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ABSTRACT 

The integration of wireless and mobile technologies with web-based programming has enabled e-

Maintenance to emerge as a powerful technological framework to support modern industrial 

Maintenance and Asset Management engineering practice. The key benefit brought in by e-Maintenance is 

that maintenance information and access to related services can become ubiquitous and transparently 

available across the maintenance operations chain. This in turn enables stakeholders to take critical 

decisions related to maintenance in the light of the most relevant knowledge, information and evidence, 

which are transparently shared across them. As organizations are becoming increasingly conscious of the 

need to make more efficient usage of resources, with improved energy-efficiency, while satisfying quality 

and safety requirements, they are more likely to benefit from the introduction of e-Maintenance 

technologies and solutions. Yet e-Maintenance has not made as significant an impact in industry as one 

might have expected. In this paper we explore the current state of research, development and industrial 

practice related to e-Maintenance, highlighting potential benefits but also hurdles that need to be 

overcome. We pinpoint specific issues that call for more research effort to be devoted so as to support 

sustainable asset lifecycle management. In this analysis, both the financial and technological implications 

that need to be taken into account by end users are considered, identifying critical factors for the 

adoption and successful implementation of e-Maintenance by modern industry. 
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1. INTRODUCTION 

The rapid penetration of web-based, mobile and wireless technologies in enterprise operations, alongside 

shrinking costs and increasing hardware capacity, is changing the landscape of engineering asset 

management practice. The efficiency of the maintenance and asset management process can be measured 

in a number of ways and different Key Performance Indicators (KPIs) have been employed in the past for 

performance assessment, within the maintenance management framework (Crespo Marquez 2007). The 

process of setting targets through KPIs and re-adjusting maintenance management to meet these targets 

can only be reliably supported by continuous measurement of operational and other data, necessary for 

KPI estimation. However, accuracy is always an issue, and the lower the level of operations these KPIs 

correspond to, the more difficult it becomes to ensure data reliability and integrity. In particular, 

maintaining adequate asset operational condition, while meeting performance, normative/legislative, 

cost, quality and safety requirements, defines a complex decision-making landscape, brittle enough to be 

influenced by changes or disturbances introduced along the way. 

In response to these increasing demands, e-Maintenance has emerged as a technological framework that 

supports life cycle asset management by making related services and information ubiquitously available 

(Muller et al. 2008; Holmberg et al. 2010). From the low level of field operations to the higher level of 

decision making and maintenance planning, e-Maintenance facilitates seamless integration of data, 

services and actors, thus empowering enterprises to design, plan, execute and re-align their asset 

management activities, on the basis of the enterprise maintenance management strategy and in the light 

of the most relevant and timely information, engaging the right actors and stakeholders and supporting 

them with tools at all layers of the maintenance function (Jantunen et al. 2010).  



In a recent concerted effort in the field, the EU FP6-funded Dynamite project (Dynamic Decisions in 

Maintenance, IP017498) developed and tested a set of methodologies and tools to support the e-

maintenance processes. The results of Dynamite are summarized in the recently published book on E-

Maintenance (Holmberg et al. 2010). The technological developments included smart tags, sensors, signal 

analysis, smart decision support, portable computing devices, maintenance web-services, common 

database schemas, diagnosis, prognosis, as well as financial cost-efficiency assessment. It has been argued 

that such technological advancements are likely to provide a boost to modern industries in their pursuit 

of upgrading their overall asset management efficiency (Jantunen et al. 2009; Liyanage et al. 2009). 

This paper provides an update on current efforts in e-Maintenance. In section 2 we discuss the enabling 

factors, such as web-based and semantic maintenance, mobile and context-adaptive computing, as well as 

wireless sensing and asset self-identification technologies supporting e-Maintenance. These factors 

enable the provision of e-Maintenance services, as discussed in section 3, including maintenance 

documentation, predictive health management (PHM), performance assessment, as well as training and 

knowledge management. Section 4 is the conclusion.  

