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Today the number of industries putting emphasis on maximising Overall Equipment Effectiveness (OEE) is 
rapidly increasing. Instead of looking only at one aspect of production, modern enterprises seek to plant a series 
of joint activities, aimed at minimising losses, by improving on Performance, Quality and Availability at the 
same time. Emphasising these three factors simultaneously leads to the introduction of efficient maintenance, 
including sound strategies, such as Condition Based Maintenance (CBM). The incorporation of key enabling 
technologies within a Condition Based Maintenance strategy, such as wireless networking, internet & mobile 
computing, minature sensing devices and location awareness, has paved the way to the introduction of e-
Maintenance. The paper looks at the key features pertaining to the successful implementation of e-Maintenance 
into modern industry. It then highlights steps taken towards the design and implementation of an e-Maintenance 
architecture within the EU Integrated Project ‘Dynamite’. The paper concludes with a discussion on current 
challenges and future prospects of e-Maintenance.  
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1 INTRODUCTION 

A number of challenges must be solved when the aim is to carry out maintenance in way that  actions are carried out when 
required, following a Condition Based Maintenance (CBM) strategy [1]. A key concern is to schedule maintenance actions, 
taking into account condition monitoring measurements. The toolset available to implement CBM is now stronger than ever,  
taking advantage of the confluence of enabling technologies, such as smart sensors, wireless technologies and service-oriented 
computing. At the same time the price of sensors and analysis equipment has decreased, making CBM even more cost-
efficient.  

With current ever growing demand for improvements on system productivity, availability and safety, product quality, 
customer satisfaction and taking into account the trend for decrease in profit margins, the importance of implementing efficient 
maintenance strategies becomes unquestionable. In this setting the maintenance function plays a critical role in a company’s 
ability to compete on the basis of cost; quality and delivery performance. Maintenance is increasingly taken into account in 
production requirements. Concepts such as lean production, six sigma, just in time or LCC are growing indicators of the 
operation efficiency, with maintenance playing an important role in keeping these indicators at profitable levels. 

Importantly, the costs of gathering, processing and acting on information is decreasing, whilst the cost of making incorrect 
decisions is increasing. The expansion of the use of mobile communication technologies and the internet bring in ways of 
solving many business and maintenance problems. Hence both condition based maintenance and predictive maintenance 
strategies may benefit from mobile and internet technologies, allowing them to become cost-effective for all types, sizes and 
complexity of machinery. 
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2 E-MAINTENANCE CONCEPT 

The increasing demands on system availability, performance and product quality have contributed to pushing the 
importance of the maintenance function to higher levels. Many issues regarding production safety, customer satisfaction and 
stabilisation of profit margins are becoming the targets for maintenance activities. Several studies over the past years have 
indicated, the indirect cost of maintenance around Europe is a significant percentage of total sales turnover [2]. Maintenance 
strategies have undergone many major developments from the traditional ‘fail and fix’’ practices to ‘predict and prevent’ 
strategies. One of the latest developments, namely the ‘e–maintenance’ methodology, as described by Lee [3], is a derivative 
of the concept of e–manufacturing and e–business. A key objective of e–maintenance is to support the next generation of 
manufacturing processes by making maintenance – related information ubiquitously available. 

E-maintenance is a relatively recent development in the field of engineering asset management. It is an emerging 
maintenance management concept, whereby assets can be monitored and managed over the Internet. Many definitions of this 
concept have been proposed in the literature and research is still evolving new tools and enabling technologies for e-
Maintenance. The core ideas of e–maintenance are that the system gives the ability to monitor plant floor assets, link the 
production and maintenance operations systems, collect feedback from remote customer sites and integrates it to upper level 
enterprise applications. The maintenance management concept relies heavily on the Internet to monitor and manage the assets. 

Another other important feature of E-maintenance is that it attempts to integrate existing maintenance principles with 
telecommunications, web–services, mobile, wireless and portable devices and other means of electronic collaboration. The 
collection and exchange of dynamic, real–time maintenance information provides a powerful framework that enables to build, 
process and exploit detailed knowledge of the assets or production systems being monitored. This provides great opportunities 
for cost–effective decisions to be made since the relevant data can be made available in a timely fashion. 

