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Abstract - Industrial asset lifecycle management is facing pressing 

demands to rationalize asset usage in parallel with meeting 
production, quality, safety, environment and cost-efficiency 
constraints. The introduction of enabling technologies, within an 

e-Maintenance framework is a significant contributor to this end. 
Among the key relevant technological factors are web-based 
maintenance services, wireless sensing and identification 

technologies,  data and services integration and interoperability, as 
well as mobile and contextualized computing. Within such a 
framework, a layered e-Maintenance architecture is introduced, 

leveraging upon the strengths of smart and wireless components in 
order to upgrade the maintenance-services from the low level of 
operations, to the higher levels of planning and decision making.  

 

I. INTRODUCTION 

Operations & Maintenance (O&M) activities form the 

backbone of middle of life (MOL) management of industrial 

assets. The integration of wireless and mobile technologies 

with web-based programming [1], as well as the adoption of 

unified data interoperability industry standards, such as 

MIMOSA [2], has positioned e-Maintenance [3-5] to become 

a key supporting pillar for modern industrial Maintenance and 

Asset Management practice [6]. A key contribution of e-

Maintenance is that access to maintenance information and 

services can become seamlessly available across the 

maintenance operations chain. This is a critical enabler for 

organizations in their pursuit to base their maintenance-

related decision making on the most relevant knowledge, and 

evidence. As enterprises increasingly deal with the demand to 

make more rational and energy-efficient resources usage, 

while satisfying quality and safety requirements, they are 

becoming more conscious of the benefits brought-in by the 

introduction of e-Maintenance technologies and solutions.  

 

This paper considers e-Maintenance as an enabling 

framework to support efficient Engineering Asset 

Management practice. The impact made by the introduction 

of mobile, wireless and web-based technologies is discussed. 

Furthermore, the introduction of wireless condition 

monitoring solutions is looked upon, including industrial 

wireless network solutions, smart sensor nodes and portable 

maintenance aids. A layered architecture for e-Maintenance is 

then presented, as defined by the WelCOM project (Wireless 

sensor networks for Engineering asset Life Cycle Optimal 

Management)
1
. The architecture is being validated on 

industrial piloting test cases at a lifts manufacturing industry.   

II. E-MAINTENANCE 

The management of industrial assets is benefiting from an 

increasing penetration of mobile, wireless technologies and 

web-based software services. Steady reductions in size and 

costs, coupled by extended hardware capacity, is further 

facilitating the entry of this breed of technologies in 

engineering asset management practice. Enterprises 

increasingly faced with stiff competition and demand for 

more agile, greener, safer and quality assured production, are 

pressed to constantly monitor the efficiency of their processes 

and asset utilization. This is measured by different Key 

Performance Indicators (KPIs), within the maintenance 

management framework [6]. The reliable estimation of such 

indicators and their incorporation in the enterprise decision 

making finely balances the demand to maintain asset 

operational condition with the aforementioned production 

requirements. Thus, from the field operations level all the 

way to decision making and maintenance planning, e-

Maintenance is a key enabler for the seamless integration of 

data, services and actors. This level of integration empowers 

enterprises to design, plan, execute and re-align their asset 

management activities, in the light of the most relevant and 

timely information, following the enterprise maintenance 

strategy and engaging the right actors, while supporting them 

with adequate tools at all layers of the maintenance function.  

 

A. Enabling Factors 

Web-based semantic maintenance and data interoperability. 

Web-maintenance services are changing the way 

maintenance-supporting IT tools are employed:  

 they interconnect assets, computing and other field 

devices, ensuring web-based data transfer; 

 they enable 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; 

 they enable distributed execution of maintenance 

processes at multiple and disparate locations, often right 

next to where maintenance activities take place.   