2. E-MAINTENANCE ENABLING FACTORS 

2.1 Web-based and semantic maintenance 

Web-based services and applications have grown in maturity and applicability, from the pioneering 

research work in the 70’s-80’s, through the rapid expansion of the internet in the 90’s, to their current 

ubiquity. Web-based maintenance is the natural consequence of e-business in the field of maintenance 

and asset management. Increasingly, IT tools which support maintenance are taking the form of web-

based maintenance services. These are independent, self-presented units, publishable, discoverable and 

executable through the web. Web-maintenance services are changing the way maintenance supporting IT 

tools have been employed:  

� they interconnect assets, computing and other devices, ensuring web-based data transfer; 

� they contribute to maintenance-support ‘software creation’ at the request of a user, device or 

triggered by an event; 

� they present themselves as a flow of maintenance-related services, rather than an isolated software 

product; 

� maintenance processes can be executed in less centralized and rather distributed ways, at multiple, 

disparate and geographically distant points, often right next to where maintenance activities take 

place.   

Maintenance applications and tools need to exchange maintenance-related data but these are often 

provided by heterogeneous sources and hence data integration in maintenance is an issue of concern. The 

MIMOSA organization, dedicated to promoting the adoption of open information standards for operations 

and maintenance, has produced a series of specifications for such data exchanges, under the OSA-CBM 

(Open Systems Architecture for Condition Based Maintenance) standard, developed to support 

interoperability through different CBM components. The standard OSA-EAI (Open Systems Architecture 

for Enterprise Application Integration), also provided by MIMOSA and complementary to OSA-CBM, was 

created to solve the problem of integrating different applications. The MIMOSA definition covers issues 

related to data acquisition, condition monitoring, diagnosis, prognosis and management of maintenance 

work orders. However the size of a database that would need to fully support such a standard was often 

considered too complex, partially limiting its practical implementation. Therefore, semantic data 

modelling by means of domain-specific maintenance ontologies emerged as a promising way towards 

information interoperability (Gilabert et al. 2007; Fumagalli et al. 2009; Matsokis et al. 2010; Matsokis 

and Kiritsis 2010). Employing maintenance ontologies within e-Maintenance can offer maintenance 

services as semantic mediators to ensure robust data exchange between subsystems (Karray et al. 2010).  

2.2 Mobile and situated computing 

Maintenance service providers are not limited to static solutions of wired infrastructures controlled by 

complex software suites. Employing centralized software solutions for maintenance support no longer 

constitutes the most efficient approach. Maintenance data are produced, stored, retrieved, read and acted 

upon all the time, and a centralized solution has limited capacity to provide the needed responses in such 

dynamic environments. With the increasing penetration of wireless and smart phone technologies, data 



relevant to condition monitoring and equipment maintenance can become ubiquitously available to 

personnel, via mobile and handheld devices, or remotely via the internet by simply coupling to relevant 

maintenance services, offered by remote servers or by the asset monitoring infrastructure.  

This new landscape has opened up the potential for the creation of a new market niche. Maintenance 

service providers can offer highly efficient and customizable software solutions. Increased 

interconnection allows seamless operation, exchanging data between middle and upper level software, 

such as CMMS or ERP, and various wireless sensing and input modules. This is the essence of what has 

been referred to as Mobile Maintenance Management (Arnaiz et al. 2006). In this setting, it is possible to 

employ handheld devices, such as PDAs, as well as miniaturized sensor solutions within a more flexible 

and decentralized condition monitoring and maintenance management integrated environment 

(Liyanage et al. 2009) (Emmanouilidis et al. 2009). This environment involves the use of mobile devices 

to perform typical maintenance management tasks such as work order management, communication with 

the service centre, asset maintenance tactical planning, reporting work, availability and location, 

retrieving maintenance history or documentation etc. Although most of these services are offered by 

existing systems such as ERP or CMMS, the industrial user would much rather work with a simple device 

offering a limited but clear set of interaction interfaces to retrieve or entry maintenance data. Thus, the 

user is empowered to become a dynamic mobile actor, operating in a dynamic environment, carrying the 

capacity to perform maintenance tasks with the support of ubiquitously available maintenance-

supporting IT tools (Campos et al. 2009) (Kopacsi et al. 2007).  

