Executive Summary:

In every civilisation, excellent transport systems are required to ensure economic and social
welfare. Nowadays, the reliability of transport systems is ensured by regular, i.e. scheduled
inspection cycles. However, it is envisaged that the large cost associated with this approach can
be avoided by a condition-based maintenance schedule. Maintenance, repair and overhaul
(MRO) in modern aviation is well-elaborated, but relatively expensive and not appropriate in all
situations, especially due to the fact that inspections are performed within fixed time intervals.
@Structural health monitoring® (SHM) stands in many cases for technologies using permanently
attached sensor networks to enable continuous inspection of structural integrity. In the last two
decades there has been an exponentially growing interest in structural health monitoring systems
for different kinds of aircraft.

Finally, routine implementation of structural health monitoring in aircraft is in general only a
question of time. The obstacles, preventing the routine implementation of SHM systems so far,
can be avoided by a dedicated implementation strategy. Moreover, end-users, such as operators
(airlines), maintenance provider and authorities must be convinced that complete airworthiness is
ensured.

The first AISHA project (EU-FP6, STREP 502907, 2004-2007) addressed basic aspects of
damage detection in aircraft using ultrasonic Lamb waves for different materials, structures,
damages and environmental conditions. Despite of the enormous achievements obtained, a
number of challenges remained concerning signal interpretation and durable sensor connections.
The AISHA 11 project (EU-FP7, CP 212912, 2008-2011) achieved an essential upscaling
concerning size and completeness of the consortium. New challenges were successfully tackled
by introducing new methods, such as percolation conductivity, ultrasonic time-of-arrival
methods, non-linear ultrasound, pseudo-defects and electrochemical impedance spectroscopy.
The participation of a leading maintenance provider (Lufthansa-Technik) offered optimum
access to realistic implementation areas, and within the project, it was possible to bring a floor
structure sensor to TRL 9. In the last project year, three operational airliners from Lufthansa
were equipped with percolation sensors and already now, results are so convincing that
Lufthansa-Technik was able to adapt maintenance procedures for floor structures in their
extensive Boeing 737 fleet. Meanwhile, at the International Workshop of Structural Health
Monitoring at the University of Stanford (IWSHM, 13-15 September 2011), the demonstration of
the floor structures sensor was honoured (Figure 6) with the @Most practical SHM application in
aerospace awarda (sponsored by AIRBUS).

The AISHA 11 was obviously also a success for the funding policy of the European Commission
within the FP7 programme, and the Directorate General for Research Transport/Aeronautics has
decided to highlight the AISHA Il sensors to illustrate the EU funding policy to a wider




audience, e.g. a video was produced on the occasion of the EC-organised Aerodays 2011 in
Madrid where finally just 3 of all recently funded European projects in aeronautics were
selected.




Project Context and Objectives:

INTRODUCTION AND SHM

In every civilisation, excellent transport systems are required to ensure economic and social
welfare. This holds, e.g., for the Roman road network, the Silk Road, the English and Dutch
seafaring as well as modern aviation, container traffic and pipeline systems. To ensure faultless
transport of human beings and goods, efficient maintenance and repair of such transport systems
have decided and will decide over the success of any economic system.

Nowadays, reliability aspects of transport systems are frequently based on regular, i.e. scheduled
inspection cycles. However, it is envisaged that the large cost associated with this approach can
be avoided by a condition-based maintenance schedule. Maintenance, repair and overhaul
(MRO) in modern aviation is well-elaborated, but relatively expensive and not appropriate in all
situations, especially due to the fact that inspections are performed within fixed time intervals. A
cheaper and even safer alternative for traditional inspections is offered by Bstructural health
monitoring (SHM)&. SHM systems can be most efficiently realised by affordable permanent
sensor networks that are placed on crucial structural components of an aircraft, comparable to the
nervous system in a human body. Since a couple of years, numerous SHM solutions were
presented on laboratory scale and even partially implemented in real aircraft parts. However, the
final implementation in civil aircrafts is still in an early phase and partially hindered by a number
of obstacles, such as missing operational practice, respective technical immaturity and
consequently a lack of acceptance by end-users.

Structural health monitoring2 (SHM) stands in many cases for technologies using permanently
attached sensor networks to enable continuous inspection of structural integrity. Such as
illustrated by the number of publications, there has been an exponentially growing interest in
structural health monitoring systems for different kinds of aircraft in the last two decades. Beside
the expected enhancement of safety and maintenance performance, especially economic aspects
play an important role. This regards on the one hand the reduction of inspection costs and on the
other hand, the possible weight reduction of aircraft parts at the designing phase of an aircraft.
The main benefits of SHM are essentially given by cost savings due to the reduction of
inspection costs and repair resources, and the possibility to reduce material weight at the design
phase. a) Enhancement of operational safety by more frequently applied inspections and
enhancement of the detection probability, b) Greening of air transport by reducing replacements
of components and c) weight reductions leading to fuel reduction, as well as avoidance of
contamination by toxic fumes.

It is furthermore compulsory that developments achieved within SHM projects finally meet the
airworthiness requirements and fulfil all aeronautic standards from the very beginning. With this




objective in mind, a specification sheet including airworthiness requirements as well as
adaptation to standards has to be created before the initial definition of sensors to be applied for
the different SHM methods and technologies in function of its applications.

THE AISHA PROJECT

The routine implementation of structural health monitoring in aircraft is only a question of time.
The obstacles, preventing the routine implementation of SHM systems so far, can be avoided by
a dedicated implementation strategy. Moreover, end-users, such as operators (airlines),
maintenance provider and authorities must be convinced that complete airworthiness is ensured.
The development of an effective structural health monitoring system must be finally integrated
into a structural health management system where the data on structural integrity are classified
and where procedures of maintenance and allocation of resources are organised (see also the
TATEM project, FP6 502909). . The AISHA Il project wanted to provide an essential
contribution to this objective.

