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Abstract. To stay competitive in the future, industrialists must be prepared to 

adopt the imminent changes and new technologies associated with Industrie 4.0. 

These changes apply equally to the field of maintenance, which is also develop-

ing quickly. Sensors, along with analyses and competence, are one of the most 

critical factors for Industrie 4.0 as they are the connectors between the digital and 

physical world. Utilization of these sensors within maintenance is a relatively 

unexplored field. Thus, the aim of this paper is to present a novel concept for 

ways sensor management can be linked to maintenance and thereby improve op-

erational availability. The paper also presents an overview of sensor management 

and trends within maintenance.        

Keywords: Sensor management, predictive maintenance, Industrie 4.0 

1 Introduction 

Sensors are the connecting elements between the digital and the physical world. 

Thus, sensor are one of the most critical factors for succeeding with Industrie 4.0, the 

Fourth Industrial Revolution [1]. The first Industrial Revolution started with the inven-

tion of Spinning Jenny in 1764, a multi-spindle spinning frame who was a game 

changer for the textile industry in England. Following, the world industry has gone 

through two other industrial revolutions, both of them causing a “make or break” situ-

ation for industrialists [13]. Implementing electricity into production processes and pro-

ducing in high volumes were areas of focus in the early 20th century, and are the main 

characteristics of the second Industrial Revolution. Next, the introduction of electronics 
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and computer technology for process automation and manufacturing significantly in-

creased the level of performance for industrialists. This epoch is known as the third 

Industrial Revolution. Currently, humankind is on the threshold of the fourth Industrial 

Revolution, or “Industrie 4.0.” [20]. Fig. 1 gives an overview of the industrial revolu-

tions. 

 

Fig. 1. The four stages of the Industrial Revolution [6]. 

Along with the imminent changes Industrie 4.0 and new technology is expected to 

cause for industrialists, an excellent opportunity rises for improving a company’s per-

formance of maintenance. Throughout the years, the role of maintenance has evolved 

from the perception of being a hindrance for throughput and scheduling, to an oppor-

tunity for gaining a competitive edge by predicting and being one-step ahead of failures. 

Savings can be tremendous, as maintenance costs are one of the biggest contributors to 

the total operating costs for all manufacturing and production plants. In some industries, 

the maintenance cost can represent 15% to 40% of the costs of goods produced. For the 

years to come, and as a result of more automation and new technologies, maintenance 

will increasingly be more important for improving availability, product quality, fulfill-

ment of safety requirements, and plant cost-effectiveness [3]. This development of 

maintenance is illustrated in Fig. 2, where four “maintenance revolutions” (the latest 

trend being predictive maintenance 4.0) shows the increased level of reliability, and 

need for data and statistics, as originally presented by PwC and Mainnovation [15]. 

 

Fig. 2. Levels of maturity within predictive maintenance [15]. 



Within the field of maintenance, all superordinate maintenance systems for data in-

terpretation, such as e-maintenance and computerized maintenance management sys-

tem (CMMS), will be blind without the right sensors collecting data [1,12]. In years to 

come, data interpretation will be an essential enabler to follow the development of 

maintenance technologies, which underpins the need for sensor management [16]. Fig. 

3 illustrates the progression of development within maintenance technologies. 

  

 

Fig. 3. Development of maintenance technologies [16].    

A body of research is available on sensor management [4,7,14,17], but the research 

is aimed primarily at applications within military systems (tracking), robots, and radars. 

In [14] they also present that researchers and engineers have felt the need for conducting 

more work on sensor management, and [21] supports the unrealized potential for sen-

sors as a maintenance-tool. This is also supported by [17], where it is claimed that the 

field of wireless sensor networks has matured, but the focus has been on environment 

monitoring, military and homeland security applications. Thus, the ways that sensor 

management can be connected to maintenance is a relatively unexplored field.  

With this in mind, the aim of this paper is to present a novel concept for how sensor 

management can be linked to maintenance to improve operational availability; where 

operational availability is defined as: “the probability that an item will be in an opera-

ble and committable state at the start of a mission when the mission is called for at any 

random point in time” [5]. 