With maintenance personnel becoming involved as mobile actors in the asset management process, it has 

also become important to seek to tailor the offered services to the exact needs of each actor. These needs 

depend on the role and function of the personnel, but also on the specific circumstances of the 

maintenance service request. For example, upon receiving a specific maintenance task order, industrial 

staff would need to locate the asset on the shop floor, have access to its maintenance history, retrieve 

information about spare parts availability, or indeed perform a condition assessment audit with the help 

of the PDA and sensing modules. Tailoring the available services and information availability to the 

specific demands is a feature that has been sought at a premium and is often referred to as context-aware 

or situated computing. The notion of context has been linked with computing for many years, largely 

associated with computational linguistics. Since the mid 90’s, there has been increasing attention to the 

role that context might have in adaptive computing. Specifically, the interest focused on how computer 

applications can be adapted to match the requirements or needs of different situations and users. With 

the prevalence of service-oriented computing, adaptation capacity has become synonymous to adapting 

the offered services and content. Consequently a context-aware maintenance support system is expected 

to tailor each service to the apparent usage context. This is often perceived by users as a capacity to 

provide ‘intelligent content’ or ‘intelligent services’, often presented through ‘intelligent interfaces’. Yet it 

is only following the deeper penetration of mobile and wireless technology into maintenance and 

engineering asset management practice that contextualized computing emerges as a significant element 

in modern and future maintenance management practice. Usage of augmented and virtual reality is also 

posing significant issues related to context, as the perceived experience in such applications critically 

depend on the successful user immersion in a contextually relevant situation. The mobile maintenance 

actor may employ different devices for different services, at different locations and at different times, in 

short the actors are using the mobile devices in different maintenance task contexts.   

A typical example is a mobile actor employing a PDA in relation to a condition monitoring task. The PDA 

can be employed in tandem with an identification scheme, such as a localization technique or radio 

frequency ID (RFID) tag, to identify the monitored asset and obtain a better understanding of the task in 

hand. The PDA can be employed to support diagnosis and prognosis. This implies higher demands in data 

availability and CPU power, not yet readily available in industrial PDAs. Part of the processing can be 

undertaken by smart sensor solutions, delegating some of the condition monitoring tasks to the lowest 

possible processing level, the machine level. The developed solution must strike the right balance 

between local processing and information exchange between devices, implying trade-offs between energy 

efficiency, processing capacity and the quality of the maintenance decision support process. In the future, 

additional support may become available through more extensive use of virtual and augmented reality 

solutions, which can help to ‘immerse’ the mobile actor in almost-real life scenarios and 3D machinery 

models, providing more practical on-site. However, these solutions are still in their infancy and not 

practically available in real industrial every-day settings.  



2.3 Wireless sensing and identification 

2.3.a Wireless sensing 

Wireless sensor networks are increasingly deployed as flexible alternatives to wired instrumentation 

systems. Their ease of installation & operation, scalability and topological flexibility are seen as their main 

advantages over wired solutions. Recent advances in microprocessors and board integration methods 

have provided the means to produce potent, richly-featured and low cost sensor board architectures. 

Current sensor boards contain powerful 32 bit CPU architectures, several MB of flash memory, and 

diverse RF connectivity, e.g. Bluetooth, WiFi or ZigBee. Research utilizing these architectures has made 

possible the transition of sensor board logic from simple protocols and algorithm circuits, to complex 

multi-tier middleware platforms. Such middleware can effectively sit on top of various dedicated sensor 

operating systems and provide interfaces for pluggable application components. On the down side, they 

have a limited battery life used to support their low-consumption tiny scale system-on-chip (SOC) 

integrations, and they can be susceptible to interference and noise. Extending battery life is sought by 

means of optimising the wireless sensor node (WSN) power management through energy-saving 

protocols and energy-aware profiled operation scheduling. Alternatively, research efforts have been 

devoted to convert sensor nodes from passively powered components to active systems that seek to 

balance power consumption with power management and energy harvesting, in the form of self-powered 

sensors. Power management is still very much an issue open to research, seeking to identify adequate 

trade-offs between capable wireless sensor modules and energy-saving implementations. 

