintenance solution in the railway sector, cloud and
web applications, data visualization, visualization of
train wheel maintenance and safety limits, on line data
analysis, decision making

Measuring performance of linear assets

considering their spatial extension Aditya Parida

Christer Stenstrom,

Investigation of how the performance of linear assets
can be analyzed and displayed, technical asset and us-
er context, asset management at strategic, tactical and
operational levels, linking together the technical and
operational levels to measure asset performance, fail-
ures and costs, visualizing performance, improving the
analysis

Phillip Tretten,
Ramin Karim

Enhancing the usability of maintenance
data in management systems

Study of eMaintenance solutions, CMMS, eMainte-
nance in aviation and industry, poor usability, indus-
trial and aircraft maintenance needs are identified, im-
provement ideas to develop maintenance systems are
presented

An important issue with the existing eMainte-
nance articles seems to be that they present concepts
or models which are not tested in practise, nor de-
veloped further. Of course, there are many authors
who publish research results continuously and devel-
op models with their research teams all the time, but
this kind of long-term perspective is often missing
from individual publications.

Handbooks

As the literature on eMaintenance has extended,
there has been an increase in the number of hand-
books published on the topic. An eMaintenance book
[22] containing 16 chapters was published in 2010.
This book describes maintenance trends, information
and communication technologies in maintenance, in-
telligent sensors, mobile devices and wireless com-
munication in maintenance, as well as strategies and
decision support systems in maintenance. Also in-
dustrial solutions of eMaintenance and eTraining are
included in the book. In this handbook, the state
of the art is reviewed, and the development of tech-
niques and methods are presented. In addition, the
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book reports on laboratory testing as well as the use
of eMaintenance in industry.

The Maintenance Engineering Handbook [41] cov-
ers the most commonly discussed aspects of mainte-
nance engineering, e.g. the organization and manage-
ment of maintenance functions, best practices in pre-
dictive maintenance, engineering and analysis tools,
and it also provides an update to the latest tech-
nologies and methods. Also handbooks entitled Com-
plex System Maintenance Handbook [42] and Hand-
book of Maintenance Management and Engineering
[8] include a section on eMaintenance.

Maintenance, Replacement, and Reliability: the-
ory and applications offers tools to making decisions
in maintenance [9]. The book includes models re-
lating spare parts and CBM. This book addresses
maintenance in general, not just from the perspective
of eMaintenance. There are also a number of books
on maintenance which do not discuss eMaintenance,
including The Handbook of Maintenance Manage-
ment [43] and Handbook of Performability Engineer-
ing [44].

On the basis of the literature search, it can be
argued that the majority of handbooks and scientific
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articles present eMaintenance in quite a similar way.
However, the majority of handbooks provide a basic
approach and less technical knowledge, while scientif-
ic articles focus on a specific model or clearly defined
technical issues.

Advantages and challenges
in eMaintenance

The advantages and challenges of eMaintenance
are presented in Table 3. It should be noted that the
same main items can be seen as both advantages and
challenges for eMaintenance, e.g. in theme 3, inspec-
tion and monitoring are difficult if real-time, remote
and distributed monitoring and analysis devices have
not been developed [5, 16].

eMaintenance offers possibilities to improve the
development of new ways of implementing mainte-
nance. Maintenance expert centers can be organized
easily because data can be shared easily over the In-
ternet. Experts can log in to systems remotely and
give their instructions to maintenance employees.
Maintenance support can be improved, and real-time
data should always be available. Maintenance docu-

mentation should always be updated and available
because the users could log in to systems anywhere
with any equipment. This is naturally an issue of
security because eMaintenance is used over the In-
ternet, and the same security risks exist as in other
Internet-based solutions. Also transparency and ac-
cess to maintenance information and services across
the maintenance operation chain has been seen as
a benefit in eMaintenance [38].

The positive impact of eMaintenance can be
divided into two levels. The first is the ‘mainte-
nance micro-level’, where eMaintenance serves tech-
nicians, mechanics and support engineers as a sup-
port to execute maintenance tasks. eMaintenance
reduces the number of interfaces to information
sources, improves fault diagnosis and knowledge
sharing, and automates the procedures of techni-
cal administration. The second level is the ‘main-
tenance macro-level’, where eMaintenance supports
managerial maintenance planning, preparation and
assessment. It enables information-driven mainte-
nance and support processes. In e.g. aviation mainte-
nance, eMaintenance implementation enables a more
efficient use of digital product information and design
data over the whole life cycle [25].

