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Abstract 

This thesis presents a framework to initialize a development and implementation of Smart Wireless 

Mesh Networks in industrial environments, in particular in Airbus manufacturing sites. First, the 

concept of Wireless Sensor Networks is explained and extended to apply not only sensor 

applications. In addition a distinction to RFID, Bluetooth and Wi-Fi systems is drawn. Important 

network standards with their functionalities, applications and underlying layer model are presented 

and main issues like network topologies, routing, time synchronization and localization of nodes are 

discussed. The hardware components of typical motes are explained and existing components 

presented. A special focus is set on the energy supply and in particular energy harvesting, as it is 

identified as a high potential development field. The existing approaches and technologies are 

transferred to the Airbus specifications, explaining how the Airbus realization is intended to be 

designed. Upon this, the intention of Airbus is to define an own standard of wireless process data 

transfer, to which vendors shall adapt their systems to simplify integration and dissolve current 

monopoly situations on shop floors. Finally, the use cases explain application scenarios for the 

presented technology and indicate the utilization range to gather further use cases. The intention is 

to realize an Airbus wide installation of network infrastructures in each plant, enabling to add specific 

applications as desired, without high implementation effort each time.  
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1. Introduction 

1.1. Airbus, an EADS company1 
Airbus is a leading aircraft manufacturing company and next to Eurocopter, Astrium, EADS CASA, and 

Defence and Security and a subsidiary of the European Defence and Space Agency, EADS. It was 

established in 1970 as a European consortium, combining several German, French, and later UK and 

Spanish aviation companies, as it became clear that a co-operation is required for European aircraft 

manufacturers in order to compete against the US competitors.  

The company, led by CEO Thomas Enders, employs over 52.000 people and manufactures all over 

Europe, with headquarters in Blagnac, Toulouse, France. It is incorporated under French law as a 

simplified joint stock company or "S.A.S." (Société par Actions Simplifiée) and further divided into the 

main subsidiaries Airbus France, Airbus Deutschland, Airbus UK and Airbus España.  

In 2008, the company’s turnover was 27 billion Euros and net income 1,597 billion Euros. Over 5000 

aircrafts are currently in operation by over 300 operators and the yearly orders for over-100-seats 

aircrafts make up around 50 percent of the global market and let Airbus be one of the two global 

market leaders, next to Boeing. 

The product family ranges from the short distance, single Aisle A320 family, over the mid to long 

range A330 / A340 to the prestigious long range double deck A380. The original Airbus aircraft, A300, 

introduced in 1970 is out of production since 2002. The A300-600ST, so called Beluga, is a special 

freighter design operated just by Airbus to transport the various assembly sections between the 

manufacturing sites in Europe. A new A350 XWB aircraft will be introduced in 2012. In addition, the 

division Airbus Military is in charge of the transporter A400M and the tanker series MRTT, based on 

the A330. 

Airbus Operations is the backbone of all technical and industrial activities. It is divided into three 

main areas. Manufacturing is in charge of the aircraft production, located all over Europe with the 

Final Assembly Lines in Toulouse and Hamburg. Engineering is responsible of the design of the 

aircrafts and its components and Procurement manages the supply chains.  

Several manufacturing sites are located in Toulouse, among those is St. Eloi, which produces Pylons 

and Nacelles. Next to the complete sub-assembly and final assembly the pylons for all Airbus aircraft 

families, the site is also responsible for machining of hard metal parts and forming of metal sheets. 

The site employs currently about 1000 people.   

The department “Research and Technology” in St Eloi is responsible of introducing new processes 

and machines as well as support the actual manufacturing activities. The division “Generic 

Technologies” on the contrary supervises and coordinates research activities all over the various 

Airbus sites. As a project based organizational unit, “Generic Technologies” takes resources from 

different line units to accomplish research and development projects. 

                                                             
1 Compare www.airbus.com 
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1.2. Problem Statement 
The development of Wireless Sensor Networks (WSN) in recent years opened new perspectives on 

capturing data from everywhere and let everything communicate with each other.2  The idea is to 

implement a wireless communication infrastructure with low complexity in installing, administration, 

and management, as well as interconnectivity to all kinds of devices or systems. Thereby the 

communication content covers process data like measurements, process result messages, program 

initializations or updates of small software applications. Data exchange for video-streams or large file 

transmissions is not intended.  The core hardware element is a small node, equipped with a micro-

controller, a network module and some connectors, to be attached to any application device.  

Various standards and technologies have evoked and the development is more and more emerging.3 

Higher reliability and very low cost of equipment as well as installation and operation are the key 

factors to start considering implementing WSN also to places where data collecting has been rejected 

before, due to a too high effort. In addition, data collection that has not been considered before at 

all might be possible and thus the technology opens new fields of development and process control. 

The frame of industrial environments implies higher demands on reliability, robustness and security. 

WSN systems that were originated for home application struggle with industrial deployment, leading 

to more specialized network developments.   

A special issue for Airbus is the overall interconnectivity of vendor systems with the aim of providing 

a wireless process-data-network infrastructure with defined interfaces, to which all vendors can 

adjust and connect. The integration effort is then shifted from Airbus or its system implementer back 

to the vendor.  

The thesis presents an introductive development guideline, with a survey on actual technologies and 

hardware components existing, a discussion on issues to concern and solve as well as a description of 

application scenarios. The application scenarios cover different demands that occur throughout 

various Airbus facilities which are solved by implementing a wireless communication network 

through dedicated nodes. It shows the principle range of application possibilities of the network 

implementation, as suggested throughout this thesis as well as intended for a large Airbus 

development in 2011 and 2012. 

1.3. Method 
The final solution is not intended to be an entirely new development from Airbus, but a utilization, 

combination and customization of existing technologies. Therefore a large part of the findings 

presented here is based on literature and internet studies. The technologies are young and still 

emerging, some approaches are in the discussion phase or technologies exist only in pre-market 

versions. On the one hand many findings lack verifications, especially through practical deployment, 

on the other hand many concepts and approaches presented here are on-the-edge technology, 

implying the opportunity of forming and influencing as well as observing continuous changes and 

discovering new things all the time. 

                                                             
2 Wilson J.S. (2004) 
3 See chapter 3 on technology standards 
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The findings are transferred to the Airbus demands and issues discussed that require special 

attention, probably dedicated developments. Finally, the use of the technology is discussed with 

application scenarios, presenting the possibilities by analyzing the connecting systems and defining 

required interfaces. This is based on insights gathered through many discussions and meetings with 

Airbus engineers from various sites, namely St Martin and St Eloi in Toulouse, FAL in Hamburg, St 

Nazaire and Filton, UK. The specifications from connecting systems are gathered from manuals and 

product documents. 

1.4. Scientific Contribution 
In this thesis all currently existing technologies that are claimed to be applied for Wireless Sensor 

Networks, or Mobile Ad-Hoc Networks are presented and discussed, as far as discussed in 

publications. Problems and possibilities as well as further research requirements and ongoing 

developments are presented. It presents a broad survey of approaches and technologies around the 

topic.  

A second part presents the implementation way into Airbus as a basis for an own Airbus Standard. 

Finally the use cases show application possibilities of these technologies in Aircraft manufacturing. It 

presents a broad range of applications, that exceed far beyond the original term of Wireless Sensor 

Networks, as sensors are just one kind of application. Therefore the technology in this frame is called 

Smart Wireless Mesh Networks, to maintain the general application intention and underline some 

characteristics that are explained throughout the following chapters. 

1.5. Thesis Structure 
The thesis is structured as following. In chapter 2 the exact development goals for the 

implementation of a wireless process data network are defined. Chapter 3 presents theory on 

networking, required to understand the functionality of the intended technology solutions, as well as 

the four identified standards which are considered as candidates for the Airbus development. Those 

are discussed and related to other technologies. The chapter closes with a discussion and proposal of 

implementing the existing standards into an Airbus solution. Chapter 4 focuses on the hardware 

components realizing the network and the modular design concept intended for Airbus in order to 

adapt the solution to various scenarios. Chapter 5 is about the energy supply of network nodes, 

which is identified as a crucial issue, especially concerning a real wireless operation that does not 

only address the communication connections. In chapter 6 the Airbus specifications for the final 

solution are defined. It covers key-user level, and message design as a requirement for the overall 

Airbus implementation and data-base integration. Chapter 7 covers use case scenarios as application 

examples, indicating the technology utilization. The development plan is presented in chapter 8 and 

the thesis ends with a conclusion in chapter 9.  
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2. Development goals and research 
drivers for implementing a Smart 
Wireless Mesh Network in Airbus 
Manufacturing Sites  

2.1. Introduction 
The first step of any product and process development is an exact identification of the need to be 

met. In terms of the development of a Smart Wireless Mesh Network, the need analysis is a two step 

approach. First, very general needs are identified, that express some general problems observed on 

the shop-floor. The initial idea is that everywhere on the shop-floor occur data that might be worth 

to capture and evaluate, but are not recorded either due to technical limitations of sensors and 

communication networks, or because it is simply not considered yet. It concerns all kinds of data, 

from machine or controller output, observation notations from operators, or simple embedded 

sensors. Once the data recording is considered, the vice versa can be implemented as well, thus data 

providing for machine input, operator guidance and actuator signals.  

The development of Wireless Sensor Networks (WSN) in recent years opened new perspectives on 

capturing data from everywhere and let everything communicate with each other.4 Various 

standards and technologies have evoked and the development is more and more emerging.5 Higher 

reliability and very low cost of equipment as well as installation and operation are the key factors to 

start considering implementing WSN also to places where data collecting have been rejected before 

due to a too high effort. In addition, data collection that has not been considered before at all might 

be possible and thus the technology opens new fields of development and process control. 

After a general scope development, showing the theoretic range of capability, the second step is to 

apply the technology to various use cases. The development of specific use case scenarios leads first 

to problem solutions in particular and second uncover more needs, which then can be abstracted 

and transferred to the general technology capabilities.  

The first phase of scope definition revealed the following main developing goals: Hand-free data 

logging, interconnectivity of vendor systems, implementation of a process data wireless 

communication system and finally introduction of an own Airbus standard. 

2.2. Hand-free data logging  
The first goal is to unburden operators from recurring work interruptions through manual data 

recording. At many workstations, data are recorded manually, mostly on paper-documents that are 

later transferred to computer data-bases. For these recordings, the actual task needs to be 

interrupted, most likely plenty of times which disturbs the main operation task of assembling. In the 

                                                             
4 Wilson J.S. (2004) 
5 See chapter 3 on technology standards 
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end, additional time is used to transfer the data into a computer system. Furthermore, mistakes can 

occur by capturing information as well as recording and transferring information, as it is in the nature 

of human.6   

Two steps of improvement are considered. First, the recording does not happen on paper sheets but 

on a handhelds like a small PDA or mobile table PC. The data is still recorded manually by the 

operator, but the transfer process in the end is avoided, which saves time and avoids the risk of 

failure in this step. Furthermore, software based data-logging can already guide the operator through 

the logging process to make the task more clearly and to minimize failure risk again.7  

A second step is a complete automatic data-logging through sensors that directly capture the data 

and transfer them to the central data-base. This case excludes the human factor completely from the 

data-logging process and thus avoids mistakes and disburdens the operator from interruption of his 

real task. However, any automatic data-logging requires a high level of standardization and definition 

of the data that needs to be captured8 and furthermore sufficient sensors are required.9 Although 

the sensor technology is more and more advanced, the implementation can be expensive and 

complex. A Vision system for example manages multiple identification tasks of complex structures, 

but it is also very expensive and requires high installation and programming effort.10 

An efficient solution for data capturing, based on new systems and principles, may not only lead to 

the replacement of existing processes and applications, but furthermore allows to capture new data 

that either were not possible to measure before, or just not considered to measure. As an example, 

the Vision System can be stated again, as it offers complete new measurement possibilities.11       

2.3. Automatic Data Providing 
In addition to data logging, providing of the right data at the right time, at the right place is crucial for 

efficiency in production, in particular in assembly. The problem in aircraft assembly is the continuous 

change of specifications in combination with the complexity of the product structure. The 

standardization of product specification of structural element mounting is not that strictly assigned 

from the beginning than in other industries. This is first due to the large and complex product 

structure as well as to customer specifications that can differ tremendously. The standardization 

process is developing but still far away from reaching all product details. The actual 31 A380 in 

operation are all unique and even the A320, established in 1987 are still under continuous change.12 

This implies that the data providing does not only contain transferring, but also assuring the 

consideration of specification changes. Actually, operators receive data and instruction paper 

documents and the equipment is adjusted manually. This process shall be optimized and automated 

to broad extend. The operator instructions and all required information shall be transferred directly 

in digital form to ensure the right information is used and equipment shall be adjusted automatically 

                                                             
6 Rogoff B. (2003) 
7 Compare the explanations of  Newton L., Rogers, L. (2002) 
8 Groover M. (2007) 
9 Soloman S. (1998) 
10 Demant C., Streicher-Abel B. and Waszkewitz P. (1999). 
11 Batchelor B.G. and Whelan P.F. (1997) 
12 S. Boria 
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as well. Like in the case of hand-free data logging, the operator might be equipped with small 

handheld PCs to be guided through operation. Tools and machines are equipped with wireless 

network nodes to receive data and be adjusted automatically. 

A radical approach of presenting digital information to the operators is introducing augmented 

reality solutions on the shop-floor. The operation steps are shown in simulations implemented in 

real-time video streams, shown on tablet PCs or even glasses with included transparent screens. The 

development of these applications is not in the scope of this work, as the focus is on process data. 

Nevertheless, where such solutions appear and pure process data is exchanged, interfaces of both 

systems are deployed.   

2.4. Connecting directly to vendor systems and manage data 

centrally 
A more specific problem is the interaction of different vendor systems. While the previous discussed 

applications can directly be developed for integration into existing environments, dedicated 

manufacturing and assembly systems from vendors are often designed for the production task in first 

place and neglect the data management in terms of system interaction. Vendors mostly provide their 

own software solution for system control and data evaluation.13 This policy is comprehensible in 

order to deliver a complete solution and also to guarantee stable operation between hard- and 

software. In a broader scope of complete assembly and manufacturing lines, consisting of various 

cells and vendors, the closed systems of single vendors are difficult to align and the management of 

data flows with a centralized system is complex to establish. 

This is mostly due to different communication protocols used, in order to control devices and 

retrieve process result data.14 Vendor software applications are able to compute these data, and 

probably also to deliver result documents in some formats, but there is always a complex interface 

required to transfer these data into the host system. Nowadays, assembly lines are usually designed 

and installed by sub-contractors, which also solve the data management issue.15 For the end-user, 

thus the shop-floor user, the only interface left to define is the integration of the overall shop-floor 

data in- and out-put to the central data-base, which is nowadays in most industry companies an 

Oracle or SAP system.16                 

Although the main objective of each shop-floor-user is to manufacture the product due to its market, 

and not to produce the production facilities themselves, a high control and influence level on the 

shop-floor design itself is often desired. An example for this is the choice of electrical or pneumatic 

tools that require a controller unit. The loop between tool and controller is closed and if once one 

vendor is established in one shop-floor, it is difficult to include a different one. This gives the 

established vendor a monopoly position on that particular market, dictating the prices for spare parts 

and maintenance services.  

The aim of the development is to design a communication network that interfaces with any vendor 

and to the host data-bases. The interaction will be analyzed in different levels. A first approach is to 

                                                             
13 Compare with any vendor like Atlas Copco, ABB 
14 Compare the manuals of different vendors, for example Ingersoll Rand (2005) and Atlas Copco (2007) 
15 Compare for example : www.spie.com 
16 Leon A., (2008) 
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collect data from all kind of applications and transmit them to shop-floor specific, or company wide 

data-basis. The next step is to provide the data for each application through the own development 

network. After the treatment of communication between a data-base and an application, a third step 

is the interaction between application systems, without the data-base in the direct loop. Thus, 

different systems can directly exchange data without the help of complex transformation processes. 

A last, very advanced aim is to proceed in real-time, in order to build up sensor-actor loops.  

The development of an all integrating network approach is very complex, in particular if integrating a 

vendor that is reluctant to open its system for other companies. That implies that the research 

process has to cope with various communication protocols and develop interfaces to connect the 

applications to the network. In some cases, an interface development is not possible when a vendor 

does not allow the access of specific functions from outside their system. That is the case in the later 

exploited FAL TLS + HAM project. Tool Controllers from Atlas Copco do not allow creating tool 

programs from other systems than the company’s own.  

2.5. Implementing a new communication infrastructure for 

process data transfer 
A central development is that of the communication network itself. It is the main scope of this thesis. 

While the interfaces to vendors and methods and applications of data-logging at the work-stations 

probably differ from each use-case, the communication network as the background of the use-cases 

remains the same technology.  

The communication network must just be capable of process data. No video streams, CAD/CAM 

animations or 3D mock-ups are intended to transmit. A small bandwidth of far below 1MB per 

second is regarded as sufficient. But in contrast to high bandwidths, a very important factor is a 

reliable data transfer to ensure process stability and consistent data capturing. 

The network must be adaptable to new solutions and wireless to a broad extend. The ability of easy 

adaption shall ensure further application development and simple integration of new or additional 

devices, when once a basic infrastructure is installed. The initial costs are then sunk costs17 as they do 

not recur for follow-up projects. The integration effort is concentrated solemnly on connecting the 

device to the network. The requirement of a mainly wireless connection continues with the 

adaptability argument, as areas that are difficult to reach can be integrated in the network. Wiring 

can be expensive and complex and in some cases even impossible. Especially for mobile devices, 

wireless communication simplifies operation and is even a must if the target area is large. 

The access to specific shop-floors in Airbus facilities might merely be realized through specific 

projects when new applications require wireless communication for process data transmission. 

However, the scenarios will be kept open to extent the system and connect other systems to it or 

develop new solutions that were not considered before. Thus, also if a use case occurs with a narrow 

scope of connecting a device to the Airbus world, the solution will be built on a general infrastructure 

approach, dedicated to add functionality. 

                                                             
17 Varian (2010) 
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In the long term, when the network does not only show general feasibility, but through superior 

performance and cost efficiency to actual solutions, it will be desired to apply this solution also to 

areas where currently other network solutions dominate. It can be the case for actual 

communication links of machines and SAP data-servers, or actual overall solutions of assembly lines, 

created by suppliers as mentioned before. Although existing systems are unlikely to be changed after 

once installed and operating stable, the development shall come into the focus when a 

refurbishment is considered. 

One of the most important success factors for implementing new solutions is the acceptance of the 

workers on the shop-floor. The network design therefore must be stable and reliable, but also easy 

to use and especially easy to implement. “Plug-and-Play” is the key word to characterize installation 

effort on the shop-floor. This might be realized through several use levels, with different access rights 

and design possibilities. While a higher level of integrator defines interfaces and network IDs, the 

key-user defines the application and the end-user just applies the devices in a plug-and-play manner. 

2.6. Defining an Airbus Standard 
All these objectives shall lead to the implementation of an own Airbus standard. The standard shall 

serve for two objectives. First, it shall be a defined specification and off-the-shelf-solution as a choice 

for wireless network infrastructures in manufacturing and assembly environments of Airbus 

production sites. Second, it shall be a defined interface to which a vendor adapts himself. The effort 

of developing an interface is then not a task of Airbus anymore but one requirement for a supplier in 

order to enter the shop-floor.    

A summarized definition of the development goal can be the following: 
“Connect everything you want that captures, requires and provide simple data for further 

processing, in a reliable wireless network, ensuring data transfer and ensuring operation even 

when parts or links fail or are disabled, by implementing a vendor independent technology 

that will be basis for a corporate Airbus standard in manufacturing and assembly 

communication, to which third persons can adapt and interface in order to deliver 

applications and processes to Airbus.” 

2.7. Development Methodology 
The solutions and technologies thereby are not developed entirely on behave of Airbus development 

teams. Based on the requirements and needs, available technologies are screened and promising 

solutions are tested. The result is a specification document that serves as a basis for the final solution 

development. For the technical background, the focus is on the network standards and functionality. 

In addition, the energy supply is discussed, revealing the approach of autonomous operation through 

energy harvesting. The node design is specified as well. In use case scenarios, the application fields 

are specified. These serve first to specify interfaces from the pure communication networking 

dedicated applications. Where appropriate, further technologies of sensors and data capturing are 

introduced in the dedicated use cases, to broaden the general development scope. Second, the use 

cases reveal the potential of the development for Airbus, as it directly describes problem solutions.   
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The solution design is aimed to follow a modular concept18 as far as possible. This shall ensure that 

the same core elements can be applied to several different use cases by adding dedicated modules 

that serve the solution in a best practice way. The concept will be carried out on a hardware level as 

well as on a software and specification level. On the hardware level, the same basic network nodes 

will be used, adjusted to each application scenario through additional stacks, connected to general 

interfaces. Such additional stacks can be further connectors, sensors or whole devices. An example 

can be that of battery powered node, equipped with a dedicated battery stack unit, while mains 

powered nodes use the same connector to plug a mains power stack. On the software level, 

networking protocols, data-bases, routing or node localization applications can be designed on a 

general basis as well, to combine for dedicated nodes. The concept and its components will be 

clarified throughout the following chapters. The stack modules are developed in particular 

throughout the use cases. 

 

  

                                                             
18 Ericsson A, Erixon G (1999) 
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3. Architectures, Protocols, Standards 
and Technologies for Wireless Mesh 
Networks 

This chapter concentrates on the central development, the wireless network. First, a general 

introduction to Wireless Sensor Networks (WSN) is presented. Afterwards some basic theory about 

networking is introduced. Then the actual most eminent standards are presented that occur to 

match the requirements the most. In addition, RFID, Wi-Fi and Bluetooth are discussed and related to 

the former standards, which shows to what extend those technologies are considered to be 

integrated into the development (RFID) and why Wi-Fi and Bluetooth are rejected. Finally the 

technology findings are discussed and related in a proposal for a modular based software 

architecture.  

The overall findings presented here serve as a basis on which the Airbus development can build on. 

They do not imply final solutions as technology evaluation and use case adaption require further 

investigations, in particular for the young, emerging technology to which no experience data are 

available yet.  

3.1. Introduction to Wireless Sensor Networks (WSN) 
The basis of Wireless Sensor Networks are small, low-energy, low-cost sensor-, actor- and 

communication nodes, that are embedded into structures and systems to operate without direct 

human control to a broad extent.19 The idea is that of an ambient intelligence, surrounding us in all 

kinds of environments, providing information, allowing access to functions or managing applications 

autonomously.20 Although the node capabilities include actor functionality and, depending on the 

application, also simple computational tasks, the term Wireless Sensor Networks has been 

established. A key characteristic is the wireless communication to enable data capturing and system 

access at locations that are difficult to reach or wiring is even impossible at all. The term “Mobile Ad-

hoc Networks” MANETs is used as well in this framework characterizing the ability of mobile nodes to 

form a network autonomously and when required, thus “ad-hoc”. Although the term is used by an 

IETF working group with the focus on IP based networks, 21 which is not the sole scope of this work, it 

can often be found in articles and theses as it does not limit on “Sensors”. 

Realized applications of WSN differ a lot in type. In terms of structural health monitoring, a bridge in 

Philadelphia was equipped with strain sensors, to capture the material’s stress by traffic.22,23 The 

sensors are embedded in the ground and send their recordings in specific time frames to a central 

data-collector. The same principle is used in an application case for helicopter pitch links.24,25 While 

                                                             
19 Wilson J.S. (2004)  
20 Karl H., Willig A. (2007) 
21 MANETs  
22 Galbreath, et al (2003) 
23 Arms, S.W., Newhard, A.T., Galbreath, J.H., Townsend, C.P. (2004) 
24 Arms (2006) 
25 Arms (2007) 

http://eu.wiley.com/WileyCDA/Section/id-302479.html?query=Holger+Karl
http://eu.wiley.com/WileyCDA/Section/id-302479.html?query=Andreas+Willig


11 
 

those cases could still be realized with wired sensors, considering an enormous wiring effort, the case 

of pressure sensors in vehicles tires26 is an example of new applications that could just be realized 

through simple wireless communication. The list of application examples and current development 

research is long. General fields of application next to structural health monitoring and facility 

management are precision agriculture, medical and health care, logistics, street ambience and traffic 

monitoring and machine surveillance and preventive maintenance monitoring.27 

An example for more daily life applications are building automation realized for example by 

EnOcean.28 Temperature sensors, light switches, movement detectors are all linked through wireless 

networks, realizing a more cost efficient installation and let a more dense covering of sensors and 

actors be realized. In addition, sensors and actors are batteryless, harvesting the required energy 

from the surrounding and thus do not require maintenance for battery change, which lowers costs 

again.29    

The principle is extended by the idea of the “Internet of things”,30, 31, 32 where all objects are 

equipped with WSN nodes, communicating with each other and being accessible through the 

internet. On the one hand, housing parameters like temperature and light can be steered from 

remote places like the office over the Internet, on the other hand, devices are autonomous, like the 

smart refrigerator that orders the empty milk directly on the internet when necessary. Under the 

term “Smart Dust”33 the approach of WSN is transferred to nodes in micrometer and even 

nanometer size. 

According to the introduced application scenarios, some characteristics can be summarized 

concerning the capability of WSN. Low cost and energy consumption of nodes, low processor 

capacities, small node size, long life time, adaptable and programmable to various applications and 

broad range of active versus inactive time frequencies, ranging from transmitting on a second or 

millisecond bases, up to sleep phases of several months.  For the network itself, arrangements can 

vary from very dense to small dense networks and static located versus mobile networks or nodes. 

Key characteristics that are also in the centre of the Airbus development interest is the self-

organization and self-healing capabilities of networks. This implies that no administrator is required 

to build up a network, but the nodes build up links and topologies autonomously after switching on, 

and furthermore maintain and reestablish connectivity without human interaction.  34 

A main aspect of WSNs is the data-centric approach in contrary to the address-centered approach of 

conventional computer networks. This implies that not the single device is important (address 

centered), but the data transmitted. Sensor applications are often built up on several sensors, 

measuring the same target. An average value is used, and thus if one device fails, the overall result is 

still guaranteed. In the scope of the Airbus development, this data-centric approach is not completely 

                                                             
26 Goparaju S. (2008) 
27 Karl H., Willig A. (2007) 
28 www.enocean.com 
29 Graham M. (2007) 
30 Yan et al (2008) 
31 Floerkemeier C (2008) 
32 Shelby Z., Bormann C., Mulligan G. (2009) 
33 Sailor MJ, Link JR. (2005) 
34 Karl H., Willig A. (2007) 

http://eu.wiley.com/WileyCDA/Section/id-302479.html?query=Holger+Karl
http://eu.wiley.com/WileyCDA/Section/id-302479.html?query=Andreas+Willig
http://www.amazon.fr/s?_encoding=UTF8&search-alias=books-fr-intl-us&field-author=Christian%20Floerkemeier
http://eu.wiley.com/WileyCDA/Section/id-302479.html?query=Holger+Karl
http://eu.wiley.com/WileyCDA/Section/id-302479.html?query=Andreas+Willig
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adapted, as many applications require interfacing nodes, which have higher capabilities and whose 

functionality will not be ensured through redundant equipment. This is the case for example for 

machine interfaces, where process data transmissions are intended. Due to including high capable 

nodes into the basic WSN frame, the Airbus development is summarized under the term “Smart 

Wireless Mesh Networks”.  

Due to including high capable nodes into the basic WSN frame, the Airbus development is 

summarized under the term “Smart Wireless Mesh Networks”. The term “Smart” shall express the 

fact that applications “talk” to the user when it is required, by reporting specific statuses or guiding 

through processes, and furthermore react on situations autonomously to a specific extent. The term 

“mesh” is explained in the next chapter. 

3.2. Theory on Networking 

3.2.1. Network Types and Topologies 
In general, two different types or architectures of networks can be distinguished: peer-to-peer (often 

written “p2p”) and client/server.35 It refers to how resources are shared and where data are stored. 

In a peer-to-peer network each participant, or host, is equal, thus a “peer”. Each participant can 

serve as a client that requests resources from any other participant, as well as be a server, that 

provides data. In a client/server network, all resources are located in a central authority, to which 

every participant must connect in order to receive resources.  

The coordination effort in a peer-to-peer network can become tremendous, when the number of 

participants increases, as each client needs to manage the communication between each other. A 

client/server network on the contrary can inherit large numbers of participants, as the coordination 

is managed centrally. If processing capacity becomes an issue, like for WSNs, a client/server network 

might be to prefer, installing one powerful central unit. On the other hand, when the central unit 

fails, the whole network breaks down, while a peer-to-peer network does not depend on the 

functionality of a single unit. In practice, hybrid networks consisting at least partly of peer-to-peer 

and client/server architectures can be found as well. In the following, the participants are called 

devices or nodes, the terms client and server will be used when the function shall be expressed 

explicitly. 

Transferred to network topologies, various connection designs can be defined, shown in Figure 1. 36, 

37 In a star topology, all nodes are connected to one central point or hub in a point-to-point manner. 

All communication is linked over the central hub, thus no direct connection between end-nodes is 

possible. The relation between hub and end-nodes is also called parent/child relation, to express 

different network levels. The central node serves as a gateway to probably other networks, also 

called sink, as well as a network coordinator. If this node fails, the complete communication breaks 

down. 

                                                             
35 Network Types and Technologies mostly referred to Groth D., Skandier T. (2005), otherwise indicated. Their 
explanations are related to computer networks, but those theories can be applied to WSNs as well.  
36 Freer J. (1996) 
37 Held G., Jagannathan S. R. (2004) 
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A tree or hierarchical topology continues the star topology with additional network levels. It can also 

be seen as a star of star networks. The central node of each star network now also has a parent child 

and is able to forward messages from its child nodes to other branches of the overall network. The 

central hub is still crucial for the overall network functionality, but sub-clusters can still continue to 

operate in case of a central node failure.     

Mesh networks imply the possibility of connecting all nodes with each other, thus there are no 

superior or minor levels of networks. The nodes are not in a client/server relation like in star or tree 

networks. Mesh networks can either be fully connected or partly connected. A fully connected mesh 

network with n nodes leads to n*(n-1)/2 paths.38 The connectivity of a mesh network is defined as 

the least number of links that ensures the entity of a network.39 Cutting those links lead to two 

separated sub-networks. In Figure 1 for example, the “Hybrid of Tree and Mesh” network has a 

connectivity of 1, while the “Partly Connected Mesh” has a connectivity of 2 and the “Fully 

Connected Mesh” has a connectivity of 5. Full connection is just feasible for small networks, as the 

routing effort quickly bounds high processor resources. In practicel, mesh networks do mostly not 

exceed a connectivity of four or five leading to partly connected mesh topologies. The big advantage 

of mesh networks is the independency of single node failures for the overall network functionality. If 

one node fails and its links break down, there might be enough possibilities left to transmit a 

message. 

 

Figure 1: Network Topologies, Source: Own Design 

In practice of broad implementations, combinations of star, tree and mesh networks might be the 

most appropriate architecture. The obvious strength of mesh networks is the fail-safe mechanism, 

ensuring data transmission even in the case of single node breakdowns. On the other hand it implies 

higher routing efforts40 and thus processor capacity binding. If a connection link can be absolutely 

assured, the mesh capabilities might be relinquished. An overall scenario might imply a backbone 

network in a tree structure, with connected sub-network in mesh configuration. As a mesh network 

can be connected partly, thus the connectivity for nodes can be adjusted to small numbers, a mesh 

network is also capable of building other topologies.  

                                                             
38 Freer J. (1996) 
39 Hopkins Al, Martin Jh, Brock Ld (1981) 
40 See chapter on routing 
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3.2.2. Routing 
Routing describes mechanisms of how to establish and manage links between devices, leading to 

network topologies. A large amount of literature exist, the following introduces the problem and 

points out special issues to care for in the development of mobile ad-hoc networks. 