Condition monitoring was, from the outset, an early adopter of emerging sensor technology. Soon after 

wireless technologies started to mature in modular designs and implementations, advances in hardware 

integration of wireless circuits and embedded programming of wireless protocols led to the concept of 

wireless sensor networks. The mass availability of small wireless devices and their applicability to 

industrial automation enabled access and transmission of sampled data or processed information 

anytime and anywhere. Wireless sensor networks can scale up to compose large monitoring 

environments through robust mesh networks. Expanding a network is as easy as simple node 

placement/addition. The main advantages brought by wireless sensors include: 

� ease of installation: sensor positioning is freed from the constraints of cabled installations; 

� accessibility: easier to install a WSN node, without worries about complex or even dangerous cabling, 

especially on moving parts; 

� simplified network design: dynamic topologies for fault tolerant networks allow redeployment, traffic 

rerouting and network robustness to deal with possible interference; 

� scalable, large and yet maintainable infrastructures, as new nodes can easily be added to the network. 

WSN deployment and applicability in condition monitoring may nonetheless be constrained by the 

limited battery life of the sensing node, its higher costs and susceptibility to damage, if the node is not 

offered in a relatively rugged enclosure. Furthermore, relatively high powered interference, 

electromagnetic scattering and noise may cause additional problems, reducing the reliability and effective 

bandwidth of the deployed network (Conant 2006).  

Recently, WSNs have made a growing impact serving mainly non-manufacturing application areas. A 

second wave of adopters is currently growing in the manufacturing area. Large installations of wireless 

condition monitoring systems are moving from their infancy to more robust deployments with accurately 

defined functionality and effective co-existence and connection with previous maintenance subsystems 

and infrastructures (Zhuang et al. 2007). Early research efforts have given rise to evaluation test beds, 

piloting installations and device prototypes, gradually leading to more efficient and up scaled condition 

monitoring tools and solutions. Based on the extent and results of the active research and the recorded 

number of end user deployments, two broad application areas have already emerged for wireless 

condition monitoring systems, namely structural health monitoring (SHM) (Chintalapudi et al. 2006) 

(Lynch and Loh 2006) (Kim et al. 2007) (Wang et al. 2007) and equipment or process monitoring 

(Alhetairshi and Aramco 2009) (Lee 2008) (Son et al. 2009; Tan et al. 2009; Wright et al. 2008). Wireless 

condition monitoring systems allow multiple samples to be flexibly acquired, while their nodes’ 

processing units can execute single-node or even collective algorithms effectively driving smart 

prognostics and diagnostics closer to the machine’s operating environment. Furthermore, condition 

monitoring has benefited from the fact that wireless condition monitoring facilitates the sampling of far 

more sensing points and parameters than any wired solution. The ability to reconfigure sensor placement 



or even re-distribute the number of sensor modules among the wireless network’s subgroups (each 

dedicated to one monitored equipment), offers self-calibration potential for the network deployment and 

topology. The flexibility and versatility offered by wireless technologies enable an increased level of self-

awareness about the state of individual machines to be attained. In doing so, they pave the way to a more 

widespread implementation of condition-based maintenance (CBM) practices.  

2.3.b Asset self-identification  

Within e-Maintenance, asset self-identification is a key enabler of in the context of data and services. In 

practice, a computerized maintenance and asset management system exploits asset identification to tailor 

the offered data and services to this particular asset, thus achieving ubiquitous and contextualized 

information mediation (Spaccapetra et al. 2005). Asset identification is enabled by the usage of auto-

identification technology, such as barcodes, RFID tags or even image tags. With barcodes being static 

information carriers and image tags depending on camera image recognition capabilities, RFID-based 

identification has emerged as the practical way of linking physical assets with enterprise information 

systems. Without the need for line-of-sight, it is a more practical choice, compared to both barcodes and 

image tags. Furthermore, RFID tags can store limited information locally. This facilitates on-site 

information and data storage and retrieval, particularly relevant for asset and maintenance management.  