The structure of this article is as follows: Section 2 presents the state of the art within 

maintenance management and sensor management, followed by a proposal in Section 

3 for a concept for a maintenance centered approach for sensor management. Section 4 

provides a discussion, and lastly, Section 5 gives concluding remarks. 



2 Maintenance Management and Sensor Management 

2.1 Maintenance management and e-maintenance 

To aid the maintenance management with the increased level of information and to 

have it available in real-time, and as support for decision-making, a computerized 

maintenance management system (CMMS) is required [18]. In addition to developing 

preventive maintenance schedules based on maintenance history, CMMS can also sup-

port condition-based maintenance (CBM). In CMMS, a CBM strategy will trigger a 

task when target values have been exceeded or not reached, such as on-line temperature 

measurements [10]. The triggering of the tasks can be based on more sophisticated de-

cision criteria when implementing e-maintenance in the company strategy. In addition 

to monitoring the state of a system, it will be possible to apply predictive maintenance 

with failure prognostics built on specific degradation assessment algorithms and prog-

nostics algorithms [12,19]. In more detail, e-maintenance, along with expert systems, 

offer maintenance support and tools such as intelligent actuation and measurement 

(IAM) [19], as well as failure analyses and maintenance documentation [12]. E-mainte-

nance has also been addressed to be essential for prognostics and health management 

(PHM) [2], and implementing platforms based on a value-driven approach [11]. In par-

ticular, the notion smart sensor support several capabilities in e-maintenance: 

 real-time data acquisition from the physical asset; 

 data processing based on predefined algorithms; 

 data transferring, and 

 connection to networked environment  

Although considered as a technological component in e-maintenance, application of 

sensors should also be included for management activities where e.g. strategy for con-

necting sensors to the physical asset is evaluated. Thus, there is a need for expanding 

smart sensors into sensor management. 

2.2 Sensor Management – an overview 

The term sensor management was first used in the context of automatic control of 

sensor systems in military aircrafts, where the goal was to control sensor resources to 

provide and present the most essential information (e.g., most critical threats/alerts) for 

the pilot. Later, sensor management was actively used within “active vision” for appli-

cations in robotics, in order to improve robotic vision systems. In recent years, the de-

velopment of sensor and communications technologies has led to a rapid growth of 

interest within the field of sensor management, and different applications in other areas 

are continually being developed [4]. In [14] they claim the need for sensor management, 

and report the application of sensor management in several domains, and suggest that 

more research should be performed in the field. A recent literature review indicates that 

sensor management within the field of maintenance is a rather untouched area. 

Sensor management is described in several ways in the literature. A more generic 

statement of sensor management is presented in [14], and goes as follows: “to manage, 



co-ordinate and integrate the sensor usage to accomplish specific and often dynamic 

mission objectives.” In [7] they claim that sensor management can be treated as a: “gen-

eral strategy that controls sensing actions, including generating, prioritizing, and 

scheduling sensor selections and actions.” Additionally, another description of the 

term sensor management is given by [4]: “control of the degrees of freedom in an agile 

sensor system to satisfy operational constraints and achieve operational objectives.” 

Based on the previous descriptions, the authors propose the following definition of sen-

sor management within maintenance:  

 

 

 

Lastly, regarding sensor control, the following sensor management guidelines are im-

portant to take into consideration [1]: 

1. What benefit shall the sensor application generate? 

2. Are the measurements already known? Which ones shall be captured? 

3. How much installation space and which interfaces are available for the sensor sys-

tem? 

4. To which ambient conditions is the sensor system exposed? 

5. Which characteristics shall the measuring signal have for the planned data interpre-

tation? 

6. What is the consequence of a sensor system failure/malfunction? 

7. What is the target quantity for implementing the sensor system? 

These questions establish a baseline of parameters that define the data collection 

required for sensor management. 