In general, messages can be send through “Broadcasting” or “Flooding”, which implies sending a 

message to all nodes that are in range and listen on the same frequency, “Multi-Casting” implying 

addressing a number of defined nodes or by “Unicasting”, when a single defined node is targeted.41 

3.2.2.1. Routing Issues for Mobile Ad Hoc Networks 
In wireless networks, special issues must be considered compared to wired structures. While in wired 

networks the number of direct neighbours is limited to the number of connector ports, the limiting 

factor for wireless devices is just the memory size and processor capacity. Nevertheless, each device 

must be “aware” of its neighbours, realized through message exchange. Due to the small power and 

low energy consuming processors intended for WSNs the number of connections to manage should 

be kept small. In addition, dense networks in combination with high communication traffic can block 

channels and thus slow down communication.42  

Further issues for wireless networks are the mobility of devices and quality prone RF connections.43 

This implies that a direct neighbour node might move out of range and is just reachable through 

router nodes, or an obstacle moves between two nodes, breaking the link as well. This implies 

frequent rerouting as well as a different cost consideration of paths. The most cost efficient path is 

not that of the least number of hops anymore, but that with the highest success factor combined 

with low computing effort and low energy consumption.  

The trade-off between number of hops and hop/link reliability has been exposed and can be 

analyzed for example through the ETX-metric.44  The energy-reliability trade-off can be modeled in 

the MOR/MER metric, an analytically approach based on Rayleigh statistics, indicating quality 

fluctuations over time.45 

3.2.2.2. Routing Protocols 
Routing can be classified first in “static routing” versus “dynamic routing”.46 Static routing implies a 

manual link set-up by an administrator while dynamic routing presents protocols, enabling nodes to 

manage links and topologies autonomously.  

Protocols give the network nodes an algorithm to build up connections and paths and eventually also 

change them in case of failure. For the administrator or user, the actual built network topology is 

transparent. A principle protocol distinction can be made between “proactive routing” and “on-

demand routing”. 47 The first relies on the traditional routing protocols that analyzes the scene and 

build up a connection table for the overall network. The latter approach is event driven, just 

establishing a path when communication is required. This is considered being preferable especially 
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for the needs of broad distributed, low dense networks with sporadic communication. It avoids the 

cost of maintaining paths that might hardly or never be used. A drawback when relying completely 

on such protocols is the possibility of traffic overload and long queuing when suddenly the activity 

increases.  

3.2.2.3. Proactive Routing 

Link State Routing 

In Link State Routing, each node creates a map of connectivity of the network and shows it in a 

graph. The best path to each destination is calculated separately by each node and a collection of all 

the best paths result in the overall routing table, flooded over the whole network. Examples of 

detailed algorithms are “Open Shortest Path First” (OSPF) 48, “Optimized Link State Routing Protocol” 

(OLSR)4950, “Topology Broadcast based On Reversed Path Forwarding”(TBRPF)51 and “Intermediate 

System to Intermediate System” (IS-IS)52,53.  Link State Routing in general proceeds like this: 

 A node performs neighbour detection by checking each port (in case of wireless a defined 

number of addresses) running a reachability protocol with each neighbour. 

 Information is flooded by each node over the network, including the ID of the sending node, 

the IDs of all direct neighbours and a sequence number that is increased each time this 

message is send again. Each node receiving such a message checks if the sequence number is 

higher than the last message it has received from the sending node. If so, it keeps the newest 

version and updates the data. Then it sends a copy of the new message to its neighbours, 

which proceed the same way.  

 After all nodes have sent their messages and received the messages from the other nodes, 

each one can draw a map of the network. A link is just drawn in the map, if two nodes agree 

on being neighbours. The final, recomputed list is then flooded over the network again. Each 

time when a link fails or a new node appears, the list is recomputed and flooded again. 

 Then each node can create a list of shortest paths and draws a tree of the network with itself 

in the middle.   

 Periodic tests update the routing table by each node. 

Distance Vector Routing 

While in link-state routing each node floods its information over the whole network, in distance 

vector routing a node just informs its direct neighbours about changes. Thus the distance vector 

protocol has less computational complexity and message overhead. It is based on the Bellman-Ford 

Algorithm.54, 55 Implementation examples are Wireless Routing Protocol (WRP)56 and Destination-

Sequence Distance Vector protocol (DSDV).57 
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Each node tells its neighbour about his neighbours. The information contains the addresses as well as 

the distance. The distance can be the hops or also the cost or delay time of links. With the 

information of the neighbours, each node can continuously update the shortest paths to every 

destination in the network, without the requirement of flooding the whole network. 

If there are 4 nodes in the network, linked in a line like A-B-C-D, first each node sends to all his 

neighbours information about his direct surrounding, thus his neighbours. After step one of an 

iteration process, A knows that there is B, B knows that there are A and C, C knows that there are B 

and D and D knows about C. But as just the direct neighbour information was sent, D does not know 

about A. In the second iteration, again neighbour information are sent with the result, that A now 

also knows about C, as B has told him about. This algorithm continues until all nodes know about 

each other. Furthermore, in mesh networks are several connections between nodes. For example 

could D be linked directly to C and B. Then A gets to know about D already after the second iteration. 

But A does not only receives information about the existence of D, it may also receives information 

about the different connections. That could be the time a message needs from B to D and from C to 

D. A compares the values and chooses the better path, thus the shortest ways will be established in 

the routing table of A. If B to D is the shorter way, A will send a message over B, if it desires to 

communicate with D. 

3.2.2.4. On Demand Routing 
Creating paths links on demand can either be used as a real alternative to proactive routing, if the 

application scenario leads to better results, but also as a mechanism to support autonomy and self-

healing capabilities. Thus each node can start reconnecting itself if either having lost connection or 

brought into a new network. The main algorithms are the “Ad hoc On Demand Distance Vector” 

(AODV)58 and the “Dynamic Source Routing” (DSR).59 The mechanisms are basically the same, but 

DSR safes multiple paths while AODV just records one route. In addition, using source routing, the 

route information is not saved in each intermediate node separately, but is sent with the message 

itself. This saves capacity in the routing tables of the single nodes. Especially in large networks with 

some “bottlenecks” at the gateways, routing table capacity can become an issue.  

Initializing the path discovery process, the source node broadcasts a message containing information 

like the destination address. The message hops from node to node until the destination is found or a 

node has a route to the destination node. Then this intermediate node can send its recorded way to 

the destination node back to the source node. In the end, the source node can chose the best way to 

the destination by comparing the different paths it has received back. The comparison is based on 

number of hops as well as on signal quality and delay time. 

3.2.2.5. Some Optimizations 
There are many optimizations of the general routing protocols. Some ideas are the following. 

 Graph Routing:60 In the route tables not only the best routes to each destination are 

recorded, but also alternatives.  This prolongs the routing tables on the one hand, but 

reduces the need of rerouting entirely on the other hand. If a destination node cannot be 
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reached after several times, instead of rerouting, which occupies the entire network, the 

source node can transmit over the next best path recorded in the routing table.  

 Many-to-one routing:61 As specific nodes can serve as gateways out of a subnet, many or all 

nodes might need to communicate with that node. To simplify routing, a defined gateway, 

also called “concentrator” or “sink”, can broadcast a route discovery request to indicate its 

function for all nodes. Then the single nodes can use source routing to directly address the 

gateway. Thus, capacity for the routing process as well as for routing table entries is saved. 

 Hierarchical Routing:62 In hierarchical routing, chosen paths might not always be the shortest 

paths in terms of hop number and time/cost efficiency, but lead over specific routers to the 

desired destination. This breaks with the mesh topology, as a node might not be able to 

communicate directly to another node on the same level, but needs to use parent / child 

connections and thus the network is, at least partly, a tree topology. Nevertheless it can be 

more efficient, if routers on some levels suffer overload in their routing tables. 

 Power aware routing63 includes information about the battery life of single nodes to balance 

traffic routes and thus energy consuming node activities.  

 MULE64 are mobile ubiquitous LAN extensions. The concept is aimed for very sparse 

deployed networks, in which some nodes might have no connectivity to gateways at all. For 

such networks, so called MULE nodes shall move randomly over the network area, 

connecting to all nodes that come in range and downloading the recorded data.  

3.2.2.6. Conclusion 
The routing is the core software application, guaranteeing communication ability in mobile RF 

scenarios with self–initializing and self-healing networks. The energy efficiency and data preservation 

are crucial characteristics, the first especially in “no-power-supply” scenarios, the latter particularly 

in industrial settings. The limitations of connectivity and routing possibility lead to additional failsafe 

measures like sufficient flesh memory for each node to preserve data or redundant node 

deployment.   

There are many different ways of creating routing tables. In general routing algorithms are directly 

implemented in the MAC protocol or the application layer of the deployed networking standard, as 

described in chapter 3.3. However, for the scope of an overall Airbus implementation, it is probably 

not sufficient to stay with a general developed routing solution, but to take the developments and 

research activities into account for additional applications or specifications of the given standard. 

Therefore, this chapter gives an overview of issues and solution approaches. The application layer 

usually allows additional function deployment, but data overhead must be considered. Adding 

functions upon the basic routing functionality of a standard might even slow down the overall result. 

Changing the core standard, or even developing an own standard is a big attempt and depends on 

resources and technology deployment intentions.   

3.2.3. Time Synchronization 
For many applications it is required that the different devices in a network operate on the same time 

base. Actuator loops including the coordination of machines or robots in a manufacturing cell is one 
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example, the localization problem, explained in the next chapter is another one. To synchronize 

clocks of distributed network devices, various protocols have been developed. A short introductive 

overview is presented here. 

3.2.3.1. Protocols and Approaches for Time Synchronization of Network 
Nodes 

The most claimed standard is the Precision Time Protocol (PTP), IEEE158865 which reaches accuracies 

of 8ns.66 It is used in Ethernet and Industrial Networks like Profibus and is provided either by 

dedicated microchips67 or functionally embedded on general microprocessors68. Thereby the 

hardware implementation must be distinguished from software solutions that just reach about 100µs 

of accuracy. 

 

Figure 2: IEEE1588 Time Synchronization of two devices. Left: First Step is the elimination of clock offset: Right: Second 
step is identification of message delay. Source: http://www.ieee1588.com/ 

However, WSNs require special attention on implementing a time synchronization protocol. This is 

due to the ad-hoc and multi-hop characteristics. Nodes enter networks autonomously and connect to 

the nearest device or that with the best connectivity. Messages hop over devices, adding message 

overhead and adding computing time. In mesh topologies, network nodes communicate with each 

other that have not implemented hierarchical master/slave ordering, but operate on the same level, 

requiring a master/slave role definition to implement IEEE1588. But the main problem with 

traditional synchronization protocols like IEEE1588 or IEEE 802.1X69 is that they have been developed 

for networks without resource limitations like on WSNs, but for networks with large bandwidth and 

devices with high processor capacities. The message design is not optimized for low cost, energy 

efficient and low-bandwidth networks.70 Nevertheless, the principle functionality can be used as 

basis for synchronization protocol development in the scope of WSNs.  

The “Timing-sync protocol for sensor networks“ TPSN71 proposes a two step concept, that first orders 

a network into hierarchical levels, nevertheless which topology is applied by the real network 

protocol, and then synchronizes the time of all devices starting from level 0, the highest level of the 

                                                             
65 http://ieee1588.nist.gov/ 
66 Compare: National Semiconductor (2007) 
67 Compare: National Semiconductor (2007), Imsys (2010), Intel (2009), Oregano Systems  (2008) 
68 Compare: Texas Instruments (2009) 
69 IEEE Computer Society (2005) 
70 Ferrari, P. et al (2008) 
71 Ganeriwal S., Kumar R., Srivastava M.B. (2003) 



19 
 

hierarchical topology, being the time reference. The protocol is independent from network 

standards, but introduces and manages an additional topology, which implies an additional 

communication phase and additional computing effort. An implementation of TPSN on ZigBee shows 

timing accuracy of 16µs, far behind the accuracy of IEEE1588.72  

Similar protocols are “Lightweight time synchronization protocol” (LTS)73, considering one reference 

clock, being the most accurate like a GPS driven node or high accurate microprocessor clock, 

synchronizing the network over a spanning tree, or each node initializes time synchronizing by 

synchronizing with its neighbour. The “reference broadcast synchronization” (RBS)74 model has a 

different approach by not synchronizing the clocks of each node, but broadcasting frequently 

message packets including the time-stamp of each node. Through this, a table can be generated, for 

example by a more powerful coordinator node that indicates the time values for each node. Through 

this table, recordings and general messages from each node can be aligned to a general time by the 

more powerful device or even the backbone computer system. RBS generates data and computing 

effort that is not required by time-synchronization protocols, but therefore unburdens nodes from 

energy consuming processes. In addition, the nodes can still synchronize their times as all time 

messages are broadcasted.75  

Other examples of synchronization protocols are the Hierarchy referencing time synchronization 

(HRTS)76 or the models described by Sundararaman, Buy and Kshemkalyani77 or by Hu and Servetto78. 

An implementation of the “Flooding Time Synchronization Protocol” (FTSP)79 tries to balance 

between accuracy and energy consumption, using broadcast messages and letting end-nodes decide 

to synchronize or not, due to active and sleep phases. Accuracy of 61µs could be reached, depending 

on the synchronization message density. 

3.2.3.2. Conclusion 
The time synchronization issue is a broadly discussed topic in all fields of networks and in WSN in 

particular. The reference protocol is IEEE1588 due to its high accuracy, but the actual hardware and 

software implementations of the standard require high computing, communicating and energy 

resource. However, a recent implementation reached 200ns of accuracy.80 Many protocols are 

developed for WSNs. This section gives an overview of the problematic, but cannot cover the whole 

topic. In general, as to be observed throughout development issues in the scope of WSNs, the trade-

off is that between implementing limitations due to low energy consumption plus low bandwidth and 

the one hand and accuracy of results on the other hand. While the IEEE1588 standard seems to be no 

option for common WSNs, it is not excluded in the scope of the Airbus development, as it includes 

functionality like actuator control that is out of the scope of common WSN applications. 
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3.2.4. Localization of network nodes  
For many applications it is highly desired to locate devices in the physical world. The satellite based 

GPS is not feasible due to costs, size and indoor limitations.81 Three principle techniques can be 

applied to WSN systems: Triangulation or trilateration, Scene Analyze and Proximity.82 In the 

following, the mechanisms are presented and some findings discussed. 

3.2.4.1. Triangulation and Trilateration 
Localization utilizing the theorem of Pythagoras is possible either through distance measurement 

(lateration) or angle measurement (angulation), or a combination. A 2-dimensional localization 

thereby requires 3 non-collinear positioned anchor nodes. The anchor node knows its position and 

the location of other nodes is related to the anchors’ positions. A 3-dimensional localization requires 

four non-coplanar nodes, except for the case that some assumptions already allow a 

predetermination. For example if all anchor nodes are located above or under the localizing node, 

three anchors are sufficient.83 

In the frame of WSN the measurement of angles and lengths lacks accuracy, leading to a position 

area rather than a point. It can be optimized by using more anchors, limiting the area through multi-

lateration. Length measurement can be based on three different mechanisms: the Received Signal 

Strength Indicator (RSSI), Time of Arrival (TOA) and Time Difference of Arrival (TDOA). 

 

Figure 3:  Left: Triangulation Principle in 2D with 3 anchors, increasing anchor numbers increases accuracy. Right: PDF 
(Probability Density Function) of RSSI over distance and signal strength. Source: Karl  H.,  Willig A. (2007) 

RSSI uses the fact that the power of a signal decreases over the distance, which can simply be 

measured with no additional equipment or message extensions. The method occurs to be 

inexpensive for installing as well as for operating, but it is inaccurate. Testing on outdoor football 

fields with four anchor nodes still delivered a median error of 17m84 others reached 4m85. Some 

improvements are considered and the method is still regarded as having potential use as it presents 

a very easy implementation and in general results are possible.  The results vary through 

environmental changes86, insufficient calibration of antennas87, , especially inexpensive ones, leading 
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to a mismatch of intended signal power and measured output, as well as environmental obstacles 

and reflected signals that shows different values of attenuations.88  

TOA utilizes time-stamps in messages and the propagation speed of RF signals to calculate the 

distance. The method is much more accurate than RSSI, but requires high accurate time 

synchronization between nodes. Instead of synchronizing the nodes’ clocks, as an alternative the 

measuring node can use a returning pulse signal, considering the roundtrip time on a symmetric path 

plus a determined computational time of the sending back node.89 The latter method must consider 

network activities, like multi-hops and several anchor nodes trying to reach the mobile node to be 

localized. 

TDOA is based on measuring the time difference of arrival of one signal at various anchor nodes with 

known distance.90 Knowing the propagation time of the signal as well as the distance of the anchor 

nodes leads to the unknown distance, but as a prerequisite the anchor nodes must be synchronized 

in time. The methods accuracy depends on the time synchronization and clock capacity of the 

processor of each anchor node. These requirements are more stringent the closer the anchor nodes 

are located.    

In a variation, the signals must be of different kind, like ultra sound and radio waves, to utilize the 

different propagation speeds and calculating the distance of origin when both have been transmitted 

at the same time. The method is very accurate, up to 2cm have been reached, and require no time 

synchronization, but the drawback is obviously the need of two different transmission devices, 

increasing the nodes’ cost and energy consumption.91,92 

Angulation is less discussed in the scope of WSN as lateration due to realization issues on the small 

scale. The anchor node must detect the direction of the received signal. This can either be done by 

using a directional antenna that just receives signals from one defined direction. Thereby the 

antenna is rotating on an axis and the angle position at the receiving time is recorded and compared 

with a second node recording to determine the exact position. Combining the technique with length 

detection leads to just one required anchor node for sufficient data requisition. In fact, this is the 

principle used in common radar systems. However, rotating directional antennas are not appropriate 

for small scale devices, at least not for mobile nodes with size and energy restrictions. As an 

alternative, two non-directional antennas can be connected and the time-stamp of each recording 

can deliver the receiving direction. The time recording in this approach must be very accurate, 

increasing with the nearness of the antennas.93 

3.2.4.2. Scene Analysis 
Scene Analysis uses patterns in the environmental surrounding to determine the position. Offline 

recordings of patterns from defined positions are compared with actual observations to calculate the 

real position. As the node itself contains a map and records the surrounding, instead of connecting to 

other devices, the principle does not require any anchor nodes.  Scene Analysis can be based on 

pictures, thus the node requires a camera. This leads to high processor requirements and high energy 
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consumption and is hardly appropriate for WSNs.94 But other patterns can be used as well. The 

RADAR system95 is an indoor location system, using off-line measured radio signal strength values for 

each position and compares those with actual measurements. The Smart Tools project presented in 

chapter 7.2 uses even a video stream to analyze the position and combine the scene with 

simulations. 

3.2.4.3. Proximity Analysis 
Finally, Proximity analysis locates a node simply by detecting its neighbours. As soon as a node is in 

the range of an anchor, it is detected and through the signal range and known position of the anchor, 

its position can be estimated. This technique is effective and the basis of many passive RFID 

applications like warehouse management, tool detection and work in progress (WIP) estimations.96 

The nodes are detected when they pass specific area gates and thus the accuracy of localization is 

related to the density of detection nodes. The method is not desired for exact positioning, but 

determines effectively specific borders in which a node is localized. 

3.2.4.4. Conclusion 
The trade-off in deciding for the right localization system is between costs and accuracy. TOA and 

TDOA promise the highest accuracy among the triangulation models, considering the right amount of 

calibrating and supporting hardware which also leads to higher energy consumption. RSSI and 

proximity analysis leads to much lower accuracy but for no additional cost. A combination of systems 

provides additional increase of accuracy, if further adjusting of single methods lead to no better 

results. In the end, the application case indicates the required level of location accuracy, if required 

at all.  

3.3. Network Standards and Specifications 

3.3.1. IEEE 802.15.4 

In the frame of WSNs the actual most common standard is the IEEE 802.15.497, defining basic 

network functionalities, upon which network deployments can be specified. The standard describes 

the Physical (PHY) layer and the Medium Access Control (MAC) layer, according to the lowest layers 

in the “Open System Interconnection” (OSI) model.98,99 The standard does not follow the OSI model 

in detail, but assumes a similar architecture. Each layer presents specific functionality, starting from 

abstract orders on the upper level to very basic physical functions on the lowest level. A message 

that is created in the user application might be “restart system”. This is send from level to level down 

to the physical layer, transforming it to digital signals.  

The PHY layer thereby provides the interface from logical data packaging and forming to hardware 

specifications including frequencies, antennas and connectors. The MAC layer provides mechanisms 

of channel access, initializing the communication link and realizing e.g. broadcasting, multicasting 
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and unicasting. In addition it provides the 64bit unique MAC 

address, which is implemented by each manufacturer of MAC 

supporting devices, identifying them uniquely world-wide. 

The IEEE 802.15.4 is developed for low-power, low data rate 

and low complexity communication, in contrast to Wi-Fi IEEE 

805.11 for example. The PHY layer specifies three frequency 

bands around 868MHz with one channel, 900MHz (30 channels) 

and the world-wide unlicensed and thus most applied 2.4GHz 

(16channels) due to free. Data throughput is 20kbit/s, 40kbit/s, 

100kbit/s and 250kbit/s. Recently the Ultra Wideband (UWB) 

with ranges below 1GHz, 3-5GHz and 6-10GHz was added as 

well as specified Chinese and Japanese frequencies. 

The range in which nodes can communicate depends strongly on 

the environment conditions and the used antenna. For the 

2.45GHz frequency the typical range is between 5-100m, but 

exceptions are possible.  

The MAC layer communication mechanisms are “beacon enabled” mode, “Guaranteed Time Slot” 

(GTS) and “Carrier Sense Multiple Access with Collision Avoidance” (CSMA/CA). The beacon mode 

synchronizes the network devices and allows the use of superframes, consisting of 16 equal-length 

slots, framed by beacons that can be divided into active and inactive parts to let nodes enter into 

energy saving sleeping modes. The CSMA/CA mode is not synchronized, but each node checks the 

channel’s energy density to determine activity and thus transmits if the medium is free. In this mode, 

router nodes always need to be in receiving mode and cannot enter sleeping status, not to miss 

transmissions. The GTS mode finally assigns time frames for each node that requests a slot, but not in 

a strict synchronized pattern.  

The standard defines two kinds of nodes, the full-function device (FFD) and the reduced-function 

device (RFD). FFDs can serve as a common node as well as network coordinator with the ability to 

steer the network and communicate with other networks. RFDs on the contrary just have a minimum 

of resources, can never act as coordinators and are just able to communicate with FFDs, resulting in a 

so called parent-child relation between nodes. Peer-to-peer and star topologies are already defined 

in the standard. 

Upon the PHY and MAC layer specified through the IEEE 802.15.4 standard, broader networking 

functionalities and user applications can be added. For example, mesh topologies, self-organizing and 

self-healing as well as multi hops are not part of the standard. Such functions as well as security 

applications are implemented by higher network specifications, of which some are presented in the 

following chapters. Those layers are the core part of the networking technology. Upon those, the 

layer model can be continued by user dedicated functions, like a more sophisticated time 

synchronization or localization mechanisms, as shown in Figure 4.  

Figure 4: Layer Model implied by IEEE 
802.15.4 in respect of the OSI model and 
adapted by Network Specifications like 
ZigBee, 6LowPAN and WirelessHART. 
Source: Own design, aligned to OSI and 
IEEE 802.15.4 
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3.3.2. ZigBee    
The ZigBee specification100 is defined and managed by the ZigBee Alliance, formed by various 

companies interested in developing ubiquitous computing and sensor solutions.101 The Zigbee 

technology has probably the broadest acceptance in this field, as it is adapted by many application 

developers for health care, building automation, remote control and all kind of fields were Bluetooth 

and WI-FI are regarded as being not appropriate.102 Being one of the first of its kind addressing this 

problematic, a broad range of modules, chips and nodes already exist and many companies have 

added ZigBee technologies to their portfolio, like Texas Instruments103, Atmel104, Radiocrafts105 and 

Digi106. As the modules contain the network antenna as well, each frequency has dedicated modules. 

The most spread is the 2.4GHz with 250kbit/s bandwidth due to the larger data-throughput and the 

common unlicensed frequency. The other frequencies might be preferred when interference with 

Bluetooth becomes an issue.  

Zigbee defines three kinds of devices. A coordinator initiates and forms a network and stores 

important network information like security and trust data, allowing new nodes to join. It operates as 

a gateway to other networks, but nevertheless it can leave the network without harming the 

principle functionality. In case of leaving, another node inherits the functionality. A ZigBee router can 

serve application functions but also forwards messages. The end-device finally has minor capabilities 

and is just able to communicate in a parent/child relation, according to the RFD defined in the IEEE 

802.15.4. 

The specification adds mesh topology to the possible star and peer-to-peer connections. In addition, 

nodes are able to form so called “binding” connections to communicate more direct in specific 

application. Bindings are managed by extra routing tables to avoid the complex and probably large 

general network routing. The presented example is that of a light, controlled by a dedicated switch. 

Identification in ZigBee is based on the MAC address, but also on a 16bit short address to identify 

nodes among one single sub-network and a 16bit application address, if nodes in the same area 

network share a specific function and might be contacted separately. In addition, a 16bit “Personal 

Area Network” (PAN) address can be specified to separate networks operating in close range as well 

as a 64bit “Extended PAN ID” (EPID) if the first is not sufficient.  

ZigBee uses AODV and Link State routing. The communication schemes foresees beacon and non-

beacon enabled modes. The latter uses CSMA/CA mechanism. The self-organizing is implemented 

and foresees starting the coordinator, which automatically sets the PAN ID, screens the possible 

channels for activity to select the most appropriate and then starts sending so called “Hello” 

messages to look for nodes for joining and then creates and maintains routing tables.  

ZigBee is the best documented standard and broadly open. Many more functions are implemented. 

In general the network layer is in charge of forming and initializing the network, routing, self-healing 
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and self-organizing, while the application layer transfers the In and Out signals and software 

commands to the network layer.  

3.3.3. 6LoWPAN 
6LoWPAN is an acronym for IPv6 over Low power Wireless Personal Area Networks. It is an open 

standard defined by the Internet Engineering Task Force (IETF) with the aim of combining IPv6 based 

networks, thus the Internet, with IEEE802.15.4 low power networks, leading to the vision of the 

Internet of things.107 108 

A node can be reached directly though the Internet and sensor 

networks can directly be integrated into existing Internet 

structures. The 6LowPAN stack thereby performs compression and 

fragmentation of the 128bit long Ipv6 address to the IEEE 802.15.4 

compatible 64bit long addresses.109,110 The network consists of 

wireless clusters which are connected over gateways, or “border 

routers” to the wired networks including workstations, PCs and 

finally the Internet. The border routers (green dots in Figure 6) 

perform fragmentation and compression of messages coming from 

the wired network on Ipv6 basis to the IEEE 802.15.4 format and 

vice versa. In addition, the host system interfacing to the internet 

requires a data management system to convert IPv6 to IPv4 

addresses, as this is still the common used Internet standard. 

Network formation and addressing is similar to Zigbee, but although 

the open standard claims mesh topologies, vendor systems 

currently just support star and tree. As the the 6LoWPAN standard 

is very young, currently just two vendors provide 6LoWPAN modules: Jennic111 and Radiocrafts112. 

While Radiocrafts do not provide detailed information about topology management and software 

stack architecture, Jennic locates the software stack of 6LoWPAN upon an own networking stack in 

the network layer. The own stack provides mesh topologies. 

The advantage of 6LoWPAN is the direct access of network nodes through the internet. Network 

approaches are possible in that embedded sensors can be contacted from any remote place. While 

the original intention might be switching on the heating at home from the office in order to have a 

warm apartment when returning, industrial settings can include to cross-check different 

manufacturing sites. The Final Assembly Line in Hamburg could access drilling data from Toulouse for 

example, directly recorded from nodes applied on drill tools, in order to compare with the own 

process data and vice versa. Such an approach implies of course additional security matters to avoid 

intruding over the internet. But already the implementation of a Wireless Sensor Networks in the 

existing Ethernet structure is simpler and more direct as no extra interfaces are required.  
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Figure 5: Including 6LoWPAN into the 
software architecutre. Source: Jennic 
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A drawback considering the actual Airbus development objectives is the low maturity of the 

technology. No application experience has been published to support the theoretical evaluation and 

just a few vendors offer the technology limiting the choice and comparability. Furthermore, an extra 

network layer is required for additional functions. This layer is vendor specific, at least in the case of 

Jennic. Other solutions could not be analyzed due to not yet released documentation. The available 

documentation113 does not clarify exactly which functions are realized through which software stack. 

The Jennic stack claims just to realize mesh topologies. The Radiocrafts114 module is able to carry 

ZigBee and 6LoWPAN, but not at the same time. It seems not to be possible to combine both 

standards, probably because 6LoWPAN already carries out more functions than just the IPv6 transfer 

and would conflict with a parallel stack. A broader functionality including mesh topologies is claimed 

by the internet drafts of the 6LowPAN standard, but obviously not fully realized yet. Thus possible 

further development might be just a question of time to enrich the standard. For the moment, the 

drawbacks are just considerations, no excluding criteria. Only if vendor specific stack, underlying 

6LowPAN concerns, as it probably avoids interoperability with different vendor modules. 

3.3.4. WirelessHART 
WirelessHART is an extension of the “Highway Addressable Remote Transducer” (HART) protocol 

version 7, building on the IEEE 802.15.4 standard and defined by the HART Communication  

Foundation.115 The original HART protocol is an early Field bus implementation, based on the 

common used 4-20mA standard. The wireless extension is developed in respect to industrial 

environments, conditions and applications. The standard claims to solve problems of reachability and 

stable operation observed with ZigBee in industrial settings.116 Module providers are Dust 

Networks117, Softing118 and E-Senza119, providing development kits for systems integrator like ABB 

and Siemens Automation. 
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Figure 6: 6LoWPAN system mock-up, Source: www.jennic.com 
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WirelessHART120 only uses the 2.45GHz band with 250kbit/s data throughput of the IEEE802.15.4 

specification. All devices are Full Function Devices, RFDs are not intended. This implies all devices are 

capable of routing and mesh topologies can be realized throughout all network areas. 

The standard uses “Time Synchronized Mesh Protocol” TSMP.121 Each node receives time slots of 

10ms each to communicate which first reduces the occurrence of collisions and thus the amount of 

retransmission attempts and second increases the inactive energy saving sleeping times of nodes, 

especially of routers which do not have to be active all the time. In addition, the mechanism is 

directly used for synchronization which reduces energy consumption as no additional algorithm must 

be performed. In contrary to TSMP, a beacon mode like in ZigBee starts each communication with a 

synchronization phase and thus requires more time and energy.  A CSMA/CA mode in WirelessHART 

is just an additional feature, not a regular mode. It should be noted that the time synchronization 

referred to in the TSMP mechanism is not of the same kind like discussed in chapter 3.2.3, as the 

accuracy is in the range of ms instead of µs or ns.   

Additional to communication time slots, WirelessHART devices perform frequency hopping. The 

coordinator node assigns frequency hopping patterns through the 16 channels to all nodes. This 

ensures that a retransmit occurs on a different channel and increases the success probability, if the 

failed transmission was due to interferences. Unavailable or poor quality channels can also be 

blacklisted to skip in the hopping pattern. Interferences are a major problem in 2.45GHz networks, as 

the frequency is shared by common used Bluetooth and Wi-Fi application. In addition, the frequency 

hopping increases security, as long as the change pattern is not known by a possible intruder. 