Supply chain management has been one of the early adopters of RFID technology (Angeles 2005). With 

the adoption of electronic product control (EPC) standards, enhanced interoperability support was 

offered. Thus, what has already emerged as a natural link between the physical and the IT world, has also 

become a key e-Maintenance technology, supporting the concept of the self-serving asset (Brintrup et al. 

2009). The integration of RFID asset identification with wireless condition monitoring is providing a new 

impetus for e-Maintenance, enabling the merging of asset management information with data collection 

from identified sensing points (Roy et al. 2010; Lakafosis et al. 2010). Such an approach adds context to 

sensor readings, i.e. linking them to a specific asset, which operates under certain conditions and work 

load. This type of indirect localization is the basis upon which to offer Location Based Services (LBS). 

Identifying an asset via RFID tags also serves the purpose of linking a specific user to the asset location. 

With RFID becoming cheaper and increasingly supported by standards (e.g. EPC family of standards), 

investments in it are becoming more clearly justified. Merging asset identification with sensing is a trend 

particularly relevant to e-Maintenance. One typical example of this integration of technologies is Intel’s 

WISP platform (http://www.seattle.intel-research.net/wisp). In addition to integrating RFID and sensing 

technology, WISP also supports energy efficiency, by adopting self-powering technologies, typically 

energy harvesting. A recent promising technology trend is to move from off-the-shelf RFID solutions to 

customizable ones. Currently, R&D efforts are targeting the development of innovative solutions to enable 

in-house tag production by the end users themselves. One recent example is to essentially print the tags 

with technology similar to that of inkjet printing (Lakafosis et al. 2010), while the potential to integrate in 

the same production process both sensors as well as RFID tags is promising. The anticipation is that with 

technology maturing, enterprises will be empowered to produce tags themselves, meeting constantly 

changing needs, without the need to place additional resources for re-investment or re-integration.  

3. E-MAINTENANCE SERVICES 

E-Maintenance enables the development of self-aware and self-serving assets equipped with sensing and 

condition monitoring capabilities. Thus assets become aware of their condition and actively influence 

maintenance decision making and planning (Emmanouilidis and Pistofidis 2010a) (Brintrup et al. 2009).  

3.1 Maintenance Documentation 

Handling of documentation is an important part of maintenance management practice. It involves the 

management of procurement, installation and operational phase information and technical documents. 

Such information ranges from technical data to operation and maintenance manuals and part lists, the 

asset register, while also including work orders, history records, scheduling information, work, inspection 

and repair instructions. E-maintenance enables the ubiquitous availability of maintenance 

documentation, by providing access to relevant records, documents and services to authorized personnel. 

Departing from traditional solutions where such data were only available at the back office, the combined 

use of handheld computing devices, localization and identification techniques, as well as wireless sensing, 

along with the capability of exploiting context, constitutes a powerful framework for streamlining access 

to maintenance documentation (Burmeister et al. 2006). Maintenance assistance can also be delivered by 

advanced means, such as augmented reality support with head-mounted displays. Multi-modal interfaces 



and in particular speech interfaces facilitate easy and natural data entry or receipt of orders by staff. 

Users are operating as mobile actors and are provided with contextually-relevant documentation (Kunze 

et al. 2009). The information can be retrieved by a central repository or it can be embedded in the asset 

itself, by RFID local storage, realizing the concept of intelligent products (Meyer et al. 2009).  