Table 3
Advantages and challenges of eMaintenance (Modified from Crespo-Marquez and Iung [16], Muller et al. [5]).

Potential improvements:

Challenges:

Theme 1: Developing new maintenance types and strategies

Remote maintenance operations and decision making; logging
in anywhere and any devices, manpower on the customer’s site
can be reduced, the use of expertise is easy, new features can
be added

Remote maintenance; security and reliability over the Inter-
net, human resource training, maintenance agreements

Business process integration and cooperative/collaborative
maintenance; easy to design and synchronize maintenance
with production, maximizing process throughput

Business process integration and cooperative/collaborative
maintenance; data transform mechanism, communication, da-
ta protocols, safe network, the maintenance processes must be
stable and capable

Fast online maintenance; real-time remote monitoring, alerts,
high rate communication to experts, maintenance support sys-
tem

Predictive maintenance; prognostics and health management
systems

Predictive maintenance; difficult to integrate different tech-
niques

Theme 2: Improving maintenance support and tools

Fault / Failure analysis; development in sensors, signal
processing, ICT, etc.

Maintenance documentation; easy to fill out forms, remove
bottlenecks between the plant floor and business system

Maintenance documentation; need to collect, record and store
information from different systems, multi-tasking and multi-
user operating environment

Theme 3: Improving the maintenance activities

Fault diagnosis / Localization; e-diagnosis offers on-line fault
diagnosis for experts

Inspection / Monitoring; problems with distributed monitor-
ing

Repair / Rebuilding; reducing downtimes by direct interaction

Modification / Improvement — Knowledge capitalization and
management; how to realize the knowledge-based operation
and maintenance of plants
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This section is based on an advanced search on
articles that have been published recently in scien-
tific journals which focus on the use of the ontolo-
gies related to eMaintenance to improve and con-
trol data quality. eMaintenance ontologies define the
description of ontology, the scope of eMaintenance
and the data production phase. E.g. MIMOSA pro-
vides metadata, the scope is measurement and CBM
data transfer, and the phase is data collection and
transfer. Other ontologies in eMaintenance are: OPC
UA, PLCS, ISA-95, XML, STEP, CORBA, OAGIS,
DPWS, S1000D, S4000M, SOA, SCADA, ATA iS-
pec2200, and DAIS, HDAIS. eMaintenance ontolo-
gies are related to the content structure and commu-
nication interface. eMaintenance ontologies produce
high-quality data in maintenance, and the mainte-
nance data production process helps to control data
quality. However, there are challenges in enterpris-
es to find expertise and enough knowledge to use
eMaintenance tools. That is why the tools are not
commonly used in enterprises, or they are used in-
effectively. Interoperability and data quality are im-
portant for both maintenance and operations. Effec-
tive decision making requires interoperability at all
organizational levels. The use of eMaintenance on-
tologies increases the economic benefits and enhances
decision making [27].

eMaintenance solutions tend to suffer from poor
usability [45]. The following actions would be needed
to enhance the usability:
improving access to documents,
adding compatibility with other systems,
minimizing manual work,
making the User Interfaces better,
making it easier to use databases,
improving the support in maintenance decision
making, and
e improving the complexity of software [46].

Conclusion

It is clear that production maintenance is a very
important area for manufacturing industries. The
key components introduced by eMaintenance are
advanced use of ICT, integration of different data
sources, expert centers and support to decision mak-
ers, as well as combining production and mainte-
nance data. The integration of production and main-
tenance systems should support the use of real-time
information via the Internet.

Based on the literature review presented in this
paper, three research gaps can be identified in the
state of knowledge in eMaintenance. The first gap is
related to the various disjointed definitions of eMain-
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tenance, which cause the research field to be some-
what fragmented. As a result, eMaintenance can be
addressed from a variety of perspectives, including
for example maintenance strategies and ICT. Part-
ly because of this, also companies seem to use the
term in various ways. More research and industry-
academia cooperation would be needed to create
a widely accepted eMaintenance concept in practice.
On the other hand, the increase in the number of arti-
cles, Web pages and handbooks about eMaintenance
demonstrate a growing interest and importance of
eMaintenance for both the academia and industry.
Thus, comprehensive, up-to-date terminology would
be needed to integrate the different aspects of eMain-
tenance and to increase the understanding of the sub-
ject as a whole.