WirelessHART uses Graph Routing and Source Routing. Graph routing is the basic method and 

provides paths on routing tables. The self-healing mechanism is enhanced here as broken links do 

not require new route discovery mechanisms, but the routing tables already contain several 

redundant paths which can directly be chosen. Source routing creates ad-hoc paths and in 

WirelessHART it is just intended for network diagnostics, not for process activity.  

The additional features in WirelessHART addresses weaknesses observed in ZigBee like interferences 

on a static channel selection and advanced self-healing and message transfer insurance through 

graph routing. The dedicated time slots optimizes energy saving and avoids transmission collision. All 

these function are implemented in the network and application layer. All the improvements are in 

the frame of possibilities of the IEEE 802.15.4 basis, thus limitations of the basic principles 

constrained by the MAC and PHY layer cannot be overcome. Therefore, the next standard presents 

an alternative to IEEE standards. 

3.3.5. DASH7 
DASH7 is a very young technology, based on the ISO 18000-7 standard for active RFID and defined by 

the DASH Alliance, consisting of several companies and organizations, like SAVI technologies, with 

the aim of leveraging a new technology in the field of ultra-low energy RF networks and devices.122 

                                                             
120 Protocol details taken from Pratt W. et al (2008), otherwise indicated. 
121 Pister K, Doherty L. (2008) 
122 O'Connor  M.C. (2009) 



28 
 

The alliance received notable interest through participating on development projects funded by the 

US department of Defense with 500 million USD.123 

DASH7124 uses frequency of 433MHz and provides a nominal bandwidth of 28kbit/s. It avoids 

interference with the heavily used 2.45GHz and reaches much higher ranges of up to 2000m. In 

addition it is supposed to penetrate many materials like water and concrete that blocks 2.45GHz 

frequency signals and is claimed to “bend” around metal. These capabilities are observed by the 

developers and yet lack objective verification. The much lower bandwidth already implies the 

intended scenario focus of very basic sensors. The lower frequency and bandwidth lead to lower 

energy consumption, claimed to be ten times lower than ZigBee.  

The technology does not support mesh topologies, but multi-hops are intended, thus star and tree 

topologies can be realized. On the contrary the longer range, higher stability and reliable connection 

probably off-sets the fail safe mechanism of self-healing through various redundant paths in mesh 

networks. Self-organizing is included, as nodes are recognized when coming in reach.  

The software stack is designed in a four layer model similar to the IEEE 802.15.4 and OSI model.125 

Nevertheless, there is no information on routing algorithms, device types, network management or 

time-synchronizing available in public. The specification is yet only available in a beta version for TI-

MSP430126 and Semtech SX1212127 modules. Thus the standard is not comparable to the previous 

presented technologies in terms of functionality and a literature survey lacks existing published 

observation analyzes. However, the promising 

features of long range and obstacle regardless 

connectivity make DASH7 to an interesting 

technology in the scope of industrial 

environments, especially aircraft 

manufacturing, characterized by large metal 

structures. If low bandwidth as well as network 

management and topology is not an issue for 

the intended scenarios, DASH7 also appears as a 

candidate for an overall solution. 

3.3.6. ISA 100.11a  
ISA 100.11a128,129,130,131 is an attempt by the International Society of Automation to combine IEEE 

802.15.4 with Wi-Fi IEEE 802.11.x and Bluetooth 802.15.x by using the PHY and MAC layer of IEEE 

802.15.4 adding an own network layer capable of Mesh-topologies and frequency hopping and 

setting on top TCP and IPv6 layers. The aim is to be an open standard and combine all kind of 

networking devices to ensure interoperability. This standard was not taken into the closer scope, 

because no hardware or development kit is available yet, hardly literature is available and 
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Figure 7: Comparison of DASH7 with 900MHz multi-hop 
technology. Source: www.dash7.org 



29 
 

furthermore, the only identified advantage to other specifications is the overall layer model, 

including various networking standards. In the scope of SWMN, connectivity to Bluetooth and Wi-Fi 

is not intended for all nodes, but just for specific devices like PCs or work-stations with more power 

and capabilities than embedded nodes. Thus the solution for interconnectivity for such devices is 

intended to be stacked or plugged dedicated network modules and the core unit is intended to be 

kept small and efficient to be implemented in pure embedded nodes. Nevertheless, the standard 

might emerge and become interesting once vendors start implementing it.  

3.3.7. RFID 
“Radio Frequency Identification” or RFID has become very popular in many business and industry 

markets in recent years. The technology implies detecting tags wireless when coming in reach of a 

dedicated antenna and presents a tremendous improvement especially in logistics, retail and 

industry process automation.132 This characterizes already the distinction to WSNs and the Airbus 

technology development. The mobile tag in an RFID system has no or very little own capabilities. The 

identification and related data management that improves the processes so tremendous through 

RFID systems require a broad backbone computer system. All points where RFID tags are detected 

must be connected over an extra network infrastructure. The tag itself serves as the identifier as well 

as data storage to some extent. The typical storage size is up to 65kB. It can be regarded as an 

advanced barcode, readable without insight contact, with much higher data capacity and some 

additional capabilities. But computing, sensing and actor capabilities desired by WSNs are in general 

not in the scope of RFID. 

Anyway, among the term RFID exists a broad range of standards and technologies with a different 

range of capabilities.133 Thus the ISO 18000-7 standard, intended for active RFID, is the basis for 

DASH7, a very low power WSN technology as presented before. The standard thereby refers more to 

the communication architecture, than to the nodes’ design. This shows that the boarders between 

technology terms are often not clearly to draw.    

In principle, two kinds of RFID systems exist: Active and Passive RFID.134 In passive systems the tags 

have no own energy storage. The required energy is captured from the transmission energy from the 

reader/writer unit. The range depends on the signal power. Active systems include battery powered 

tags, increasing the range and capabilities of tags.  

For complete RFID solution implementation in manufacturing and Supply Chains, Airbus Operations 

SAS introduced a department, the VCV Auto-ID, provided by ODIN technologies.135 In addition, 

several vendor systems are provided with dedicated RFID like tool jigs in milling machines to detect 

tool heads.  

In the scope of SWMN development, RFID systems, in their original functional meaning of wireless 

identification, are considered as interfacing systems. RFID tag reader/writer modules might be 

included in several nodes for specific use cases. The core system is not of the kind of typical RFID 

systems.    
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3.3.8. Comparison with Wi-Fi and Bluetooth 
Bluetooth and Wi-Fi represents powerful standards for wireless communication, providing large 

bandwidth to support advanced applications like video streaming and huge data transmission.136 The 

network devices are usually workstations, mobile computers or in case of Bluetooth advanced 

input/output devices, like keyboards or headsets. All devices and applications have in common that 

energy consumption is a minor issue and the data transfer is the main focus. 

For the objectives of the Airbus Development of principle process data transmission, Bluetooth and 

Wi-Fi are rejected. This has several reasons. First, the provided bandwidth is not required and the 

implied power consumption of network devices is not acceptable to deploy ubiquitous computing 

devices. Second, Wi-Fi is widely used for business applications and lies under strong restrictions and 

certifications due to security issues. Implementing additional Wi-Fi applications on the shop-floor is a 

complex administrative issue. Third, the connectivity of Bluetooth in particular suffers under 

industrial environments like metal rich surroundings and spindles of drill and milling machines. As a 

result of bad experiences, Bluetooth has been rejected completely as a network for manufacturing 

equipment from Airbus shop-floors.137 

3.4. Discussion and Implications for the Airbus Development 

3.4.1. The Layer Model and the embedded functions 
The layer model helps locating functions in a software and hardware architecture, and thus supports 

in managing complexity, but the approach also indicates limitations. If an upper layer provides 

capabilities that are not supported by the lower layers, it can’t be realized. If for example a high level 

of time synchronization is designed for an accuracy of 8ns like the IEEE 1855, but the MAC layer is 

just able of an accuracy of µs, or the interface of PHY layer to the antenna is not that dynamic, the 

realization is limited to those factors.   

The detailed description of different layers and standards or specifications that are available has 

different intentions. First, it shall “explain how things work” in a more detailed way and already show 

alternative approaches. Thus how the network node’s communication mechanism can be designed 

to realize different functions. Although the network development is not entirely on behalf of Airbus, 

it is necessary to understand the underlying mechanism and their locations to specify requirements 

and determine which functions are possible to integrate and indicate possible solutions. The need of 

“Interface to Internet structures” for example could be a complex development issue, if a solution 

has been already identified by the 6LoWPAN layer.  Furthermore, a detailed analysis about different 

designs and solutions enhances the quality of specifications, as first assumptions and evaluations 

already determine the quality of the functional result. The different routing algorithms for example 

indicate the need of careful adjustment of communication protocols in order to achieve on the one 

hand the best results in connectivity and transmission success, also called quality of service, and on 

the other hand maintain low power consumption.      

Second, the layer separation indicates different levels on which the Airbus development can be 

based on. Depending on the intended development effort, three implementation levels are possible, 
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according to a “make or buy” decision. Either a full vendor system of Wireless Sensor Networks is 

bought, implying all network layers are specified and realized by a supplier and customization is in 

the frame of product specifications by Airbus. From the development goals defined in chapter 2, this 

possibility is already excluded, due to the aim of implementing an own Airbus standard.  

Next, a principle network technology is bought like Zigbee, WirelessHART, 6LowPAN, DASH7 or any 

other, if further designs are appearing or considered being preferable. Then the two first layers are 

defined and it is up to the Airbus development to specify applications, revealed from use cases and 

from comparing the capabilities of different technologies, to define dedicated solutions. This be one 

standard, like for example Zigbee, and then add functions observed from other standards like 

WirelessHART into the upper user application layer. Or a solution implements several technologies in 

one system. The user application routes a message to different technologies implemented on the 

same chip. For example WirelessHART and DASH7 are implemented on the same chip and the user 

application forwards messages to the right network standard, depending on the use case. 

The most radical approach is to develop a solution completely “from the sketch”, defining and 

implementing either the network application, or even the basic underlying standard new. This 

approach requires high development effort and includes consulting specialized IT institutes. The 

necessity of such an approach depends on the feasibility of the existing standards and their match to 

the Airbus requirements as well as on the application intentions of Airbus. The legitimation of a 

complete new development must be based on tremendous lacks of the existing standards as well as 

on very broad implementation intentions by Airbus.      

3.4.2. Choice of Networking Standard 
From the various alternatives in the developing framework presented in the chapter before, the most 

likely is that to choose existing standards for the first four layers and specify the development for the 

User Application layer, thus the application software for the manufacturing and production process 

related functions. The “radical approach” of developing some or all of the lower layers is intended to 

be avoided as it implies higher costs and longer time to final implementation. 

More likely is the choice of one or even several technologies. The preferable solution consists of one 

single network standard, in order to keep complexity low. This requires full functionality matching 

and fulfilment of the expected quality of service for the chosen standard. The main issues to be 

clarified as mentioned before are the range and transmission success factor as well as coexistence of 

various applications connected by the same network. PC workstations, handheld computers, 

embedded sensors and advanced tool nodes serve for different applications but send their data over 

the same network. The fail safe criterion has an important role in this evaluation.  

If a single standard cannot be identified to fulfil all requirements, a hybrid solution is considered. This 

implies that the basic network is still formed by the most matching technology, respectively that with 

the broadest functionality. But in addition the overall network is expanded by different network 

types were it is required and feasible.  

From a theoretical point, comparing the capabilities, functions and also maturity of the four favoured 

standards, ZigBee and WirelessHART provide the broadest scope. ZigBee is the most spread standard 

with a broad diversity of vendors and already documented applications. While the standard defines 

more or less the “way of working” for Wireless Sensor Networks, through its role of a market 

initiator, the realization of the standard revealed weaknesses especially in industrial settings. These 
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are tried to be answered by WirelessHART, adding networking functionalities to improve 

connectivity.    

6LoWPAN has the advantage of direct IPv6 implementation, thus avoids extra interfaces and allows 

connecting to specific nodes from anywhere, even another plant, for the drawback of limited 

functionalities and vendor choice at the moment. Dash7 provides advanced connection quality and 

superior range, but lower data throughput and probably the most limited capability to form an 

advanced network infrastructure.   

Considering this, the most likely solution could be that of WirelessHART, added by DASH7 nodes in 

scenarios were range and connectivity is a big issue, plus adding 6LoWPAN modules where internet 

or simpler Ethernet connectivity shall be applied. The feasibility of such an approach requires further 

investigation and finally practical mock-ups. Although the 6LowPAN stack seems to be a single 

software sub-layer, integrity to ZigBee is not realized yet, which probably implies incompatibility to 

parallel protocols in general. At least WirelessHART and 6LoWPAN share the same PHY and MAC 

layers, including the same hardware. DASH7 on the contrary works on a different frequency, 

requiring different hardware as well as is based on different PHY and Data-Link / MAC specification. 

Data-Link layer is the general term for the layer fulfiled by the MAC protocol in IEEE 802.15.4. DASH7 

is using the ISO 18000-7 specifications for the data-link layer. This still contains MAC addresses and 

MAC functionality to some extent, but is interfering to entirely different PHY and network layers, 

compared to IEEE 802.15.4. 

3.4.3. Software Stack Proposal for integration of several standards  
Although there are attempts to combine different standards into one model, like the ISA 100.11a for 

example as presented, the approach for the SWMN of Airbus is that of a modular concept. This 

implies that software stacks of different standards can be combined, depending on the application 

scenario of each node. From the theoretical observation of each standard, shared modules could be 

identified as well as possible incompatibilities. The following approach does not define a new overall 

layer that realizes communication with all technologies, but integrates the various modules on one 

platform. 

Therefore the End User Application level, which is the highest level in the layer model and dedicated 

for the end user specifications, must carry a network manager and switcher. This sub-layer must 

define over which network stack a specific message shall be transferred, coming from the upper 

applications, like sensor software or data-bases or anything connected to the node. The following 

Network layers are separated for each networking technology. While DASH7 is solemnly based on 

the ISO 18000-7 standard, ZigBee, WirelessHART and 6LoWPAN share the same IEEE 802.15.4 

specification on the lowest two levels. This implies they use the same hardware and also PHY and 

MAC layers. To which extent the same MAC layer can be used by more than one network layer in one 

node must be verified. But either the overall stack just carries separated network layers for the IEEE 

802.15.4 standards, or each implementation also receives an own MAC layer. 
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Figure 8: Proposal for modular software stack architecture, managed by an overall "Network Manager / Switcher". Own 
Design 

The approach requires feasibility verification. It is based on shared modules and the concept of a 

modular product design. In general, the stacked software architecture could be extended by further 

networking stacks, like RFID, Bluetooth and Wi-Fi, if required. But here must be differed between on 

the one hand connecting a hardware device that has its own software logic and just communicates 

over a specified port with another device and on the other hand integrating software stacks into one 

overall modular system, steered by the same software core, here the application level manager and 

switcher. The first is interfacing separate systems, the latter is creating one system unit by 

connecting modules. The intention is to be able to steer the overall resulting network through one 

network software. When the operator manages different nodes, distributed over the shop-floor, he 

does not distinguish different communication technologies. A Wi-Fi or Bluetooth device on the 

contrary remains a separated system. 

The approach of operating with different network technologies on one platform inherits some 

problematic issues. The first question is the mentioned possibility of sharing MAC and PHY layers as 

well as the sharing the supporting hardware. Second is the location of specific functions like time 

synchronization of processor clocks, node localization through RF based triangulation or even 

routing. Third, a network responsibility prioritization must be included, if two nodes communicate 

with each other that both carry multiple network stacks. If for example both nodes carry 

WirelessHART and 6LoWPAN stacks, it must be clarified which protocol is in charge of 

communication. This is especially a routing issue and a question about where the routing tables are 

stored and which layer performs routing.   

However, the solution presents an approach to combine capabilities and functions of the introduced 

technologies that were found in the first investigation phase. It is just required if a single solution 

does not answer to the overall development objectives. This must be verified in laboratory and 

environmental tests. It is possible that one single technology is sufficient and this can even be 

DASH7. The available documentation is not sufficient to define a final solution. 
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4. Hardware Components and 
Architecture of Network Nodes 

4.1. Introduction 
The network nodes, or also called motes, are the core hardware elements, building the networks and 

realizing data-capturing and transmission. They carry all necessary software and protocols, perform 

dedicated computing, connect to the physical world via connectors or sensors, operate the radios 

which build the wireless connections, carry energy storages or generators, and finally appear in a 

form to be attached to the host system or at any place in the environment. The last point implies that 

nodes can be designed either as pure PC boards to embed on a computer system, as a adaptor in a 

small case like a USB key, or as a free standing node with closed shell and attaching mechanism. In 

the following, each element of network nodes is presented and the Airbus realization approach 

discussed.  

4.2. Hardware Architecture of Network Nodes 

4.2.1. General Design 
The basic elements of a network node are the 

Central Processing Unit (CPU), which is a 

microprocessor or a microcontroller, a memory, 

supporting the microprocessor and storing data 

for transmission, the transceiver, which is a 

combined RF receiver and transmitter, a power 

supply unit and finally the application. The exact 

realization of nodes differs throughout the 

application scenarios. An overall development 

goal for WSN nodes and thus also for the Airbus 

development is downsizing plus low power 

consumption, while remaining broad applicability.   

4.2.2. Processor, Memory and Transceiver 
The CPU is responsible for receiving, computing and sending data between the node’s application 

and the network, managing the network connectivity by carrying the network protocol stacks and 

interacting with neighbour nodes, as well as coordinating the connected devices. Thereby, 

microprocessors are designed for general purposes, as applied in desktop PCs and thus mostly 

oversized in power and not energy efficient. So called micro-controller are developed for embedded 

applications and specifically designed for data processing and routing as well as energy efficient 

processing as they can switch to energy saving sleeping modes. They are freely programmable and 

mostly contain already an own memory. As alternatives, Digital Signal Processor (DSP), Field-

Programmable Gate Arrays (FPGA) or Application Specific Integrated Circuits (ASIC) can be 

considered as well. Each design provides specific advantages in either energy efficiency or data 

 
Figure 9: Principle Architecture of WSN nodes. Source: Karl  
H., Willig A. (2007) 
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processing, but each also inherits disadvantages, making microprocessors the overall superior 

solution in fulfiling all requirements.138    

Examples of common used micro-controllers are the Texas Instrument MSP 430139 and the Atmel 

ATmega140. A newer design is provided by Jennic141, directly in combination with network modules. A 

general requirement for the Airbus development is 8bit or 16bit processing and programmability by 

Labview, indicating C language, like ARM142 or Blackfin143 processors are capable of. 

The memory requirements strongly depend on the application scenario. To store immediate data, 

like transmission receiving or package queuing, a Random Access Memory (RAM) is required. As 

mentioned before, some microcontrollers already contain such a memory. For larger data amounts 

and long time storing, Flesh or Read-only Memory (ROM) is required as well. 

The transceiver is a core element of the node, guaranteeing the radio frequency based wireless 

communication. It is the hardware component of the Physical Layer, presented in chapter 3 and 

interfaces directly with the MAC Layer. The main task is to convert the bit streams into radio waves. 

The term “transceiver” is a merge of “transmitter” and “receiver” as both functions are included in 

one unit. Usually transceivers work in half-duplex mode144, being in one state of operation at a time.  

Transceivers are dedicated for frequency bands, divided into several channels. The proposed 

standards for the Airbus development imply 2.45GHz and 433MHz, requiring different transceivers. 

The possible transmitting range differs tremendously with several factors, like the environmental 

surrounding and interferences, the maximum output power, design and quality of the antenna, 

probably including a large antenna extension, the sensitivity of the receiver antenna and also the 

modulation scheme used for coding.145 The attenuation through the environmental depends on the 

used carrier frequency. Thus, although antenna power and used frequency gives a first idea of the 

possible range, the realized distance depend strongly on the application scenario. For IEEE 802.15.4 

based technologies, the typical range is stated to be 5-100m, the 433MHz DASH7 claims up to 2000m 

and solid and water penetration.  

An important factor for WSNs is the energy consumption. Therefore most transceivers dedicated to 

wireless nodes are able to switch to sleeping modes. A further approach, considered for mostly idle 

nodes in low traffic dense networks, is that of wake up radios. 146,147  A very low energy consuming 

radio stays awake and recognizes the arrival of packets. The wake up radio does not receive the 

transmission, just initiates the main radio.148,149 A more complex approach let the wake up receiver 
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identify if the packet is intended for the own node, to decide whether to wake it up or not. 

Unfortunately, to date the concepts have not been realized in transceiver hardware.150 

4.2.3. Power Supply 
The idea of wireless operation also includes wire free energy supply. The general case will be that of 

including some kind of battery on the node. The limitation thereby is of course the limited life time of 

batteries. Depending on the application and storage size, the operation time can vary tremendous. 

Even without active operation of nodes, battery energy fades, indicated by the shelf-life and 

furthermore, small currencies exist even in sleeping nodes. An alternative is energy harvesting or also 

called energy scavenging. The subject is discussed in detail in chapter 0. 

In the scope of the Airbus deployment, nodes are also connected to or implemented in larger 

systems, providing energy supply connectors. An example of a combined data and power connector 

is USB 2.0.  Network gateways, interfacing the wired/wireless networks, either as stand-alone devices 

or plugged to computers can be mains powered as well.  

4.2.4. Application Unit 
The application unit is the node’s interface to the physical world and the realization possibilities are 

broad. The original focus of WSNs mainly implies sensors and actors. The scope of the Airbus 

development reveals some more advanced application units.  

Sensors can be realized in a vast range of designs.151 In general two groups can be identified, pre-

amplified, active and non-pre-amplified, passive sensors. While the first require a power supply, 

giving an additional constraint to the node, the latter operates entirely autonomous. The 

connectivity for passive sensors is either guaranteed through sensor conditioning or amplification of 

the output signal, to shift the signal to the required voltage or current range. 

In terms of actuation, a network node is principle capable of either sending simple output signals, for 

example in the 4-20mA standards, or to switch relays. Complex actuator signaling might require an 

additional microprocessor and for integrating actuators in process flows sufficient time 

synchronization must be provided. In general, actuator deployment must also include the integration 

of a sensor on the same node, controlling the actuating performance. 

In addition to sensors and actors, the application unit can be everything that is not related to the 

primary wireless networking. In first place it will be connectors to systems, like Ethernet and USB 

including the specific protocols. Also additional microcontrollers or even microprocessors for more 

advanced computing tasks are possible application units, if the existing micro-controller is not 

sufficient. This can include communication protocols for connected manufacturing systems or data-

processing and evaluation if the specific node serves as a data-sink for clusters of sensors or 

embedded nodes. Other application units can be RFID writer/readers, Bluetooth or Wi-Fi modules, 

IEEE1588 providing chips and HMI interfaces like LEDs, keyboards, buttons and switches as well as 

LCD screens.  
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4.2.5. Connectors, Interfaces and Labview programmability  
The selection of finally required connectors is mostly constrained to the linked hardware 

components. The amount and kind of connectors implemented on the main card depends on overall 

application estimations. Some general digital and analog I/Os will be implemented as well common 

industrial connectors and Interfaces like Ethernet, RS-232, UART, CANOpen or I²C. Less frequent 

required interfaces like RS-422, 4-20mA standard, Field bus like CAN, Profibus, Industrial Ethernet 

can be provided via additional stacks and PCB board extensions. Gateway nodes that connect the 

wired infrastructure with the wireless networks for example require dedicated Ethernet ports, which 

are not required by mobile field routers or embedded sensors.  

Important is also the possibility to program the micro-controller over Labview and thus provide the 

required interface. Desirable thereby is not only to program in an off-line modus, implying the node 

to be connected physical to the programming device like development board or via USB to a 

workstation PC, but also to program “in the field” via the wireless communication link. That implies 

changing programs and readjusting nodes without collecting them manually. 

Ordering different connectors into complexity levels leads to the following list: 

 The communication bus needed by LabVIEW for a firmware upload 

 High level communication bus: a real time Ethernet protocol like Ethernet Powerlink 

 Mid level communication bus: Field bus like CANOpen 

 A low level communication bus for communication with stacked modules. 

4.3. Node and Module Examples 
A differentiation can be made between completely equipped nodes, ready for application 

deployment on the one hand, and pure network modules on the other hand. The latter is a chip with 

microprocessor, carrying the protocol stack and transceiver module. It can just be mounted on PCB 

boards directly. In the following, some node examples are described including a first prototype 

approach for airbus. Figure 10 at the end of this chapter shows a selection of the described nodes. 

4.3.1. Research Developments 
The initialization of wireless network nodes took place at University of California at Berkeley with the 

development of the Mica Mote in cooperation with Intel.152 Actual commercial versions are available 

from Crossbow, featuring Atmel microprocessors and a TR1000 radio from RFM.153 Other university 

and research projects lead to similar results like the “EYES”154, developed by the European Union and 

Infenion, “BTnodes”155 developed by the ETH Zürich or the “Scatterweb”156, originated at FU Berlin. 

Numerous business ventures have emerged based on the idea of ubiquitous computing, monitoring 

and control.     
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4.3.2. ZigBee and 6LoWPAN 
ZigBee is the most common standard and modules are provided by a broad range of vendors.  The 

6LoWPAN software stack is actually integrated by two vendors that also offer ZigBee modules. For 

pure ZigBee implementations three vendor examples are stated here but many more exist. 

The Ember Em351/Em352157 for example with 32bit ARM Cortex M3 microprocessor, including 

128/192kB Flash, 12kB RAM, as well as the software stack and a transceiver for 2,45GHz. The 

Libelium Waspmote158 is available as pure network module plus attachable antenna or in different 

variants with connectors or development boards. It includes the Atmel ATmega1281 microprocessor 

with 8KB SRAM, 4KB EEPROM, 128KB FLASH and a transceiver for 2.4GHz and 868/900MHz 

frequencies. The STMicroelectronics SPZB260 board159 on the contrary is a pure antenna module, 

dedicated for 2.45GHz ZigBee with integrated MAC and PHY protocols. The Zigbee protocol must be 

integrated additionally.  

Radiocrafts and Jennic are the first vendors announcing and offering dedicated 6LoWPAN modules. 

The Jennic JN5138 and JN5148 are basically the same modules, build around a 32bit microprocessor, 

just varying in RAM and Flash size and the integrated protocol, ZigBee for the JN5148 and 6LoWPAN 

for the JN5138.160 In principle, both protocols can be integrated on any IEEE802.15.4 compatible chip. 

Thus Radiocrafts offers the RC2400 transceiver module directly with ZigBee or 6LoWPAN protocol.161 

Some companies currently focusing on other standards also announced releases of 6LoWPAN 

integrated modules, like Dust Networks that is mainly dealing with WirelessHART to date.162  

4.3.3. WirelessHART 
WirelessHART is intended for industrial system developers. Currently two vendors offer embedded 

modules, DustNetwork163 and Softing164, providing the network protocol and the transceiver 

hardware on an embedded chip. As WirelessHART is a software stack for IEEE 802.15.4 networks, 

basically the same transceiver modules as for ZigBee and 6LowPAN are suitable. E-Senza on the 

contrary offers a complete mote with microcontroller, connectors and batteries.165 

4.3.4. Dash7 
Dash7 is currently available in Beta version for two platforms. First, the Texas Instrument CC430,166 

consisting of the MSP430 microcontroller with 16bit RISC processor, 8-30kB Flash, 2-8kB RAM and 

integrated transceiver for  433MHz, 866MHz. as well as the Semtech SX1212 module.  Second, the 

Semtech SX1212167 works in the 433MHz frequency but needs to be equipped with an extra micro-

processor, like the STM32 with 32bit, 1MB Flash and 80kB RAM168 as supposed by DASH7.169 
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4.3.5. Airbus Prototype One 
A preliminary prototype for Airbus, shown in Figure 10H was designed by a small design office 

supplier, in order to perform some 6LowPAN testing. It contains a Jennic JN5138 module on a PCB 

board, a cell coin battery and some connectors. It is a first feasibility approach for network testing 

and is intended to be decreased in size after determining the exact specifications. 

 

Figure 10: Examples of Network Nodes. A: TI CC430, B: Softing WirelessHART Module, C: Crossbow MicaMote, D: 
Libelium Waspmote, E: Semtech SX1212 433MHz radio, F: Radiocrafts 2.45GHz transceiver, G: STM 2.45GHz module on 
PCB board with connectors, H: Airbus Prototype One 

4.3.6. Conclusion 
A broad range of hardware is available. Companies are aware of the increasing interest in ubiquitous 

computing as well as different competing protocols. As no protocol can claim to be the overall 

industry standard yet, to which all vendors and all technologies must adapt, the different companies 

offer devices for variable adaption. As several protocols are based on the same physical 

requirements and furthermore use the same low level protocols of PHY and MAC layer, combination 

and interaction is a software issue, not a hardware compatibility problem. Several antennae evens 

provide different frequency spectrums like the 866MHz and the 2.45GHz, which are both part of the 

IEEE802.15.4 and thus switching to a different spectrum is possible. Although DASH7 operates on a 

different hardware basis compared to the IEEE802.15.4 protocols for the moment, first an increased 

interest in the standard can also lead to developments of combined transceivers, operating in 

different frequencies and second, the DASH7 organization developers work on integrating RFID 

applications using the same transceivers.170 Thus the lower end of compatibility in wireless 

technology is directly included. 

The hardware compatibility seems not to be an issue. The overall size is aimed to decrease. While the 

microchips development offers sufficient capabilities on small scale chips, the problem remains in 

downsizing limits of energy storages and physical constraints of antenna designs. Through the 

emerging field of ubiquitous computing, the task for the microprocessor industry is not that of 

increasing pure computing power on small space, but to increase efficiency in computing, especially 
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in energy aspects. Another issue is the use of the 2.45GHz frequency, which is also occupied by Wi-FI 

and Bluetooth. Especially Bluetooth contains a channel hopping mechanism as well that could lead to 

collision with WirelessHART. As the IEEE 802.15.4 standard foresees different frequencies as well, it 

might be appropriate to change to 866MHz or 928MHz band, if not to consider 433MHz for DASH7. 

But the real-life behaviour must be tested anyway.  

4.4. Airbus Development 

4.4.1. General Aspects of the Nodes’ Design: Environment Issues and 

Physical Formats 
First of all, the nodes will be implemented in industrial environments. This implies that field nodes 

must stand harsh environments like wide possible temperature range, vibration, shocks, electro-

magnetic influences through existing networks and machines and dirt through metal chips and 

lubrication.  

As mentioned before, three basic formats of nodes are thinkable. First, the embedded node is 

directly integrated in a host system like a computer, a tablet PC, control-systems of machines or 

insight tools. It will most likely be embedded on the host PCB board through general connectors and 

be insight the host systems’ cases. The node therefore is a pure chip module, containing the micro-

processor with the network protocols, an extra memory and the network transceiver module. 

Further industrial connectors and energy supply is not required as it is provided by the host system.  

Second, the node is connected to host systems, but externally via advanced connectors like USB, RS-

232 or Ethernet. Then the node must provide an own case, own PCB board and probably own energy 

supply. Examples for this scenario are communication nodes for manufacturing systems and tools 

that do not provide enough space inside or any PCB board connectors. Furthermore USB-key format 

network gateways are intended, providing network access for operators and administrators by 

connecting the node to a laptop. 

Third, the nodes are field nodes without connection to a more advanced host system. However, in 

this scenario the node can be a host system itself, providing more advanced computing capabilities 

and energy supply for sub-systems. This can be sensors and actuators in manufacturing cells or 

assembly lines. Other examples are mobile network routers that are distributed over the shop-floor 

to provide the general network connectivity or also wired/wireless gateway routers, building the 

interface to the wired backbone system. 