3.2 Predictive Health Monitoring 

In order to meet demands for increased cost-efficiency, safety and quality in manufacturing, the adequate 

management of the assets’ operational condition is critical. Beyond manufacturing, asset health 

management is equally important to a range of sectors, including power systems, transport, 

infrastructure, as well as process and oil industries. It is served by the implementation of Predictive 

Health Monitoring (PHM) systems, employing sensing, software and hardware components, within a 

system that delivers detection of impending faults, diagnosis, as well as prognosis of how the asset 

operating condition will evolve over time. The steep drop in the prices of computing processing units and 

Micro Electro Mechanical Systems (MEMS) makes it feasible to introduce PHM to cover most critical 

production machinery. In practice, condition monitoring and PHM mostly apply to component and unit-

level (equipment) novelty detection, diagnostics and prognostics. Higher-level monitoring involves 

system-level monitoring and it is often the result of aggregating lower level monitoring information and 

alarms. According to ISO 13381-1, machinery condition monitoring comprises: (a) detection of problems 

(deviations from normal conditions); (b) diagnosis of the faults and their causes; (c)  prognosis of future 

fault progression; (d) recommendation of actions; and (e) post-mortems. The successful implementation 

of a condition monitoring system requires the integration of domain knowledge with empirical modelling, 

in order to associate signals with machinery condition. This information and knowledge processing 

framework is summarized below in the following table, along with networking, information & operational 

technology (IT/OT) usage and the physical asset hierarchy (Table 1) (Emmanouilidis et al. 2010).  

TABLE 1. PHM and its relation to physical assets, networking, knowledge management, computational 

models and usage of operational and information technology 

Physical 

Assets 

Networking IT/OT Maintenance 

Knowledge 

Computational 

Model 

System MAN/WMAN, 

LAN/WLAN, 3G/4G 

ERP, Servers System class State 

Sub-system LAN/WLAN ERP, MES, CMMS, SFCS, 

Desktop/Server 

Sub-system class Sub-system-level 

Novelty Detection  

Diagnostics 

Prognostics 

Unit LAN/WLAN 

PAN/WPAN 

Gateways 

Sensors, Actuators, Controllers, 

DAQ, RFID, PDA 

Unit class 

Unit-level 

Fault modes 

Fault mechanisms 

Fault severity 

Fault criticality 

Asset relations 

Fault symptoms 

Fault features 

Measurement 

characteristics 

Collective Models,  

Single Node Models 

Unit-level 

Novelty Detection  

Diagnostics 

Fault modelling 

Prognostics 

Component Serial/Bus 

PAN/WPAN 

Sensors, Actuators, Controllers, 

DAQ, RFID, PDA 

Component class 

Fault modes 

Fault mechanisms 

Fault severity 

Fault criticality 

Asset relations 

Fault symptoms 

Fault features 

Measurement 

characteristics 

Single Node Models 

Novelty Detection 

Diagnostics 

Fault modelling 

Prognostics 

It is the very integration of all the above elements, within the e-Maintenance framework that leads to 

solutions that can be characterized as ubiquitous PHM. Such solutions empower staff to become mobile 

actors using portable computing devices to perform different PHM tasks, such as fault detection, 

diagnosis and prognosis right next to the asset under consideration. Thus, the range of approaches for 

PHM that in the past were mostly applicable as back-office maintenance support are rapidly becoming 



ubiquitously available (Emmanouilidis et al. 2009; Jardine et al. 2006; Jantunen et al. 2007; 

Emmanouilidis and Pistofidis 2010b; Cocheteux et al. 2009).  

The likely success in implementing any PHM approach relies on the flexibility and capability of the 

employed PHM solutions to be adjusted to different applications (Liao and Lee 2010). The ability to offer 

this level of customization critically depends on the extent that PHM systems exploit both data and 

domain knowledge. While data-driven approaches can constitute powerful numerical tools for condition 

monitoring (Emmanouilidis et al. 2006) it is increasingly recognized that the design of PHM systems can 

be upgraded by processing of structured knowledge together with heterogeneous data. Establishing 

accepted data and knowledge representation schemas are of prime concern in this respect. While 

MIMOSA (www.mimosa.org) has become the de-facto standard for data exchanges in maintenance and 

condition monitoring, knowledge processing relies on the definition of adequate domain specific 

maintenance ontologies, which can be linked to MIMOSA. Such a PHM-oriented ontology can structure the 

domain knowledge that is related to the different faults that can occur on an asset, its history records or 

to find the asset criticality factor or the maintenance class that it falls in, greatly facilitating diagnostic, 

prognostic but also maintenance recommendation tasks (Fumagalli et al. 2009).  