The first AISHA project (EU-FP6, STREP 502907, 2004-2007) addressed basic aspects of
damage detection in aircraft using ultrasonic plate waves (Lamb waves) for different materials,
structures, damages and environmental conditions. Despite of the enormous achievements
obtained, a number of challenges remained concerning signal interpretation and durable sensor
connections. Within the AISHA 11 project (EU-FP7, CP 212912, 2008-2011) an essential
upscaling concerning size and completeness of the consortium had to be achieved. New
challenges had to be tackled by introducing new methods, such as percolation conductivity,
ultrasonic time-of-arrival methods, non-linear ultrasound, pseudo-defects and electrochemical
impedance spectroscopy. The participation of a leading maintenance provider (Lufthansa-
Technik) offers optimum access to realistic implementation areas.

The AISHA 11 project thus aimed at the development of advanced monitoring systems for the
structural state of aircrafts using extended sensor networks. The project started with the
establishment of detailed specification sheets where aircraft operators and producers summarised
their technical and economical requirements for health monitoring systems. Finally, five
challenges for damage detection were investigated in the consortium: fatigue cracks in slat tracks
of an Airbus A 380, impact damage in the tail boom of the helicopter EC 153, fatigue cracks in
the helicopter tail boom of a Mil8, as well as corrosion in floor beams and fatigue damage in
doubler repairs of an Airbus A340.

Such as motivated above, SHM can essentially be considered as a kind of automated sensor
network. Therefore, the development and selection of appropriate sensors plays a key role. For
the ultrasonic excitation and sensing, array systems are used in different configurations that
depend on the size of the full-scale parts applied. These arrays allow a tailoring of waveforms
due to their geometric shape and an electronically controlled signal delay. Despite of the




sophisticated detection concepts, these sensors has to be low-profile, i.e. they are not made for
versatile applications and the price must be relatively low when a high amount of sensors has to
be implemented.

The AISHA 11 project intended to use physical phenomena, such as electrical percolation
conductivity, ultrasonic plate waves and electrochemical monitoring in sensor systems to detect
different kind of relevant defects. For this target, piezoceramic sensors, electrochemical, optical
fibre and EMAT sensors were applied in the project. The sensor systems selected require
dedicated electronic steering and sensing, this especially holds for tailored electronics for array
transducers working at specific values under operational conditions. Also in this case, not only
piezoceramic transducers were considered, but also optical fibre equipment and systems for
electrochemical sensing.

An essential challenge is the durable integration of transducers. Dedicated adhesives had to be
applied to withstand typical temperature and stress variations. A special focus in this context the
ability of self-testing of sensor by e.g. impedance analysis. Furthermore, pre-stressing is an
option that contributes to the mechanical stability of piezoceramic transducers.

Before the selected technologies were applied to full-scale parts, experimental feasibility needed
to be checked for simplified samples. Here, basic results were obtained e.g. for the detection of
impact damage by acoustic emission using optical fibres, the use of EMAT®Ss for crack detection,
the detection of corrosive liquids and corrosion by optical fibre - and electrochemical sensors,
and the application of pseudo-defects for validation purposes.

The functionality of a complete Structural Health Monitoring system not only depends on the
quality of signal interpretation but also on the prediction or at least estimation of the remaining
life time of the full-scale parts. Based on established models, data obtained from our transducer
systems can be used to enable these estimations. At the final stage of the project, sensor systems
will be implemented into the above mentioned full-scale parts and extended test programmes
will be performed.

Despite of the big importance of tailored transducer systems, extended signal management is
required to improve or even enable proper signal excitation and interpretation. This regards
standard signal conditioning, but also advanced data processing like pulse-compression and time
reversal, as well as imaging technologies for comfortable defect localisation. Moreover, the
determination of the optimised sensor positions depending on the individual full-scale part is
essential.

However, this apparently easy approach requires focused research and implementation effort
using well-coordinated collaborations of many disciplines and expertise in Europe. The
European Research Area establishes the ideal platform for such a collaborative undertaking, and
the considerable financial risks can perfectly be reduced by a great amount by appropriate
funding from dedicated European research programmes.




Finally, the consortium was convinced that with the proposed working plan all project partners
are enabled to create synergistic effects continuing the strategy to implement SHM systems in
operational airliners within the scope of a European project.




Project Results:

Please provide a description of the main S & T results/foregrounds. The length of this part
cannot exceed 25 pages.

INTRODUCTION

In contrast to the AISHA 1 project exclusively focussing on damage detection in aircraft
structures using ultrasonic plate waves (Lamb waves) with a relatively small group of project
partners, the AISHA 11 project achieved an essential upscaling concerning size and completeness
of the consortium. New challenges were successfully tackled by introducing new methods and
technologies, such as percolation conductivity, ultrasonic time-of-arrival methods, non-linear
ultrasound, pseudo-defects and electrochemical impedance spectroscopy. The participation of a
leading maintenance provider (Lufthansa-Technik) offered optimum access to realistic
implementation areas, and within the project, it was possible to bring a floor structure sensor to
Technology Readiness Level 9 (TRL 9). In the last project year, three operational airliners from
Lufthansa were equipped with percolation sensors and already now, results are so convincing
that Lufthansa-Technik was able to adapt maintenance procedures for floor structures in their
Boeing 737 and Boeing 747 fleet. Meanwhile, at the International Workshop of Structural Health
Monitoring at the University of Stanford (IWSHM, 13-15 September 2011), the demonstration of
the floor structures sensor was honoured with the EMost practical SHM application in aerospace
award® (sponsored by AIRBUS).

Diverse solutions were proposed by the AISHA Il consortium, and each of them has their own
prospects B even outside the world of aviation. Whereas the floor structure sensor is heading for
commercialisation, other solutions are also advanced, or they are at an early stage, and can be
considered as visionary ideas.

= The floor structure sensor - highlighted in the EU video - is implemented in a commercial
airliner of Lufthansa since April 2011, and it has already proven its airworthiness and
usability. The knowledge about where and when liquids are able to penetrate sealed floor
structures is already used to review and improve existing procedures for corrosion
prevention. Because of the very positive results obtained, on further commercialization is
positively decided and market introduction is expected the following two years. It has
also to be emphasised that the sensor is highly generic and negotiations about
applications outside aviation are under progress.