4.4.2. Modular Design Approach guaranteeing functional Adaptability 
The Airbus approach to guarantee broad application adaptability of nodes is a modular concept of 

designing the PCB board architecture. The idea is to build the nodes functional units around a central 

main card, carrying the basic network capabilities as well as most frequent required elements, and 

add the functions that are required for specific application through stacked modules. Through this 

approach, each node just carries that elements that are required for its application and thus the 

overall size stays small and the energy consumption low, as also elements that are not used but just 

connected consume a specific level of energy. Furthermore, applications and thus related elements 

can vary a lot throughout the intended scenarios in the Airbus development. Equipping each node 

with all possible connectors and application units is obviously over-sizing. 
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The key precondition to apply successfully a modular concept is the definition of interfaces. In case of 

PCB board designs it is rather simple as all elements can carry the same connector elements.171 In 

addition, the elements must be aligned to each other, to guarantee connectivity and a sound design. 

The exact specification of the main card and probably stacked modules requires first a broad use case 

collection and analyses, to determine application scenarios. It is most likely that the main card 

consists of the chosen main network module, probably with integrated micro-controller, or a 

separated one, plus small memory card.  Apart from some general analog and digital outputs, all 

further applications and connectors are realized through stacked modules. 

The stacked modules contain all further elements. This includes an energy stack that can vary from a 

mains power connector, over battery stacks to energy harvesting stacks. As energy harvesting units 

requires larger space and direct connectivity to the surrounding, the unit consists basically of two 

parts. The generator part is placed outside the core unit and the steering controller plus a balancing 

storage is on a PCB board module.. Another stack contains advanced connectors like Ethernet and 

USB respectively, which are just required for gateway nodes and communication nodes attached 

externally to machines and systems. In principle, all functions presented in the Application Unit’s 

discussion, like advanced extra microprocessor, RFID module, Bluetooth, Wi-Fi, indication elements 

like LEDs, displays and so on, can be integrated on separated stacks and then combined for dedicated 

nodes. In this way, each node contains all required functions without exceeding the necessary 

configuration. 

Next to receiving exact tailored nodes to their applications, the modular design allows simple 

extension of the Smart Wireless Mesh Network solution to further use cases, just by designing 

additional stack modules that can be combined with the existing elements.  

The overall nodes size shall not exceed 40mmx40mm, on the PCB board frame. However, if the 

application of the technology into Airbus facilities succeeds broadly and high numbers of nodes will 

be integrated, downsizing can be enhanced and probably dedicate modules on micro-chip size level 

be developed that carry a number of functions on thin stacked PCB layers. The combination of 

modules is then shifted from the system integrator, connecting some prepared elements to one 

node, to the manufacturer, directly producing nodes in layer module architecture. 

 

Figure 11: Modular Design of Network Nodes 
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5. Energy Supply of Network Nodes – 
Survey on Battery Technologies and 
Energy Harvesting  

5.1. Introduction 
The starting points of considering wireless instead of wired communication are either the mobility of 

communicating devices, complicated or even no reachability for wiring, or high costs of installing 

respectively enlarging a wired infrastructure. After solving the communication and environmental 

issues, the main issue remains the energy supply. Although the desired nodes in the scope of this 

development are not only stand-alone sensors, but also communication ports with connectors to 

various application devices like machines and tools, many connectors do not provide an energy 

supply and thus the node needs an own energy source. The design of the energy-module-stack 

therefore takes an important role.  

The energy problematic is well known in all fields of mobile electric devices like cell-phones and 

laptops. The main issues are the size and the operation duration. The limitations of downsizing 

devices are often set by the battery constraints and the energy units are mostly the largest part. 

Compared to successes of the development of processors and electrical circuitries in reducing size 

and increasing performance, the battery development just reaches small stepwise successes.172 The 

battery of a typical analogue transceiver in the 1920s occupied about 5% of the overall device space. 

The crossbow mica transceiver mote is equipped with two AA batteries that occupy 90% of the unit’s 

volume.173 In addition to the limitations of reducing the size of the nodes, the battery life span is a 

problem for wireless nodes. Sensor nodes that are applied to devices that have frequent 

maintenances can be controlled by the respective service. But if either the maintenance loop is much 

longer than the energy source life, or if the nodes are attached at places that are difficult to reach, 

the battery life span becomes a big issue. In such cases the energy source’s life must exceed the 

products lifespan, or the energy must be obtained differently, if high maintenance costs shall be 

avoided.   

The development scope of the Wireless Sensor Network does not include the development of new 

energy sources and batteries itself, but nevertheless an investigation on current technologies and 

solutions in order to provide a set of best fitting possibilities. Chapter 5.2 gives an overview of the 

current battery technology. In chapters 5.3 some alternative approaches for energy storages and 

sources are presented, which can be very applicable for sensor nodes. In chapter 5.4 energy 

harvesting is discussed as an evoking technology in terms of WSNs. It implies autonomous energy 

generating and thus leads to complete wireless operation and avoidance of maintenance activities 

for battery changes.  
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5.2. Electrochemical Batteries174 
Although the battery development could not succeed in magnitudes of the electricity circuit and 

microprocessor industry, a broad range of mature technologies is available. The best choice of 

battery is highly constraint with the desired application. It differs with factors like required voltage, 

size, recharge possibilities or environmental factors like temperature, vibration, electrochemical 

surrounding. Batteries are available providing 20.000Ah as well as 1Ah, 12V or 1mV, just to name 

some ranges.  

The battery requirements for the Airbus Wireless Sensor Network Nodes cannot be defined 

sufficiently here, as the node design varies with the different application scenarios. But as described 

in chapter 4.4.2 the energy source can be adapted through the modular concept of the node and 

thus some different solutions might be chosen. 

In general, two kinds of batteries must be differentiated, the primary and the secondary battery. The 

primary battery is irreversible used when once the electricity generating chemical reaction is 

exhausted. The secondary battery can be recharged, by applying an opposite directed currency. 

Concerning the physical format of batteries, the scope of this work will just include standard sizes like 

AA, AAA and button configuration, depending on the node’s application and thus its size and energy 

consumption. In later development stages, customized battery sizes can be included as well, if the 

application leads to an advanced node design and high node number to carry the costs.  

In the following, some of the most important battery types are presented. The list is far not 

complete, as many material combinations can serve as batteries and were industrialized as well, but 

it represents the actual development situation. 

5.2.1.  Primary Batteries 

5.2.1.1. Alkaline and Lithium Batteries 
Alkaline batteries are most popular and have the highest production rate of all primary batteries. 

This is mostly due to a 2 to 10 times higher performance than former technologies and thus a quick 

market acceptance. The initial costs are moderately compared to other technologies, but Alkaline 

batteries are very cost efficient at higher use rates due to a long lifetime. The direct competing 

technology is the younger Lithium based battery. It provides the best performance of all technologies 

in terms of energy density, power density, voltage, flat discharge profile and temperature range as 

well as resistance to harsh conditions. It provides up to 4V compared to about 1.5V of most other 

systems, which can reduce the number of required cells. With 200Wh/kg or 400Wh/L, it has the 

highest energy density, except for Zinc/Air batteries and the temperature range is usually –40°C to 

70°C, but extreme values of +150°C and –70°C where reached as well. Though the Lithium technology 

has better characteristics than Alkaline, the latter still dominates the market due to lower costs.    

5.2.1.2. Zinc / Air Batteries 
Zinc / Air batteries use oxygen as cathode, retrieved from the ambient atmosphere. It has the highest 

possible energy density of all technologies currently available. It is desired for low-power applications 

as it just provides low voltages. As long as the battery is sealed and no air can stream in to start the 

reaction, the battery has extreme long shelf life. Once activated, the battery life is not as good as 
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other technologies. Furthermore it is sensitive to extreme temperatures as well as humidity and 

harsh environments. Although the main application field is for medical devices, like hearing aid, 

recent development was done as well for telecommunication, laptops and Bluetooth devices. This 

implies that standard sizes are available. Nevertheless, the environmental and active life 

characteristics make it unlikely to be chosen for wireless sensor nodes. Just the outstanding energy 

density let it be considerable for possible specific applications. 

5.2.1.3. Solid Electrolyte Batteries 
The use of a solid instead of a liquid material reduces leakage risks. This kind of batteries are 

preferably equipped with a Lithium anode and mainly characterized by a very low power capability in 

the range of micro Watts on the one hand, which limits their application field and is often stated as a 

disadvantage. On the other hand, this type is highly thermal stable, capable to operate in a broad 

range of environmental conditions with high vibrations and temperatures up to 200°C and shows 

very low self-discharge rates. It has an on-the-shelf life of up to 20 years. Solid electrolyte batteries 

are used in heart pacemakers, due to the long stability, but also in more commercial application like 

preserving volatile computer memory. Thus they are available in standard sizes. 

5.2.2. Secondary Batteries 
Secondary or rechargeable batteries are realized through various material combinations and 

technologies, like the primary batteries as well. Nevertheless there is just one dominating technology 

in this field and that is lithium based systems. Lithium based batteries provide the highest energy 

density, longest shelf and active life, most least-possible recharge cycles and broadest operational 

temperature range of all secondary battery types. Like its primary type complement, it provides a 

nominal voltage of 4V which is 2 to 4 times more than its competitors and thus reduces the need of 

parallel added cells. Lithium batteries are available in all kind of sizes and formats. The technology 

has been in the focus of mobile electronics industry and therefore been developed extensively in 

recent years. Although Lithium metal systems provide the absolute highest energy density, it is not in 

commercial use due to safety concerns. Therefore the Li-Ion technology is dominating. The Lead-Acid 

battery inherits high market shares as well, but just because of its accepted application field in cars 

as start and lighting power source.  

Polymer Li-ion batteries are thin film batteries with a gel as electrolyte and 

a flexible shell. The thickness varies from 1.5mm to 8.4 mm and it delivers 

0.5Ah to 8Ah. It has high energy density and is very robust against abuse. It 

stands vibration up to 50Hz with 1.6mm amplitude, shocks of 175G, 

temperatures of 150°C, overcharging to 250% of capacity and discharging 

to -12V. The C/LiMn2O4 battery even stands nail penetration in fully 

charged state without explosion or fire. The technology is used in 

electronics were very thin batteries are required. Through the robust 

characteristics, they could fit very well applied on nodes that are in harsh 

environments like in machine sensors or serve as storage in combination 

with energy harvesting methods as described later.  

Thin film Li-ion batteries also exist in solid state form, especially designed to serve on electrical 

circuits and be able to stand soldering temperatures of 250°C. A current of 5mA/cm² is realised, 

supplying 2.7V to 4.2V and miniaturization reaches sizes of 0.4mm x 0.4mm x 2µm. 

Figure 12: Polymer Li-ion 
thin film battery, Source: 
Linden 2001 
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5.2.3. Comparison of battery types and application trend  
Looking at the application fields of batteries, a general trend can be stated that the choice of battery 

shifts from primary to secondary types with increasing power requirements and sizes. This is due to 

the initial and operational costs. Where the initial costs of rechargeable batteries are higher, it 

compensates in short terms through extensive use. Primary batteries therefore dominate in low 

power applications where a long service life is required. In terms of WSN, the question of choice is 

even easier. A node will be equipped with rechargeable batteries as long as it is attached to a mobile 

device that either undergoes very frequent maintenances or that can be stored frequently in loading 

ports. An example for the latter could be a handheld device. The choice of technology in this case is 

clear, as Li-ion systems are best in performance and broadly developed. Thin film batteries can serve 

in special applications were miniaturization is crucial and as a storage in energy harvesting.  

 Primary Batteries Secondary Batteries 
 Zn/ 

alkaline/MnO2 

Li/MnO2 Li/SO2 Nickel-
Cadmium 

Lead-Acid Nickel-Metal 
Hydrid 

Lithium-
Ion 

Nominal cell voltage, V 1,5 3,0 3,0 1,2 2,0 1,2 4,1 
Specific Energy (Wh/kg) 145 230 260 35 35 75 150 
Energy Density (Wh/L) 400 535 415 100 70 240 400 
Charge Retention at 
20°C (shelf life) 

3-5 years 5-10 
years 

5-10 years 3-6 months 6-9 months 3-6 months 9-12 
months 

Calender Life, Years - - - 4-6 3-8 4-6 5+ 
Cycle Life, Cycles - - - 400-500 200-250 400-500 1000 
Operating Temp -20 to 45 -20 to 70 -20 to 70 -20 to 45 -40 to 60 -20 to 45 -20 to 60 
Relative cost per watt-
hour (initial unit cost) 

1 6 5 15 10 25 45 

Table 1: Comparison of battery technologies (Source: Linden 2001) 

For primary batteries, the technology must be chosen in respect to the application. For most cost 

efficiency and thus relative frequent battery changes, the alkaline battery is to prefer. In case of 

higher performance and environmental demands, the characteristics of Lithium batteries legitimate 

the higher initial prices. In cases of very high energy density requirements, the Zink / Air batteries 

provide the top of the art technology at the moment. The solid electrolyte batteries finally, primary 

as well as secondary, stand very harsh conditions and reach the lower end of miniaturization. Erreur ! 

ource du renvoi introuvable. shows a summary on the technologies. More detailed tables are 

available in Appendix C.  

5.3. Non-electrochemical batteries and power transmission 

5.3.1. The fuel cell 
As an alternative to classical electric batteries, micro fuel cells can be 

used and are considered for wireless sensor nodes175. Research on 

that field is proceeding and promising, although not yet mature 

enough to be considered for the Airbus nodes. A cell requires a 

combination of a fuel and an oxidant in order to produce electricity. 

Possible combinations consist of hydrogen plus oxygen or 

hydrocarbons plus alcohols. Fuel cells store much more energy than 

electric batteries, but have the drawback to use energy as well. New 

designs avoid this energy consumption and also show what is possible 

                                                             
175 Mitcheson, Rao (2008) 

Figure 13: Miniaturized Fuel 
Cell (Source: Moghaddam 
2008) 
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in miniaturization. A 3x3mm² micro-fuel-cell as shown in Figure 13 was developed recently.176 It just 

provides 0.7V and 1mA, which is much too low for feasible application, but provides a proof-of-

concept for fuel cells in that size. 

5.3.2. Radioactive based batteries 
Radioactive materials in combination with miniaturized power supplies deliver high power density 

and have long lifetimes. The bases are Radioisotope Thermoelectric Generators (RTG) consisting of a 

heat source and an energy conversion system. The heat source hereby is a small Pu-238 and the 

electricity is produced by a thermocouple. The current is generated when one side of the bi-metal 

thermocouple is heated and the other side is cooled, due to the Seebeck Effect.177 The heat thereby 

is produced by the Pu-238 radiation, bombarding the walls of its container. The cooler side is at 

surrounding temperature. Large RTGs are used in spacecrafts as they are highly reliable and resistant 

in harsh environments, but miniaturized versions have also been applied in heart-pacemakers, 

before being replaced by the solid electrolyte batteries for most cases.  

In case of heart-pacemakers, through the half time of approximately 85 years of Pu-238, the battery 

can run about 35 years in a well function state by delivering 300µW electricity.178 The annual 

radiation thereby is harmless, even to pregnant women, as it is approximately one quarter of the 

annual radiation received by average US citizens. To reach a higher power generation, the system can 

of course be enlarged as well, as done by the NASA for a Pluto mission, using a 10kg unit generating 

about 180W.179 This shows in general that the thermocouple based electricity generation is feasible 

and can be sized to various applications. The use of radioactive material might let arise problems in 

case of certifications and peoples’ acceptance, regardless of technology maturity. Nevertheless, it is 

regarded as a possibility for solving the ever longing problematic of limited battery life and 

furthermore feasible for commercial use due to the maturity in medical devices. A major concern 

remains in leveraging big amounts of nuclear material to the public.180    

5.3.3. Power Transmission 
A wireless node can also capture energy through radio frequency electro-magnetic transmission. 

Passive RFID technology is based on this principle.181 It just generates very small amounts of energy, 

but is nevertheless a huge improvement and opens many new markets and development fields as it 

can be observed at the moment.182 As the RFID technology is an option for functional stacks in the 

scope of the Wireless Sensor Network development, it will be used in the framework of this work.  

Research and current experiments at MIT also show the possibility of transferring higher amounts of 

energy wireless, like powering a 60W light bulb, but these approaches have drawbacks and they are 

not applicable in close future.183 
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5.4. Energy Harvesting 
Energy Harvesting implies power generation from the direct surrounding of the device. This can 

include mechanical sources like vibration or general acceleration, pressure changes heat, light, wind 

and bio-chemical sources. Facing increasing prices for fossil fuels, energy harvesting, as a part of 

sustainable energy sources, becomes a more and more important factor in energy production. 

Applied to wireless sensor nodes, energy harvesting implies avoiding of battery changing and wiring. 

Thus, devices can be applied at non-reachable locations and no maintenance actions need to be done 

after installing. These factors can off-set the higher implementation costs compared to battery driven 

devices in short terms.184  

The drawback off energy harvesting technologies is the unstable energy delivery by the surrounding, 

depending on the chosen source and application. But as this survey stays in the scope of industrial 

environments, the considered energy sources will be waste energy from machines in first place, like 

vibration and heat. As an underlying assumption, wireless sensor nodes dedicated to machines just 

operate when the linked application works as well. Thus, if a machine is not operating and therefore 

not generating waste energy, no measurements need to be taken and the sensor node can be in 

sleeping mode. In addition, light as an energy source will be discussed as well, because solar 

technology is mature and ambient light is mostly available.  

5.4.1. Mechanical Energy: Vibration 
Utilizing mechanical waste energy from vibration can happen by three principles, which are already 

in testing and partly even applied. In electromagnetic energy harvesting, the vibration enhances a 

mass that can directly be a magnet. The moving magnet generates an altering magnetic field which 

leads to a currency in an underlying wiring. The company Perpetuum185 uses this principle and has 

already applied various wireless sensor solutions for example for Shell and the US Navy. Devices like 

the PMG17 produce 0.3mW respectively 6V from 0.2mg acceleration and has a size of 55mm x 55mm 

(diameter x height).186 The solution is available off-the-shelf for several hundred Euros and field-

tested. Unfortunately, the actual off-the shelf solutions are heavy and mostly dedicated to specific 

frequencies. A dedication to specific frequency implies a more complex and cost intensive 

installation. The desired target first needs to be analyzed in detail in order to retrieve exact 

frequency data and then the energy harvester needs to be chosen or adjusted. This precludes the 

possibility of a general solution and implicates a single use case development. Furthermore a weight 

of 600g up to 1kg for devices generating a few Milli-Watts energy, like the Perpetuum PMG series, is 

too much concerning the application intention of wireless sensor networks in manufacturing 

environments. The focus for that development was offshore drilling platform monitoring and thus 

the size and weight was not a crucial factor.  

On the contrary a wireless sensor network approach is presented by Perpetuum. A node is supplied 

with sufficient power in order to perform simple transmission tasks. It consists of an Atmel 128 

microprocessor and a Texas Instrument CC2420 radio.187  Such a node design is similar to our 

intentions and therefore interesting to investigate further.    

                                                             
184 Aliwell, Kompis (2008) 
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Figure 14: Left Up: MicroStrain’s vibration energy harvester next to US quarter dollar, (Source:  www.microstrain.com). 
Left Down: Energy Harvester from Perpetuum. 55mm height, 55mm diameter; converts vibration into electricity, (Source: 
www.perpetuum.com). Right: Wireless, strain sensor with piezoelectric energy harvesting on helicopter, (Source: Arms 
2006) 

Another principle to convert vibrations into electrical energy is the use of piezoelectric elements. 

Piezoelectric materials generate a voltage when exposed to dynamic strains or deformation. 

Attaching a mass to a piezo-element enhances the strain on the element caused by the vibration. 

After general feasibility testing of piezoelectric strain based energy harvesting in 2002188, the 

company MicroStrain succeeded in applying strain sensors on helicopter rotary blades pitch links. 

Even though the excitation frequency was just 40Hz, the generated energy exceeded the energy 

consumption and thus continuous battery-less operation could be proven.189 Interesting here is that 

the node’s purpose was the measurement of strains and at the same time it used the altering strains 

for energy supply. 

In recent development, such battery independent sensor nodes were integrated in overall wired and 

wireless sensor networks based on IEEE 802.15.4 with GPS and beacon based time synchronization, 

USB, RS232/422 and CAN interfaces as well as Ethernet and mobile phone connection.190  

As a third principle, vibrations can be converted into electrical energy by electrostatic or capacitive 

harvesting. A capacitor is loaded and through the movement the conductivity is changed which leads 

to electricity generation. A drawback of this method is the pre-required charge while as advantage, 

the common used and easy implementation of circuits can be stated.191   

5.4.2. Mechanical Energy: Non-frequent random moving 
In 1988 Epson introduced a battery-less watch system, generating the energy through the movement 

of the arm. In average utilization the generator produces 5µW, but when shaking, this can even reach 

1mW.192 Also the US Defense Advanced Research Projects Agency (DARPA) investigates on harvesting 
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energy from human movements.193 A yet non-investigated field194 is the possibility of applying these 

approaches to wireless sensor nodes attached to moving machines and especially robots. Industry 

robots, in particular used for assembly, are in continuous moving and perform very high 

accelerations. Applying those technologies to robots, I assume a much higher electricity generation 

potential compared to human application. This could be very interesting to validate. 

5.4.3. Thermal Energy 
As explained for the concept of radioactive batteries, electricity generation through a temperature 

difference is based on the Seebeck effect. The efficiency of utilizing this effect strongly depends on 

the temperature gradient and thus applications for daily life are rare. It is used in aviation, as 

temperature differences of 50°C are common in flight heights. Recently, new successes could be 

stated as the efficiency was tripled in laboratory environments through developments in the field of 

nanotechnologies. New market opportunities emerge, as the efficiency is enough to use lower 

temperature gradients. The car industry for example regains interest. Here, thermocouples are 

considered to be wrapped around exhaust pipes.195  

Micropelt, a company formed by the 

Frauenhofer Institute and Infineon AG, 

offers miniaturized products, providing 

electricity generation for low-power 

devices. A temperature difference of 

10°C already produces 1.4V, and the 

retrieved power increases 

disproportionate.196 Application fields 

developed yet are for temperature 

measurement in hot tubes as well as for 

wireless sensor networks. The wireless sensor network proof-of-concept kit works with a 2.4GHz 

transceiver to show compliance with the common used protocols, but works with a customized 

simpler protocol in order to meet energy conditions. Higher temperature differences can be found in 

production environments and thus sufficient energy support for more advanced network protocols 

and sensor applications was observed197. Our observations on this are exposed in the next chapter.  

Thermophotovoltaic (TPV)198 is a different technology and works with higher temperatures about 

900°C-1300°C. The principle is similar to solar photovoltaic, as electricity is generated by photons 

absorbed by a photovoltaic cell. The difference is that the heat source emits radiation near the 

infrared frequencies, unlike light sources. The technology is mainly targeted for combined heat and 

electricity generation in households.199 Manufacturing fields with similar temperatures are casting, 

light-bow forming, heat-pressures and hardening. To what extend electricity driven wireless sensor 

nodes are required or could be useful in such processes needs to be investigated further. The high 

temperatures could be a barrier for the sensor circuits and therefore make any application 

                                                             
193 www.darpa.mil 
194 As far as my personal research concerns up to now, as well as feedback from MicroStrain’s developer 
195 Aliwell, Kompis (2008) 
196 Micropelt (2010) 
197 Böttner et al (2007) 
198 Chubb (2007) 
199 See for example www.jxcrystals.com/ThermoPV.htm 

Figure 15: Left: Thermogenerator element, right: TE power node for 
wireless sensor network. Source: Micropelt 2010 
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impossible. Nevertheless, in such high temperature processes no sensor needs to be powered 

additionally if it is embedded.  

5.4.4.  Solar Energy 
Solar photovoltaic is the most mature energy harvesting technology due to broad common use in 

power generation. It also might be the most yielding technology with an optimal generation of 

10mW/cm² under direct sunlight.200 This yield can vary a lot, depending on the conditions and thus is 

hardly reached. Especially indoor under ambient light and in flaw lighted environments, the power 

output can be very low due to light intensity and emitting light source like incandescent, fluorescent 

or diode. Furthermore, the solar cells must not be covered and be placed with best orientation to the 

light source. That reduces the application possibilities further, as sensor nodes are often attached 

close to processes where machine parts or whole devices can cover the node. This issue is of higher 

concern for solar photovoltaic than for vibration or heat based energy harvesting, because in the 

latter cases, the sensor mostly measures values closely related to the energy harvesting source, if it 

does not even measures the source itself like a heat sensor. 

However, environmental issues need to be faced by any energy harvesting technology and due to the 

maturity of the solar photovoltaic technology itself, compared to the other approaches, it might be 

interesting for many scenarios, even for indoor cases. The “Network and Embedded Systems Lab” 

(NESL) of the University of California, Los Angeles, worked on the topic in the scope of wireless 

sensor nodes and developed hardware components and power management.201 202 203 The work 

resulted in the Mica Mote, which is desired for outdoor application, like other solar-based 

approaches too.204 

5.4.5. Conclusion on energy harvesting 
The findings on energy harvesting methods, as exposed in this chapter, show a young and emerging 

field of technology. Some solutions are already on the shelf, others are in basic development but 

show interesting approaches as they are already linked to wireless sensor networks. For industrial 

environments, vibrations, movement and heat sources seem to be very appropriate, as they are 

directly connected to the process which might be monitored by the sensor node. Ambient light 

should be considered as well, as it is a mature technology and mostly available. But light is not 

constrained to processes, which makes it more difficult to control and estimate the energy density 

available for the application itself. To give an idea on actual power density, the following table shows 

a comparison of harvesting methods.  

Harvesting Technology Power density 

Solar cell (outdoors at noon) 15mW/cm3 

Piezoelectric (shoe inserts) 330µW/cm3 

Vibration (small microwave oven) 116µW/cm3 
Thermoelectric (10°C gradient) 40µW/cm3 
Acoustic noise (100dB) 960nW/cm3 

Table 2: Comparison of harvesting technologies, source Raghunathan V. et al 2007 
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5.5. Implications of the Energy Supply for the Airbus SWMN 

Development 
The energy supply is one of the most important issues for the operation of WSNs. If there is no 

possibility of a wired power supply, a mobile supply must be provided that is sufficient for a stable 

operation. The alternative is to be chosen between an energy storage and an autonomous energy 

production, energy harvesting. Electrochemical battery technologies provide various systems for 

recharging or one-time-use. The fuel cell promises interesting characteristics, but the technology is 

not mature in close future. Radioactive batteries in small scales have proven their feasibility in 

medical devices. There is no other technology that provides that energy density and stability in such 

a long life span. In fact, the life span of 35 years of a radioactive battery exceeds the general life span 

of manufacturing devices.    

The idea of energy harvesting will be a central developing issue in the scope of wireless sensor 

networks in the close future. It is necessary in order to do the last step to a real wireless device, 

which will last in its application for the life-time of the product. The maintenance costs and efforts 

are the main development drivers, next to reachability. 

Crucial for energy harvesting systems is a very efficient power management. This includes first that 

all components consume as less energy as possible, and furthermore that the energy harvesting 

system is disconnected from the nodes circuits until enough energy is stored to perform an action. 

This is important as the harvesting system just generate very little amounts of electricity per time 

unit. Using capacitors and voltage sensing switches shall ensure that sufficient power is generated 

before an operation starts.205 To store energy, either a capacitor can be used, or for larger amounts 

also the before described thin film lithium ion batteries,206 as done in the helicopter case shown in 

Figure 15 as well as in an active RFID scenario by MicroStrain.207 

In the case of including energy harvesting in the actual scope of the development of an Airbus WSN, 

a strict module based approach might reach its limits. Utilizing the surrounding energy requires 

careful adaption of the node to its application with very stringent energy management mechanisms. 

Especially the computing capacity must be sized to a minimum, but also the communication 

mechanism. In case of embedded sensor nodes, energy harvesting could be efficient. In addition, if 

the node is connected to an application that emits high amounts of waste energy, also complex 

nodes might be powered sufficiently.  

But in terms of connecting more complex applications than basic sensors, like the control unit of 

machines and tools, or router nodes, the node must perform high computing and therefore requires 

a powerful energy supply. If no mains supply is provided from the connected application, the 

traditional battery remains the solution.  

  

                                                             
205 Churchill (2003) 
206 Bates (2000) 
207 Townsend (2009) 



52 
 

6. Airbus Development Specification 
for Key-User Functionality, Message 
Design, Data-Base and Network 
Infrastructure  

6.1. Introduction 
While the previous chapters focus mainly on existing technologies, by presenting them and relating 

them to the Airbus intentions, the following chapter presents specifications of the technology 

deployment. It focuses on the message management of the network, implemented in processes and 

applications and the underlying mechanisms guaranteeing the operation. The description of the 

underlying mechanism and architecture design is abstracted from the definitions of the presented 

protocols, indicating independency from a single standard. Anyway, the conditions of several 

standards are considered and implemented as far as it is possible in a general way, or relations are 

shown. 

The term “Airbus World” summarizes all backbone computer systems that are accessible throughout 

all manufacturing sites, respectively the central data basis and software applications that provide all 

necessary information. This includes ARP (Advanced Resource Planning, a SAP customization), the 

Statistical Process Control (SPC) and Catia V5, the CAD system used at Airbus. 

6.2. Key-User Functionality 

6.2.1. Definition of Key Users 
The definition of key-user level is necessary to clarify responsibilities and influence possibilities. 

During the prototype phase a clear level differentiation might not exist, but in the industrial phase 

different key-user with different amount of influence on the technology must be defined. A general 

approach is the following: 

1. Implementer level 3: Component Production. Manufacturer and integrator of Hardware 

and Software, which are most likely several companies. Two sub-levels could be 

distinguished: A) The pure chip and software code producers on the highest level, and B) 

the component integrator, combining the general products to Airbus solutions. The latter 

includes designing of the stacked modules and customizing software. 

2. Implementer level 2: System Integration or build-up. Builds-up general framework of 

integrating the technology on the shop-floor, like installing gateways and routers, equip 

and install computers, creates the link to the Airbus World. Mounts network nodes by 

combining stacked modules. It is the Global Support Contact in Airbus. 

3. Implementer level 1 / Integrator: Application Integration and System Forming. Dedicates 

a random node to its defined application by choosing the right module, uploading the 

right software, and applying all required network IDs to the node. It is the Local Support 

Contact in Airbus 
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4. End-User/Operator: Operation. Uses in first place the application, doesn’t cope with 

network issues. Probably plugs a node to an application. 

The level of out-sourcing depends on the amount of technology deployment, but certainly covers the 

upper two implementer levels, probably all three levels. The allocation of responsibility is preliminary 

and can shift during development and even operation time.  

The following concentrates on the 3rd and 4th level of key-users, thus the implementer level 1 and the 

end-user or operator, as this remains in the direct responsibility frame of Airbus throughout 

development and application life-time 

6.2.2. Operator  
Concerning the interaction between network nodes and humans on the operational level, two cases 

can be distinguished. First, a direct interaction of operator and node, which occurs when the node is 

equipped with peripherals like LEDs or a keyboard, or even when the node is the direct network 

access via tablet PCs or workstations. In this case, the operator deals directly with the network 

applications either by typing in data and retrieving data. Furthermore the operator might activate 

and deactivate the node directly and deals with network connectivity to some extent. Connection 

strength and status might be indicated and links to a selection of reachable network devices can be 

indicated. In a second operation case, the network and nodes operate completely in the background, 

without interacting with operators. The nodes are then integrated in systems, like machines, tools 

and PCs and the operator performs the pure operation task. This is either directly the manufacturing 

and assembling or as well data evaluation from a remote place like the manufacturing offices. In 

addition, the second case includes autonomous operating nodes like general routers and gateways, 

random sensor nodes and actuators. While in the first case the operator deals with network issues at 

least to some extent, when switching on and off devices or waiting for connectivity if problems occur, 

the second case excludes any network issue handling. Therefore mechanisms must be implemented 

in the network and node management that ensures stable operation in any case, although when 

network connections break down or requires time for the autonomous re-adjustment and self-

healing mechanisms. 