Maintenance-related data are often provided by 

heterogeneous sources and hence data integration is an issue 

of concern. The MIMOSA organization (www.mimosa.org), 

has produced a series of specifications for such data 

exchanges, under the OSA-CBM (Open Systems Architecture 

for Condition Based Maintenance) specification, developed to 

1. The financial support received through GSRT (grant 09SYN-71-856, 
project WelCOM) is gratefully acknowledged.  



 

 

support interoperability through different CBM components. 

The OSA-EAI standard (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, currently under a major upgrade, covers 

issues related to data acquisition, condition monitoring, 

diagnosis, prognosis and management of maintenance work 

orders. This can be exploited by dedicated and domain-

specific maintenance ontologies [7-8], empowering e-

Maintenance to offer maintenance services as semantic 

mediators for robust data exchange between subsystems [9].  

 

Mobile and situated computing. Data and services relevant 

to O&M can become ubiquitously available to personnel, via 

mobile and handheld devices, or remotely via the web. 

Interconnection enables seamless operation and data 

exchanges between middle and upper level software, such as 

Computerized Maintenance Management Systems (CMMS) 

or ERP, and various wireless sensing and input modules. 

Thus, mobile computing and miniaturized sensors can 

become part of a decentralized monitoring and maintenance 

management integrated environment [3]. Mobile devices can 

be employed in typical maintenance tasks, such as work order 

management, maintenance tactical planning, reporting work, 

as well as retrieving maintenance history or documentation. 

Mobile e-Maintenance enables the user to become a mobile 

actor, offering on-the-spot interfaces to data and services. 

Maintenance services can be adjusted to the specific actors’ 

role and function, but also to the specific context of the 

service request [1]. Context-aware or situated computing is 

thus perceived by users as a capacity to provide ‘intelligent 

content or services’, presented through ‘intelligent interfaces’.  

 

Wireless sensing and identification. Wireless sensor 

networks (WSN) are increasingly deployed as flexible 

alternatives to wired instrumentation systems. Initially, WSNs 

have served mainly non-manufacturing application areas. 

Applications in condition monitoring and manufacturing 

emerged following a growing maturity of WSN solutions and 

they are increasingly integrated with previous maintenance 

subsystems [10]. Typical examples are in structural health 

monitoring [11] and equipment or process monitoring [12]. 

Asset self-identification is a key enabler of context 

identification. It is supported technology, such as barcodes, 

RFID or image tags. While barcodes are static information 

carriers and image tags depend on camera image recognition 

capabilities, RFID-based identification has emerged as the 

practical way of linking physical assets with enterprise 

information systems. Increased interoperability support 

through electronic product control (EPC), is making RFID 

technology a natural link between the physical and IT worlds, 

supporting the concept of the self-serving asset [13].  

 

B. E-Maintenance Services 

Leveraging upon the aforementioned enabling factors, e-

Maintenance supports the concept of the self-aware asset 

equipped with sensing and condition monitoring capabilities. 

Thus, assets become aware of their condition and influence 

maintenance decision making and planning [14], supporting 

the delivery of e-maintenance services, which mainly include:  

 Maintenance Documentation, involving the management 

of procurement, installation and operational phase 

information and technical documents, ranging from 

technical data to operation and maintenance manuals and 

part lists, the asset register, work orders, history records, 

scheduling information, work, inspection and repair 

instructions. E-maintenance enables the ubiquitous 

availability of documentation, by providing access to 

relevant records, documents and services to staff.  

 Predictive Health Management (PHM), involving sensing, 

hardware and software components, within a system that 

delivers detection of impending faults, diagnosis and 

prognostics. According to ISO 13381-1, condition 

monitoring comprises: (a) detection of problems; (b) 

diagnosis of the faults and their causes; (c) prognosis of 

fault progression; (d) recommendation of actions; and (e) 

post-mortems. Condition monitoring benefits from the 

integration of empirical modeling with knowledge, in 

order to associate signals with machinery conditions [7].  