= The painted crack gauges concept is also advanced due to its back-to-basics approach. A
few final questions still has to be solved concerning the temperature stability and the
occurrence of closed cracks.




= The technologies based on ultrasonics and optical fibre sensors belong to the more
visionary concepts because they usually require the implementation of on-board
electronics that complicates certification efforts. This is especially the case when the
sensors need to be active during flight. However, using an optimum implementation
strategy practical applications could also be expected the near future.

The European Project AIRCRAFT INTEGRATED STRUCTURAL HEALTH ASSESSMENT
Il is subdivided in different work packages that has reflected in a certain sense the procedure
how SHM could in the future be implemented as a routine activity.

= WHPO01 Specification sheets and design of final SHM-implementation - 2

= WPO02 Non-experimental feasibility study - 2

= WPO03 Transducer design - 3

=  WPO04 Electronics for SHM - 5

=  WPO5 Integration of transducers and assessment of the long-term usability - 6
=  WPO06 Experimental feasibility - 8

= WHPO07 Signal management - 10

= WP08 Remaining lifetime models - 11

= WHPO09 Full-scale investigation, implementation and testing - 12

= WHP10 Dissemination - 13

WPO01 Specification sheets and design of final SHM-implementation

This work package was part of the design phase of the project and contained two strongly
interrelated main objectives. The first objective regarded the preparation of detailed specification
sheets for the pre-selected aircraft parts. The aircraft operators and manufacturers in the
consortium gave the necessary input to summarize all the demands the intended SHM system
must fulfil. The second objective was the final decision on the SHM implementation strategy to
follow. Finally, at least five challenges for damage detection were investigated by the
consortium: fatigue cracks in slat tracks of an Airbus A320 and A380, impact damage in the tail
boom of the helicopter EC 153, fatigue cracks in the helicopter tail boom of a Mil8, as well as
corrosion in floor beams and fatigue damage in doubler repairs of an Airbus A340.

WPO02 Non-experimental feasibility study

The work package on non-experimental feasibility studies belonged to the design phase, and it
was intended to provide arguments for the decision on the final SHM implementation strategy




developed in the work package on specification sheets. The decision was based on measurable
parameters derived from in-depth literature study, analytical studies and numerical calculations.

A very interesting aspect of the non-experimental feasibility study was the theoretical study on
pseudo-defects performed at partner KU Leuven and the Aviation Institute of Riga Technical
University. When new ultrasonic techniques for non-destructive testing are introduced, diverse
validation tests are required. Signals obtained from samples with well-characterised natural
defects (cracks, flaws) or artificial defects (notches, boreholes) are compared with signals
obtained from undamaged samples, and so the NDT technique can be assessed towards reliability
and accuracy. The basic idea presented in the project is to replace real defects by non-
destructively applied pseudo-defects. For this purpose, a number of analytical and numerical
studies were performed that indeed showed that a thickness variation, i.e. a thickening (simulated
pseudo defect) or a thinning (simulated damage) of a plate in plates creates similar acoustic
responses.

In this context, numerical studies were performed to simulate the dispersion curve of asymmetric
composite plates. Those dispersion curves give the propagation velocities in plates as a function
of frequency and plate thickness. This is important to understand propagation properties of Lamb
waves in real structures. It was found that those calculated curves match quite well with
experimentally determined values.

Another study regarded the use of the determination of the stress dependence of the propagation
velocity in plate waves. Those relationships might help to get access to new ways of determining
stress-strain profiles of materials, especially for the case of material degradation.

WPO03 Transducer design

The work package on transducer design belongs to the implementation phase and it is dedicated
to the development and validation of dedicated actuators and sensors. As already mentioned in
the previous sections, the consortium initially focussed on the use of acoustic surface waves and
therefore, piezoelectric transducers have played the dominant role in the design of the SHM
technology. For the detection of the acoustic surface waves, piezoelectric sensors and single-
mode optical fibres were used.

However, in order to facilitate the interpretation of signals, other physical parameter will be
recorded too, such as temperature, strain or the electromechanical impedance.

Percolation is a phenomenon when one material is dispersed in another material in a way that
there is continuous contact between the dispersed particles. In the case of electrical conductivity,
it is possible to make electrical conducting composites with an isolator as matrix material. In this
way, different material properties can be combined. It is also known since a long time that this




kind of percolating materials are excellent sensors. In the present project, diverse applications
were applied to the aerospace applications, especially at the partner KU Leuven. It is according
to us the first time that these kinds of sensors were applied.

For the detection of aqueous liquids, a material was developed that is able to swell under the
presence of water. For that case an interruption of the electrical conductance of that material
would be measured. This is thus an ideal sensor for detecting all kind of aqueous liquids. The
similar principle was applied for sensors detecting hydraulic liquid, mineral oil and kerosene.
However, the principle of using percolation material is also useful for detecting cracks in
materials. Also here, external stress leads to an interruption of the electrical conductance.

However, there are also optical means for detecting liquids. When an optical fibre is clad with a
dedicated metal layer, a specific phenomenon is observed which is called surface plasmon
resonance. It is comparable to the resonance in a guitar string and when a specific chemical
compound is situated at the outer layer of that cladding, a shift of a typical optical resonance can
be measured indicating a change of the environment. Very sensitive liquid sensors can be made
in this way.

Moreover, as a tool for detecting cracks in aircraft structures, eddy current systems are used.
These are complex versatile devices that require an experienced operator. However, for defect
detection at selected hotspots, it is sufficient to place simple flat coil sensors at the expected
defect position. The appearance of the crack can be measured by a shift of the electrical
impedance at a defined frequency. That sensor was developed on the basis of an etching
technique at partner KU Leuven.