6.2.3. Integrator 
The integrator prepares each node for field implementation. This includes first, uploading the 

required firmware to the micro-controller, containing the software applications that manage the 

connected applications and second assigning all required IDs to the firmware.  

The intended scenario is like a plug-and-play model. A new application is identified, requiring a 

network node for communication connection. The identified application delivers information on 

which features and capabilities the node must contain, for example which connectors are required 

and what kind of machine, tool or sensor is attached. In this state, all possible applications have 

already been identified and thus hardware and software modules are prepared. The system 

integrator chooses and combines the hardware and software elements to the desired node and 

applies it on the shop-floor. In a later scenario, when the overall Airbus deployment leads to high 

amounts of nodes for each application, the module assembly is shifted to higher key-user levels and 

dedicated nodes are delivered directly, not customized by the local support integrator. 
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Independent from the deployment density of network nodes remains the assignment of the nodes’ 

IDs and their network joining behaviour by the integrator. Through this, each node can automatically 

find its dedicated operating network or, if desired, join any network that let it join.  

6.2.4. Assigning IDs and Behaviour of Nodes and Networks 
When a node is assigned to its application, the required firmware including the application software 

is uploaded. Next, the nodes role in the network must be defined to pre-determine its behaviour. A 

node can either be strictly assigned to be a mobile router, just forwarding messages, a network 

controller with the aim of building up networks, a wired/wireless gateway, open to interface with 

various wireless networks or assigned to a computer, or a dedicated application node. In addition, a 

node can be assigned to a random modus, to adapt its role dynamically, depending on the 

situation.208 

Various ID levels must be verified, independent from implemented ID structures from the network 

protocols. The ID structure must be conform with an overall network management in the frame of 

Airbus facilities and the background IT systems, the Airbus World, that proceeds, computes and 

stores the forwarded data from the network. Each node requires the following ID structure: 

 A Unique-Node-ID: Dedicated to one node only. Required if a node is not assigned to a 

network or several networks operate in the same range and no sub-network-ID is assigned. 

Most likely to be the unique MAC address. 

 Single-Node-ID: For a single node to use in the boarder of a network or sub-network. Not 

unique globally but more efficient for frequent communication due to a shorter length. This 

ID is assigned automatically by the coordinator node that let a node join its network. 

 Sub-Network-ID: Provides distinction of various part networks, belonging to an overall 

system. Helps managing large main networks by further dividing them and is required when 

several sub-networks operate in the same area. In general the sub-network assignment can 

be applied as it occurs to be required. Sub-Networks can be various areas on shop-floors, 

manufacturing cells or groups of the same application like all drilling tools, all temperature 

sensors etc. where data is intended to keep separated. 

 Application ID: Identifies directly the connected application to the node. It helps 

distinguishing messages in the data-server and allows multicasting if a message is just 

desired for a specific application. This ID can be seen as a different kind of sub-network-ID. 

The difference is that sub-networks are primary not intended to communicate to each other 

except over the gateway nodes while groups with the different Application IDs can operate in 

the same sub-network and even must communicate directly. An example can be a sub-

network consisting of PC nodes and hand-tool nodes. Through the sub-network ID all nodes 

can be reached, but through the additional Application IDs one PC can address all hand-held 

tools only. The same way is data receiving. A data-server directly recognizes what kind of 

application is belonging to the node, which sent a message and so the data-server can 

directly apply the right actions. 

 Main Network-ID: Overall Networks like different shop-floors or even different plants if 

interaction is intended, like possible through 6LoWPAN.  

                                                             
208 This is the default status in ZigBee, WirelessHART and 6LoWPAN 
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As presented in chapter 3 each networking standard has its own identification scheme. The IEEE 

802.15.4 protocols use the MAC address as basis, on which network and sub-network patterns are 

assigned by the network upper layers. Although DASH7 provides no exact information on addressing 

schemes yet, a basic mechanism will be integrated. 

Setting a new ID of any level must happen with support of a central data-base. The key-user can then 

either use the ID methods directly supported by the technology protocols, or use a software 

interface. The interface enables the key-user to define the different ID parts in a common standard 

way like presented before and transfers it then to the used protocol specifications. Especially if the 

final network will consist of a combination of network protocols, an interface simplifies the network 

design and disburdens from coping with various protocols while implementing nodes. The protocol 

based IDs with their data-base compliant IDs must be stored in the system and in the application 

layer of each node, to guarantee Airbus-wide identification. 

Combining the different IDs with the nodes’ role assignment, each node can operate in a global and a 

local mode. In local mode, a node just connects to its dedicated network, respectively a gateway just 

let nodes join that are dedicated to this specific sub-network. If a node loses connectivity to its 

network, either through moving away or because of appearing obstacles or interferences, it cannot 

connect to another network that is probably in range if it or the other network is adjusted to local 

mode. In global mode, a node can connect to any router or random gateway. The differentiation is 

important to control the sub-network building.  

In addition, a node number limit can be assigned to each sub-network as well as a routing table limit 

for each node to control the network performance. High number of network nodes and long routing 

tables increases network management effort and slows down performance through too many hops, 

long route discovery and routing table upgrades. 

6.3. Message Design and Data-Base Structure 

6.3.1. Introduction: Communication Procedure  
A simple network is shown in Figure 16. Two applications, App A and App 

B, are equipped with end-nodes and a data-server PC with a gateway 

node. A data output from an application is received by the end-node, via 

a data-connector like RS-232 or Ethernet, and then transferred wireless 

to the gateway node that forwards it to the data-server for further 

computing or handling.  

Thereby the network uses its own communication standard and thus 

own message format while the applications might use various other 

protocols, depending on the applications’ vendor. The main issue to 

solve is that in the same network, different application protocols must be 

handled. They must be communicated by the nodes in a common way 

and then need to be processed by the data-server system to receive the 

actual information.  

Figure 16: Simple SWMN with data 
server and two applications 
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In the following it is discussed first, how different message types and protocols are managed by 

nodes and data-servers and second the processes and functionality inside the data-server that finally 

has to retrieve the information out of the received messages and proceed with the right actions like 

storing, computing or sending back requested information.  

6.3.2. Various Application Protocols and Translator Protocols 
Application protocols define the way systems communicate. An example is the TCP/IP Internet 

protocol. All computers that intend to communicate over the Internet must communicate in the 

same protocol standard to be able to exchange data. Otherwise different systems cannot “read” the 

received information and probably even do not recognize the other system.    

As long as a node is the host of subordinate systems like sensors, or the connected application is 

specially designed for Airbus, the used protocol will be known and message transferring and 

computing is no issue for the Airbus World systems. But when the applications are random vendor 

systems that are not dedicated for implementing in Airbus, the communication protocol for in- and 

output data structure is not adapted. The vendors’ protocols are often designed for their own 

software solutions and not dedicated for a direct inbound in other systems. Thus the used 

communication protocol must be implemented in the host system to be capable of “understanding” 

messages and communicating with the connected unit.  

Considering an assembly line or even complete manufacturing site, plenty vendors are integrated 

and thus it is possible that many different protocols must be managed. This is especially the case 

when the vendor systems are not designed for overall system integration, but stand-alone units or 

intended to be operated in homogenous single vendor groups. 

For each used protocol that differs from the general overall system protocol, some kind of translation 

software must be integrated to transfer the messages into the common standard, as well as to be 

able to send orders to the vendor’s applications. If a translation protocol is not available as a 

prepared software stack, it must be created. Such a program is in fact a “byte-cutter” that knows the 

structure of each output message and can retrieve the required bit parts and arrange them into the 

desired order.  

A process result message of one application can for example consist of 100bytes, beginning with a 

message identification and some administrative bytes, followed by a time-stamp from byte 21 to 30, 

a success status “ok/not ok” of 1 bit, followed by some measurement packages with 10 bytes each 

and ending with a closing byte package. Knowing this structure, the “byte cutter” can extract each 

part, knowing its position in the overall message. Additional complexity is given if the output 

messages differ in length. In general, the length is then indicated in the message header. The 

translator program must then first identify the message length and adapt to the dynamic structure 

before locating and extracting information packages. Also included in the message header is a 

general output header that indicates what kind of output message is sent, as the communication 

between nodes and connected systems can contain various different messages, like 

acknowledgments, time-synchronization, data-requests and so on. In addition, different application 

protocols require different translator protocols, as the entire structure can differ and the pattern 

must be assigned clearly to each protocol. 
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As each protocol is based on ASCI and byte coding, the general feasibility of a byte cutter is no 

problem. In C and C++ programming languages, ASCI strings can be divided and rearranged by splitter 

functions. In addition to cutting out message parts, the retrieved fragments must be re-ordered to 

new strings, conform to the general data-base protocol. The question is where the translators are 

implemented, either in the data-base-PC or in each node separately.   

6.3.3. Implementation of the Translator Protocol 
A main objective in designing wireless node networks is the efficiency of the nodes’ operation in 

order to save energy. Nodes should perform as least computing as possible on their own and also 

operate as least and as short as possible to ensure long sleeping times. On the contrary, the low 

bandwidth and a possible dense multi-hop structure of the network necessitate efficient data 

transmission, implying a slim message structure and transferring just required data. 

This leads to the trade-off in designing the message 

management system either by implementing the 

translation protocols in the reference data-server 

PC, or in the application node directly.  Without an 

own translation protocol, the application node does 

not read and compute the messages retrieved from 

its connected application itself, but just “pack” and 

forward them to the data-server gateway. An own 

translation protocol implies analyzing the retrieved 

application message in the node and “cutting” out 

the required information to send a smaller package, 

which can directly be computed by the data-server.  

In the opposite communication direction, from PC 

to application node, the case is different, as the 

more powerful PC will contain the translation 

protocols in any way. When orders are sent from 

the data-server, it directly addresses the receiving application node in the correct protocol. This 

ensures efficient communication as well as low computing effort for the receiving nodes. 

The management of various protocols by implementing the translation stacks into the application 

nodes also implies that each application node must be assigned to its specific connected vendor by 

uploading the right translator into its firmware before field implementation.  

6.3.4. Packaging: Header and Closer Design  
The packaging consists of a header and a closer.  The header identifies the message and supports the 

receiver node in directly initiating the right computing or forwarding, without encoding and reading 

the original message. The closer indicates the end of a message and also includes a checksum.  

The header consists in first place of the destination and source address. Both are assigned on the 

basis of the ID structure presented before, including the Main Network, Sub-Network and finally 

Single Node ID. This guarantees unique identification in the entire Airbus network when messages 

leave the boarder of sub- and main networks. An alternative is always the unique MAC address but it 

does not provide a systematic structure that is aligned to an applied network structure. In addition, 

Figure 17: Pure forwarding of application messages (App 
A) versus translation and fragmentation in the application 
node (App B) 
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communication that is performed only in the boarder of a main or sub-network does not require the 

upper level IDs. They can be left out to decrease communication overhead. Thus single nodes, 

communicating in the border of a sub-network might just use the Single-Node-ID. In scenarios where 

two nodes operate in a close link, the approach of binding can be used, presented in chapter 3.3.2. 

This excludes the general routing tables and contains a direct addressing, probably apart from the ID 

scheme presented here. 

The Function ID header contains the Application ID and possibly also a vendor indication ID. The 

Function ID is required in the Source Header for forwarding messages to a data-base, for storing 

process results correctly, as well as initiating the correct activities. If the translation protocol is 

implemented in the data-base, the application and vendor ID helps directly calling the right program 

in the data-base PC. If an answer is required, the Function ID indicates the right communication 

protocol to apply as well, if the data-base has not linked the applications and vendors to each node’s 

address internally. The Functional ID does not have to be included in the Destination Header, as 

nodes are already identified sufficiently through the General Header. Nevertheless, Application IDs 

and Vendor IDs can be used for multicasting, when all nodes of the same application shall be 

addressed.  

 

Figure 18: Message Structure. Own Design 

A general message header is included as well, containing the message type, if it has been encoded by 

the sending node, a time stamp and the message length. In terms of a receiving data-server, the 

message header supports again the internal computing and initialization of processes before 

encoding the entire message. In terms of receiving field nodes, it is not mandatory in general, 

probably for upcoming scenarios. 

The checksum in the end is a small binary code expressing the amount of logic 1s in the transferred 

message. When a message suffered under bad link quality, fragments might not have been 

transferred correctly. The receiver then cannot read all logic 1s. In the end of reading a message, the 

receiver will compare the amount of logic ones with the number in the checksum to ensure the 

correctness of the message. If both numbers are not the same, the receiver will send a “not-ok” or 
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“NOK” message and the transmitter retries sending the message. If an “ok” or Acknowledgement 

“ACK” is sent, the transmitter can empty its buffer.209 

6.3.5. Data-Server Structure and Message Processing 
Data-Servers are very complex in architecture and realization, especially enterprise resource planning 

(ERP) systems installed in large companies. The intention of the following is to describe some basic 

functionality that is correlated to the previous described network implementation and 

communication scheme. In terms of choosing a data-base approach, the SWMN development 

foresees two possible ways of implementation. One is the direct connection of the network 

infrastructure into the SAP-ARP system used in Airbus. As the interaction with the ARP system is 

complex and expensive, the simpler approach is to place a workstation PC or a local server as an 

interface between the ARP system and the SWMN. The direct and frequent interaction of network 

nodes appears with the gateway PC including a less complex data-base management software. The 

PC then interacts with the Airbus World in feasible amounts.  

In principle there are two different message types that can arrive at the data-server PC, implying 

further processing. These are pure data messages that need to be stored on the one hand and 

request messages on the other hand that require to sending back data. A storing process can also 

include that messages from various nodes must be related to the same event, by combining node ID 

and time stamps.  

As mentioned before, some nodes, or even all nodes, in one network might not translate the data 

they have received from their application, but just forward it. This leads to additional precautions in 

data processing to ensure quick responses from the data server. Hereby the Message Header can 

help. After receiving the message and sending an acknowledging the correct receiving through the 

checksum, the data-server first checks the status of the message header. It can indicate first, if the 

attached message needs to be translated or not. If it needs to be translated, the right translator 

protocol is chosen through reading the application and vendor ID. Next, the translation reveals if a 

request must be answered, or the data just needs to be stored. Storing of data in the right data-base 

is processed through analyzing the complete node’s ID, the request is performed due to the 

complete message contents. A request can be updating of tolerance values, tooling programs, time 

stamps, etc. 

In case of receiving an already translated message, the Message Header directly indicates if it is a 

request or pure storing message, and further processing proceeds similar except calling the 

translation program. 

                                                             
209 Ganssle J.G., Barr M. (2003) 
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Figure 19: Principle Data-Server Structure 

6.3.6. Discussion: Remark on Header Length 
There are several reasons to keep the header as small as possible. First, the longer a header is the 

less space in the overall frame is left for the essential data message, which is the original purpose of 

any package sending. Second, long messages imply higher energy consumption through either long 

transmitting, or even worse when the core message is split into fragments and sent through several 

packages. Then the long header is transmitted several times as well and protocol mechanisms must 

be implemented that guarantee the correct fragmentation and defragmentation of messages plus all 

correlated computing. If in addition the possibility of link breakdown between the transmitting of 

several correlated packages is considered, and self-healing mechanisms like re-routing must be 

initiated, computing effort and energy demand and additional time increases tremendous. To keep 

things simple, single message transfers should be preferred, at least as long as the application allows 

it in terms of communication demand. A third reason to keep headers small is the possible lack of 

needing large addresses. As long as a specific size of a network can be guaranteed and in addition, 

interference of other networks can be excluded, the ID size, indicating the amount of possible 

addresses, can be kept small. 

The trade-off to be solved is first between a slim, energy saving communication, implying the least 

possible transmissions and long sleeping times for the nodes on the one hand, and frequent process 

stability serving communication on the other hand. In the first case, data could be collected and 

stored first until one transmitting message is full and then send. In this way capacity is saved. Thus a 

short header is to prefer in order to guarantee high “real data” throughput. In the second case, short 

headers support faster forwarding and processing and thus again energy saving and faster processes. 

A long header is then necessary, when network size and complexity increases. Although if a network 

might be small in the beginning, a large amount of possible network IDs ensure future network 

growth. Furthermore, the probability of interaction with third parties operating other networks with 

the same technology can be decreased by using larger network addresses and it can obviously be 

avoided by using IPv6 addresses.  
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6.3.7. Effective Data Capacity in Multi-Hop Scenarios 
Discussing the length of message header to realize correct message forwarding and processing, the 

remaining question is how large the effective data capacity is. This is defined as the maximum 

achievable data rate for a user application. It depends on several factors, like bandwidth, length of 

single frames, radio reaction times, the used layer model, adding headers on each layer, the 

adjustment of the protocol standard and 

finally the number of hops a message 

travels. A theoretical and experimental 

mock-up based on an IEEE 802.54.4 

implementation with 250kbit/s revealed a 

theoretical effective data capacity of 52% 

in a single hop scenario.210 129.4kbit/s of 

the possible 250kbit/s were available for 

end-user applications. In a multi-hop 

scenario, where several nodes operate in 

the same transmitting range, the available 

data rate is decreasing rapidly with the 

number of nodes, as just one node can 

transmit at a time. However, this can be 

avoided through channel hopping, letting 

nodes in the same range communicate in 

different channels. 

The effective data rate is decreasing further, if the hardware is not adjusted properly. In the 

experimental observation of the stated IEEE 802.15.4 mock-up, the interface between 

microcontroller and radio was not adjusted to the required baud rate, leading to further efficiency 

loss.  

6.4. Network Infrastructure and Virtual Use Case 
The approaches, protocols and technologies presented in the previous chapters shall be combined, 

leading to an overall plant implementation of ubiquitous computing. Thereby, the capabilities are 

intended the be applied in the small scale on the one hand, realizing dedicated solutions for small 

manufacturing cells or single stations, as well as realizing an overall plant implementation on the 

other hand, that combines various scenarios and applications in a large infrastructure. The long term 

objective is that once a general infrastructure is established, single solutions can simply be added by 

dedicating one or several nodes, or a complete sub-network, that serves a specific task. 

To realize this, first use cases must be gathered and solutions exposed, showing the feasibility and 

benefits of implementing the Smart Wireless Sensor Network approach in each single case. Upon 

this, the second step is to combine the use cases and develop the broad scope, including a basic 

infrastructure with connection to the Airbus World. In a general way, the overall approach includes 

several applications on each work-cell and each shop-floor, plus orbital applications, that are not 

                                                             
210 Scheers B., W. Mees W., B. Lauwens B. (2008) 

Figure 20: Theoretical and measured effective data capability in multi 
hop scenario with 250kbit/s bandwidth. After three hops the data-
rate is constant as the nodes in the experiment are out of range and 
cannot block each other anymore. Source: Scheers B., W. Mees W., B. 
Lauwens B. (2008) 



62 
 

bound to single stations or cells, and finally connect everything. This includes also following the 

product through the plant. 

In terms of infrastructure, the approach contains first the mentioned workstation PCs that build the 

wire/wireless gateways for node networks to the Airbus world. In addition, a general infrastructure 

also contains random gateways and routers that guarantee dense network connectivity. The 

gateways are spread over the shop-floor, probably mounted to the roof, and each application node 

can connect to get contact with other nodes or data-bases. The router infrastructure consists of 

wired as well as wireless routers. The latter ensures easy installation through avoiding of wiring. 

Thus, the network can be build up quickly without reorganizing the whole shop-floor and in addition, 

the network can be adjusted with extra routers if connectivity is low. The estimation of the router 

density for each shop-floor is an important part in the overall technology development. First 

important insights from which general rules of installation can be derived from accurate laboratory 

test benches, simulating in-field situations. 

Finally the implementation of 6LowPAN allows node access directly over Ethernet and Internet, 

leading to a possible inter-plant-connectivity. Data could be up- and downloaded company wide, not 

only in the borders of one plant. If such a radical approach is desired, especially with respect to 

security issues, is another question. 

 

Figure 21: Overall Shop-Floor and Plant Implementation of SWMN 
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7. Use Case Scenarios  

7.1. Introduction to the presented Use Cases  
This chapter presents a core part of the thesis, next to the technology survey. The use cases occur 

throughout Airbus manufacturing plants and present real needs and problems to be solved. The 

different scenarios focus on the connectivity to the application systems and the operability achieved 

by using Smart Wireless Mesh Networks. Not all approaches and concepts that realize the operation 

are described in detail again, as the previous chapters present the underlying functionality and 

capability. Though the use cases opportunities and also challenges are presented. Furthermore the 

examples cover a wide range of applications, implying complex nodes with high demands on 

communication on the one hand, as well as embedded nodes with integrated equipment and 

differing frequency of communication.  

The first two scenarios are highly detailed, presenting the core work during the thesis activities. The 

following scenarios then give a brief overview of the problem statement, the solution scenario and 

possible further application. Where appropriate, a closer look to possible application solutions is 

added as well, like the utilization of vibration sensors in chapter 7.6 or possible pressure sensors in 

chapter7.7. 

7.2. Final Assembly Lines Toulouse and Hamburg: Connection of 

Torque Tool Controllers and Integration into Smart Tools 

Development 

7.2.1. Introduction: Development of Smart Tools 
The Final Assembly Lines (FAL) actually contain mostly manual performed processes in combination 

with hardly automated and integrated information flow as well as integrated manufacturing systems. 

This is mostly due to the large and complex assembling structures and the continuously changing 

product specifications, caused by customer demands and thus still occurring in already long 

established models. The result is high information management effort in order to coordinate 

specification and document changes from different sources arriving over several manufacturing 

offices to the required destination and in addition, being recognized. The process information must 

be transferred to the machining systems and tool controllers mostly manually. Furthermore, changes 

in the original aircraft specifications cannot directly be implemented in the final manufacturing 

documents and entered into the production systems, but mostly require intermediate documents 

and specifications, put in the loop to retrieve the shop-floor specific data.   

To answer to these issues, the Smart Tools Project was launched early 2010 by the Final Assembly 

Lines of TLS and HAM. Its aim is studying and designing a complete assembly station architecture for 

real time connection of all electrical equipment and systems. This comprehends Automatic Drilling 

Units (ADU), torque tools, inspection devices and smart drilling templates on the equipment side, as 

well as the Statistical Process Control (SPC), the ARP/SAP as well as digital aircraft mock-ups on the 

system level. The objective is to improve the assembly processes, especially in terms of data 

distribution, collection, system adjustment and operators’ guidance. The core benefits to be achieved 



64 
 

are “the right information at the right time”, “automatic process traceability” and “real-time and 

dynamic configuration change”. Furthermore, the number of equipment at each station shall be 

optimization and the tool maintenance flow improved. 

This is intended to be realized through integrating tools and electronic devices into one overall data 

infrastructure, integrating the several information sources and destinations into one network and 

connecting the field devices wireless. In terms of operator guidance, new concepts shall be 

integrated, banning the complicated paper documentation from the shop-floor as far as possible and 

realizing automatic updating. Therefore, handheld PCs are intended to be introduced for the 

operators, integrating new concepts of augmented reality211 and geo-localization.  

The handhelds shall include DMU based guiding software for all operations. Augmented reality 

foresees combining the actual scene and its status, captured by a camera system, and overlay it with 

the DMU model to show following activities to the operator. Geo-localization in addition implies that 

the system recognizes where the operator is and where specific parts need to be mounted or tasks 

be performed, by analyzing the scene. In first place it is linked with the camera system that can 

recognize scenes in a defined but limited scope. Additional, a geo-localization system can imply 

overall positioning of the operator relative to the whole assembly unit, thus the fuselage or the wing.  

                                                             
211 For an introduction to Augmented Reality, see Bimber, Ramesh  (2005) 

Figure 22: On top are shown the traditional instruction sheets. They should be replaced with DMU based software 
guidance in a tablet PC, as shown left down. 

http://www.amazon.com/Oliver-Bimber/e/B001K8KS1C/ref=ntt_athr_dp_pel_1
http://www.amazon.com/s/ref=ntt_athr_dp_sr_2?_encoding=UTF8&sort=relevancerank&search-alias=books&field-author=Ramesh%20Raskar
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The project objectives lead to several development work packages (WP), performed by Airbus 

entities as well as the EADS department “Innovation Works” (IW). One package is the development 

of the handheld tool and its software applications, including operator guidance and augmented 

reality, which is on behalf of IW. A second package is the integration of tool controlling data 

capturing of process data, performed by 

TMDR / St Eloi team of Airbus. Finally 

the third WP is creating and providing 

the DMU with all necessary data in a 

suitable format, which is to be 

performed by the FAL itself.   

    

7.2.2. Problem Statement: Integration of Tool Controller 
In the scope of the Smart Tools Project, the Smart Wireless Mesh Network will be applied for 

integrating the shop-floor tools into the loop. The first approach focuses on torque tools and their 

controllers due to their broad and flexible application and thus higher demand on control and extent 

of influence to be taken. After proving feasibility and realizing a prototype, further applications like 

Smart Drilling Templates might follow. 

Throughout Airbus facilities various vendors of torque tools are used like Atlas Copco212, Ingersoll 

Rand213 and CP George Renault214, next to some other smaller vendors. All have in common that the 

tools are driven electrical and controlled by a controller unit. In case of Atlas Copco, most recent 

controllers are the PF3000 and PF4000215, Ingersoll Rand’s equivalent is the IC1D or IC1M216. The 

controller units are connected over wire to the end-tools and provide electricity, as well as contain 

and run the torque programs.  

The torque program, or strategy, defines the torque and speed values that have to be applied over 

time or angle. Different bolts and screws require different strategies, depending on material, 

diameter and application, to receive the maximal torque values, the ramp-up, acceleration and also 

number of stages. Examples of strategies are shown in Figure 24. Editing a program implies changing 

                                                             
212 www.Atlascopco.com  
213 www.IngersollRand.com 
214 www.cp.com 
215 All Atlas Copco related technical statements in the following are based on: Atlas Copco (2007) 
216 All Ingersoll Rand related technical statements in the following are based on: Ingersoll Rand (2009) 

Figure 23: Left: Intended System Integration. Right: Project responsibilities. 
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parameters like the maximum torque, the ramp-up slope or application speed on a given strategy. 

Creating a program implies defining the amount and kind of parameters, for example a linear or 

potential slope, the number of stages etc. This can be important when switching from pure titanium 

alloys to composite materials, which have complete different operation conditions. 

 

Figure 24: Different Torque Strategies. On the left a two step approach, on the right a single attempt: Changing the 
values is editing programs, defining the functions is creating programs. Source: Atlas Copco (2007) 

The various torque programs that are stored in each controller unit can be called through a rotary 

switch on the handheld tool. The creation of the torque programs is realized on vendor own editing 

software, like “ToolsTalk” for Atlas Copco and “Insight Control Software” (ICS) for Ingersoll Rand. 

These software applications also provide network configuration capabilities of the controller units 

over wired TCP/IP Ethernet networks and allow uploading of the programs to the controller units as 

well as downloading process result data. In case of no installed network connection, the program and 

data exchange is also possible over mobile memory cards that can be loaded in the manufacturing 

office and plugged to the controller on the shop-floor.  

The program editing and creation is done manually by shop-floor engineers. Two different 

information sources are required to define the strategies. First, the Catia V5 and DMU files specify 

each part to be assembled, thus also the position, size and kind of all bolts and screws. The exact 

information on each element is described in UDF tables, embedded in the Catia V5 aircraft model.217 

Through the diameter of a torque element, the next step is to define the torque values and the 

applicable speed. Minimum, maximum and optimal torque values for all used torque elements in 

Airbus are specified the “Structural Bolt Tightening Torques”218 document, a dedicated Airbus shop-

floor document standard, defined by the Manufacturing Design Office. The speed and ramp-up 

modeling is finally related to specifications from torque element vendors.  

The aircraft specification files for old models are mostly 2D sketches and text documents. Since 

introduction of Catia V5, all information concerning aircraft specification is in digital format and 

single data can be extracted and forwarded, considering the right interface. The older documents, as 

well as the torque value shop-floor standard, are not available in digital data-base format, but just as 

text or PDF documents stored in SAP.      

                                                             
217 Extracts of Catia V5 and the UDF tables to be seen in Appendix E1 
218 Airbus (2004) 
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The exact definition of torque 

processes is especially 

required for critical elements 

such as fuselage and wing 

connection. It implicates as 

well the monitoring of process 

performance through 

measuring and recording the 

results. Each tool from any 

vendor that is dedicated to 

critical assembly processes 

contains sensors to record 

traceability data. These data contain among others achieved torque value, torque angle, minimum / 

maximum values, tool and spindle IDs, number of step and general status of results. All result data 

are stored by the controller units and can be downloaded and evaluated by the dedicated vendor 

software. In general, the only used information is the status “ok” or “not ok”, directly indicated to 

the operator through a LED on the tool. It is up to the operator to finish or correct failed tasks.  

A long term objective is to create an “as-

build DMU”, consisting of all process 

result information in the 3D model and 

its UDF tables, to be able to trace back 

all issues occurring during the aircraft 

operation life-time. Therefore, all 

included systems must report to a 

central data-base, which first requires 

common interfaces for all included 

vendors. In terms of torque devices, the 

actual situation does-not foresee a 

central data storing, mostly due to a lack 

of interconnectivity of different systems. 

All traceability information can just be 

evaluated through the vendor own 

software.  

Implementing various vendors for the same tooling on one shop-floor implies the use of several 

software applications for one task. Also networking capabilities cannot be shared leading to a 

complete parallel system architecture installation, if more than one vendor is intended to be used in 

one shop-floor. The result is that although several vendors are used in Airbus in general, each shop-

floor is equipped with a single vendor, without possible interconnection. This leads to a monopoly 

situation on the shop-floor, once the market is given to one supplier, who anticipates the situation by 

offering low prices for entering the market, followed by high spare part prices and low negotiating 

possibilities for Airbus.  

Figure 26: Different vendors require complete different system 
build-up. Shown are Ingersoll Rand and Atlas Copco Tools. 

Figure 25: Data Flow for Torque Program Creation 
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A final issue addressing the Smart Tools project is the wireless connection of electrical controlled 

devices. Two links can be considered separately. First the link between a tool and its controller, 

second the link between controller and data-base-PC.  

For the first link, some vendors like Atlas Copco consider Bluetooth connection for controlling the 

tool, implying an additional battery unit for each tool for energy supply. This development is mostly 

aimed for the automotive industry and the feasibility for aircraft assembly must still be evaluated. As 

mentioned before, Bluetooth connections are rejected in Airbus to a broad extent due to flaw 

connectivity in machining surroundings. The FAL is characterized through large areas filled with metal 

scaffolds and the large metal fuselages and wings. The controller units are mostly located outside the 

aircraft parts, in the middle of the scaffolds. The range to the operators must be several meters, 

approximately between 5m and 15m, which is out of the range of general Bluetooth applications.  

Concerning the energy supply through batteries, long working times with stable operation must be 

guaranteed, as the tools are not placed in holders between tasks with the possibility of loading. 

However, if these issues can be solved, an operation with wireless connection between tool and 

controller is welcome, but not in the scope of the Smart Tools project. It is a requirement addressing 

vendor developments in first place.  

The second link, concerning the controller to the data-base is the focus of the Airbus development. 

The environmental issues are the same like described for the former link, but the range is even much 

larger, as the PCs are mostly located in offices surrounding the shop-floor. The controllers’ mobility is 

limited and networks are mostly not installed due to the large areas and the flexible assembly 

scaffolds, increasing complexity and costs of network installation. Wi-Fi networks are not feasible for 

the same reasons as stated for Bluetooth before. 