 Performance Assessment, involving data collection and 

estimation of KPIs, such as the Overall Equipment 

Effectiveness (OEE) [6]. Personnel can be better 

integrated in a Total Productive Maintenance strategy, 

facilitating data gathering for performance estimation. 

This in turn serves the demonstration of the financial 

justification of a PHM strategy.  

 Training staff to achieve a required level of competencies 

to perform their intended maintenance function. As 

maintenance competencies training is rarely offered by a 

single course, e-Training can become a practical 

alternative to expensive on-the-job training [15].  

 

III. WIRELESS CONDITION MONITORING 

It is widely accepted that there is a discrete lag of 

penetration of wireless technologies and applications in large 

industrial production environments compared to the home 

and office domains. However, recent findings indicate that 

the initially scarce pilot installations tend to be transformed 

into an operational mainstream process in industry. Condition 

monitoring and asset management applications were reported 

as the main drivers of adoption of industrial WSNs, scoring a 

56% increase in between Q2/2009 and Q1/2010 [16].  

 

A. Industrial Wireless Networks 

In industrial automation and control, the well known 

benefits of wireless communications are highly magnified, 

considering the significant reduction of installation costs as 

well as the capability to deploy sensors and/or actuators in 



 

 

places where cabling was either impossible or costly (e.g. 

moving machines or machine parts, clean rooms, etc). 

Nevertheless, the industrial environment poses a number of 

strict requirements on the realization of wireless 

communications and networks among devices, similar to 

those that have led to specialized wired industrial networks. 

The mostly cited among these are the real-time and reliability 

requirements, hardened by the sensitive to interferences and 

fading nature of the wireless channel, especially in harsh 

industrial environments. Although today’s industrial wireless 

communication and networking technologies address these 

constraints in a high degree, international committees and 

organizations recognize also the fact that these are not always 

of the same level for all kinds of industrial applications. Thus, 

the SP100 committee has defined 6 distinct classes of 

application usage of industrial wireless technologies, ranging 

from always safety critical (Class 0) to simple monitoring, 

logging and downloading/uploading (Class 5) [17]. 

Seamless integration, interoperability, and vendor 

independence are requirements that follow in the list. All of 

them indicate the importance and necessity of adopting 

international standards for any large scale industrial 

investment to be easily justified. The status can be 

summarized to three main standards as candidates that 

explicitly address the industrial WSN technologies, namely 

the ISA100.11a [17], the IEC62591 (WirelessHART) [18] 

and the IEC62601 (WIA-PA) [19]. The hope is that at the 

end, the NAMUR NE133 requirements for process industry 

[20] will be finally satisfied leading to a single industrial 

wireless standard. The ZigBee specification [21] is also based 

on the common denominator of all previously mentioned 

standards, the IEEE 802.15.4 PHY in the 2.4Ghz ISM band 

[22] and is adequately mature [23]. Finally, the IEEE802.11 

WLAN standards (mainly 802.11a/g/n) maintain a distinct 

role and share in industrial networking installations, with or 

without QoS related extensions (based on 802.11e), either in 

automation and control scenarios, or in typical personnel 

mobility supporting cases (PDAs, tablets, laptops etc.).  

As standards evolved and devices became more mature and 

cheaper along with the rather high class ranking – according 

to the ISA100 usage classes – of a typical not safety-critical 

monitoring application, the penetration of wireless condition 

monitoring increased. Data collection points can be easily 

added, transferred or removed, at low cost, even in areas with 

severe wiring limitations. Still, the potential is wider than 

currently exploited. The industrial wireless communication 

infrastructure can be considered as ‘up and running’, but the 

higher level intelligence applied for condition monitoring is 

still in its infancy, either in terms of distribution of its various 

processing building blocks, or in the capabilities of the 

maintenance tools running or accessed by portable devices.      

   

B. Intelligent Sensor Nodes 

The typical usage of a WSN in a condition monitoring 

application is to collect data and transfer them to a central 

computer to be processed, analyzed and stored in a database. 