At partner Metalogic final lab scale sensor design for corrosion monitoring used instrumented
electrically conductive tape like material consisting of a random dispersion of conductive fibres
in a polymeric matrix. The type of tape material and lead connection best fitted for the corrosion
sensor were determined so that the impedance of the sensor material did not interfere with the
impedance of the system to be monitored. The sensing capabilities of the various material
combinations were tested for several months in water at different temperatures (25°C and 40°C).
The lab scale size sensor showed to be responsive to either chemical or mechanical degradation
of the seat track. To assess chemical degradation the seat track instrumented with the corrosion
sensor was exposed to different liquids (e.g. coke, water, or orange juice among others) while its
response to mechanical damage was tested by scratching the sensor together with the seat track.
The impedance response upon mechanical damage of the seat track in the presence of liquids
was characterized by several relaxations, which are indicative for corrosion of the aluminium
substrate.

For the reliable detection of impact damage in the tailboom E135 two different transducer
concepts were designed and tested at partner DLR (German Aerospace Centre). As actuators for
the fast Lamb mode, a piezo-composite was applied. It is able to excite the corresponding wave




mode in an optimised way. For the detection of Lamb waves it was realised that glued sensors
itself act acoustically as defects. Therefore, air-coupled sensors were applied that are attached by
foam. This concept was proven to be successful.

In collaboration with partner Meggitt, partner Cedrat Technologies succeeded to design, model
and manufacture an 8-channel array transducer for sending and receiving Lamb waves in
aluminium plates typical for aircraft structures. The target was to improve the so-called mode
selectivity and directivity. All steps from modelling, simulation until manufacturing and
integration were accomplished and even a number of highly relevant durability tests were
performed, most specifically focussing on temperature tests. The design is based on the use of
monolithic comb-like piezoceramics that is potted with a dedicated epoxy compound to achieve
optimum acoustic properties. Beside the basic design, also interfaces were design to enable a
proper customisation.

The Auviation Institute of the Riga Technical University has modified piezoceramic transducers
that they can survive higher loads typically occurring in aircraft structures. This was achieved by
a specific pre-stressing of the sensors.

The work package leader Meggitt essentially provided three different types of transducers, firstly
it has provided comb-like piezoceramics to be used in the array transducer that is manufactured
by Cedrat Technologies. Secondly, bulk transducers were provided for other project according to
their specific needs. A specific attention was given to the production of piezoceramic thick films
- using that technology it is possible to tailor sensors by applying screen printing technology.

Partner Fraunhofer provided expertise in developing so called painted crack gauges. These are
electrically conducting composites that are able to indicate the presence of cracks in structures by
the interruption of electrical conductivity.

Another interesting application comes from long period grating fibres and micro-structured
optical fibres for detecting of impact damage. Here, the impact damage is derived from the
disturbance of light propagation and from a crossed pattern arrangement, the defect localisation
such as studies at the University of Basque Country.

WPO04 Electronics for SHM

Excellent driving and sensing electronics, delivered by this work package (part of the
implementation phase), represents a self-evident component of every SHM system. One of the
ideas was to use combined sensors that would be essential in order to interpret the ultrasonic
signals, the data-collection of parametric sensors must be supported (temperature, strain,
electromechanical impedance, electrochemical signals). Furthermore, a good balance had to be




found between innovative developments of new electronic components and the application of
systems already available on the market.

There is always the question how structural monitoring must work in operational practice. Is it
really necessary and desirable to measure during flight, or is it sufficient to measure on the
ground e.g. when light maintenance (A-check) is performed? In the last case, electronics which
is only available at the ground can be plugged into the corresponding connections and an
automated test programme can be performed. This could avoid the requirement for airworthiness
of the corresponding electronics.

Concerning the operation during flight, schemes are available for implementation to detect the
stress during flight. Developed calibration schemes to correct for the influence of extended wires
allowing for multitasking from a single and even compact electronic module are also available
for test and implementation. Similar devices with enhanced computing power can effectively be
adapted and used for ground monitoring.

The electronics developed had different aims with a different degree of complexity. A relatively
simple device was for instance developed at the KU Leuven that is acting as a fuse to determine
the presence of cracks in slat tracks of e.g. an Airbus A320.

For steering, thus sensing, receiving and controlling of multi-channel ultrasonic signals, a
dedicated 24-channel electronic device was developed at the Acoustics and Thermal Physics
section of KU Leuven. It also contains a signal modulator and furthermore, concepts were
developed to bring this equipment into aircraft.

Also for the electromechanical impedance measurements, dedicated electronics needed to be
available. In that specific context, an innovative combination of commercially available
components were used and adapted to the needs of the measurements.

At the German Aerospace Centre (DLR) a dedicated interface for a non-contact ultrasonic sensor
system was developed. This was necessary because of the stimulating discovery that simple
electrets microphones are sufficient to transfer plate wave signals from the investigated areas
through the air to the sensors. In this sense, a direct sensor coupling to the structure is not
necessary. Furthermore, essential resources were dedicated to wire and control a sensor array for
the tailboom of a Eurocopter EC135 helicopter.

Partner Cedrat was leader of the work package on electronics. Beside the development of array
transducers and providing expertise to other partners, customised Lamb wave driver and receiver
electronics was developed. This includes a 8-channel mother board and in this context, all
required steps were taken to enable an easy connection to other devices. Finally, a concept was
developed for an electronic datasheet (TEDS) implemented in sensors.




The innovative concept developed at the University of Leipzig of using high-accuracy time-of-
flight determination of acoustic signals required the development of dedicated electronics. This
was done in cooperation with ASI Analog Speed Instrumentation GmBH and the result is a small
and mobile device for performing those tests under operation. It finally includes many steps of
analogue and digital processing of so-called chirped signals.

At the University of Basque Country, the connections for optical fibres systems for impact
detection in composite were developed and adapted.

WPO05 Integration of transducers and assessment of the long-term usability

This work package belongs to the implementation phase and it contained two major tasks: on the
one hand, it concerned the selection of adequate mechanical connections between sensors and
structure to obtain an optimal signal transduction, on the other hand the durability of the
connection had to be guaranteed over the period of many years. Finally, methods of durable
sensor integration had to focus on durable materials as well as mechanical and chemical
protection.