 

Figure 27: Environment of FAL. Left Up: A320 Assembly Line. Left Down: FAL A330/340. Right Up: Operator performing 
torquing inside the wing. Right Down: FAL A380, scaffold structure surrounds fuselage completely. Source: Airbus 
Internal 
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7.2.3. Development Objectives for the Smart Wireless Mesh Network 

Work Package     
Two development steps can be distinguished, relating the Work Package to its interfacing project 

activities. First is the general implementation of torque systems into the Airbus infrastructure, which 

can further be divided into a solution concerning a single vendor that is then extended to a general 

Airbus specification, providing an interface for all vendor systems. Second activity is interfacing with 

the IW development of software based process guidance including augmented reality with support of 

a tablet PC or PDA for each operator. 

The general connectivity aspect foresees four major steps. First, read out and transfer process result 

data to a central PC. Second, change torque programs that are prepared and stored in the controller 

unit, with a remote device. Third, edit the controller dynamically by changing parameters, and fourth 

create torque programs dynamically by defining parameters. All steps will first be analyzed 

exemplarily on two vendors, to describe the general complex of problems and then specify the 

requirements for a implementing any vendor. While the first two tasks, reading process data and 

changing programs, will be implemented in the operation loop, the program editing and creation is 

initiated centrally by broadcasting new parameters over the network. 

The interface to a tablet PC foresees the possibility of interacting with the controller unit through an 

Airbus specific controller device. Changing and editing of programs as well as result control shall be 

implemented in the software based process guidance of the operator and thus happen via the 

operators handheld PC. 

7.2.4. Solution Scenario: A) Wireless Connection of Torque Tool 

Controller 

7.2.4.1. Network Architecture 
In the solution scenario, all controllers get equipped with a network node that connects wireless with 

a central data-server PC either directly, or over router nodes in multi-hop tree or mesh architecture. 

The routing can happen by connecting over other controller nodes or through general infrastructure 

router nodes that are distributed on the surrounding scaffold or attached to fuselage sections with 

magnet or a vacuum pad. Vacuum pads might to be preferred if the magnet disturbs the nodes’ 

operation. Through mobile routers, each operator can enlarge the network range directly himself by 

taking some routers on his way and attach them at specific positions like entrances to inner sections.  

The data-server PC serves as shop-floor interface to the backbone ARP system, exchanging process 

result data as well as manufacturing specifications and aircraft DMUs, as discussed. It is the control 

station for the shop-floor engineers. A long term development can be to implement the router 

infrastructure directly into the backbone system and let a PC participate as one node among all the 

others. Then, the PC is not the Gateway anymore and operation could continue independent from PC 

status. But on the other hand a direct inbound into ARP systems is complex and not in the scope of 

the early development. 

Due to the extreme environment conditions, the use of a very robust network technology must be 

required. Environment tests are required to determine the router density, required to guarantee 

stable communication. Probably it is to prefer to apply DASH7 instead of the IEEE 802.15.4 protocols 

for less router coverage. 
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Figure 28: Network Architecture for Connecting Torque Tools 

7.2.4.2. Single Node Architecture Design and Connectivity 
Each controller is equipped with various in and out-puts, among those also RS-232 and Ethernet 

connectors as well as 24V DC, 1A power supply pins. For the controller nodes this implies that no 

battery or additional energy source is required. The energy stack module is a voltage transformer and 

currency distributer to the several node modules. Through the RS-232 connector, the communication 

is limited to receiving output messages. Program changes or editing is not possible. For this, the 

Ethernet connection must be applied. Important is the addition of a memory card, ensuring data 

storing in case of link breakdown and message queuing due to high traffic.  

The router nodes contain no application interfaces, but therefore require sufficient energy supply for 

long operation as well as a strong antenna and a memory stack for message forwarding. The energy 

supply is either based on mains power, if the infrastructure surrounding provides electricity wiring, 

battery power in general cases, or energy harvesting if possible. As these nodes are not applied to 

processes, vibration or temperature based energy harvesting is not appropriate. The feasibility of 

solar-cells must be tested, as the inner scaffold structure is hardly lighted. However, energy 

harvesting would make the router nodes maintenance free and thus saves costs. The case of mobile 

routers, equipped with “on-the-fly” attachments has been discussed above. 

The data-base node is the most uncomplicated as it is tailored and adjusted to the Airbus 

specifications. It is either attached through Ethernet connector or as a USB key. Additional, the long 

term planning implies direct PCB board modules, with external antennas. 

7.2.4.3. The Protocol Issue: Data Output, Program Change, Editing and 
Program Creation  

The TCP/IP protocols used by the vendors own networking solutions and software applications is not 

completely open. Thus, a complete control of the controller units from an independent system is not 

possible. Ingersoll Rand and Atlas Copco describe the structure of output data, enabling to record 

process result data with external devices, as well as allow the changing of programs. But while 
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Ingersoll Rand also allows direct access over Ethernet to edit programs, this is not intended with 

Atlas Copco controllers. Furthermore, the dynamic creation of torque strategies from external non-

vendor systems is not intended at all.  

These limitations apply at least for the original configuration of the controller units. Atlas Copco for 

example foresees specific RBU units, which are custom developments to allow fully access to all 

controls of the controller units by a host system. But in principle those RBU units are just protocol 

interfaces, like intended by Airbus anyway. Thus delivering the protocol with the controller unit, like 

done for program changes and output data reading, already fulfils the requirements. The issue to 

solve is more kind of negotiating between the companies than a technical barrier. 

To interact with the vendors’ protocols, the exchanged messages must be translated into one 

common standard, so that the data-base can compute and evaluate the information. As described in 

chapter 6, the location of the translation protocol, whether in each application node or just in the 

data-base server, depends on the comparison of communication traffic versus end node capabilities 

and power. As the torque controller units provide energy supply for external devices, the energy 

concerns are not a major issue. The complexity and costs of a possible additional micro-controller, 

carrying the vendors’ protocol, must be evaluated. Due to relative low cost of microcontrollers in 

comparison with the application’s cost, the following assumes an implementation of the protocol 

stacks in each application node. The final realization will also depend on the possible access to the 

vendors’ protocols. 

As an example of translator stack requirements, the process result data of Ingersoll Rand and Atlas 

Copco are compared. For most applications it is sufficient to retrieve the status message, reporting if 

the torque operation fulfiled the requirements by reaching all values. In addition, time stamp and 

step number are important, to relate the data output in the data-base, especially for the next 

scenario B), which includes a parallel operating system. But if required, the output data also provides 

exact measurement of all parameters to be stored. 

Table 3 on the next page shows the output messages of Atlas Copco and Ingersoll Rand. It illustrates 

the structural difference and thus the required design of each translator stack. The final measured 

torque value in the Atlas Copco protocol for example is coded in 8bytes, from byte 101 to the 109th 

byte, while the Ingersoll Rand protocol describes the it in 7bytes starting from byte 55. All 

information can be extracted by knowing the position and length in the original message and be 

transferred to the common format. This common table messages can either be rather complete, as 

shown in the example, or just contain the most important information. The single entries of the 

common format are than not longer the original entries. Thus, especially the short version indicates 

higher communication efficiency by transmitting much shorter messages. 

For input parameters the procedure is intended to be similar. The desired parameters are transferred 

over the network in the vendor specific format, but just the pure information, not the full message 

package. The parameter is then encapsulated in the vendor required data message by the application 

node to apply the desired order. In case of a program change, the desired program number is send to 

the application node only, which creates the entire program change message and forwards it to the 

controller. Program editing and creating is based on the same principle. If a new program needs to be 

edited, the data base sends for example the new torque value, directly in 7bytes or 8bytes format 

respectively, according to which application node is addressed. The possibility of directly 
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implementing editing and programming algorithms is just limited by the currently unavailability of 

vendor protocols. 

Atlas Copco Ingersoll Rand Airbus Data Base 
Result Telegram for external 

devices Atlas  PF 3000 

EOR Data Possible Approaches 

Kind of data Bytes Kind of data Bytes Parameter Value 
General  General  Node ID / Header   
Telegram ID / Type 2 Command Type 5 Spindle No   
Acknowl used ID 5 Message Type 1 Program   
System type 4 Sequence Number 2 TimeStamp   
System number 4 Reserved for future 5 Sequence number   
Station number 4 Data Length 3 Strategy   
Time Stamp 14 Data  Measured Torque   
Sequence Number 5 Cycle Number  6 Result torque ok?   
Vehicle ID number 25 Powerhead Cycle  6 Torque High Limit    
Number of spindles 4 Powerhead Number  2 Torque Low Limit    
Length of Spindle info 2 Spindle Number  2 Measured Angle   
VIN numbers 2 ConfigNumber  3 Result Angle ok?   
Length of VIN field 2 Step Number  2 Angle High Limit    
Spindle Info  Date 8 Angle Low Limit    
Spindle number 4 Time 8   
Spindle Serial number 10 Cycle Result  2 Or  
Program number 4 Measured Torque  7 Node ID / Header  
Overall Status 1 Torque Units  4 Time Stamp  
Torque low limit 8 Torque Result  1 Sequence Number  
Final torque 8 Measured Angle  6 Result Status  
Torque status 1 Angle Result  1   
Torque high limit 8 Shutdown Code  3   
Angle low limit 8 Peak Current  6   
Final angle 8 Cycle Time  4   
Angle status 1 Strategy 3   
Angle high limit 8 Torque High Limit  7   
Time status 1 Torque Low Limit  7   
  Angle High Limit  6   
  Angle Low Limit  6   
  Control Point  7   
  Barcode 40   

Table 3: Comparison of the structure of process result out-put data of Atlas Copco and Ingersoll rand as well as proposal 
for data-base entry table. Sources: Atlas Copco (2007), Ingersoll Rand EOR 

7.2.4.4. Operation 
The first scenario implies no change in the operation activities itself, except for a possible higher 

mobility of the operators. Through the wireless nodes, each controller can be taken and plugged to 

any power supply, without considering an installed Ethernet to extend the network range, the 

operators might have to take mobile routers on their way. A possible approach is that the nodes are 

equipped with LEDs, indicating the signal strength or general connectivity and thus the need of 

additional routers. But experience or test runs will identify the required router density and the 

operator will be unburden of frequent readjustments. 

The torque programs are still chosen manually through the rotary switch. The controllers are 

adjusted to send the process result message automatically to the dedicated out-put port of the 

network node after each torque step. The nodes then try to transfer the received message. In case of 
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occupied channels or broken connectivity, the nodes store the data and retry transmitting after 

reestablishing a connection link.  

The shop-floor engineers do not concern about uploading and downloading data from each 

controller manually, but just use the common Airbus software applications to control processes and 

evaluate data. In addition, any tool from any vendor can be used on the same network and data-

server basis. This influences the Integrator level 1, who has to equip all controllers with the right 

nodes, respectively upload the right firmware, containing the required protocols stack. In addition, 

the shop-floor area must be covered with sufficient routers, to guarantee data transmission.  

7.2.5. Solution Scenario: B) Integration of Smart Tool Control 

7.2.5.1. System Mock-Up 
As described in the introduction, the main objectives in the Smart Tools Project are the 

interconnection of all applied electrical devices as well as replacing the paper documents with 

modern approaches of software based interactive operation guidance. Part of this is the introduction 

of a handheld PC like a tablet PC or a PDA on the shop-floor that contains the DMU of the aircraft 

model and allows to navigating through the assembly process by selecting separate steps and 

receiving all required information to fulfil the task.  

A video camera supports the operator by recognizing the facing scene, comparing it with the DMU 

and indicating the next steps by placing a simulation into the real-time video stream. The system, in 

development by Innovation Works, IW, from EADS is stable and recognizes scenes from any angle, 

even while moving.  

 

Figure 29: Principle network mock-up including torque controller, handheld PC and data-base PC. 

The tablet PC and guidance software also include the selection of torque operations. The aim is to 

replace the manual program selection on the handheld tool through the rotary switch with the 

selection process on the tablet PC. Therefore the tablet PC must be equipped with a network node 

and dedicated interfaces specified to build up a link to the controller unit and control it remotely. 
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Figure 29 shows a principle mock-up focusing on the Smart Tool integration, with one torque tool 

and handheld PC and data-base PC, serving as gateway to the backbone server system. 

In this scenario the operation requires a stable link between the handheld PC node and the torque 

controller node. Link break-downs to the data-server PC are again a minor issue, as it is not required 

for operation and result data respectively field device updates can occur infrequent.  

7.2.5.2. Operation 
The handheld PC is dedicated to the operator during the entire shift, or probably it is even personal 

equipment not to hand out and back at all. When starting the shift, the operator downloads his tasks 

and the related instruction documents respectively instruction software applications. All required 

equipment and tools are indicated on the screen. For equipment and tools that provide Smart 

Wireless Mesh Network capability, dedicated communication links can be established by grouping 

the chosen devices together and to the operator. This is useful to avoid connections to other close 

operating devices of the same type and improve network operability by simplify routing mechanisms. 

Therefore, the binding mechanism is used to connect devices together.  

In case of the current project this implies to bind the handheld and the torque controller. The 

handheld and controller node then know with which device to communicate for operation. Third 

devices in near range might still use those for routing, but a controller for example would not accept 

a program change order from a different handheld than the device in the binding table. 

The indication of available tools is supported by the SWMN as well. Not occupied tools that fulfil the 

task requirements will answer with a status message after the handheld tool checked the network 

for available equipment. If geo-localization of tools on the shop-floor is implemented, it can support 

the operator by finding the right equipment.  Just those tools will be shown on the screen, which 

provide the right tool-head or the controllers with the required programs loaded, if no dynamic 

program editing is established. Then the operator chooses a tool on the screen and also performs an 

empty task with the tool by pulling the trigger in the air. This sends an empty result message and 

verifies the binding connection. 

During operation, when a torque task appears, the operator chooses the next step by touching on 

the desired indicated task. This initiates a message transfer from the handheld PC node to the 

controller node which changes to the right torque program. After performing the task, the process 

result message is received by the controller node which forwards it back to the handheld node or 

stores it until transfer is possible or intended. After finishing one step, the next step indicated on the 

handheld can be chosen. If a new torque program is required, it is send to the controller in the same 

way.  

Combining the result data with the initialization, thus the step that is expected by the handheld to be 

performed, is either realized through directly sending back the result before choosing another step, 

or by relating the data through time-stamp and message IDs. 

The described algorithm and message transfer is the result of interface specification between the IW 

and TMDR and will be implemented in the first prototype that is to be launched end of 2010. It 

requires verification through operational feedback and field tests, especially in terms of connectivity 

and intended message exchange between the nodes. In addition, an adaption of the software 
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guidance to the operators experience is intended. Trainees and operators on new specified aircrafts 

receive a more detailed guidance than experienced operators. 

7.2.5.3. Data Location and Automatic Loading of Torque Programs 
The way of managing the tool controller depends on the access level to the vendors’ protocols. 

Concerning no capability of dynamic parameter editing and strategy creation, the solution foresees 

storing the program number defined in the controller also in the handheld PC. The prepared 

programs are uploaded into the controller in the traditional way, the programs with their respective 

numbers are then also stored in the handheld PC, for example by transferring over the network.  

The Tablet PC contains the DMU in a simplified form, so called 3DXML files219, to present the aircraft 

model with essential information which is required for the assembly, not to implement a full Catia V5 

model into a small PC device. The UDF table, containing all necessary data of the torque elements, is 

implemented in the XML file and the required data can be extracted. Receiving the element’s 

diameter, the required torque can be defined through the “Structural Bolt Tightening Torques” 

(SBTT) data, which must be implemented in digital table form into the Tablet PC. For all required 

torque values and element types, a next table contains the related torque programs. This must be 

aligned now with the connected controller, so that the handheld PC node can transfer the right 

program change-order over the network.   

This scenario still implies manual program editing and creation by the shop-floor engineer and 

uploading to the field controllers. Furthermore, the required program numbers must be transferred 

to the handheld devices. Thus the preferable scenario is that of full access to the vendors’ protocols. 

Then the tablet PC node sends the torque parameters to the controller node, without caring for the 

vendor type. Each vendor dedicated network node edits the programs in the manner the vendor 

controller requires it, just by analyzing the received standard data. If the data matches to an already 

defined program, it does not have to be recreated. The node manages a table with all running 

programs. 

The creation of strategies requires attention of the engineers. It is still intended to be performed 

manually in the shop-floor manufacturing office, but in a common Airbus standard. This defines the 

core values enabling the creation of strategies for each vendor, which are multicasted over the 

network to all controller units. The dedicated nodes fulfil the strategy creation by transforming the 

common definition into the vendor format. The strategy creation is not part of the frequent 

operation.  

7.2.6. Solution Scenario: C) Reverse Engineer the Torque Tool Controller 
Several vendors, like Atlas Copco and Ingersoll Rand, announced the implementation of Bluetooth 

connections between controller unit and torque tools. The energy is provided by rechargeable 

batteries and the tool operation is controlled over the Bluetooth connection. The benefit is an 

increased mobility, especially in the narrow wing sections, but stable operation must be guaranteed. 

Currently there are no test observations available, reporting the performance of battery driven 

torque tools in aircraft assembly. Bluetooth was mostly rejected in other applications due to flaw 

connectivity, as mentioned before. But assuming a stable battery driven operation, the tool control 

                                                             
219 Dassault Systems (2010)  
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in terms of steering algorithms should also be possible to implement in the tool itself. 

Microprocessors are powerful enough nowadays to manage control-order sequences. The energy 

consumption is probably less than maintaining a continuous Bluetooth connection over several 

meters.  

This let the controller units become unnecessary and thus resources can be saved. The steering of 

the torque tool and all communication can be performed by the SWMN nodes and data exchange 

occurs directly with the solemnly required devices, the handheld PC and the data-base PC.  

7.2.7. Conclusion 
Realizing the last scenario strongly depends on the vendors to completely open their system, or at 

least provide a sufficient interface to the torque tools. This might be not likely due to the aim of 

keeping high control over the own products and high influence on the customer by retaining high 

market shares on the shop-floor. On the other hand, vendors are supposed to adapt to customer 

requirements. The aircraft industry is a large market with dedicated requirements that differ in 

certain areas from other industries like machine construction and automotive industry. It should be 

assumed that vendors adapt their products to customer specifications.  

The development result of the different scenarios depends on the access level of vendor protocols. 

The prototype will contain dynamic program changes and central data collection. The extension of 

program editing and creation is intended to follow. In addition, IW is developing a dedicated tablet 

PC for applications in EADS manufacturing sites. It will be customized for the EADS and thus also 

Airbus requirements and direct integration of node modules is intended. Until realizing an own tablet 

PC, an off-the-shelf solution is chosen and the network node is connected via USB connector.    

7.3. St Eloi/ Toulouse: Implementation of Smart Wireless Mesh 

Network Capabilities into the Pylon Assembly Processes 

7.3.1. Introduction 
This scenario consists of four single problem statements that occur throughout the pylon assembly 

line in St Eloi, Toulouse. It is a good opportunity to show how different problem scenarios can be 

resolved and integrated in one overall solution. Furthermore the solution proposal directly integrates 

further potentials of process improvements. The first use case A discusses traceability data 

management on the shop-floor. Use case B introduces tablet PCs on the shop-floor to support the 

operator with recording and providing of data. The last use cases C and D present scenarios of 

wireless connected embedded sensors.  

7.3.1.1. Short Introduciton to the Pylon’s Functionality 
The Pylon is the structure element that connects the engine with the wing. It inherits several 

functions. First of all it transfers the thrust of the engine to the wing and thus to the aircraft. The 

thrust of a single Rolls Royce Trent 900 engine used for the A380 is 311kN.220 The second function is 

interfacing the steering and controlling commands between aircraft and engine, fuel transfer, heat 

transfer for cabin heating, connection of the fire extinguishing equipment and exchange of other 

                                                             
220 Rolls Royce (2009) 

http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=fire&trestr=0x8001
http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=extinguishing&trestr=0x8001
http://dict.leo.org/ende?lp=ende&p=Ci4HO3kMAA&search=equipment&trestr=0x8001
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data. Therefore numerous 

equipment, pipes and wiring 

are located in the pylon. Finally 

the pylon is also critical design 

element in terms of 

aerodynamics.  

7.3.1.2. Pylon Production Overview 
Pylon models for all Airbus aircrafts series are to a broad extend manufactured and completely 

assembled in St Eloi, Toulouse. Due to the high demands on stiffness and low weight, the pylon 

structure mostly consists of titanium alloys. These materials imply high complexity in assembly and 

especially in manufacturing processes and St Eloi has developed a broad expertise not only in 

assembly but also in milling and drilling titanium alloys.   

Due to this, the production of the pylon structure parts is not subcontracted, but takes place in St 

Eloi as well. However, this use case focuses mainly on the assembly, except for drilling and cleaning 

operations occurring along the assembly process. Drilling of fixture holes is performed 

simultaneously on both parts together, because the required accuracy cannot be assured through 

separated drilling.  

Erreur ! Source du renvoi introuvable. shows an overview of the assembly steps. In Station 72 the 

rimary structure is assembled by fixing the structure ribs into the framework.221 First the parts are 

pre-fixed, and then forwarded into automatic drilling stations that drill all holes on the fixing parts 

simultaneously. After drilling, the fixations are released again and the parts are cleaned and mounted 

with the final fasteners. These operations are performed manually. In station 70 the side panels are 

mounted. The procedure is similar to that in station 72 and even performed on the same shop-floor 

with the same workstations and drilling machines. The fact of different parts to assembly leads to 

different fixation tools, so called Jigs to be used, as well as different drilling programs to be executed.  

In parallel to the primary structure, the secondary structure is assembled in a different shop-floor. 

The procedure steps are similar, but used tools differ due to the smaller size of fixtures being used. 

The drilling is performed by Tricept robots. Station 65 presents the mounting of the primary and 

secondary structure, followed by the sealing of all panel gaps in station 64. At the following station 

63, the pylon is equipped with all pipes and wiring for engine control, fuel supply, fire extinguishing 

system and so on. The last three stations in St Eloi, before the pylon is delivered after station 60, are 

quality control through laser tracker or photogrammetry,222 leakage tests, inspection and area 

closing. The last inspection before closing all entries of the pylon shall ensure that no tools or 

preliminary fixture have been forgotten in the pylon. More detailed schematics for the assembly of 

each station can be found in the Appendix F.  

                                                             
221 The numbering of the stations is aligned with the overall aircraft assembly and leads to Station 0, which is 
the handing over to the customer. Station 42 for example is the mounting of the wings to the central fuselage 
in the FAL in St Martin, in Station 40 the nose and rear sections are mounted. 
222 See for this also the second St Eloi Use Case: Embedded Sensors in Measurement Cell 

Figure 30: Location of the pylon. Source: Airbus 
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Figure 31: Schematic of Pylon Assembly, Source Airbus 

While the primary and secondary structure are assembled in shop-floors with functional cell design 

for all pylon series, the main assembly starting from station 65 differs for the Single Aisle (SA) series 

to the rest. While the single Aisle is assembled in a constant moving line, Long Range (LR) and Double 

Deck (DD) as well as Turbo Prop are still assembled in dedicated work stations. For the new A350 

XWB the distinction of shop-floors is overcome and a homogeneous assembly line is introduced 

including all stations from 72 to 60. No other series will be produced on this dedicated line.   

7.3.2. Use Case A: Traceability of Pylons and Toolings through the 

Assembly Process 

7.3.2.1. Problem Statement 
The starting point of the use case is the need to trace the used Jigs or toolings and the respective 

pylons assembled on it. Each pylon series has dedicated toolings, specified to fix the structures and 

support the assembly steps. Throughout the assembly, the pylon changes its tooling several times as 

the parts to be fixed change. It is important to record the used Jigs in order to trace back possible 

failures, occurring later in the process, which are linked to the accuracy of fastening positions.  

At the moment, the traceability of the primary 

pylon structure with its respective Jigs is recorded 

with paper cards as shown in Erreur ! Source du 

renvoi introuvable., filled with a pen by the 

coordinator. On the front side the used Jigs are 

recorded.  While the Long Range (LR) and Double 

Decker (DD) primary pylons just change the Jig 

when transferred from Station 72 to Station 70 

(P72 to P70), the Single Aisle pylons also change 

the Jig at each station after drilling, before final 
Figure 32: Control Card as used in the pylon assembly. 
Right: Front side, left: back side 
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fastening. When the pylon is transferred, the operator notates the ID of the Jig on the paper card 

that is tied to the pylon. In the example of Erreur ! Source du renvoi introuvable., on P72 the pylon 

structure was mounted first on the Jig “1C”, then on “1U”; on P70 it was on the Jigs “2N” and “2U”.  

After each station 70 and 72 a visual quality control is performed. When the pylon is ok, a green dot 

is stuck on the paper (in the example they are grey, located between the “P72” and “P70”). The 

general assembly where primary and secondary structure are merged and equipped, as well as all 

further assembly happens on one Jig. That is notated on the bottom of the front side, here it was on 

Jig “3C”. On the back of the card further specifications are notated, relating the pylon to a aircraft 

family program, a specific aircraft, left or right wing side 

All data are notated with a pen. As the paper card follows the pylon through all operations and 

machinery steps like drilling and cleaning, the card suffers under the harsh environment. Especially 

the exposure to liquids can destroy the notations. The operators help themselves by sticking 

transparent scotch tape over the notations.  

In addition, the case of recording or counting the assembled pylons for each tooling is not realized 

yet at all. A solution could help to introduce a monitoring system for frequent tooling maintenances. 

The main reason for geometric failures on the final pylons is adjustment issues of the Jig-fixtures.  

7.3.2.2. Solution Scenario 
Each Jig is equipped with a network node. When a Jig is picked out by an operator, he switches on 

the network node. The node carries the Jig-ID and will connect to the network. This can be the next 

PC node of the manufacturing cell or any nearby gateway node, assuming a broad network 

infrastructure has already been installed. After activation, the JIG-node transfers its actual state to 

the data-collector, indicating that it is in use now, adding a time stamp to see when the operation 

has started and creates a new blank file to record all occuring data. 

The operator has a tablet PC to connect to the Jig-node, check data and logging data.  First, the 

operators ID is recorded by the Jig node, implemented in the handheld. A more advanced approach 

includes RFID tags in the cloth or badge of the operator for automatic identification. Similar to the 

previous use case, the handheld contains the specification data of the intended pylon assembly. It 

supports the operator, having all information at the hand, and it contains the assembly specifications 

that yet have been written on the back of the paper card. These data will be recorded in the Jig-

nodes memory card.  

The connection between handheld and Jig-node can be locked throughout the operation, to have a 

closer linkage and lower the risk of interaction with other handhelds and Jigs passing by. In general, 

the network approach allows multi-hopping and mesh routing. Thus, to forward a message to a 

destination, the real connectivity is dynamic and various nodes can be used to reach the destination. 

If the handheld addresses the central data-base, a message might hop over two Jig-nodes in 

between. 

When the operator starts fixing the pylon parts, he sticks the small RFID tag in a desired place instead 

of attaching the paper card. The Jig-node indicates if it recognizes a new, blank RFID chip and sends a 

notice to the specified handheld. The Jig node transfers all required data on the RFID chip. Each time 

when the pylon changes the Jig, the respective Jig-node writes its ID into the pylons “virtual control 
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card”. The Jig-node also sends its data over the general network to the data-collector. In the end, the 

RFID chip on the pylon contains all applied Jigs and the Jig-nodes contain a process history table.  

 

Figure 33: Node Setup for pylon and jig traceability 

7.3.2.3. Additional Applications and Overall Shop-Floor Integration 
The data from the Jig-nodes and pylon RFID can also be used to identify the unit when arriving at the 

drilling station. The drilling machine, equipped with a network node as well, can read the data and 

execute the required program, just because of the data from the incoming pylon. After drilling it 

sends all necessary data to the Jig-node, which safes it on the RFID of the pylon. These data can be 

the ID of the drilling machine, time stamp, executed drilling program, and process anomalies.  

Recording the time after each step is the basis to get exact traceability of the overall process flow.  

This leads to a process approach in which the product information flows with the work-piece and 

thus is always present when required. As far as processes are automated like the drilling operations, 

they can be initialized directly and automatically when a work-piece arrivers at the station. Also each 

operator always has all required information directly at the hand and paper sheets are eliminated 

from the shop-floor, unless they are absolutely necessary. Furthermore, recording the Jigs-in-use into 

the central data-collector gives an overview of the actual operations and possible unused Jigs. On 

that basis, scheduling of Jigs-to-use can be applied as well. 

7.3.2.4. Node Architecture  
The focus in this use case is on the Jig and pylon node. The pylon node is intended to be a passive 

RFID tag, which is not able to perform own activities, but can be used as a RF identification and 

serves as a simple storage. As described before, a sharp distinction of RF technologies is not possible. 

Thus, the DASH7 technology used for WSN and thus higher capable applications than common RFIDs, 

is based on an RFID standard. DASH7 modules are also capable of interacting with other near range 

RFID applications. Therefore it could be an interesting solution to implement DASH7 tags on the JIG-

nodes to interact with the general SWMN as well. 
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Next to the SWMN based main-card, the Jig node requires a RFID reader/writer module. If the 

solution does not directly utilize DASH7, a stacked module can be the K632-TTL from Springcard.223 It 

is compliant to most common applied passive RFID standards ISO 14443-A/B and ISO 15693, implying 

a broad range of possible passive tags to apply.  

The node must also contain a stacked module with a sufficient memory card, recording the process 

history. The required memory size depends on the frequency of data download to the central data-

base. It must at least ensure one complete pylon process cycle in any case. If the data is not foreseen 

to be transferred currently during the process, data download could be performed at the end of the 

process, when the pylon is removed from the JIG. Another scenario can foresee resetting the 

memory after maintenance. 

The most important stack module is the energy stack. The Jigs are mobile and not equipped with any 

electronic devices. Connection to electronic infrastructures, probably providing energy for a node as 

well, is not intended yet. A possible energy harvesting stack is a solar cell, assuming a possible 

placement on the outer surface. This can be limited by the assembling structures, but the top surface 

provides some space, just ambient light conditions must be verified. Otherwise the energy is 

provided by a rechargeable battery. Due to the large structure of the Jigs the overall node’s size is 

not an issue and a large battery might be implemented, to ensure stable operation until maintenance 

activities.   

7.3.3. Use case B: Quality Control – Recording of Assembly Anomalies via 

handheld PC  

7.3.3.1. Problem Statement 
The process of detecting and recording anomalies is manually and was recently hardly standardized. 

When an anomaly occurred, the operator filled out a general form, describing what happened to 

which part, at what location of the pylon and at which workstation. The form was not standardized 

and in addition, the proceeding with collected documents was not defined as well.  

In a first attempt, the occurring anomalies were analyzed statistical to retrieve a frequency 

distribution. This was included into a standardized document, listing the most common anomalies, 

with prepared fields to describe the position of appearance, quantity, work-station and so on. The 

new document was directly applied on the shop-floor and accepted by the operators. It helped 

improving the data capturing and ordering. 

As a next step, the data capturing and especially data transfer shall be automated. The recording of 

anomalies shall happen through a handheld PC and the data shall be transferred automatically to a 

data server PC which computes and evaluates the recordings for statistical process control.  

7.3.3.2. Solution Scenario 
The system scenario is based on the anomaly recording document, created upon interviews and 

statistical evaluation of occurring issues. The table sheet as shown in Appendix F2 first lists the most 

frequent anomalies, responsible for about 90 percent of all issues. In a second column, the quantity 

of the recognized anomaly must be filled-in manually by the operator, followed by the localization on 

                                                             
223 Springcard (2009) 
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the pylon in a third column. The table ends with remarks on which station the detection was made 

and by whom. Although the prepared document is an improvement to previous non standardized 

proceedings, the process shall be improved with respect to automatic data logging, data transfer and 

data computing / evaluation.  