3.3 Performance Assessment 

Arguably, adopting efficient maintenance management practices goes in tandem with treating 

maintenance not merely as a cost centre, but as a business opportunity. What must be recognized is that 

maintenance processes still have larger margins for optimization, compared to operation processes. Such 

findings may only influence enterprise policies if backed up by adequate metrics. To this end, several 

performance indicators have been suggested, such as Overall Equipment Effectiveness (OEE) and Return 

on Net Assets (RoNA). Another indicator is termed ‘Wrench Time’ and provides a measure of how much 

time personnel need to spend on physical asset effort, such as monitoring a tool, machinery or processes, 

etc. Evidence has shown that this time can consume approximately 35% of productive personnel time, 

leaving much space for improvement (Wireman 2003). This is where e-Maintenance emerges as an 

important tool to improve not only the actual maintenance implementation practice but also to improve 

performance measurement. Personnel empowered by the e-Maintenance toolset can be better equipped 

to engage in a Total Productive Maintenance strategy, facilitating data collection, upon which to base 

performance measures estimation. The higher level of assets, tools, data, staff and knowledge integration 

is a major leap forward to implementing better performance estimation practices.  

There are also other metrics related to reliability, maintainability and dependability, but it is often the 

cost-effectiveness that is not sufficiently considered and yet this is the main driving force for business 

decisions. Thus, the integration of methodologies and tools to improve cost-effectiveness are considered 

critical for the adoption of e-Maintenance, since as a technological solution framework it has also to be 

shown to be both operationally as well as financially justified (Al-Najjar and Eberhagen 2010). When cost-

effectiveness is considered together with e-Maintenance technologies and related enabling factors, it is 

feasible to demonstrate the financial justification of a PHM strategy (Holmberg et al. 2010). For example, 

when employing a PDA-enabled mobile CMMS solution, equipped with RFID identification, it becomes 

possible to enable the mobile actors, i.e. the technicians, with the right tools, documentation, knowledge 

and skills to meet the demands of the work orders. In addition, such staff are empowered with mobile 

tools to perform fault detection, diagnosis and prognosis and initiate a maintenance recommendation, 

such as allocation of resources to execute new work orders themselves, reducing the Wrench Time. The 

crucial element for e-Maintenance adoption will be to demonstrate that its implementation increases 

performance by a clear margin. This will ultimately convince company strategists and senior staff to treat 

maintenance as a value creation tool, rather than a cost centre. It will also become a powerful tool to 

evaluate maintenance provision as service, which can trigger the adoption of sound maintenance 

practices not only by larger enterprises, which can internally resource asset management practice, but 

SMEs too, which can quantitatively evaluate the possibility to outsource maintenance services.  

3.4 Training and Knowledge Management 

Maintenance Management professionals are required to demonstrate multidisciplinary competencies. 

These are rarely targeted by higher education or postgraduate courses. In Europe the required 

competencies are defined by standardization bodies recommendations (CEN 2007), or by National 

bodies, such as the Institute of Asset Management in the UK (IAM 2008), or the European Federation of 

National Maintenance Societies (EFNMS 1998; 2000). The accreditation of competence qualifications 

would enhance employees’ mobility and skills recognition, while aiding enterprises’ recruitment 



decisions. Different training methodologies are applicable to support competencies development. 

Training is often delivered through Vocational Education and Training (VET). Although VET is the 

common way to deliver empirical knowledge in professional skills development, it can become 

impractical, as maintenance staff need to operate under time and space constraints that lack flexibility. 