This leaves unexploited the processing capabilities of the 

nodes [24]. Smart sensors refer to the presence of sensor-

embedded logic and can offer features such as data pre-

processing, anomaly detection and even fusion of a scalable 

data model. Self-calibration and network-awareness can also 

be included. Thus, WSN nodes can dynamically participate in 

self-organizing clusters and form a sensor grid, exhibiting 

distributed smart behavior. Currently, in most cases, sensor-

node software maintains a fixed connection to specific 

hardware architectures. Research efforts have focused on 

defining interfaces to standardize the layers of sensor 

embedded middleware platforms, leading to different 

programming abstractions [25], producing APIs for agile 

software engineering in sensor devices. Efforts also gradually 

progressed to provide platforms adequate to support sensor-

embedded intelligence [26]. In condition monitoring, sensor 

nodes play functional roles, supported by embedded 

middleware, including software agents that serve [24]:   

 Intelligent Network Monitoring: Self-calibration that can 

periodically probe and monitor the sensor network, in order 

to adapt its topology to new connection parameters, 

conditions and events (i.e. node failure). Self-initiated 

network diagnostics, able to record node participation and 

availability through various communication profiles.  

 Advanced Pre-Processing: Execution of signal time-series 

processing and feature extraction. Such routines filter, 

normalize, and extract sampled parameters for local or 

remote analysis, retaining a small subset of parameters, 

sufficient for consequent detection and diagnosis tasks.  

 Intelligent Sensing: Smart processing of sensor data to 

reach a first-level of decision, focused on whether the 

monitored parameters are ‘of interest’, so as to trigger 

further processing or offer low-scale diagnostics, 

associating collected and processed parameters with 

probable conditions. Sensor feedback may include alarms, 

self-triggered data transmission and reporting services.  

 

C. Portable Maintenance Tools 

Portable computing devices have served for many years the 

processes of industrial monitoring. Though initially offered as 

an integrated instrumentation solution, PDAs and Tablets 

have been programmed with a mobile capacity to analyze and 

present data, disconnected from the actual sensing 

components. Providing rich application elements, such as 

administration, presentation, and advanced data processing, 

they can address key aspects of condition monitoring: 

 Configuration and management: Configuring the sensing 

infrastructure by customizing monitoring parameters is 

usually a task for experts. Providing a PDA/Tablet interface 

(software console) for such a task, enables easier 

reprogramming and testing of new WSN configurations 

while close to the monitored equipment and in collaboration 

with machine operators and network administrators.  

 Data presentation and reporting: The rapid evolution of 

portable platforms has unlocked the potential for visualizing 

data and provenance statistics in portable devices. The same 



 

 

platforms allow the development of rich reporting forms 

with intuitive interfaces and advanced interactivity.  

 Processing and connectivity: Consumer-grade devices 

already feature dual core systems, supported by several GBs 

of high-speed memory. Developing third party software ro 

run on state-of-the-art hardware and platforms is a far better 

investment than striving to maintain an obsolete all-in-one 

platform. Recent implementation of portable industrial 

components focus on exploiting the potential of available 

hardware and software to offer superior services. Upgraded 

device connectivity (WiFi, BT, GPS) enables the provision 

of context-adaptive services to personalized interfaces.  

 

IV. WELCOM E-MAINTENANCE ARCHITECTURE 

An important aspect of the architecture definition is the 

specification level of the components that stand as immediate 

users of the industrial WSN infrastructure. The objective is to 

guarantee the decoupling of these components from particular 

lower-level communication standards, while still using other 

higher-level standards as much as possible. There are two 

distinct places that interfaces need to be open, namely (a) the 

interface of all back-end IT level components and sub-

systems that may interact with the distributed intelligence 

elements (DIE) in the periphery, and (b) the interfaces of the 

DIEs to support intra-DIE interactions. Many condition 

monitoring systems have adopted a centralized paradigm. The 

aggregation into a single system layer is a convenient solution 

in terms of implementation and deployment. However, such 

an approach lacks flexibility and offers limited support for 

advanced services. Decentralizing the system’s computation 

by layering the processing tasks can directly upgrade the 

scaling range of the platform’s components (Fig. 1).  