The anomaly detection document shall be implemented in electronic form into a handheld 

respectively tablet PC with wireless connection for direct data transfer to a central data-server which 

evaluates the input directly and updates current statistics automatically. This identifies three 

development areas: The data-base, the network and the tablet PC. 

7.3.3.3. The Data-Base, Network and Tablet PC 
In general, all process data are managed through SAP/ERP. As the interaction is complex and 

expensive, a smaller mediate PC data-base is considered in this use case as well. It receives all 

incoming data from the tablet PC over the wireless network and thus is a wired / wireless interface. 

The PC is located on the shop-floor at desired work-stations and / or in the quality department office. 

The data-base is a simple MySQL or similar product, able to generate tables and files out of the 

evaluated data recordings. The main objective is to create desired statistics and notifications about 

anomalies and the direct information access for operators and quality managers. The integration in 

existing quality evaluation software can be realized. Due to the interaction complexity with SAP 

systems, it serves as a buffer to the SAP/ERP system. The accumulated data can be exchanged with 

the overall system in reasonable frequencies, like at the end of each shift or at the end of a day. 

On the prototype level, or as long as no broader infrastructure is installed, the communication 

between handheld PC and data-base PC can be a peer to peer connection. The gateway node is then 

directly connected to the work station PC for example in form of a USB adapter. When a broad 

infrastructure is installed, the handhelds can use any gateways, representing the wire/wireless 

interfaces. That implies also the potential usage of the same handhelds for other application in 

different shop-floor areas. The handheld node can connect to machines or any system that is 

equipped with the same network nodes.  

 

Figure 34: Pylon Control with help of tablet PC and Network Infrastructure 

Attention has to be paid by the key-user defining the handhelds’ network IDs, as well as the network 

entering adjustments of potential access devices. Any system to which the handheld wants to 
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connect requires a network node that allows the joining of random devices. If the network is 

dedicated to specific tasks, and the coordinator node is not in the network joining mode, a handheld 

will be rejected. Furthermore, software applications need to be installed that allow the exchange of 

data. The data to be exchanged must be defined to be requested by a handheld.  

An example could be that the same network technology manages temperatures and ambient light in 

facilities. If such networks are dedicated to this specific task and programmed to transmit their data 

just to a central steering unit, it is not possible to request the room temperature with the handheld. 

The access point must be defined and a software application introduced to allow a handheld node to 

request such data from that dedicated network.    

The tablet PC is intended to be the same development by EADS – IW as for the Smart Tools Project, 

with touch screen capabilities. The integration effort into the network is shared and the remaining 

additional development for the actual use case is the data-base interaction and software application. 

The data-base integration, implying the message format, is based on the header structure described 

in chapter 6.3., but simplified as no protocol transfer occurs. The node ID, application type and 

message ID is sufficient to manage data storing. The main focus of this use case is on the data logging 

of anomalies through a software application.  

7.3.3.4. Data Logging of Assembly Anomalies  
The handling and navigation through the software application must be simple and intuitive. The 

operator shall just take the device for the first time and directly succeed managing the application 

without any introduction or work-shop seminar. The acceptance of the technology by the workers is 

crucial for a successful implementation. 

The starting point of the software application is the standardized sheet document that is already 

used for manual anomaly recording. The table is shown on the touch-screen and the operator can 

chose each field by tapping on it. The first step is to choose the detected anomaly by tapping on the 

corresponding field, like “Impact” or “Peinture”. Next, the quantity needs to be filled in. After 

touching on the field, a virtual number board appears on half of the screen, through which the 

number can be typed in. The number Pad field closes after pressing the enter button. In principle, all 

fields can be filled by first tapping on it and then typing in the information through an appearing 

number pad or keyboard, if required.  

 

Figure 35: From the paper document to the tablet PC plus recording functionality 



84 
 

More complex is localizing the detected anomaly. The actual manual solution foresees to describe 

the position of it with words. A software application shall support the operator in finding the 

location, without random descriptions and at the same time create an identification link for the data-

base. As simple description words require too many possibilities to describe all localization points on 

a pylon, a word or sentence selection is regarded as being too complex. The following solutions for 

locating the parts can be considered: A 3D model of the pylon or a picture based navigation through 

the pylon. 

3D model of the pylon in the tablet PC 

A 3D model of the pylon in the tablet PC allows the operator to choose the dedicated area by 

zooming in and out of the model and flipping it around to reach all sides, all with the fingertips. 

When the right area is identified and zoomed in enough, the operator can choose a specific part 

which may appear in a different color to show the selectable area when touching. Another touch 

confirms the selection and so the localization is finished for the operator. When sending the anomaly 

report over the network, not the whole 3D model with its remarks is send. This is not possible over 

the small bandwidth, but also not required for the aim of the operation. In fact each selectable part 

of the pylon model is identified with a unique number which is transferred over the network to the 

data-base PC, along with the overall table data of the anomaly recording. The unique number is then 

related to the specific pylon part again in the central PC.  

The approach of flipping around a digital model and zoom in and out, just with the fingers, appears 

to be an attractive solution through its “fun” factor. People are already used to this kind of 

applications as it is more and more implemented in personal organizers and cell phones. Introducing 

the same technology on the shop-floor can help to increase the acceptance as the accustomization of 

the operators is supported by an already known technology and furthermore a technology that 

experiences a high hype in the media at the moment.  

In order to provide a 3D model of assembly parts in the tablet PC, 3D XML file based solutions is the 

most appropriate. Although a simple, direct available solution is 3D PDF file224, the Adobe engine is 

considered being too powerful and the files too large. 3DXML on the contrary can directly be 

extracted from the Catia V5 file and desired functions can be embedded. The part or part-group ID 

must be implemented to transmit the selection and identify it in the data-base. Furthermore, the 

navigation must be user-friendly. As the complexity of the pylons increase from each station to 

                                                             
224 Compare for example the company “Visual Technology” http://www.pdf3d.co.uk/index_fr.php 

Figure 36: 3D model of the pylon in a tablet PC with different zoom factors and different colors to distinguish the parts, 
source: own figure 
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station, especially after wiring and equipping, selection and indication of sub-groups solemnly on the 

screen should be considered, as well as exploded views for better part selection. 

Picture based identification 

An alternative to complete 3D models can be 2D picture based navigation through the pylon. Simple 

picture based localization avoids the management of high capacity requiring software. The pylon is 

captured in all details with the required amount of pictures. The pictures show close zooms of all 

parts and areas that can be considered 

for anomaly detection. In order to find 

the highly zoomed-in picture, the 

operator navigates through various 

level of zoom. First, he chooses the 

right side of the pylon. Therefore  6 

buttons are shown on the screen: 

“Front”, “Back”, “Left”, “Right”, “Top” 

and “Down”. Pressing on the desired 

button, in a next picture the selected 

pylon view appears, which show 6 or 7 

fields in which the pylon is divided to. 

Another touch on the specific area 

zooms this in, for example the front area 

of the left side and so on, until the desired accuracy is reached. The picture selection creates the 

table entry with the ID number of the picture to transmit over the network, which is later related in 

the data-base. 

The link between the part and its identification number is easier to establish in this approach than in 

a 3D model approach. On the lowest level, each picture is dedicated to a part or an area that is 

directly described through the picture ID.  

On the contrary, all pictures must be created. Either the pictures are made manually, implying 

tedious work to create a data-base with all required pictures and furthermore creating part-numbers. 

Or the pictures are retrieved from the original Catia V5 model, creating the part links automatically. 

The latter approach is to prefer especially due to the fact that the exact pylon specifications change 

often over the life of one aircraft model. Thus a new model can just be up-loaded into the tablet PC, 

without the broad introduction of procedure changes.   

7.3.3.5. In addition: Including full capacity of Geo-localization and 
augmented reality  

The original requirement for this use case is the recording and automatic transmission and 

computing of anomaly detection. However, once a system is installed, including a data-base, wireless 

communication infrastructure and tablet PCs carrying software applications, these system can also 

be used for further processes supporting the pylon assembly as well. 

First, augmented reality and software based process guidance can be implemented in the handheld, 

like it is intended for the FAL in the Smart tools Project. Although experienced operators have mostly 

no problems with known pylon series, it is especially an improvement for new series, specification 

changes, trainee education and training in general.  

Figure 37: Picture based localization 
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Second, an integrated camera can directly make pictures of the detected anomalies, to create a data-

base of anomaly pictures. Those pictures might not be possible to be transferred over the wireless 

network, due to the discussed bandwidth, but they can be downloaded when the tablet PC is stored 

in its docking station. A fixed docking station is required anyway, to load the batteries and 

maintenance the software. With a collection of anomaly pictures, further analyses of anomaly causes 

can be performed by comparing various anomalies of the same type, consulting the suppliers without 

personal attendance, educating the trainees, and so on.225  

Third, the augmented reality capabilities also enable to detect anomalies automatically, by directly 

comparing a recorded picture with the saved original picture. Like implemented in Vision systems, 

specific patterns can be recognized and an anomaly can be reported to the operator. 

7.3.4. Use Case C: Embedded Sensors in Pylon Measurement Cell 

7.3.4.1. Problem Statement 
In Station 62, the position accuracy of the assembled pylon is measured. Actual, two different 

methods are used; a laser tracker and a photogrammetric system. For both systems, the pylon is 

equipped with reflecting ball points and their relative distance is measured in order to estimate the 

relative accuracy of the assembled parts. The laser tracker measures directly the distances of the ball 

points. The photogrammetric systems analysis pictures of the pylon. The main improvement is a 

reduced cycle time for each pylon, due to the long program execution of the laser tracker, but cannot 

reach the same accuracy. 

The main problems with the actual system are the determination of a reference point, to which all 

ball points are related and the long set-up time of the ball-points.  

7.3.4.2. Solution Scenario 
To reduce the cycle time of the measurement 

cell, simplify its process and improve its 

accuracy, a new cell design is intended. The new 

concept includes a 7 axis robot equipped with a 

Leica T-Mote head which performs a measuring 

program on the pylon. A tracker laser measures 

the position of the robot head.226 After 

measuring all points, a map of geometric 

accuracy of each pylon can be assembled. This 

eliminates the issue of setting up and 

recollecting the ball-points. The principle mock-

up of the cell is shown in Figure 9. 

To determine a reference point of the pylon, an additional structure is included that will be mounted 

on the Jig, under the pylon. It consists of a large, stiff Carbon fiber frame and is equipped with six 

Heidenhain Specto ST-1277 length gauges.  At the end of the carbon structure, ballpoints are 

attached to be localized by the laser tracker. The length gauges in the middle of the structure have an 

accuracy of +-1µm and measure the exact angle between the carbon fibre structure and the pylon.  

                                                             
225 This scenario implies of course  that the localization of anomalies is not already based on pictures 
226 See http://metrology.leica-geosystems.com 

Figure 38: New Pylon Measurement Cell. Design: S. Boria 
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The aim of the network node in this scenario is the evaluation of the length gauge measurements, 

the calculation of the angle between pylon and structure and finally the transmission of the value to 

the laser tracker system. 

Therefore, the node is 

embedded in the center of the 

structure and connected per 

wire to all length gauges. While 

the main-card manages the 

communication between 

network and node modules, a 

dedicated microprocessor stack 

manages the data evaluation 

and computing as well as the 

energy control of the length 

gauges.   

7.3.4.3. Connecting the length gauge to the node   
The length gauge uses photoelectric scanning of the incremental grating. The plunger actuation is 

pneumatic and the zero-point is set by passing a reference mark after each start. The output signal is 

digital, consisting of two TTL square wave incremental signals Ua1 and Ua2, shifted by 90° plus their 

incremental signals. Subsequent electonics must capture the edges of each signal. The serial 

connection is a RS-422 interface, working with signals from 0V to 5V. The node’s microprocessor 

must compute the incoming signal, as no measurement software from the supplier is used. The 

computing consists mainly of counting the logic 1 signals, representing each single edge. The system 

is reset to zero when the reference signal is captured. After that, each counted signal is one step of 

the incremental measurement grating. 

The connected micro-processor must be capable of counting all incoming signals. Therefore the 

counter frequency must at least equal, better exceed the length gauge’s output signal frequency. The 

gauge’s output frequency depends on the traverse speed of the plunger. The maximal traverse speed 

is 72m/min, given a scanning frequency of 100kHz, thus a microprocessor must contain at least a 

100kHz counter. If the inverse signal shall be counted as well in order to increase accuracy, the 

counters capacity must be doubled to 200 kHz. In addition, one microcontroller might be connected 

to several length gauges, increasing the counters capacity requirement.  

7.3.5. Use Case D: Countersink End-Effector Control on Tricept Robot 

7.3.5.1. Problem Statement 
In station 68 the primary structure is sub-assembled. The required drilling and countersinking 

operations are performed by 2 Tricepts T805 from PKM227, with a Siemens 840D electrical cabinet228 

as steering unit and integrated into a cell by Loxin229.  

                                                             
227 PKM – Tricept (2010) 
228 Siemens (2007) 
229 Loxin (2010) 

Figure 39: Mock-up of measurement structure for reference determination 
with integrated network node. Design: S. Boria 
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The drilling operations are for rivets and screw bolts all over the outer pylon structure consisting of 

Titanium alloy metal sheets.230 In a first step, all holes are drilled, which are about 1000 for the A380 

line, then the tool head is changed for countersinking. The coordinates of the holes for the first step 

are not absolute values due to calibrations of the fixture, but need to be calibrated via laser 

measurement system. This is due to slight position and structural form variations of each metal 

sheet. In order to fulfil the tight angle tolerances of maximum 1°, the rectangular relation of the drill 

head to the pylon surface is calibrated through the laser and the Tricept coordinates are stored for 

the countersinking step.  

To prevent bending of the metal sheets when applying the counter drill, an additional end-effector 

has been developed, that fixes the sheet by applying a holder from the back. As the end-effector is a 

custom development, it is not an integrator part 

and no interfaces exist or are defined. The physical 

integration on the spindle was directly realized 

through the development, but the control 

integration has still to be accomplished. Due to 

experiences of integrating the laser positioning 

system into the Siemens 840D control unit, the 

detailed control of the positioning end-effector 

shall not be performed by the main control unit. 

Furthermore, additional wiring shall be avoided as it 

is tedious, cost intensive and requires tight 

specifications. The end-effector is driven 

pneumatically.  

7.3.5.2. Solution Scenario 
The solution foresees not to break up the installed control algorithm completely, as the actual 

process is the result of extensive optimizations. In fact, the Tricept robot shall proceed in the actual 

way by driving the tool-head in full speed into the exact position of 0.2mm over the metal sheet. 

Here the control algorithm will be stopped to send a signal to an external control unit, steering the 

countersinking end-effector, with included sheet holder. The end-effector’s controller performs the 

algorithm and at the end sends back a signal to the Siemens controller to continue with driving the 

tool-head to the next position. Thus into the original logic will just be included a stop order, a start 

signal for the end-effector and a waiting phase for the end-effector-signal to continue with the 

program. 

The end-effector control is performed by stacked module of a SWMN node. The control consist of 

simple relays, moving the holder behind the sheet, clamping it, starting the drill unit, forwarding the 

drilling head, remove it, stop it, unclamp and finally move back the holder. All signal exchange 

between end-effector and the Siemens control unit is wireless, through network nodes.  

In this use case, as well as in the previous use case, the network implementation is not intended to 

interact with other devices than the dedicated application nodes. Also a connection to a central data-

base is not intended, as the message exchange concerns the direct included devices. Both use cases 

                                                             
230 Airbus (2010) 

Figure 40: Tricept Robot with drill head at station 68, 
Airbus St Eloi 
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show the broad application fields of the networking technology, by contrasting advanced 

applications and communication schemes with simple, embedded scenarios. 

7.4. Filton UK: Connection of electric ADEs 

7.4.1. Problem Statement 
The plant in Filton, UK is responsible for wing design and 

manufacturing. To improve the drilling processes, the development 

of intelligent ADEs (Automatic Drilling Equipment) has been 

enhanced in cooperation with FAL TLS and HAM. The initial focus is 

on A380 wing and pylon drilling, but the solution is adaptable to all 

drilling applications. 

Actual Automatic Drilling Units (ADU) are pneumatically driven. This 

implies that the cutting speed of each unit is assigned to one 

application only and readjustment is complex. The result is that each 

application has its dedicated ADUs and multiple utilization of ADUs 

is not intended. ADEs are electrical driven including advanced 

control options. The units are adaptable to each application by 

changing cutting and feeding speed. The tool control also allows 

drilling of composite materials that require speed changes during 

one process while drilling through various material layers. The 

adaptability optimizes the process and prolongs tool head live.  

Each ADE contains an own controller unit, executing the operation algorithm. For tooling application, 

several ADEs are mounted on drilling templates which position the tools in relation to the work 

piece. All units are mains powered through shop-floor electricity infrastructure, but additional 

network wiring shall be avoided. Therefore a wireless communication solution is intended.  

7.4.2. Solution Scenario 
The system setup is similar to previous use cases. Each ADE gets equipped with a SWMN Node to 

establish wireless connections to a shop-floor PC and to possible handheld devices for the operators. 

The connection links are supported by the mesh capabilities of the network, exploited in router 

infrastructure and message hopping over random devices. Thus a message that is addresses to the 

operators handheld could travel from one ADE over several other activated ADEs, probably mounted 

on one several templates. 

The integrated ADE controller units execute the drilling programs and create feedback reports. The 

controller units are dedicated developments, including servo based operations. This part is not 

intended to be integrated on a stacked module for the moment. However, the communication is less 

complicated than with vendor systems, as the ADE development is customized for Airbus and no 

protocol clash occurs. Required data exchanges are program upload, process initialization, process 

result data download, status reports and maintenance report.  

The process programs execute the drilling algorithm. In case of the ADEs, different material layers of 

composites are respected and the programs adjust the forwarding and cutting speed dynamically. 

Figure 41: Up:  ADE units aligned. 
Down left: ADEs on a drilling 
template. Down right: Principle 
sketch of ADE. Source: Airbus 
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These strategies are created in the shop-floor engineering offices on dedicated software applications. 

Due to the Airbus specific development, interfaces to SAP/ARP for data down- and upload are 

directly implemented. When a new program is created, it is broadcasted in the ADE network over the 

SWMN infrastructure. In case of inactive ADE units, a restart of the application node includes a status 

check for new actualized programs initialize an updating in case of missed broadcasting.  

Initialization of programs is performed by the operator after mounting a set of ADEs on a template 

and then on the work-piece. Due to the required operation, the operator checks the programs on the 

ADEs through his handheld and sets the required one. In case of missing programs he can again 

initiate a program upload. After program execution, the ADEs’ controllers generate a result message, 

to be checked by the operator via handheld and then transmitted to the data-base. 

Finally, each ADE records its operation time and kind, to be able to send maintenance initialization 

messages automatically. Especially the change of drill heads is a critical factor and through 

implementation into each unit, the process is decentralized.   

The node integration into the ADE can either be as a module on the controllers own PCB board, or via 

Ethernet connection as an externally attached device. The latter is the likely solution for the 

beginning, due to the actually parallel development and near separated prototype release. The node 

can share the electricity supply of the ADE. If electricity outputs are not intended on the previous 

versions, a feasible solution for is energy harvesting through vibration modules in combination with 

rechargeable batteries for non-operational phases communication. The drilling operations emit 

sufficient vibration energy for the nodes’ operation. 

An important issue to be evaluated is the wireless communication quality of the ADE transceivers, 

which are packed in close distance surrounded by various high speed spindles. But the initialization 

takes place synchronously, just some communication takes place during processing and thus 

operation feasibility should be guaranteed.     

7.5. Localization of Tools on the Shop-Floor 

7.5.1. Problem Statement 
The ability to locate tools on the shop-floor is desired by many assembly units throughout Airbus. 

Two issues need to be addresses. First, a security mechanism preventing of forgetting tools in aircraft 

assembly parts like wings and fuselage sections. Second, a support application to find tools that are 

distributed over the shop-floor, in order to save time of the operators when tools are needed for 

operation or maintenance activities are scheduled. The unawareness about the exact tool utilization 

leads to an overhead of unused tools which should be optimized. The tool overhead binds capital and 

causes additional cost of storing and non-required maintenances. 

The needs defined in this use case do not lead to a localization accuracy required in process 

supporting localization like introduced in the FAL TLS&HAM use case and the A350 pylon assembly 

use case in chapter 7.8. An accuracy of 0,1m to 0,5m is sufficient. 
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7.5.2. Solution Scenario 

7.5.2.1. System Mock-Up and localization mechanisms 
The solution proposal is a two step localization approach. The first step is a proximity analysis to 

determine the global area and the second step is triangulation of signals. The basis of realizing 

sufficient localization with network nodes is a dense router architecture and mesh capabilities. Each 

node must connect to several surrounding nodes, at least two, to realize triangulation. A single p2p 

connection is not sufficient. As the accuracy of any mechanism which is feasible for simple network 

nodes is not highly accurate, the results are intended to be improved through several redundant 

analyses.  

In a first step, the proximity analysis is realized through knowing the position of routers in 

combination of the limited transmitting range. This can be utilized in two application ways. First, 

each work-station can be equipped with gates, consisting of very short range routers. When an 

operator passes the gate with a tool and an equipped node, the gate recognizes the passing and 

forwards the tool position status to the central data-base. As long as the tool is not passing a work-

station gate again, it is assumed to be in the recorded area. This principle is used in RFID based 

logistic management. It is also an appropriate solution for assuring the replacement of all tools out of 

assembly sections. Routers are attached at the entrance of the fuselage or wing section and each 

tool which is carried in is recorded. Before the section can be forwarded to the next station or 

delivered finally, the system checks if all recorded tools have passed the gates again. If not, specific 

tools are still inside, or in case of any transmission failure, they need to be recorded manually. 

This approach is required as the metal structure of aircraft sections does not allow transmitting form 

outside and thus direct localization is not possible. But it is a simple and efficient approach to verify 

that all tools have been recollected. A different case is presented by smaller assembly structures like 

pylons, which are not entered entirely by operators, but tools are still apt to be forgotten inside. This 

might either be solved by moving the whole assembly unit through a powerful gate, assuming an half 

open structure to allow RF signals to reach inside, or the proximity analysis does not take place at the 

work-piece, but at the tool depositing rack or storage, directly located at the workstation, where all 

tools must be replaced before the work-part is forwarded.  

A second utilization way of proximity analysis is the connectivity of a tool to its general surrounding 

nodes. Again, all router nodes’ positions are known. The router architecture could consist of a close 

grid, attached to the roof of the shop-floor. Through the limited transceiver range, a signal sent by 

the tool node arrives only to a certain group of router nodes. The position of the tool node can then 

be anticipated as being somewhere in the middle. In addition, analyzing the RSSI delivers additional 

accuracy, already without applying triangulation mechanisms.  

For a higher accurate positioning, a trilateration or triangulation method must be applied. RSSI as a 

basis to determine distances is considered as being too inaccurate, as described in chapter 3.2.4.1. 

Observations indicated insufficiency already in open spaces. Industrial surroundings decrease the 

reliability of measurement results as too many factors influence the signal strength. TOA is also 

regarded as not sufficient. Also it does not require the time synchronization of all nodes, the result 

differs a lot with factors like varying amount of multi-hops, messages queuing and additional 

processing time of the messages computed in the single node circuitry.   
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Therefore the only sufficient localization method is considered to be TDOA. The pre-requirement is 

an exact time-synchronization of the router nodes, based on the IEEE1588 standard or a mechanism 

with similar accuracy. The feasibility of implementing this standard with its possible time accuracy 

into the intended wireless RF technology must still be proven and is addressed to be a main research 

area in the project scope of the Airbus development of SWMNs. In case of implementing a high 

density router infrastructure, it is considered to realize this as wired/wireless gateways as well, 

implying wired 

connection between the 

routers. Then the routers 

are connected through 

Ethernet, which allows 

high speed 

synchronization. The tool 

node does not require to 

be synchronized, as it 

just transmits a signal 

which is analyzed by the 

synchronized routers. 

7.5.2.2. The Tool Node 
The tool node itself is constraint by its energy storage. While the proximity analysis can be performed 

by passive tags, thus the main node can sleep, triangulation requires active tags to reach the higher 

distances. But as discussed in other use cases, the tool node itself might just be active when in 

operation to save energy. This implies that a localization mechanism is not a continuous operation. 

Possible solutions are either that first, the nodes wake up from time to time, transmitting a signal to 

be located and wait for an acknowledgement response form a router, that the position is stored in 

the data-base. When an operator looks for a tool, the last recorded position is indicated. If the tool 

has moved in the meanwhile, the operator must wait for the next signal or a new proximity entry is 

available, when the tool has passed a gate. Or second, the tool is equipped with a wake up radio that 

is running on extreme low power and just wakes up the main node in case a message arrives. Then, 

the operator can request the tool position and the network initiates repositioning. 

7.5.2.3. Alternative Approach based on Scene Analysis 
The following approach is based on assumptions, inspired by the lecture of an article about nano 

sensors and the description of a “digital pen and paper” technology. Due to limited time, the 

approach lacks literature and test verification of its principle feasibility, but it occurred to be worth 

mentioned. 

In the article “Smart dust: Nanostructured devices in a grain of sand”231, Sailor MJ and Link JR. discuss 

the realization of nano-sized sensor nodes. The particles are produced of silicium plates, cut by an 

electrolyte which is steered by an applied currency. To communicate between an active center node 

and the passive nano nodes, a pattern of holes is drilled into each nano-particle. When light, emitted 

by a directed laser hits a particle, the depth of the holes determines which wave-length is reflected. 

The effect is comparable with the skin color of insects. Their chitin mantle is not colored by itself, but 

reflects the incoming light through various chitin layers to create a color effect.  

                                                             
231 Sailor MJ, Link JR. (2005) 

Figure 42: Localization of Tools on the shop-Floor through Triangulation 
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To identify each nano particle, the drilled pattern varies. The communication link is build up by a 

laser, attempting to a cloud of particles that can serve as chemistry indicator. When a specific 

substance enters the system its molecules diffuse into the particle-holes, which are adjusted to the 

molecule size. Thereafter the reflected light changes color, through a different hole-depth. 

The digital pen and paper232 uses a small point pattern, printed on any used 

document. The color consists of carbon particles that are recognizable by infrared 

light. A pen that is equipped with an infrared camera can capture the pattern that 

is printed behind the usual color. The small point patterns present a logical ID that 

allows each printed sheet to be unique in the world. Just by moving over the sheet 

with the pen, the system recognizes the document as well as the pen’s position on 

it, to implement the writing movement on the right position into the digital 

document version. 

Inspired by these concepts developed the idea of a scene analysis based location 

system, which is performed by the tool node itself, but with less power 

requirements than a video analysis. A pattern of dots, either colored or consisting 

of a specific material, is attached to the ceiling of the shop-floor. The dots present 

an identification pattern used by the tool node, which is lying under it to locate 

itself. This can happen in two ways. First the node contains a small infrared camera, 

recording the structure on the ceiling and transmitting the ID code over the 

network. The camera is just able to recognize the dots, no advanced pictures are intended. The 

attaching of the node to the tool must guarantee that the camera is oriented upwards. Furthermore 

the view must be free. A second approach is the emitting of a RF or general electro-magnetic signal 

that is reflected by the straight up pattern. The structure of the reflected signal implies the pattern of 

the reflection surface. In order to avoid disturbance of further reflected signals, the nodes’ receivers 

must be directed.  

The approach is radical and requires verification of feasibility. But considering the currently low 

success of traditional location systems in the frame of Wireless Sensor Network in combination with 

the tremendous effort, the attempt of thinking different might be worth.   

7.5.2.4. Position Indication 
The determined position of the tool node is transferred over the network and is readable either by 

base station PCs, for example at the shop-floor office, or directly on a handheld PC of the operator. 

To store the actual position in the data-base is in particular important for assuring that no tool has 

been left back in assembly structures. The handheld PC is probably not legitimated through this 

single use case, but as it is considered for many applications, it is evident to include a software 

application for tool search as well. 

7.5.3. Conclusion 
Like often in terms of solving problems, the question is that of an efficient method. Higher effort and 

powerful devices can lead to better results in terms of accuracy and quality, but the question is to 

what cost. In terms of location of tools on the shop-floor, low accuracy of about one meter is 

                                                             
232 www.anoto.com 

Figure 43: Pattern 
printed on paper 
for identification 
by a infrared cam, 
attached to a pen. 
Source: 
www.anoto.com 
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sufficient. But verification of tools in assembly parts must be guaranteed as well as the issue of 

industrial environments being solved. 

7.6. FAL HAM: Counting of Operations of Pneumatic Drill Tools 

7.6.1. Problem Statement 
The Final Assembly Line (FAL) uses pneumatic drills like Atlas Copco LBB 37. The drilling operations 

are performed at the final assembly line, instead of directly at the sub-assembly stations, in order to 

ensure high accuracy of the hole positioning by drilling both parts in one turn. Unlike torque tools, 

the drilling tools are not controlled by computer based steering units. Each type of hole, 

characterized by the diameter and target material, has a dedicated drill tool. For a different type of 

hole, the entire drilling unit is changed. The lack of a controller unit implies as well that no automatic 

data-logging is realized. Two variables are of high interest and intended to be included, first a 

maintenance traceability and second an operation proceeding traceability.  

To determine exact maintenance times, rather than estimate intervals, the tool utilization shall be 

traced to indicate service requirements automatically. In terms of process proceeding, the operator 

follows the work instructions, indicating each hole with position and type. At the end of a shift, the 

operator reports the finished tasks. Before the end control of each work station, when the aircraft 

moves to the next assembly station, there is no possibility of controlling the work proceeding and 

quality in terms of successful accomplished steps. The tact-time for the A320 at FAL Hamburg is 2.5 

days at the moment.  

7.6.2. Solution Scenario 
The idea is to integrate a simple wireless node on each drilling tool that counts the drill operations 

through vibration detection. The node thereby is not a full equipped sensor node with any 

microprocessor and shall be stuck on the case frame of the drilling unit. Therefore the nodes shall be 

encapsulated in a flexible film format case. The basic features of the drilling unit node are: 

 A piezo element that measures or detects operational vibration. The counting of sequential 

occurring vibrations, indicating one drilling step after the other, might happen through a 

simple electrical circuit with some capacitors that are loaded at each operation.   

 Another piezo element that harvests energy from the vibration in order to provide the node 

with electricity. An energy storage like capacitors or a Lithium Polymer thin-film battery 

guarantees the node’s operation in times between drilling operations. 

 A RF transmitter for wireless communication. To guarantee operation at very low energy 

consumption rate, the DASH7 or even a passive RFID technology might be appropriate. 

However, IEEE 802.15.4 based technologies were already used in similar energy harvesting 

cases with sufficient energy supply. Arms, Townsend233 applied successfully a piezo-resistive 

strain gauge to a helicopter pitch link. 

 Thin film or stripe format as overall node design to stick it on the tool or around it. It must 

not be too big and heavy so that it does not disturb the handling of the tool unit.  

                                                             
233 Arms, Townsend (2006)  
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The counting of drill operations is stored in the drill units’ node until a communication link is 

reestablished. This might happen when the tool is brought back to its resting position after 

operation. Thus, it is not required to ensure all time connection between the drill unit node and the 

gateway node. But the drill unit node must contain a feasible mechanism to safe counting. 

A second node is a full equipped SWMN node. It reads out the counted operations from the tool unit 

node and serves as a gateway to the entire network. This can either be directly linked to a data–

collector PC that evaluates the data and maybe serves as well for other functions directly at the 

workstation, or the node is linked to a broader infrastructure and also serves for other 

functionalities, integrated in the Smart Wireless Mesh Network. It must contain a stacked module to 

build up connections to the tools’ nodes, if the common network is not used and a mechanism to 

establish links and download the stored data. 