In a continuous health monitoring system for aircraft structures, sensors/actuators will need to be
integrated within the structure without causing excessive modifications at the implementation
area. One option would be to mount sensors/actuators on the surface of structures. Surface
mounting is unavoidable for metallic structures, and an option for other materials. Within this
work package efficient surface mounting methodologies for thin film, bulk and fibre based
sensors/actuators were developed.

The development of a surface mounting methodology will involve adequate adhesive and curing
treatment, preparing test samples and evaluating the performance by investigating signal transfer
from sensor/actuator to material and vice versa. The adhesive used must be compatible with the
material used and a possible curing process must not induce damage, neither to the
sensor/actuator nor to the material itself. It is anticipated that surface mounting on two different
materials will be investigated (one metal, one composite) and that the optimal sensor/actuator
type will be used which will follow from the work package on electronics. The efficiency of the
mounting process will be examined by preparing test samples, by either generating or receiving
artificial signals and by measuring the amount of signal energy transferred and the signal to noise
ratio.

An interesting step concerning the implementation of SHM sensors was set at the KU Leuven.
The idea was to implement sensors directly below or into the protecting primer layer of the
respective structure. In this way, the distance with respect to the expected damage area was
reduced, furthermore complexity is also reduced and with it the implementation threshold for
those SHM systems.




For the German Aerospace Center, test series for the acoustic coupling of the piezoceramic
sensors on composite plates was important. On the one hand, a good signal transmission is
important, on the other hand, embedded sensors react acoustically similar as they were defects
itself. The solution was to use air-coupled sensors and in this context air-coupled sensors were
attached by a dedicated foam, as validated by partner Fraunhofer - IFAM.

The main purpose of this work package is testing the durability of the sensors and the sensor
connection. At partner KU Leuven & MTM the successfully installed floor sensor was subjected
to intensive fatigue loading representing almost the worst case occurring in airplanes.
Furthermore, bending tests were applied as well as temperature and burning tests.

Also for the embedded eddy current sensors (flat coil sensor) a dedicated test programme was
developed showing that those sensors purely embedded in the primer layer survive all fatigue
loads occurring under realistic simulation of flight conditions.

At the Riga Technical University (RTU), a lot of efforts were dedicated to the durability of
lengthy piezoceramic sensors. This was achieved by using pre-stressed sensors that have the
possibility to survive much harsher conditions than non pre-stressed sensors.

At CTA different fire and burning tests (flammability test) were conducted according to the
certification conditions usually applied for aircraft.

The work package leader Fraunhofer IFAM did extensive work on the electrochemical and
@mechanical characterisation of adhesively bonded piezoceramics during adhesive cure and
during accelerated ageing.

Furthermore, at the Free University of Brussels, impedance measurements of piezoelectric
transducers were performed in a climate chamber during static loading. In this context, also the
influence of contaminations of the propagation of surface acoustic waves was investigated. As a
result, the application of diverse acoustic modes in structural health monitoring, such as linear
surface waves was questioned.

Also for the optical methods, i.e. optical fibre sensors the durability tests were performed in
collaboration between CTA and the University of Basque Country. It was found that many
commercial systems were not able to withstand the harsh conditions of the operations typical in
helicopters. However, technical solutions were found to solve these problems. In this context, a
number of relevant vibration tests were performed.

WPO06 Experimental feasibility

The experimental feasibility studies belong to the design phase and partially also to the
validation phase. During the design phase for the appropriate SHM strategy within work package




1 (specification sheets), a number of specific questions emerged that only could be answered by
appropriate experiments. The work package thus provides the necessary information on the
experimental feasibility of correlations between damage and signal as well as on sensor
durability under quasi operational conditions. Furthermore, the concept of pseudo-defects was
further elaborated to develop it to a powerful tool of validation of damage detection.

For the detection of immediate impact damage at KU Leuven in composite material, optical fibre
sensors were used, and it was possible to establish a calibration curve to derive a numerical
relation between signal intensity and impact energy for a helicopter tailboom demonstrator from
Eurocopter. In this context, the adjustment of the correct electromagnetic polarisation in the
optical fibre was always an important issue. A further attempt has been made of using optical
fibres to detect the presence of corrosive liquids by application of so called surface plasmon
resonance. Those tests were quite successful, and one of the advantages in using optical fibres is
that it occupies only a very limited space.

Another concept that was introduced in sensing systems for aircraft maintenance are percolation
conductivity sensors, also designed and investigated at the KU Leuven. These sensors Bfeel®
changes in their environment and respond by changes of their conductivity over a wide range of
magnitude @ Finally, information on damage can be obtained by a simple multimeter. A first
successful application was the floor structure of airplanes, in a lab model it could be shown that
ingress of water characteristically changes the electrical resistance of the sensor over many
orders of magnitude. But this concept is not only useful for water-like liquids. Using a modified
sensor, we were also able to detect aircraft hydraulic liquids, kerosene and diverse mineral oils.

However, the potential of using percolation sensors was not only limited for detecting liquids.
Also the presence of cracks can be detected by an interruption of the conducting pathways
created by the percolation networks. For this target, specific compounds have been developed
and tested by the Fraunhofer Institute and KU Leuven.

Beside the newly introduced percolation sensors, also more classical approaches were followed,
such as eddy current testing for determining cracks. Dedicated flat electric coils were designed at
KU Leuven and embedded into aluminium structures typical for aircraft. Also here, a clear
correlation between damage and signal intensity could be found. An additional advantage is that
it is not required to take extensive electronics into the airplane.

A big magnitude of tests was dedicated to the analysis of newly developed ultrasonic sensors and
actuators, more specifically the array sensors optimised for Lamb wave propagation in plates.
The acoustic and thermal physics section of the KU Leuven has applied different techniques to
test the frequency and directivity characteristics of sensors developed by Cedrat and Meggitt. In
this context, also the investigation using nonlinear ultrasound was tested and improved. Here the
interplay between simulation and experimental results has helped to optimise the experimental
set-up.