3 DYNAMITE PROJECT 

Dynamic Decisions in Maintenance, DYNAMITE, an Integrated EU Project on e-Maintenance, started in the autumn of 
2005 and ended in the end of February 2009.. Altogether there were 16 partners in the project: University of Sunderland (UK), 
University of Manchester (UK), Nancy University (France), Växjö University (Sweden), Volvo (Sweden), Fundación Tekniker 
(Spain), Goratu (Spain), Centro Ricerche Fiat (Italy), Zenon (Greece), Prisma (Greece), Martechnic (Germany), Diagnostic 
Solutions (UK), Engineering Statistical Services (UK), IB Krates (Estonia), Wyselec (Finland) and Technical Research Centre 
of Finland (Finland) who also  acted as coordinator of the project. Figure 1 shows the work implementation structure of 
Dynamite project. The work was structured around three subprojects: the first SubProject targeted the development of 
condition monitoring sensors and smart tags; SubProject 2 aimed at introducing mobile & wireless devices and technologies, 
such as PDAs  (Personnal Digital Assistant), to support maintenance and also the introduction of diagnosis and prognosis 
based on WebServices; SubProject 3 developed training and economical studies related to maintenance strategy. The detailed 
reporting of the project results is included in the project site (dynamite.vtt.fi), the internal reports and the conference and 
journal publications that the project has produced, while a book on e-Maintenance is due to be published.. In the following 
sections some of the most important results of Dynamite are discussed with reference to project deliverables (DWC). More in 
depth information can be found in the articles this paper refers to. 

3.1 Sensors for condition monitoring 

There are quite a number of challenges when maintenance is optimised through a condition based maintenance strategy. 
The greatest among them is to be able to define when maintenance needs to be carried out. This can effectively be determined 
on the basis of the actual machinery condition, identified via implementing Condition Monitoring. In Dynamite a number of 
new sensors were developed. These included both vibration and on-line oil analysis sensors. For vibration monitoring 
supporting diagnosis and prognosis a new platform was developed (DWC28, Wyselec). Also for vibration monitoring a new 
sensor that is capable of carrying out the necessary signal analysis and passing the analysed results through USB to the PDA 
was developed (DWC12, Diagnostic Solutions). Based on MEMS technology a multimeasurand sensors for monitoring 
vibration, pressure and temperature was developed (DWC3, Manchester & DWC17, Prisma). For wireless transfer of 
measuring information a wireless sensor network system, including ZigBee sensing nodes and Zigbee to Wifi gateways, 
supported be dedicated operating system and hardware was developed (DWC15 & DWC18, Prisma) [17]. 

On-line monitoring of lubricating oil enables monitoring the condition of the lubricant and also the condition of the 
machinery. Five different types of sensors were developed for lubricant oil monitoring (DWC4 & DWC 5, VTT) and (DWC6, 
DWC7 & DWC8, Tekniker). Most of the developed sensors are based on optical methods. Altogether the sensors were tested 
in three different environments: the testing laboratory of Martechnic, the production environment of Volvo and lastly during 
final demonstration tests of all Dynamite products at Fiat. The performance of the various sensors in the tests has been reported 
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e.g. in references [4, 5]. Figure 2 shows the user interface of a device that monitors the oxidation of the lubricant. The interface 
is very simply giving the maintenance engineer the needed information in a user – friendly format (Figure 2). 
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Figure 1. The structure of Dynamite project. 

 

Figure 2. The user interface of a device that monitors the oxidation of lubricant oil. 