Efficient training is achieved through on-the-job training (OJT). Yet, real-life OJT implies high costs. These 

can be partially mitigated by augmented reality (AR) for problem-based maintenance training, avoiding 

the real case costs (Li et al. 2003; Nakajima and Itho 2003). Yet, AR is still rather expensive and applicable 

to special training. E-learning is a means that can support asynchronous training in a cost-efficient way. 

With personalized virtual environments, trainees can choose the training pace, the course subjects and 

self-assessment that fit their needs (Emmanouilidis 2009; Emmanouilidis and Spais 2010).  

Maintenance knowledge in enterprises is embodied by staff who mature in competencies and experience, 

not only from training, but critically from the enterprise collective knowledge and the practice itself. This 

rich body of knowledge is often overlooked. Any loss of experienced staff brings this weakness to the 

surface, as organizations struggle to replace their departing experienced staff with new personnel of 

equal competencies. Actually this remark applies to all enterprise functions but is even more pertinent in 

a practice-oriented disciple, such as maintenance. Enterprise knowledge management is considered a 

dynamic process, which includes interaction cycles between actors and objects. This is a continuous 

process which comprises four key activities (Nonaka et al. 2000): (a) socialization (tacit to tacit 

knowledge transfer); (b) externalization (tacit to explicit knowledge transfer); synthesis (synthesis of 

explicit knowledge to create new knowledge); and (d) internalization (embodiment of explicit knowledge 

to tacit knowledge). Training itself belongs to the internalization knowledge management phase and 

although important, it is clearly a fraction of the overall picture. E-Maintenance can reap considerable 

benefits from incorporating ICT tools and especially Web2.0 and social tools to aid the organizational 

knowledge management process. In such a framework, a maintenance knowledge management 

ecosystem should integrate key technologies, methodologies and software tools, comprising:  

� Web2.0 technologies and social tools, including virtual working spaces; such tools are important in all 

knowledge management process stages and facilitate the building of a collective intelligence basis; 

� knowledge management and learning principles, methodologies and tools; both the synthesis and 

training phases can benefit from the use of these methodologies and tools; 

� context modelling and management mechanisms; establishing a shared context among knowledge 

management actors is a key element of the socialization process, while internalization is more 

effective if tailored to the context of each specific use case;  

� distributed repositories of knowledge objects, abstracted by a dedicated innovative knowledge 

ontology, which integrates the handling of both tacit and explicit knowledge; this is the backbone 

information and knowledge repository that can enable the exploitation of the common and collective 

knowledge by adequate methodologies, tools and processes.  

Clearly, maintenance knowledge management has yet to exploit the promise of such enabling factors and 

e-Maintenance should in the future seek to encompass, integrate and exploit this prospect.  

4. CONCLUSION 

E-Maintenance emerges as a powerful technological framework and a major leap forward towards 

improved integration of maintenance management and execution within enterprise decision making and 

operations, resulting in more efficient maintenance management. It is neither a single technology nor a 

maintenance strategy. Rather it constitutes a powerful toolset that facilitates the implementation of the 

enterprise maintenance strategy. The key constituent elements of e-Maintenance are the introduction of 

web-based and semantic maintenance technologies and tools, the extensive usage of mobile devices 

alongside context-adaptive computing approaches, use of micro-electromechanical and wireless sensors, 

as well as asset self-identification technologies, such as RFID.  These enabling factors empower 

organizations to implement a range of e-Maintenance services which create a more integrated 

maintenance management environment, integrating maintenance actors, tools, data and processes. Such 

services are now becoming available to maintenance technical staff, acting as mobile actors operating 

under dynamic conditions. Their range include services to deliver anywhere, any time and to anyone 

authorized to have access, maintenance documentation, predictive health monitoring and maintenance 

planning services, performance assessment integration, as well as training and knowledge management 

right at the machine level, if necessary. Considering the constant technological advances, the crucial 



element for the adoption of e-Maintenance in industry will ultimately be to exploit the available 

technology and tools to make the case for more cost-efficient, resource-optimized, integrated and 

effective maintenance management.  
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