3 A maintenance centered approach for Sensor Management 

In [18] they claim that utilizing data gathered to provide information and insight to 

maintenance engineers and managers to make optimal maintenance decisions has al-

ways been a challenging task. However, a company in the process industry has discov-

ered a way to take advantage of the latest in sensor technology, namely wireless sensors 

for monitoring of equipment, where two major advantages is experienced. First, the 

sensors have a battery lifetime up to 15 years, with measurements taken every two sec-

onds and transferred every two minutes (cloud or local storage). Second, they can meas-

ure parameters such as temperature (surface, air, liquid), humidity, light, open/closed 

function, signal transmitter (analog to digital), and pressure (vibration and laser dis-

tance are upcoming). Until now, experience shows several maintenance quick-wins by 

implementing these types of sensors, e.g.: 

 Continuous measurement of equipment, which previously has been difficult/ex-

pensive to measure 

 Easy access to data on smartphone/tablet/web-app 

 Fast setup and an appealing user interface 

«Sensor management aims to optimize a configuration of sensors, with 

the goal of improving operational availability for a given system» 



 Adjustable control limits and alarm function ensure quick action when deviations 

occur, as notifications are directly sent to the maintenance personnel responsible 

for the given equipment 

 Reduced time spent on preventive maintenance rounds 

 Maintenance personnel take ownership of the sensors, and data, finding new areas 

for application, measurement points, and uses for troubleshooting 

Sensor technology is continuously improving and becoming more available in terms 

of both cost and connectivity, and accessibility to data is seen as a foundation for Cyber-

Physical Systems and Industrie 4.0 [8,9]. Thus, it is important to prepare organizations 

on how sensor systems can be implemented effectively to utilize their full potential in 

terms of maintenance. Fig. 4 presents a novel concept for sensor management applied 

to the maintenance function. 

 

 

Fig. 4. Novel concept for sensor management within maintenance. 

The proposed concept focuses on improving operational availability, where technical 

condition for a given equipment/system is evaluated based on data collected by 

mounted wireless sensors. By using cloud storage, technical condition, historical data 

and trends (along with notifications) are directly available on smartphones/tablets/web-

apps. Adjustable control limits with an alarm function, which notifies maintenance per-

sonnel immediately when deviations occur, result in reduced time for initiating mainte-

nance execution. The effect of the performed action can then directly be evaluated, by 

comparing historical data with the continuous stream of new measurements from the 

sensors. Summarized, the initial concept focuses on simplicity, and does not include 

advanced prediction analytics or decision support at this stage, but instead strives to 

maximize the value of the maintenance personnel’s experience and knowledge.   



4 Conclusion 

This article has proposed a novel concept for how sensor management can be linked 

to maintenance to improve operational availability. The concept presents the flow be-

tween technical condition, reporting, maintenance personnel, maintenance execution, 

supported by data from sensors and the benefits of cloud storage alongside web-app for 

smartphones/tablets. The simplicity in this initial stage of the concept is expected to 

result in ease of implementation, and utilize maintenance personnel’s experience and 

knowledge. 

The importance of sensor management within maintenance is also discussed, as sen-

sors are the connecting element between the digital and the physical world. The current 

advancements suggest that sensors and data will be essential to follow the latest trends 

in maintenance technologies, along with predictive maintenance, CMMS and e-mainte-

nance.  

In summary, additional research is needed to further develop the concept proposed 

in this paper, and discover ways this concept can adopt other technologies, such as 

condition assessment and diagnostics/prognostics. Case studies based on the concept 

and research in these areas are suggested for further work. 

References 

1. Fleischer J, Klee B, Spohrer A, Merz S (2018) Guideline Sensors for Industrie 4.0. 

Options for cost-efficient sensor systems. VDMA Forum Industrie 4.0 

2. Guillén AJ, Crespo A, Macchi M, Gómez J (2016) On the role of Prognostics and 

Health Management in advanced maintenance systems. Production Planning & Control 

27 (12):991-1004. doi:10.1080/09537287.2016.1171920 

3. Han T, Yang B-S (2006) Development of an e-maintenance system integrating 

advanced techniques. Computers in Industry 57 (6):569-580. 

doi:https://doi.org/10.1016/j.compind.2006.02.009 

4. Hero AO, Cochran D (2011) Sensor Management: Past, Present, and Future. IEEE 

Sensors Journal 11 (12):3064-3075. doi:10.1109/JSEN.2011.2167964 

5. Jin T, Xiang Y, Cassady R Understanding operational availability in performance-

based logistics and maintenance services. In: 2013 Proceedings Annual Reliability and 

Maintainability Symposium (RAMS), 28-31 Jan. 2013 2013. pp 1-6. 

doi:10.1109/RAMS.2013.6517654 

6. Kagermann H, Helbig J, Hellinger A, Wahlster W (2013) Recommendations for 

Implementing the Strategic Initiative INDUSTRIE 4.0: Securing the Future of German 

Manufacturing Industry ; Final Report of the Industrie 4.0 Working Group. 