In maintenance there also other simpler challenges besides the measuring information, that still need to be tackled. In the 
first place the machine to be maintained needs to be identified. In Dynamite the use of RFID (Radio Frequency Identification) 
tags was studied for the above described purposes (DWC1 & DWC10, Sunderland, DWC2 & DWC11, Zenon) [6]. Smart tags 
offer an easy way to identify machines and their components which ensure that the right components are maintained in the 
correct way. The use of tags also supports condition monitoring i.e. again the correct machine can be identified. When the 
identification is carried out with a PDA, equipped with a RFID reader, it is possible to use the same PDA for the condition 



 4

monitoring measurement. The PDA accesses the accelerometer readings, making it easy to offer a diagnosis, based on 
acceptable limits which can be automatically read from the database. Naturally the PDA enables the sending of measured data 
and the diagnosis result to the server, which then can issue a work order if the allowable limits have been exceeded. 

With available RFID technology today it became apparent that the identification of movable objects is very challenging. In 
Dynamite project it was possible to improve the methodology and results with the introduction of a neural networks model 
which could compensate for the partially contradictory measuring information. However, the results could not be considered 
satisfactory for commercial use and instead additional research must be carried out in order to fully understand and handle this 
task. 

3.2 DynaWeb 

The basic idea in Dynamite project was to be able to produce and take advantage of maintenance related information in 
different types of environments [7]. As explained section 2 of this paper the term e-Maintenance became popular in English 
literature in the last decade. As explained the term really pronounces the use of Internet to support maintenance [7]. The term 
e-Maintenance also puts emphasis on how proactive action can identify developing faults, so that problems are tackled 
beforehand, instead of repairing broken down machinery components, mitigating health & safety risk and especially avoiding 
the high costs that go hand in hand with this type of passive maintenance strategy [8]. However it has to be admitted that 
proactive can only be successful insofar as wear detection and fault prognosis can be available. Just as Lee et al. [9] put it: “We 
simply do not know how to measure wear of machinery components. We do not have the necessary models that would tell us 
what kind of message the changing parameters are telling us”. The Dynamite project has sought to build knowledge to support 
prognosis and some modules have been designed and developed for this purpose (DWC21, UHP). 

In general, e-Maintenance is used to provide the necessary maintenance information whenever and wherever it is needed. 
Consequently PDAs are a good way to get the necessary information in the field and also a means to report to the 
Computerised Maintenance Management System (CMMS) what has been done [10]. The key elements in the development of 
the e-Maintenance system were the use of PDA as a mobile user interface, the building of the necessary services as Web 
Services that can be called through the internet and the use of a common database for the integration of data of a large number 
of modules developed in the system. 

In this context, the DynaWeb platform [6] refers to the ICT architecture concerning software web services and 
communication architecture that support the new maintenance concept. It is best described as the information and 
communication platform that provides operational interaction, offered by means of web services between different 
technologies and actors in the framework of a distributed maintenance management application scenario (Figure 3). These 
application services are considered as plug-ins and may be cutosmised to better serve the needs of the end user.  

The software architecture of DynaWeb is based on software components offering intelligent distributed web services. They 
offer interoperability between independent software applications over Internet by means of SOAP protocol which enables the 
communication [9].The advantages of web services are the central issue in DynaWeb. Different software modules are able to 
communicate among them in order to perform a specific task. In this context, to provide the most convenient analysis flow, 
information processing is understood as a distributed and collaborative system, where there are different levels of entities that 
can undertake intelligent tasks. Given this, a system architecture has been defined to identify the interactions between actors 
and the required functions, including 4 layers that correspond to the central information processing layers of OSA-CBM 
standard [9][10][11] as condition monitoring (DWC19, Tekniker), health assessment (DWC20, Tekniker), Prognostics 
(DWC21,UHP), and Decision support (DWC23, Zenon, DWC24, Växjö). 