The second research gap is related to the assumed
benefits of eMaintenance. This paper has listed the
advantages of eMaintenance, but in practice it is
difficult to measure these advantages and to prove
that they exist. Finally, the third research gap is re-
lated to cooperative eMaintenance. There is a need
to create novel, joint processes and structures (e.g.
data security, system interoperability, and manage-
ment of maintenance documentation) for both prac-
titioners and academics in eMaintenance service net-
works. There are security tools to ensure the safety,
e.g. security policies, firewalls and intrusion detection
systems/prevention systems, artificial immune sys-
tems, and cloud computing [47]. Security in eMain-
tenance systems must be planned carefully before im-
plementing the system. The issues to be considered
include e.g.: Who should have access to the system?
How are the network connections arranged? If da-
ta ownership is unclear, an agreement must be done
about who owns the data. Are the sensors and oth-
er equipment secure for information security? How
are transmissions from one system to another sys-
tem done? Both the second and the third research
gap imply that in the future, the research perspec-
tives (including e.g. maintenance engineering, ICT,
and data sciences) traditionally adopted in eMainte-
nance should be supported by management research
to overcome the challenges in the implementation of
eMaintenance solutions.

This paper offers two main theoretical contribu-
tions. Firstly, previous research and knowledge on
eMaintenance has been reviewed and summarized,
contributing to increasing the understanding of the
research topic with significantly increased impor-
tance and scope. Secondly, three research gaps have
been identified in the literature on eMaintenance,
providing researchers a clearer view of the current
state of the scientific knowledge in the topic.
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The managerial implications of the paper also in-
clude two main aspects. Firstly, the key concepts and
current state of research on eMaintenance have been
analyzed, providing managers a summary of the var-
ious perspectives of the topic. The paper presents
the potential of eMaintenance in developing main-
tenance, the advantages and challenges of eMainte-
nance, and ICT technologies used in eMaintenance.
Secondly, the paper has shown the interdisciplinary
nature of eMaintenance, and it contributes to man-
agerial decision making through suggesting eMainte-
nance as a combination of maintenance, ICT, data
sciences, and management knowhow. Mathematical
and statistical models are used in eMaintenance to
support decision-making. Data is collected from net-
worked equipment and from other software systems,
and remote access enables the use of internal and
external experts to support decision-making.

The paper has highlighted the fact that eMain-
tenance can support innovation, automation and so-
phisticated processes for maintenance and has proven
to be critical for organizations in maintaining a lead-
ing position. However, the question remains, what
will happen next? The use of technology to promote
increased computerization and the integration of in-
dustrial systems requires a new approach to create
an interconnected factory of machines, systems, hu-
mans, as well as the environment to create an intelli-
gent self-controlled network spanning the entire value
chain. In the ideal factory, machines react to unex-
pected changes autonomously in production, predict
failures, and trigger maintenance processes. Howev-
er, eMaintenance does not remove all human issues
in maintenance, for example problems in communica-
tion, attitude, or the organization’s way to do things
are not issues eMaintenance systems have an influ-
ence in.

“Industry 4.0” the fourth industrial revolution
has been growing slowly in Europe. Focusing on
cyber-physical systems, Industry 4.0 is regarded as
the next-generation production framework which
uses the advances in information technology, au-
tonomous engineering, the Internet of things, cloud
infrastructure, and big data for manufacturing, as
well as new technologies such as additive manufac-
turing. Using Industry 4.0 and eMaintenance tech-
niques will create seamless communication between
products and machines to enable self-steering, flexi-
ble and efficient production processes and therefore
support new asset management initiatives.

The limitations of this paper are mostly related
to the wide scope and rapid development of the re-
search topic. It can be assumed that the results are
sensitive to time and that the state of the knowledge
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on eMaintenance can change a lot even in a short
time. In addition, the wide scope of the topic made
it impossible to analyze all the relevant literature.
For instance, the state of knowledge in companies
was mostly left out is this paper. The term eMain-
tenance is widely used in companies, but it can have
a slightly different meaning than in academic papers.
There are companies for which eMaintenance is a ser-
vice that can be ordered via the Internet [48]. Bigger
companies tend to see eMaintenance in a similar way
as presented in academic papers, consisting of data
collection, data storing, data sharing, remote control,
remote access, and so on. Due to these limitations,
it is recommended that an up-to-date review of the
topic is published periodically. In addition, the paper
identified gaps in the research on eMaintenance, but
finding explicit solutions to them was deemed to be
outside of the scope of this paper. Thus, contributing
to the gaps is left for further research.
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