In addition, at partner Metalogic, the sensitivity of the novel lab scale corrosion sensor was
validated by comparison with the measurements obtained using a conventional electrochemical
cell. Similar trends were found in the impedance data recorded in both cases. Additional
experimentation was performed on the size effect of the damaged area by gradual removal of the
seat track coating. By increasing the surface area of the removed coating, the LF amplitude
became smaller (vertical arrow), and the mid frequency range became less dominated by the
remaining coating@s impedance. Both phenomena can be explained by means of an RC
equivalent circuit model and where the effect of the surface damaged area can be taken into
account by computing their respective specific values (R@sol, Repol, and C&dl). While Rsol is
expressed as a function of A, Rpol and Cdl are expressed as a function of the fraction of
damaged coating surface area A ?damaged. Additionally, the capacitance is directly proportional
to the damaged area while the resistance is inversely proportional to it. The HF response remains
unaltered for an increased fraction of damaged area as this part of the spectrum is dominated by
Rsol, which is independent of it. As opposed to this frequency range, the remainder part of the
spectrum is effectively influenced by the size of the damaged surface area. This is because Cdl
and Rpol are dependent of damaged. However, since Cdl and Rpol have opposed proportionality
with damaged, the two extensive quantities show an opposite evolution with time. While Cdl
increases, Rpol decreases with damaged.

Up scaled size corrosion sensors also showed to be sensitive to coating degradation, removal and
substrate corrosion by a qualitative evaluation of subsequent impedance data as shown in Figure
2. In the absence of liquids, the impedance spectrum is similar to that of a protective coating
(phase shift -90°, and very HF frequency modulus); however, in the presence of liquids coating
degradation is induced as shown by the decrease of the modulus at LF. Upon mechanical damage
of the seat track, immediate decreases of the impedance modulus as well as phase shift are
observed. The location where the coating was removed shortcuts the high impedance behavior of
the undamaged coating, as a result of which the impedance drastically decreases. Moreover, the
sensor detects an evolution in time for the consecutive spectra which probably results from the
evolution of the corrosion processes as a function of time. Therefore, the up scaled size sensor is
able to detect (i) coating degradation, (ii) coating removal, and (iii) substrate corrosion.

As regards the quantitative analysis of the EIS data, using equivalent electrical circuits, the
successful and accurate characterisation of the observed phenomena will strongly depend on the
dynamics of the system, which changes in time for most of the corrosive systems. Actually, if the
time constants of the different relaxations are too close to each other, their impedance response
will be interlaced, impeding as such a reliable determination of the characteristic parameters of
each of the phenomena. Therefore, a simplified method for determining the remaining life time
of the seat track was developed by considering the highest corrosion rate of aluminium, in
contact with different liquids, determined ex-situ by potentiodynamic polarization.




Within DLR, the German Aerospace Centre, new concepts for Lamb wave actuators based on
piezoceramic foil design were designed and successfully tested. Here, the material had to match
the big wave length that are typical for those kinds of structures, and dedicated techniques were
applied to provide a composite sensor that was able to cope with that challenges. Furthermore,
the analysis of classic ultrasonic mapping (C-scan) provided a tool to fine-tune the sensor
position @ a technique that is already patented.

Together with Meggitt, partner Cedrat Technologies has developed array transducers for fine-
tuning Lamb waves to achieve improved mode selection and directivity. But also basic aspects of
their performance were also tested and as an important part of these investigations, the durability
in difficult environmental conditions was intensively explored.

The Aviation Institute of the Riga Technical University (RTU) has performed many studies on
the correlation between cracks in aluminium structures and ultrasonic signals obtained by Lamb
waves in a far field and near field regime. Here, much attention was given to clearly determine
the conditions of ideal sensor positioning and defect identification and sizing. Beside long-range
detection of cracks, also near-field analysis around the sensor provided promising results.
Finally, a dedicated analysis of the use of pseudo-defects were performed. The theoretical base
for pseudo-defects was already established in work package by partner KU Leuven.

Also the partner from the University of Leipzig has dedicated essential resources to the
application of Lamb waves for usage and damage detection. Here, different feasibility tests were
applied using high-accuracy determination of the velocity of sound (time-of-flight, TOF) to
determine defects and degradation in material. The experimental work was accompanied by a
thorough theoretical analysis that provided new insights in mathematical treatment of mechanical
plate waves itself. A further interesting result is related to the establishment of stress dependent
dispersion relations for acoustic waves travelling on a chain of point masses. Also here,
theoretical and experimental work provided convincing results.

The Free University of Brussels contributed by another method in applying non-linear
ultrasound. The use of so-called multi sine broad band excitation provides new options in
distinguishing and localisation different kinds of defects. Those tests were accompanied by the
visualisation of the propagation of ultrasonic surface waves using scanning laser Doppler
vibrometry.

The partner from the University of Basque Country successfully applied fibre Bragg grating
(FBG) sensors for online detection of impact using a dedicated sensor network.

WPOQ7 Signal management




This work package belonged to the implementation phase. It has addressed many aspects of
signal management. These aspects are extremely important due to the complex structure of the
eifull-scale parts@ requiring e.g. advanced methods for reducing complexity and high
dimensionality of data.

In the project three different approaches were followed. The first approach was to optimise the
position of actuators and sensors. The second approach is the application of advanced
waveforms. In this context the use of chirps (wave compression) and state-of-the art time-
reversal methods was successfully applied. The approach regarded the application of advanced
algorithms to obtain unambiguous information on damage size if complex signals are given.

Partner DLR (German Aerospace Centre) succeeded to develop a tool for the optimisation of the
positioning of sensor networks for Lamb wave propagation. Here, as derived from ultrasonic C-
scan, the sensor response can be simulated and optimised sensor positions can be determined.

Also partner RTU (Riga Technical University) has made essential progress concerning the
positioning of sensors. In all of these cases, it was considered that in aircraft, specific places exist
hot spots were damage is much more likely than at other positions.

In the case of electrochemical impedance measurements signal management is essential to
achieve a correct information on the status of coating degradation. On the base of the computer
analysis, an appropriate model is required.