3.3 Mimosa 

The Dynamite project recognised from the early stages the need to integrate the individual tools developed by various 
partners. There was an internal Software Team which agreed upon the programming platforms for the project components. 
While services integration was conveniently offered by the common adoption of web services, data integration was still a 
challenge and the consortium opted to adopt a common database. In practice the obvious pick was the MIMOSA database 
format [www.mimosa.org]. MIMOSA follows the ISO 13374 standard: Machine Condition Assessment Data Processing  
Information  Flow Blocks. As such, MIMOSA is very large consisting of some 400 tables, a subset of which appeared to be 
adequate for the Dynamite objectives. The common database was located at the server of IBKrates in Tallinn. IBKrates also 
programmed a simple user interface to support the use of Mimosa (DWC25 & DWC26, IBKrates). At the same time VTT 
developed an easy to use user interface for the PDA communication with MIMOSA (DWC9, VTT). Afterwards it became 
apparent that decision to rely on Mimosa had been a very beneficial one. Figure 4 shows the simplified dataflow between 
various modules in DynaWeb. 
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Figure 3. Communication architecture among HMI and web services, through the usage of an agent storing data in 
Mimosa database. 

 

Figure 4. Simplified dataflow between various modules within DynaWeb. 

3.4 Personal digital assistant 

PDAs provide us a means to interface with the CMMS, the condition monitoring and diagnosis system, as well as other 
possible systems that support maintenance in which ever environment where wireless internet connection is available. In the 
Dynamite project the PDA plays a central role. The PDA can be used for accessing measurements data, studying the 
measurement results, communicating with the diagnosis and prognosis modules, handling of work orders, studying instructions 
for maintenance work and so on. Since Dynamite was an R&D project the goal was to develop new methods and tools to 
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support maintenance. Motivated by this two separate solutions were developed for the PDA. In one of them (DWC9, VTT) the 
basic assumption was that it must be possible to use the PDA to support maintenance even if no wireless connection is 
available. Following this assumption a small version of the MIMOSA is ported to the PDA whenever internet connection is 
available. At the same time the new definitions and measurement results are uploaded from the PDA to the common server-
side database. In the other solution emphasis was given to the quality of information that is given to the maintenance engineer 
i.e. clear guidance for carrying out maintenance work with a well designed user interface (DWC14, Prisma). In addition to the 
two aforementioned solutions, special attention was given to maintenance scheduling (DWC13 & DWC23, Zenon).  

3.5 Diagnosis and prognosis 

Carrying out condition monitoring is challenging but it lays down the foundation for making the decisions on what 
maintenance needs to be carried out. One of the important issues in Dynamite was how to make it easier to analyse condition 
monitoring signals and how to automate diagnosis and prognosis. The developed diagnosis and prognosis modules have been 
developed as Web Services (DWC19 & DWC20 & DWC22, Tekniker & DWC21, UHP). 

DWC19 is related to state detection. This web service receives measurements from sensors and their signal processing 
software. These measurements have to be compared to expected values, and an alert is generated in case of anomaly detection, 
due to values outside from preset limits or changes in the usual trend. 

The main function of DWC20 is to set the current health of the asset, in case of an anomaly detected by condition monitoring 
modules. It generates health records and offers faults identification, based on health history, operational status and maintenance 
tasks history. One of the existing diagnosis processes is based on previously developed systems [12] using Bayesian Networks 
to facilitate a model that can work with uncertainty and can also be adapted with feedback information. 

DWC21 takes into account the results from DWC 19 & DWC20. The primary focus of this prognostic module is to calculate 
the future health of an asset, taking into account future usage profiles. The module reports the failure health status of a 
specified time or the Remaining Useful Life (RUL). 

3.6 Economy of maintenance 

Companies are often forced to think how efficient they are. One very popular subject in discussion is then maintenance and 
how it should be organised. Unfortunately it is typical that the discussion then mainly concentrates on costs i.e. how big are the 
costs related to maintenance and how could these costs be reduced. Unfortunately it can be claimed that the further from 
maintenance organisation the discussion takes place the more it concentrates on costs and less emphasis is given to what 
maintenance provides and what is its basic purpose and benefits are. In the Dynamite project considerable effort has been 
placed on studying maintenance from a cost efficiency perspective. A set of tools/modules were developed for enabling 
economical analysis related to maintenance, as well as for assessing the influence of different types of maintenance strategies 
and investments in order to enable decision making that relies on facts [14] (DWC24, Växjö). 