Forschungsunion, Acatech 

7. Kahler B, Blasch E Sensor Management Fusion Using Operating Conditions. In: 

2008 IEEE National Aerospace and Electronics Conference, 16-18 July 2008 2008. pp 

281-288. doi:10.1109/NAECON.2008.4806559 

https://doi.org/10.1016/j.compind.2006.02.009


8. Lee J, Bagheri B, Kao H-A (2015) A Cyber-Physical Systems architecture for 

Industry 4.0-based manufacturing systems. Manufacturing Letters 3:18-23. 

doi:https://doi.org/10.1016/j.mfglet.2014.12.001 

9. Lee J, Jin C, Bagheri B (2017) Cyber physical systems for predictive production 

systems. Production Engineering 11 (2):155-165. doi:10.1007/s11740-017-0729-4 

10. Liebstückel K (2014) Plant Maintenance with SAP - Practical Guide. SAP Press, 

Bonn & Boston 

11. Macchi M, Crespo Márquez A, Holgado M, Fumagalli L, Barberá Martínez L 

(2014) Value-driven engineering of E-maintenance platforms. Journal of 

Manufacturing Technology Management 25 (4):568-598. doi:10.1108/JMTM-04-

2013-0039 

12. Muller A, Crespo Marquez A, Iung B (2008) On the concept of e-maintenance: 

Review and current research. Reliability Engineering and System Safety 93 (8):1165-

1187. doi:10.1016/j.ress.2007.08.006 

13. Mæhlum L (2018) Spinning Jenny. Store Norske Leksikon 

14. Ng GW, Ng KH (2000) Sensor management – what, why and how. Information 

Fusion 1 (2):67-75. doi:https://doi.org/10.1016/S1566-2535(00)00009-9 

15. PwC/Mainnovation (2017) Predictive Maintenance 4.0 - Predict the unpredictable.  

16. Qiu H, Lee J Near-zero downtime: Overview and trends. Noria. 

https://www.reliableplant.com/Read/6971/downtime-trends. Accessed 16 august 2018 

17. Ramamurthy H, Prabhu BS, Gadh R, Madni AM (2007) Wireless Industrial 

Monitoring and Control Using a Smart Sensor Platform. IEEE Sensors Journal 7 

(5):611-618. doi:10.1109/JSEN.2007.894135 

18. Rastegari A, Mobin M Maintenance decision making, supported by computerized 

maintenance management system. In: 2016 Annual Reliability and Maintainability 

Symposium (RAMS), 25-28 Jan. 2016 2016. pp 1-8. 

doi:10.1109/RAMS.2016.7448086 

19. Ucar M, Qiu RG (2005) E-maintenance in support of E-automated manufacturing 

systems. Journal of the Chinese Institute of Industrial Engineers 22 (1):1-10. 

doi:10.1080/10170660509509271 

20. Webel S (2016) “Industrie 4.0”: Seven Facts to Know about the Future of 

Manufacturing. Siemens. https://www.siemens.com/innovation/en/home/pictures-of-

the-future/industry-and-automation/digtial-factory-trends-industrie-4-0.html. 

Accessed 14 august 2018 

21. Yong Z, Yikang G, Vlatkovic V, Xiaojuan W Progress of smart sensor and smart 

sensor networks. In: Fifth World Congress on Intelligent Control and Automation 

(IEEE Cat. No.04EX788), 15-19 June 2004 2004. pp 3600-3606 Vol.3604. 

doi:10.1109/WCICA.2004.1343265 

 

https://doi.org/10.1016/j.mfglet.2014.12.001
https://doi.org/10.1016/S1566-2535(00)00009-9
https://www.reliableplant.com/Read/6971/downtime-trends
https://www.siemens.com/innovation/en/home/pictures-of-the-future/industry-and-automation/digtial-factory-trends-industrie-4-0.html
https://www.siemens.com/innovation/en/home/pictures-of-the-future/industry-and-automation/digtial-factory-trends-industrie-4-0.html