At partner DLR (German Aerospace Center) essential efforts were done to achieve data
handling. Different challenges had to be tackled, the first is the visualisation of Lamb wave
propagation using data obtained from ultrasonic scans, the second challenge is related to the
analysis of the ultrasonic data obtained from the designed sensor network

The contribution of signal management from University of Leipzig essentially concerns
normalized differential pulse compression, monitoring based on time reversal techniques and
broad band transducers and time selective dispersion analysis by short time Fourier
transformation.

WP08 Remaining lifetime models

Also this WP belongs to the implementation phase and concerns an important question of the
time dimension of structural reliability. The occurrence of damage in aircraft is usually not an
immediate problem. The damage progression, given a certain load pattern is, especially in the
case of metals, a predictable process. The objective of this workpackage was the elaboration of
advanced remaining lifetime models and its application to the specific full-scale parts selected
for AISHA Il. A dedicated software was developed as a powerful tool which delivers the
necessary time-parameters for a given number of ultrasonic and load parameters.




Remaining life time is also an issue in electrochemical tests performed at partner METALogic on
degradation of coatings. An appropriate approach for deriving the remaining lifetime was
developed that gives e.g. an estimate for the schedule in floor structure maintenance. The final
approach involves in-situ monitoring of the seat track impedance behaviour by means of the
newly developed corrosion sensor and calculation of the remaining lifetime using the @highest
corrosion rate @ worst case scenario? determined under lab conditions. It is expected that this
adapted approach will be more stringent than the one initially described. The assessed remaining
life time may therefore be regarded as a minimum value as exemplified in Figure 3.

Another concept developed at the University of Leipzig was used to derive stress-strain
relationships from the time-of-flight signals obtained from loaded materials.

WPQ9 Full-scale investigation, implementation and testing

This work package belongs to the design, the implementation and the validation phase and it
considers all experimental research activities to be performed on most realistic full-scale parts.
On the one hand, the full-scale parts have to be characterised with classic NDT in order to have a
basis for the design of a dedicated SHM system to be performed within the initial work package
on specification sheets and full-scale characterisation. On the other hand, the SHM system has to
be implemented and tested according to operational conditions.

The work package on full-scale investigation and implementation can be considered as the final
target of the work programme. An important study was performed by Partner KU Leuven on
determining the displacement behaviour of the tailboom demonstrator of the helicopter EC135.
This was an important step to characterise the Lamb wave propagation in real helicopter
structures, especially concerning the relationship between excitation frequency and achieved
wavelength.

A first implementation step in a realistic floor structure model was performed to determine early
steps of corrosion using ultrasound. The results were not too convincing and another concept was
applied, i.e. the determination of the presence of corrosive liquids instead of the determination of
corrosion itself. A first successful attempt was the determination of those liquids by an optical
fibre sensor. Surface plasmon resonance sensors not only allow indicating the presence of
liquids, it is also possible to determine what kind of liquid is present. Despite of the success of
the method, some issues remained concerning stability of the signal and complexity of
equipment. The final solution was provided by the implementation of percolation sensors into the
floor structure. After extended tests using a lab-based model, final implementation was
performed into a Boeing 737 of Lufthansa. After one year of data recording, one can clearly state
that the sensor fully fulfils all expectations. Meanwhile, also two Boeing 747 (Jumbo-Jet) were
equipped with the sensors and now, sensors with an integral length of 50 m are implemented in
three operational airliners.




A further full-scale test was performed on a slat track of an Airbus A320. Here, the presence of
cracks was detected by crack gauges made from metal stripes or electrically conduction paints
(percolation sensors). Also partner KU Leuven of the acoustics and thermal section performed
tests on the slat track using non-linear ultrasound. Another application of the non-linear
technique was applied to analyse delamination and impact damage on a helicopter tailboom from
Eurocopter EC 135. Those tests were performed at partner CTA.

Partner METALuogic successfully integrated tape-like corrosion sensors based in a floor structure
made from aluminium alloy to check the integrity of coatings in seat tracks. Valuable results
were achieved that allows obtaining clear correlations between the signals obtained and the state
of degradation. Methods and results are more in details explained in the work package on
feasibility.

Partner DLR has developed sensor arrays with air-coupled transducers and an extensive test
programme were run at the facilities of CTA. Here, defined impact damage was applied and the
response was finally analysed using the analysis software developed.

The Aviation Institute of the Riga Technical University performed an extended test programme
on a helicopter Mil8 helicopter. Here, cracks in the aluminium structure and damage of bolt
joints were considered. The leading principle was the analysis of the decay of the linear
ultrasonic transmission of a plate wave signal with respect to an increasing damage as a function
of increasing load. The tests were conducted over a period of several month and there were clear
results with respect to damage & signal correlation.

For all tests using the helicopter tailboom, partner CTA did excellent work in preparing and
conducting fatigue load test campaigns. Moreover, durability tests and flammability tests were
conducted.

Partner University of Leipzig performed a wide range of tests on both helicopter tailbooms. In
the case of the aluminium structure tailboom, health, load and temperature monitoring was done.
This was achieved by high accuracy acoustic time-of-flight measurements. The experimental
data were accompanied by a thorough theoretical analysis of the underlying physics. For the
helicopter tailboom, a monitoring of delamination using pseudo-defects was possible. It could be
shown that the method is highly sensitive and it appears that the value of the method is not only
due to the detection of defects but it also provides information on load monitoring.

WP10 Dissemination

There were a big number of conference participations, proceedings and papers. Over the whole
project, 80 dissemination activities were performed and 50 peer review papers were published




and the majority is for sure situated in the second reporting period. Also four patent applications
were submitted and two patents were already granted.

A successful event was the Elopen project meeting® that was organised at the end of the second
reporting period by the coordinator. Various participants from industry and academia had the
possibility to listen to presentation given by all project partners. The open project meeting was
accompanied by a poster session and a small exhibition where SHM set-ups developed in the
project were presented.

It has to be mentioned that the dissemination activities are going on, and important results of the
project will e.g. be presented at the European Workshop for Structural Health Monitoring in
Dresden in July 2012.