 

Fig. 1.  Decentralization of Maintenance Computation 

 

Machinery self-awareness: In order to build local condition 

detection and operational behavior, monitoring software 

elements along with a limited data model should populate the 

part of the architecture that is closest to the machine. WSN 

nodes can support such processing and manage a local model. 

Developing sensor-embedded interfaces allows processes, 

such as Novelty Detection, to extend their computational 

presence to the WSN layer. Based on communication 

standards and development frameworks, WelCOM elevates 

the WSN layer capacity to (i) an intelligent grid for 

distributed novelty detection (ii) a versatile point-of-access 

for detection reporting and (iii) an internal system actor for 

triggering diagnostic workflows at higher system levels. 

Portable Maintenance Actor: Industrial PDAs were usually 

equipped with thin software clients that invested more in 

remote access rather than local processing. Recent devices 

embody software and hardware features that can port 

detection and diagnostics services to local components. This 

offers unique system benefits: (a) autonomous processing for 

mobile maintenance staff, (b) selective synchronization for 

maintenance data and knowledge and (c) a portable device 

acting as a dynamic interface to portal services. 

 
Fig. 2. WelCOM System Context 

 

The architecture follows a multi-tier design pattern and is 

organized in several functional blocks. System actors are 

comprised by maintenance personnel and external systems. 

The former set is classified, according to their role in 

maintenance processes, in field personnel, managers and 

administrators. The later set is populated by systems, such as 

a CMMS or machinery components that can integrate their 

own operations with WelCOM’s components. Using the 

SysML modeling approach, the system context is described in 

Fig. 2. The central block represents the system, while the 

attached ports define the interaction points used to exchange 

information with actors. Such a port can be a virtual, a 

conceptual point or a real world object. The system interfaces 

with a CMMS to retrieve and enrich information about 

machinery history, failures and related data. Furthermore, 

sensor-monitored machinery assets provide the main and 

direct source for signal parameters, such as vibration, 

temperature and acoustic signals. WelCOM users interact 

with the system, using portal interfaces or external systems, 

such as portable devices. Fig. 2 shows the basic information 

flow from and to the system actors. The WelCOM system is 

composed of five (5) subsystems (blocks) as shown in Fig. 3.  



 

 

 
Fig. 3.  WelCOM Subsystems and interfaces 

 

The WCDB subsystem represents the overall system's data 

model. This unified model is served by dedicated components 

(physical database) appropriately scaled to support each 

layer/subsystem of the platform's architecture (backend 

services repository, sensor embedded parameter history, 

portable device cached streams). Its design principles and 

semantics are described in a maintenance-oriented (MIMOSA 

compliant) and application-focused (KLEEMAN Lifts 

piloting requirements) schema. Furthermore, the WCDB 

subsystem includes proper integration mechanisms and 

interfaces capable of filtering and managing the system’s 

internal and external data flows. The SENSE-MI subsystem 

consists of all WSN processing, access and administration 

components, including the SENSE-NODES embedded logic 

(novelty detection) and the interfaces/drivers to a prototype 

optical sensor (WOS - Wireless Optical Sensor).  

The WCKM block stands for a scalable Knowledge 

Management system. Its role is to drive the semantic 

enrichment of maintenance data in order to model the 

knowledge of condition states and then engage in reasoning 

for (i) fault diagnostics, (ii) prognosis and (iii) maintenance 

support. WCIMA is the block responsible for supporting the 

user’s access over all the platforms functionality. As an 

Intelligent Maintenance Advisor, it incorporates a set of smart 

interfaces to effectively assist any on-the-spot system action 

or workflow. Finally, the WCTP subsystem aims to bring an 

e-training environment that aids the personnel’s fast system 

familiarization. WCTP also incorporates an e-Support tool 

capable of backing maintenance staff with technical 

documentation and content, on-spot through portable devices. 