3.7 Training 

Although Maintenance Engineering has been on demand for very long time, maintenance training has yet to fully exploit 
the recent wave of technological advances in information and communication technologies. Besides formal education and 
theoretical knowledge, on-the-job training and informal education are recognised to have great importance in developing 
Maintenance Engineering. Furthermore, desktop and web-based e-learning applications offer academics and industrialists new 
tools to raise maintenance-related knowledge and competence. On the other hand, maintenance services are increasingly 
equipped with innovative technological solutions in order to support technical and managerial personnel [16].  

The Dynamite Project has implemented a vertical introduction of a stream of novel technologies for Maintenance 
Operations, using wireless sensing devices, RFIDs, handheld computers and decision support tools, as well as back office 
computing infrastructure in order to streamline the maintenance engineering process and make maintenance data transparently 
available at multiple levels of operation. Usage of such technologies is likely to be unfamiliar to maintenance personnel and 
adequate training and training tools are needed to support their introduction and adoption. Steps towards this direction are 
taken by developing a training strategy supported by e-learning technologies within the context of the Dynamite Project. The 
Dynamite Training Platform (DynaTrain) is built on a popular Open Source Learning Management System platform, Moodle. 
It comprises a set of lessons with practical and hand on tutorials on how to use the Dynamite technology and tools. Lessons 
include modules for the Dynamite ‘Inventory Tracking System’, the ‘MIMOSA Translator’, a User Guide for the RFID-PDA 
subsystems, the ‘Maintenance data acquisition system’, the Prognosis Web Services and the USB Vibration sensor (Figure 5). 
Other lessons can be easily integrated into the system.  
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Figure 5. An example of DynaTrain with instructions on performing diagnosis with the USB vibration sensor. 

4 CHALLENGES AND FUTURE PROSPECTS 

E-maintenance seeks to implement ubiquitous maintenance management, wherein maintenance operations, planning and 
decisions data and tools to process and act upon them become available anytime, anywhere and to anyone authorised to access  
them at multiple levels of operation [11][12]. At the operational level, e-maintenance provides enabling technologies and tools 
to integrate functions related to monitoring component degradation status and availability state, support personnel decisions 
with diagnostics & prognostics information, as well as support the estimation of performance indicators [12]. At the tactical 
level, e-Maintenance provides enabling tools and information mediation to facilitate the implementation of the maintenance 
policy selected at the strategic level. It provides seamless interfaces with CMMS data and the central ERP system in order to 
ensure that the necessary resources, services and management means necessary to the maintenance intervention execution are 
made available. At the strategic level, e-Maintenance deals with making available the IT tools needed to support making 
decisions about the maintenance policy to be adopted, as well as with defining this policy and assigning its execution to lower 
hierarchical maintenance layers. It is at this level that interfaces with internal and external logistics are needed.  

A key to the success of current e-Maintenance solutions is the degree and efficiency of integration at all levels of operation. 
Integration refers to information integration and interoperability, services integration and interoperability, as well as physical 
communications integrations and interoperability. Information integration has been pursued by adopting interoperable XML-
based data exchange formats, operational level data exchange protocols, such as OPC, and maintenance-oriented data format 
definitions, such as MIMOSA. Services integration is most successfully implemented by web services, initially defined by the 
WSDL, UDDI and SOAP triplet, with UDDI being gradually neglected and more recently with resources-oriented or RESTful 
services, which do not even employ SOAP envelopes. Finally, networking integration has been pursued through the combined 
use of wired and wireless communications. In a similar way that different wired communication protocols have competed in 
the past for industrial communications, such as ‘bus’ protocols for industrial automation and Ethernet-based protocols for 
higher level communications, different wireless protocols are currently competing for wireless industrial networking. Wireless 
Personal area protocols, such as the 802.15.4 family of protocols, including ZigBee and Bluetooth are more applicable at the 
operational level of functions, while Ethernet-based protocols, such as the 802.11 family of protocols (WiFi) are employed at 
higher levels.  