7.6.3. Main Issue: Accurate Counting 
The general idea is to use a vibration detector to count each drilling step. When the tool starts, the 

vibration unit generates a small currency that can be detected. In fact, the same vibration unit might 

be used for drill detection and energy harvesting together, but the feasibility must be proven.  

The problem is to design the vibration detector that way, that just real drill operations are counted, 

which are fully completed. General vibration from moving the tool or from other vibration sources 

must be excluded. Also vibrations from running the tool at free speed, without aiming for any target 

should not be counted. Another problem is, if the operator does not drill a hole in one step, but in 

several attempts. Then the real drilling operation might have been recognized several times, but the 

system cannot distinguish if the different recordings were of the same hole or of different holes. All 

these issues must be considered when designing a solution. 

7.6.3.1. Vibration Detection Techniques  
Various techniques exist to build up a vibration sensor, or also called accelerator. A short overview is 

presented in the following. 

Piezo elements are materials that react on strain stress with an electrical charge. While compressing 

or stretching, a definable charge is measureable.234  The charge thereby is just generated while the 

contraction is proceeding, not in a steady state of deformation.235 If a mass is attached to the piezo 

element, the vibration energy and thus deformation can be enlarged.  

For vibration detection, there are three ways to utilize piezo-elements as a sensor. First, the charge 

of the deformed Piezo element can be used directly, most likely be amplified linear and transformed 

for data evaluation through sensor conditioners. This piezo-electric sensor is the cheapest, most 

direct way to measure vibrations. A drawback is the high sensitivity of piezo-elements to 

temperature changes,236 which must be considered as the drilling machines heat up during 

operation.    

                                                             
234 Vives A. (2004) 
235 Chu A. 
236  Chu A. 
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A second approach is to include integral miniature hybrid amplifiers into the piezo electric system. 

The system requires a power supply but sensor conditioning has lower requirements than the piezo 

electric sensor.237   

Third, in Piezo-resistive sensor, the elements are ordered in a Wheatstone bridge238 of resistors that 

change values when strained. The application is electricity supplied and the sensitivity can directly be 

controlled with the power supply. Thus the sensor can be adjusted to its application, which might be 

to consider for the drilling machine case. Piezo-resistive sensors are mostly manufactured out of one 

single silicon piece, leading to high stability, higher reliability and low thermal mismatch between 

parts.239 The whole Piezo-resistive sensor, has a size of 1mm², consisting of the four-leg strain gauge 

Wheatstone bridge, a mass and a spring.  

Next to piezo-elements, alternatives of accelerators are capacitive sensors240  and servo sensors241, 

242. Both have advantages in measuring accuracy but the drawback of a more complex design and 

required power supply. As the solution is intended to be kept simple, these might just be considered 

when other approaches do not succeed.  

The first choice approach is the piezo-electric sensor, utilizing the charge change directly. It is simple 

and the only solution not requiring additional energy supply. In addition it is based on the same 

principle like the intended energy harvesting method. Thus it could be considered to use just one 

element that creates energy and detects the vibration for counting together. This reduces cost, 

space, weight and complexity of the node further. But the feasibility of combining both functions 

needs to be proved.  

7.6.3.2. The Counter 
Vibration switches that generate a change signal when reaching a specific frequency exist for private 

use like door security devices or protecting furniture from pets243 as well as for industry use 

dedicated for harsh environment.244, 245 They are all based on piezo-electric sensors. The industry 

versions are mostly used to shut down applications when a specific frequency is reached or 

exceeded. The problem in implementing a simple gate switch in the drill counter is to ensure false 

counting of non-operational frequencies.  

Figure 44 shows the measurements retrieved by applying a vibration analyzing tool to a drill unit. The 

sensor was placed directly behind the tool head, on its jig. Two different diameters of tool heads 

were analyzed, 2,5mm and 4,7mm. At the smaller diameter, the vibration analyzer could not 

distinguish operational vibration from vibration caused when the tool ran in the air, without 

attempting a target. But it is clearly to see, that setting the tool on the work-piece as well as breaking 

through the material causes high amplitudes. The same tool equipped with a drill head of a larger 

                                                             
237 Wilson J. (1999) 
238 Lambert et al (2009) 
239 Sill R. 
240 Wilson J. (1999) 
241 Nakamura et al (2004) 
242 Wilson J. (1999) 
243 Compare : Tattle tale vibration alarm, http://www.kiienterprises.com/tattletale.html, or  
244 Compare: ACD Machines: http://www.vibrationswitch.net/electronic_vibration_switches.htm 
245 Compare : IMI Sensors : http://www.pcb.com/Linked_Documents/IMI-Sensors/SWITCHES_0506.pdf 
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diameter on the contrary shows a clear variation in the vibration behaviour between applying on the 

target and in the air.  

 

Figure 44: Vibration measurement on drill tool. drill head diamter: Left: 2.5mm, right 4.7mm. Vertical Axis: Acceleration, 
horizontal axis: Time 

The results indicate that a vibration based operation counter, which reacts on a specific energy 

captured by an accelerator, is feasible, at least for large diameters. The results are not 

representative, as the test was only performed on two different tool diameters, but the principle 

indications show a possible applicability. In addition, the applied tool diameters at the FAL are larger 

than 10mm.  

To utilize the principle, several approaches could be feasible. One is to adjust the sensor 

mechanically to dedicated frequency. A spring-mass-damper system then would not react on random 

hits or in the air running, but just on specific excitations. To bring the mass in a harmonic oscillation, 

the excitation must be applied some time. An electrical based solution on this principle can be low 

and high pass filter, just letting a specific AC frequency pass, due to the voltage oscillation.  

Both approaches remain the issue of attempting the same hole several times. To solve this issue, a 

capacitor can be switched in the loop. Its capacity must be aligned to the average energy that is 

revealed by the hole to which the node is dedicated. It is loaded when the sensor reacts on the 

excitation and reveals the counter switch when fully loaded. The approach requires careful 

adjustment, exact analyze of the operation and mechanisms to guarantee accurate counting of each 

hole. 

The counter itself is a very basic micro-controller. The function can probably directly be integrated 

into the network controller. The main functionality is implemented in the previous circuitry, revealing 

a simply count signal when either the gathered energy, or the analyzed frequency initialize the 

output.  

A complete different approach is to record the occurring vibration during a shift completely, without 

analyzing possible operations directly by the node, and sending the recording to a more powerful 

node, or directly to the data-base PC for further analyzes. Similar to the helicopter use case by Arms 

et al, the embedded node then just performs recording, while the evaluating takes place by more 

powerful devices.   
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7.6.4. Conclusion 
The realization of a counting and additionally maintenance indication based on the measurements is 

less a problem of feasibility, than an issue of a simple solution. With powerful analyzing tools, 

monitoring is not a problem. But the aim is to realize a simple and nevertheless reliable mechanism. 

A possible approach with piezo-electric sensors is indicated and first testing reveals a potential for 

the solution. The remaining issue is the adjustment for stable operation. 

7.7. St Nazaire: Pneumatic Tool Maintenance Traceability 

7.7.1. Problem Statement 
In the fuselage assembly various pneumatic driven tools like drill units246 and fasteners247 are used. 

The air pressure is provided by a plant-wide installed air-tube infrastructure, to which the desired 

tools can be connected at any valve. There are no dedicated controller units for each tool, like 

existing for many electrical driven tools, which run specific programs or collect process data. 

In order to determine maintenance times and drill head changing, pneumatic cycle counters248 are 

installed between each tool and its air-pressure connector. The counter delivers no signal, just 

presents a continuous flowing number field, indicating the operator how much a tool has been used 

and to be reset manually after each maintenance. The operators check the indicated value frequently 

and initiate tool change and tool maintenance. 

The aim is to apply a sensor that automatically detects when a tool requires maintenance or the drill 

head needs to be changed and sends a signal over the wireless network to a central PC, where all 

maintenance data are monitored. 

7.7.2. Solution Proposal 
In order to automate the maintenance detection and reporting, a first step is to introduce a sensor 

that generates an output signal, which can be computed and transmitted. The sensor in this case 

must not only be capable of counting the number of operations, but also the operation duration. The 

applied pressure range is between 2 and 8 bar. 

Two kinds of sensors are possible. Either a pure pressure sensor, recognizing when a specific pressure 

is applied, or an air-flow sensor, that also measures the throughput stream. Pressure sensors are 

based on the piezo-effect. Four piezo-resistors that are mounted on a membrane are connected to a 

Wheatstone bridge. The applied pressure stresses the membrane and thus the piezo-elements, 

leading to a measurable resistance change.249 The air-flow sensor is based on small heat wires, 

exposed to the air-stream. The cooling effect of the air-stream can be measured as well through a 

varying resistance in the wires.250 The main difference for the scope of the actual tool maintenance 

use case is the way of mounting the sensor. While the air-stream sensor is mounted in series to the 

operating stream, e.g. directly at the connector between tool and supply tube, the pressure sensor is 

mounted in parallel to the operating stream and thus requires an extra output valve.  

                                                             
246 Recoules (2010) 
247 Lisis Aerospace (2010) 
248 Crouzet (2010) 
249 Fraden J. (2004) 
250 Erjavec J. (2004) 
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Important for the use case is the output signal. In contrary to the original purpose of the named 

sensors, that are designed to indicate different pressure values, a simple on/off sensor is sufficient 

for this use case. It must just deliver an output signal, indicating that the operation has started. The 

output initializes a counter on a microprocessor, or initializes a clock. The clock can be stopped by 

another signal, send when the operation has stopped, thus the air-pressure has decreased again. 

As an example, the Honeywell PPTR pressure sensor is equipped with RS-232 digital and 0 to 5V 

analog output.251 A SWMN node can be equipped with a RS-232 connector stack. The computing 

operation is low-level, thus the main-card microprocessor of up to 8bit must be sufficient. The output 

signal of the sensor is quite accurate, but in this case just initializes a timer on the microprocessor. If 

a use case scenario includes different tool applications, working on different pressure levels, such an 

accurate sensor could initialize specific recording programs on the microprocessor. But in general, 

each tool is dedicated for a specific task, as they are also not running different control programs by a 

computer.  

The microprocessor either counts all operations, just by counting the simple input signals, or records 

the working time, by letting a clock run between two input signals. The latter case is more accurate, 

specifically considering that not each input signal represents a real operation. Like in the Hamburg 

Use Case: “Counting of Drilling Operations”, operators might start the tool “in the air” without 

attempting a target. Furthermore, for maintenance the working time is more significant than the 

number of tasks, as it is closer related to wearing down and aging. 

When the node recorded a defined number of operations, or operation time, it connects to the next 

gateway and transmits a tool change or tool maintenance request. In addition, the node can be 

equipped with a LED to indicate the status, in order to have a visual control.   

7.7.3. Additional Applications 
The working amount, represented by the recorded time, can also be transmitted in a more frequent 

way. It indicates how much a tool has been used and helps analyzing the general tool usage 

allocation, determining the right amount of tools required on the shop floor. If several tools are 

hardly used, they might be redundant and can be replaced.  

7.7.4. Conclusion and further development 
The presented solution scenario describes principles and elements to integrate a pneumatic sensor 

as a stacked module on a network node. It includes automatic data-logging into the actual process 

with a simple and minimal cost solution. A pressure sensor as presented is available for under 

120$252, the interfaces are common industry standard and already introduced in other Smart Tool 

scenarios and the software application is rather simple as well.  

An issue to consider is the energy supply of the common pressure sensors. The supply voltage of the 

presented Honeywell, as well as for comparable models, is around 6VDC at up to 27mA. Battery 

supply is cost intensive and leads to large nodes, in order to equip the node with sufficient batteries. 

An investigation requirement therefore is to find or develop a more simple pressure sensor. It is not 

needed to indicate accurate pressure values, but sends output signals to indicate pressure changes. 

                                                             
251 Honeywell (2010) 
252 http://www.alibaba.com/product-gs/260927394/SP3_series_pressure_indicator.html 
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Such a sensor, based on piezo-elements should not only be inexpensive, but in addition self-sufficient 

in energy consumption, as the delivered signal is directly produced by the pressure change. The 

principle is already applied in running shoes, counting the steps. 

To receive a solution to the general problem of tool maintenance detection, as an alternative to 

pneumatic based sensors, the vibration approach presented in the “Counting of Drilling Operations” 

might be appropriate as well.  

7.8. St Eloi, Toulouse: Operational Geo-Localization of Torque 

Tools at the A350 Pylon Assembly Line 

7.8.1. Problem Statement 
The A350 pylon assembly takes place in a separated dedicated assembly line, which is actually under 

construction. The production ramp-up is scheduled for the 3rd quarter 2010. Numerous torque 

operations are included in the A350 pylon assembly as well. For the primary structure a dedicated 

torque station is included, where all structural bolts are fastened manually by an operator. Advanced 

traceability of each process step is intended and this also foresees the geometrical location of each 

torque process.  

This is realized with the Oxford metrics system, a motion capturing solution from Vicon.253 In contrary 

to general shop-floor localization, in this use case the accuracy of positioning is a central factor, 

requiring magnitudes of mm, but the controlled area is therefore smaller and more specific, than 

with an “all-shop-floor-localization”. The Vicon tracking system is based on triangulation, performed 

by a camera system that captures the movement of a ball point structure. The positioning of the tool 

related to the pylon is realized by equipping each with reflecting ball points, shown in Figure 

45Erreur ! Source du renvoi introuvable..  Several cameras analyze the recording of the ball point 

structure in 2D. The movement and distance thereby is calculated on the basis of the known size and 

geometry of the ball point structure. To retrieve the 3D data, several camera systems are combined 

in superposition. Although 3 ball points and 2 cameras are sufficient in principle, several cameras and 

4 or 5 ball points are used to receive redundancy. This compensates mistakes and guarantees 

operation even when one or several ball points are hidden for one camera. To distinguish elements, 

different arrangements of ball structures are used.  

To integrate the tracker system into the assembly process, the output data must by synchronized and 

combined with the torque result data and transferred into a single data-base. Therefore, the SWMN 

approach is considered. 

7.8.2. Solution Scenario 
The system integration of torque tools and controllers remains the same as described in use case 1. 

An additional connection must be established to the localization system. The handheld PC with 

software guidance is not compulsory in this scenario, as the discussed assembly station is dedicated 

to torque operations. Nevertheless, once established, it can serve as program change unit.  

The focus of this use case is the system synchronization. Therefore, the controllers’ network node 

must also communicate to a node connected to the tracker system. The tracker system follows the 

                                                             
253 www.vicon.com 
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movement of the torque tool continuously. It needs an input signal that initialized the recording of 

time and position of the tool. When the operator pulls the tool trigger, the torque controller unit 

sends a status message to the attached network node, which forwards it as an initialization message 

to the tracker system. The actual position is recorded. Also the message requires a specific time, 

starting from pulling the trigger, sending to the controller node, transmitting and receiving at the 

tracker node to finally record a position, the operation time of torquing is considered to be long 

enough to capture the tools position at its performance location.  

After recording the tool position, the tracker system transmits the recorded position and time over 

the network node to the central data-base, which is also the reference for the torque control system. 

The data-base software combines the positioning data with the process result data, transmitted by 

the controller after the end of the process. The combining variables are time-stamp and node ID. 

Through varying ball point arrangements, the tracker can recognize different objectives and thus it is 

possible for several workers to torque in parallel. The network node IDs serve as identification on the 

data-base level, to combine the right process result and localization data. To ensure that different 

controller units do not block each other when trying to initialize the position recording, the tracker 

system’s node could contain several receivers, working in different channels. Each torque controller 

node is assigned to a different channel with a permanent connection link to the tracker system.  

 

Figure 45: Left: System Mock-Up with pylon, torque tool and tracker system, connected over SWMN. Right: Screenshot 
from Vicon tracker system. Source: www.vicon.com 

7.9. Conclusion on the Use Cases 
The use cases show various application fields for a wireless process data network. The applications 

thereby cover a wide range, implying different requirements for the nodes’ design and equipment. 

Through the modular concept, it is possible to integrate the different scenarios on one technology 

base, by varying the stacked modules. This includes the hardware modules as well as the software 

adaptations. An important factor is the introduction of a dedicated wireless communication 

technology that is design to fulfil process data transmission and furthermore, allow wireless remote 

control and dynamic interaction of systems, without using a highly overpowered and complex 

network technology.  
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The use cases show what is possible, without already solving all issues in high detail. It delivers a 

framework of issues to care for, dedicated solutions as interfacing systems in some particular cases, 

node and network design requirements, implementation ways of solutions and finally describes 

process changes on the operational level. The first use case concerning the connection of torque 

tools is already in the prototype realization process and the described process and interface 

description are to be realized in 2010. The second use case of the pylon assembly of St Eloi is a 

combination of single scenarios, showing the possibility of solving different issues with one system. 

The realization of each scenario would be supported by the installation of an overall network, serving 

each application that just needs to be connected. The first two cases thereby are based on problem 

descriptions and just deliver a principle approach that also found interest, but no actual projexct is 

initiated. The two latter cases on the contrary, the laser tracker cell and the end-effector, are current 

projects and the implementation of SWMN is intended.  

The use cases of ADE connection in Filton UK, the tool localization, the drill operation counter for the 

FAL in Hamburg as well as the maintenance tracking for St Nazaire present scenarios based on 

requirements and problems that were expressed by the respective plants. The need of tool 

localization on the shop-floor was identified by several Airbus plants. The final use case of combining 

a high accurate localization system with process traceability presents a way of combining vendor 

systems on the basis of an Airbus technology, in an easy and direct way, without consulting a third 

party for system integration again. 

All solution scenarios for those cases show the principle applicability of the SWMN technology to 

solve those issues on the basis of one corporate Airbus solution, not a subcontracted dedicated 

solution that addresses each use case as a single case and thus leads again to several new 

approaches without interconnectivity. In addition, the argument of low costs and simplicity is the 

main driver for some scenarios, like the drill operation counter for FAL HAM and the maintenance 

traceability of St. Nazaire, to start thinking about a dedicated solution at all.    
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8. Development Plan and Research 
Activities for SWMN Realization 

8.1. Research Activities throughout 2010  
The 2010 activity scope can be summarized in six major packages. First package is technology 

screening and description of principle capabilities, major strengths and challenges. Second is market 

analysis of technology trends, commercial of-the-shelf (COTS) solutions and products. Third point is 

identification of potential use cases and applications. Fourth activity is a feasibility demonstration 

through laboratory test and environmental testing and fifth is identifying of potential internal and 

external partners and suppliers that support the main development. The sixth package is 

identification of further activities, and preparation of a detailed work-plan and overall project scope. 

The work behind this thesis presents a major part of the 2010 activities. The technology is analyzed 

as its state of quo in early 2010, including theoretical research work and solution proposals as well as 

existing products, components and applications presented. This covers the first two activity 

packages. Chapter 7 presents various use cases from different Airbus manufacturing sites, identifying 

specific needs that can be answered with the technology, as well as indicating an overall integration 

potential, as most use cases are not dedicated to one site only.  The use case collection must 

continue, to include all Airbus plants and show the inter-applicability of the use cases for other sites. 

The laboratory testing is basically described and the mock-up initiated. Detailed testing requires the 

availability of all identified technologies and the realization of a test work bench. The potential 

suppliers are identified, concerning off-the-shelf components like actual modules and chips. The 

contact to DASH7.org is initiated as well as a supplier for designing basic prototypes consulted. 

Identifying and selecting of major partners and suppliers for the main development remains an 

activity for the second half of 2010, as well as the work-out of a detailed time schedule, development 

and budget plan for the following years, based on the overall package description presented in the 

next chapter.   

8.2.  Development Work-Plan for SWMN Realization 
The development plan contains 16 major work-packages, leading from the actual status to the final 

industrial launch of the technology as COTS products. This implies that that in the end, 

representatives from Airbus or probably also EADS manufacturing sites are able to choose complete 

solutions for specific applications as well as overall shop-floor implementations. Furthermore, the 

technology is intended to present a major component for new shop-floor and production site 

designs. The following presents the basic work-packages (WP) to be performed. 

1. Design Test-bench to evaluate and specify the right wireless network technology for 

application in industrial environments 

 Verify the identified network technologies in industrial environments  

 Indicates hard and software requirements and possible further required 

development effort  

2. Design Test-benches according to collected Use Case Scenarios 
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 Chose a high fidelity use case, priority has the Smart Tools project due to first 

prototype release in 2010 

 Establish interface to application 

 Create simple data-base for use case verification 

 Establish interface data-base 

3. Execute combined Testing of development package 1 and 2 to provide first real-case 

prototype 

 Prototype operation in industrial environment 

 Build-up show-room for testing and feedback collecting 

 Use show-room for further use case collection 

4. Identify requirements for further use cases 

 Realize additional use cases by defining and establishing interfaces to the 

applications and verify data-base specifications 

 Perform testing due to work-package two and three with each added use case 

 Add application to show-room 

5. Specific Development: Energy Harvesting For Sensor Nodes 

 Specific development, probably a side project. High potential for cost reduction 

assumed, general SWMN realization not depending on this 

6. Special Research Areas 

 Research on improved and customized energy harvesting for Airbus needs 

 Verify possible feasibility of combining energy harvesting and sensing 

  High accurate time synchronization in SWMN – IEEE1588 implementation 

 Efficient Node Localization 

7. Scenario for overall shop-floor implementation 

 Combining several applications in one network solution 

 Implement network architecture in shop-floors 

8. Identify and specify connection to backbone systems – the Airbus World 

 Specification on interfacing to SAP/ARP, SPC, etc 

9. Identify and Specify various level of key-user 

 Dedicate level of responsibility in different project stages to various actors 

10. Chose Technology and identify potential suppliers 

 Chose Network standard 

 Specify node Design 

 Choose potential suppliers 

11. Risk Analysis 

 Technical Risk Analysis 

 Economical Risk Analysis 

12. Business Case 

 Cost model for Development and Industrialization 

 Potential Savings 

 Risk Estimation 

13. Refine test-bench with final specification 

 Include real life observations in test bench 

 Transfer the test and feedback show room into a COTS product show-room 

14. Produce Simulation application of shop-floor implementation of the technology 
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 Software support for implementing solutions and network infrastructure in shop-

floors 

15. Finalize smart tool and hand free data logging requirements 

 Defined rules of installing and implementing the technology 
 Definition of an Airbus standard 

16. Demonstrate and validate system to user validation plan  

 Realize solution deployment  

 Use Airbus standard for supplier integration 

8.3. Technology Readiness Level Assessment 
The Technology Readiness Level (TRL) measurement tool is an indicator for technology or product 

development projects, introduced by the NASA and meanwhile used by many companies and 

governmental organizations.254 The 9 maturity levels originally intended and defined for space 

technology developments are thereby generalized for common applications. 

TRL Description 
1 Basic principles observed and reported 
2 Technology concept and/or application formulated 
3 Analytical and experimental critical function and/or characteristic proof-of concept 
4 Component and/or breadboard validation in laboratory environment 
5 Component and/or breadboard validation in relevant environment 
6 System/subsystem model or prototype demonstration in a relevant 
7 System prototype demonstration in a space environment 
8 Actual system completed and “flight qualified” through test and demonstration  
9 Actual system “flight proven” through successful mission operations 

Table 4: Technology Readiness Level TRL. Source: Mankins J.C. (1995) 

According to the project status, the TRL level can be assumed as being 3, proceeding to level 4 at the 

end of the year in respect to the remaining activities for 2010. The time frame as well as budget and 

working hours still needs to be estimated and determined as the real project still needs to be 

initialized. 

 
Table 5: TRL Level Assesment over project schedule 

2010 foresees the initialization of test benches and a first prototype for the proof-of-concept 

validation of Use Case 1 with FAL TLS and HAM according to the WP 1 to 3. In the following years WP 

1to 3 covers additional use cases. The remaining WPs are performed in the main developing years 

after 2010 in parallel projects to a broad extent. WP 5 and 6 can be considered as additional side 

projects with high potential usage, but without being crucial for the general project success.  

                                                             
254 Mankins J.C. (1995) 
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9. Conclusion and further Research 

The high art of solution development is not only to solve the core problem or realize functionality. It 

is rather the efficiency of reaching a goal, which turns any solution into a good solution. Furthermore, 

high efficiency, including a simple and direct function realization in addition to cost efficient 

implementation, decides about the failure or success and acceptance of solutions. In terms of the 

SWMN, or the realization of a wireless transfer of process data over dynamic and autonomous 

networks, the efficiency lies in the low management complexity, right amount of data traffic, ease of 

utilization, and its ubiquitous character, implying that everything can be connected through tiny 

computer nodes, that contain exactly the right amount of equipment and capacity and operate 

autonomously. In addition, the components are inexpensive and the installation as well as 

administration complexity is low.  

Considering the presented use cases, the connection of several systems over a wireless connection 

might also be possible with other existing systems like Wi-Fi or Bluetooth. These technologies are 

mostly considered by vendors that introduce wireless connections into their systems. But for most 

manufacturing applications those systems are oversized in baud-rate, energy consumption, 

computing effort and administrative as well as security complexity, concerning the communication 

requirements of the connected systems. Furthermore, they do not provide solutions for flaw 

connectivity and mobility of nodes, like the dynamic and self-healing mesh networks with multi-hop 

capabilities. On the other end of complexity are RFID systems, but those are not intended for data 

transfer and require backbone computer systems, which are responsible for all data-management, 

after just locating an ID wireless. Comparing those commonly known technologies reveals a gap in 

between, where some amount of data is transferred wireless with high operation stability and low 

complexity, thus an efficient solution for wireless process data transfer in industrial settings. This gap 

is to be filled by network systems like presented here in the frame of Smart Wireless Mesh Networks. 

Concerning further research and development activities, some specific requirements in the scope of 

Airbus development are exposed in chapter 8. However, those can be transferred to general research 

activities in the field of common WSN or MANET development as well, regarding a successful 

adaption and implementation industrial environments. The first issue to address is stable 

communication, including interference issues with other networks, flaw connectivity caused by 

obstacles, machines and metal rich surrounding, and the connection range in general. The four 

presented technologies in this thesis already show a development in respect to these issues, leading 

from ZigBee, being sufficient for home and building control applications, to WirelessHART and 

DASH7, respecting harsh environments. It remains to be observed in the following years, to what 

extent those technologies answer to the problems sufficiently when applied to real applications. The 

research field is very dynamic and new technologies and standards emerge frequently. The existing 

and the emerging technologies must prove their operational feasibility and thus their right of 

existence in the market. Thereby different standards might retain their feasibility for different 

markets, like private home applications on the one hand and industry applications on the other hand. 

After the technologies have matured, another development to come is a standardization process, 

leading probably to one overall industry standard. At the moment, new technologies try to become 

the coming overall standard, like WirelessHART, while other organizations try to combine standards 

like ISA 100.11a. A market harmonization, identifying one standard to which all applications must 



107 
 

adapt, is not in sight. That is the main reason why Airbus intends to specify an own standard, defining 

interfaces for vendor systems. 

While the development and improvement of routing algorithms and their implementations is 

included in the general standard development, further research issues are time synchronization and 

node localization. The aim of extreme low energy consumption and low costs of nodes constrains the 

application development towards very efficient and direct solutions. This stands in contrary to actual 

general software application development for computer systems, where the processor capacity is not 

a limiting factor anymore. A very interesting field to keep track on is the integration of energy 

harvesting in order to realize complete autonomous operation. It implies that the network and node 

development cannot be designed and implemented completely independent from its application 

surrounding and thus the same network application might not be applicable in different 

surroundings. But the perspective of maintenance free operation including reduced life time support 

and decreased costs offset the higher initialization effort, in particular in terms of customized node 

designs, as long as the operation ability does not suffer under flaw energy supply.     

In the end, the initialization of development projects in companies depend on the business case, 

revealing cost savings and earning perspectives. For the implementation of SWMN in Airbus 

manufacturing it remains a task to be performed. By describing the technology, its intended 

realization for Airbus and the potential use cases, this thesis serves as a basis for the following 

business case development. 
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Appendix A: Layer Models 

1. Osi Model  
Source: Novell (2010) 
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2. IEEE 802.15.4 Architecture.  
Source IEEE (2006-2009): 802.15.4-2006 

 

 

3. ZigBee Architecture.  
Source: ZigBee (2007)  

 

 

 

 



iii 
 

4. WirelessHART Architecture 
Source : Pratt W. (2007) 
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Appendix B: Network Comparison 
Comparison of Networks, Source Norrair (2010) 
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Appendix C: Batteries 
Comparison of Energy Density and Specific Energy of different technologies. Left: Primarw Batteries. 

Right: Secondary Batteries. Source: Linden (2001) 

 

Comparison of primary batteries, Source : Linden (2001) p. 7.9 
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Comparison of primary batteries (Button Configuration) Source: Linden 2001, p 7.14 
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Characteristics of primary batteries part 1, source Linden (2001), p7.10 
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Characteristics of primary batteries part 2, source Linden (2001), p7.11 
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Characteristics of major secondary battery systems part 1, source Linden (2001), p22.12 
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Characteristics of major secondary battery systems part 2, source Linden (2001), p22.13 
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Comparison of secondary batteries, source Linden (2001), p22.14 
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Appendix D: Hardware Nodes 

Vendor Module Description Picture 
Application Example 

Crossbow Mica Mote Complete Node for monitoring, 
security surveillance, sensor apps. 
Atmel ATmega128L microprocessor, 
868/916 MHz radio, MoteWorks 
network protpocol 

 

ZigBee 

Ember Em351/Em352 Microprocessor 32bit ARM Cortex 
M3, 128/192kB Flash, 12kB RAM, 
incl software stack + transceiver 
2,45GHz 

 

Libelium Waspmote Chip +connector board 

Microcontroller: ATmega1281  

8KB SRAM, 4KB EEPROM  

128KB FLASH. 

Radio for 2.4GHz and 

868/900MHz  

STM SPZB260 Pure 2.45GHz ZigBee module with 
integrated MAC and PHY 

 

ZigBee / 6LowPAN 

Jennic JN5148 32-bit RISC CPU, up to 32MIPs 

with low power, 128kB ROM stores 
system code, 128kB RAM stores system 
data 

and bootloaded program code, 4Mbit 
serial flash for program 

code and data 

 

Radiocrafts RC 2400 2.45GHz RF transceiver, ZigBee and 
6LoWPAN ready 

 

WirelessHART 

Dust Network DN2510 Transceiver + Software Stack, no 
information on chip specification 
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Softing WD-H Transceiver + Software Stack, no 
information on chip specification 

 

E-Senza SenzaBlock 
SB100 

Complete Module:  

Microprocessor: 8bit Freescale MC 
13213, 60kB Flash, 4kB RAM. 
Integrated Radio, batteries, GPIO 
and other connectors 

 

DASH7 

Texas 
Instruments 

EM430 CC430 micro controller + integrated 
radio: 16bit RISC, 8-30kB Flash, 2-
8kB RAM, 433MHz, 866MHz 

 

Semtech SX1212 433MHz radio 

 



xiv 
 

Appendix E: Use Case 1 – FAL TLS HAM 

1. Excerpt of UDF Table in Catia V5.  
Source Airbus (2008) “CATIA V5 HnF Fasteners for A/C - User Manual”, AM5056.2.2 Issue : A 
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2. Atlas Copco Controller 
Source: Atlas Copco (2007) 
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3. Ingersoll rand Tools and Controller 
Source: Ingersoll rand (2009) 
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4. SAP – Shop Floor Standard for Tightening Operations 
Source: Airbus (2004) 
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Appendix F: Use Case 2 Pylon Assembly St Eloi 

1. Pylon Assembly Process 
Station 72 
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Station 63 
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2. Anomaly Detection Sheet 

 

 

 

 