Additionally Fig. 3 presents the interfaces and the data 

links that facilitate WelCOM’s internal interaction of 

components. The WCDB subsystem requires and provides a 

two-way data exchange channel with external CMMS and 

also provides to all other subsystems the WCDBServ 

interface for repository access. The SENSE-MI block offers 

the WSNServ interface for the communication with WCIMA 

and a wireless network service (WSNet) for connection with 

the peripheral wireless intelligent nodes. The WCKM block 

interfaces to the database and the WCIMA block. The block 

collects all the information related to Fault Trees (FT) and 

Fault Modes, Effects and Criticality Analysis (FMECA) for 

the WelCOM set of use cases. WCIMA provides interfaces to 

all other subsystems and implements the administrative 

environment. It is also responsible for visualizing knowledge 

objects and semantically enriched data in flexible views for 

portable devices. This pool of information is the result of a 

selection process conducted by WCKM, on-demand to aid 

specific maintenance tasks. The WCTP block shares an 

interface with the WelCOM database for accessing data 

related to e-support services. Through a second interface 

(KMServ) WCTP employs WCKM’s data analytic services to 

provide a user-adaptive training environment and context-

based material for e-support. The e-training system offers 

educational material for WelCOM-specific and Condition 

Monitoring training. 

V. PILOTING 

The WelCOM’s correspondence to the system’s 

requirements is to be validated on carefully devised piloting 

scenarios. A set of test cases have been defined in detail to 

drive the evaluation process of the system’s ability to deliver 

valid results and reliable functionality. The WelCOM testbed 

is comprised by machinery units situated at KLEEMANN 

Lifts production facilities (www.kleemann.gr).  

 

 

 
Fig. 4.  Testbed placement plan 

 

The industrial unit that holds key production and business 

value is the company’s latest Electric Elevator currently 

occupying one of the four (4) testing shafts at KLEEMANN’s 

Research Tower. The test case has been studied and a sensors 

placement plan has been composed according to monitoring 

specifications defined by field expertise (Fig. 4). Several 

components are identified for vibration monitoring. These 

include an accelerometer on point A for monitoring vibration 

of motor bearings. The lift’s pulley is also selected for 



 

 

tracking vibration on points B and C. Two more points are D 

and E for wheels and axles monitoring related to the cabin. 

The validation scenario includes wireless nodes capturing 

sensor measurements; performing preprocessing and novelty 

detection, issuing alarms dependent on criticality. The data is 

transmitted to the SENSE-MI, stored to the database and, in 

case of a failure or anomaly detection, the WCIMA, linked 

with the WCKM, performs diagnostics and prognostics and 

issues maintenance-supporting advice. Furthermore, the 

WelCOM Wireless Optical Sensor (WOS) node, co-

developed by the project partners National Research 

Foundation and Prisma Electronics, is assigned to the task of 

capturing rope tension (Point F). Lifts regular servicing and 

certification is mandatory and thus the opportunity offered by 

a simple and low-cost e-Maintenance solution, can be 

financially justified.  

VI. CONCLUSION 

This paper presented the underlying need, requirements and 

specification for an e-Maintenance architecture, as part of the 

WelCOM R&D project. The key e-Maintenance enablers 

were discussed, namely web-based and semantic 

maintenance, wireless sensing & identification, as well as 

mobile and situated computing. Wireless condition 

monitoring standards and practice were discussed, 

highlighting the existing potential for further development in 

this application field. The functional requirements and 

specification for the WelCOM e-Maintenance architecture 

were then introduced, followed by a high-level description of 

the introduced architecture and corresponding piloting cases. 

The project is in the development phase for various functional 

components, including sensor-embedded logic and smart 

maintenance advisor components.    
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