While at all fronts significant strides have been made, there are still gaps between existing research-based solutions, taking 
advantage of current enabling technologies and every day industrial practice. Issues related to performance degradation due to 
wireless networking interference & scatter severely hampers performance in industrial installations. Services integration 
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between e-Maintenance, CMMS and ERP solutions is still not fully addressed. Furthermore, while individual software 
solutions may adopt standardised data representations, data interoperability across platforms require that all such platforms 
employ data interoperable formats. This does not currently hold for many CMMS and ERP solutions and consequently e-
Maintenance providers need to consider further steps to bridge this gap. Finally, at the operational level, smart wireless sensing 
devices employed for condition monitoring needed to be further optimised to simultaneously encapsulate in a small form factor 
more resources, in terms of CPU, memory, I/O handling and power. Power efficiency itself needs to be addressed at multiple 
levels, including hardware, networking and operating system & middleware software. At the hardware effort the design effort 
is at the same time addressing the minimisation of energy consumption, by reducing sensor board energy consumption, while 
solutions for energy autonomy, based on energy harvesting are continuously advancing. At the networking level, energy 
efficient protocols are sought, with the ZigBee protocol currently claiming to offer competitive energy efficiency. The 
employed operating system and middleware of wireless sensor networks need to be energy efficient itself, by enabling minimal 
use of CPU or RF intensive operations, without compromising application requirements. RF energy consumption savings can 
also be implemented if more advanced and smart embedded software solutions are provided, enabling wireless nodes to 
operate in a higher degree of autonomy, adequately balancing internal processing and RF transmissions [15].  

One can anticipate that foreseen costs reductions in all enabling technologies, devices and tools related to e-Maintenance, is 
likely to encourage the greater adoption of e-Maintenance concepts & technologies by modern enterprises. It is therefore 
natural to anticipate that for e-Maintenance to become everyday practice in industry, the offered solutions need not only to be 
seen as reasonably priced, offering cost-efficient investment turnover benefits, but they must be seen to integrate well with the 
current and prospective future status of industrial practice and state of the art technologies. This integration is likely to reserve 
additional challenges: in terms of technological integration, e-Maintenance solutions need to interface with legacy & other 
enterprise  systems, offering data, activities and services interoperability; in terms of ‘integration with human resources’, they 
should offer simple and easy to operate interfaces, adequately designed and customised for the different roles and profiles of 
operating personnel; and in terms of overall integration with the overall enterprise strategies, the business case must be put on 
how efficiently e-Maintenance supports the organisation objectives. To confront many of these challenges, future e-
Maintenance R&D is likely to be required to focus: on user-driven design and development issues, placing the user within the 
design ,development & testing loop; many of the often sophisticated Maintenance Management functionalities should be 
offered as black-box results to non-Maintenance personnel, abstracting the inherent complexity of condition monitoring and 
maintenance management functions from higher organisation levels; and keep monitoring and integrating technological 
advances in an efficient way, offering simple and cost-efficient Maintenance – related tools, services and results that ultimately 
facilitate maintaining sustainable business & production activities.   

5 CONCLUSION 

Satisfying industrial needs with the assistance of new technologies has been demonstrated in many of the Dynamite project 
results. Elements of asset identification, condition monitoring parameter measurement and condition assessment have been 
combined with cost benefit analysis, semantic web capabilities and wireless communications. The link between all of these 
elements was supported by on-line MIMOSA databases and mobile computing devices, namely PDAs. It was show that the 
combined technology approach was able to provide up-to-date, easy to access and comprehensive maintenance data. Timely, 
well informed and cost effective maintenance decisions may be made under such conditions. 

The project has been formulated in a modular manner, so as to offer a methodology by which technology upgrades to 
existing maintenance systems may be made. The DynaWeb concept and structure for flexible e-maintenance using the 
DYNAMITE technologies follows the OSA-CBM architecture and MIMOSA data structure. This is thought to provide great 
opportunities to extend the work in many different areas using a plug and play approach. Developments are expected in the 
fields of intelligent web services, smart mobile devices and wireless communications. 
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