A SUMMARY OF ALL PROJECT PARTNERS CAN BE FOUND IN THE ADDITIONAL
MATERIAL SECTION.




Glossary

ACOUSTIC EMISSION is a passive acoustic technique detecting sound created by different
kinds of defects, such as impacts, or cracks and corroded areas under variable loads.

AISHA 11 Acronym of BAircraft Integrated Structural Health Assessment IIz.

Al 2024-T3 Temperature-treated aluminium alloy containing relevant amounts of copper, iron,
manganese and magnesium, a standard for aircraft fuselage structures.

ARINC 429 STANDARD Protocol to connect different electronic systems in an airplane, used
by Airbus and Boeing.

ASD Aerospace and Defence Industries Association of Europe.

BASE MAINTENANCE includes the C and D checks requiring one until six weeks downtime,
to be performed with an approximate interval of two or ten years.

BREWSTER'S ANGLE is the incident angle at which the reflected part of incident unpolarised
light is perfectly polarized.

CFRP Abbreviation for carbon fibre reinforced plastic or carbon fibre reinforced polymer.

Downtime is a period when the aircraft is not available due to maintenance, repair and overhaul
activities. Additional downtimes are a major cost factor for airlines because the cost for one day
downtime is in the range of 50.000 EURO, repair costs not yet included.

EASA Abbreviation for European Aviation Safety Agency. It was established in 2003 and took
over a number of functions of the JAA (Joint Aviation Authorities). EASA has a number of
specific regulatory and executive tasks with respect to the civil aviation safety within the
European Community.

EDDY CURRENT METHOD Monitoring of the integrity of structures can be carried out using
movable eddy current sensors (coils). The monitoring of variations in the eddy currents due to
the presence of cracks.

ENGINEERING ORDER Document used in Maintenance, Repair and Overhaul describing
changes of e.g. the airframe structure.

FATIGUE TEST Tests where structures are subjected to cyclic mechanical alternating loading
e.g. simulating flying conditions.

FAA Federal Aviation Administration (FAA): the national aviation authority of the United States
of America




FULL-SCALE PARTS In the context of AISHA II, full-scale parts represent all target
components actually used in different kinds of real aircraft. The size of the parts is usually
sufficient to simulate real operational conditions.

GALLEY Kitchen in an airplane.

HINGE ARM is a load carrying movables at the leading edge of a wing (connected to droop
nose).

INSPECTION SERVICE BULLETIN Document delivered by an aircraft manufacturer
describing changes of the inspection procedures.

MINOR/MAJOR CHANGES: According to EASA CS-21: Changes in type design are classified
as minor and major. A Eminor change® is one that has no appreciable effect on the mass,
balance, structural strength, reliability, operational characteristics, noise, fuel venting, exhaust
emission, or other characteristics affecting the airworthiness of the product. Without prejudice to
21A.19, all other changes are @major changes® under this Subpart. Major and minor changes
shall be approved in accordance with 21A.95 or 21A.97 as appropriate, and shall be adequately
identified. The classification and approval process are also defined in the CS-21 standard.

MAINTENANCE SCHEDULES consist usually of Line, Light and Heavy Maintenance
(ABASE-maintenance® according to the EASA rules). The specific procedures concerning
timetable as well as inspection and repair requirements are determined with the MSG-3 method
(Maintenance Steering Group) and specified within the MPD (Maintenance Planning Data) by
the respective manufacturers. This document establishes the basis for the maintenance schedule.
Line Maintenance includes pre-flight, daily and weekly inspections during normal operations,
thus outside the hangar. Light Maintenance consists of the A-checks performed in the hangar
overnight or within 24 hours, and the interval between such routine checks is about 2 Months.
The so-called Base Maintenance includes the C and D checks requiring one until six weeks
downtime, and they will be performed with an approximate interval of two or ten years.

MPD Maintenance Planning Data: Documents provided by manufacturers for airplanes
containing information for customized and scheduled maintenance.

MSG-3 (Maintenance Steering Group) established by industry and maintained by ATA (Air
Transport Association) to regulate issues related to maintenance and inspection tasks concerning
aircrafts including the respectively required intervals for an airplane.

PERCOLATION CONDUCTIVITY Composites, if appropriately mixed, will exhibit percolation
conductivity if electrically conducting particles are embedded in an electrically insulating matrix.
The respective composite will change from electrically insulating material to a conducting
material depending on admixture ratios, influenced by penetrating liquids or external stress.




POF Polymer Optical Fibre. Their advantage with respect to glass fibres are lower coupling
losses and higher crack resistivity. They also offer different possibilities for structuring and
intake of agents.

PSEUDO-DEFECTS Concept where the material is subjected to non-destructively applied
mechanical components, creating scattering leading to reflection or attenuation of ultrasonic
waves appearing similar as real defects.

PZT Abbreviation for lead zirconate titanate, one of the standard materials for making
piezoceramics.

LAMB WAVES Guided ultrasonic waves propagating along plate-like structures (Figure 3), also
called plate waves.

MARAGING STEEL Iron alloy (large percentage of nickel) exhibiting excellent strength and
toughness, in the project investigated as the material for slat tracks.

MRO Abbreviation for Maintenance, Repair and Overhaul

NDT Abbreviation for Enon-destructive testing®, a collective term of all techniques where of
structures can be tested concerning required properties without destroying the material.

OEM Original Equipment Manufacturer.

RAYLEIGH WAVES Guided ultrasonic waves propagating at the surface of bulk materials, also
called surface acoustic waves.

STRUCTURAL HEALTH MONITORING (SHM) Inspection of the reliability concerning the
structural integrity and respective load carrying capability of structures providing mechanical
stability. Those technologies frequently use permanently attached sensors and sensor networks.
The term continuous does not require permanent inspections, the BEsampling rate? of
interrogation is determined by the progress of damage propagation. As AISHA+ is avoiding
interrogation during flight, the sampling rate for the technologies proposed is the time between
flights.

SME Abbreviation for @small and medium sized enterpriset.

SLAT TRACK A slat track is a beam movable in a guide that connects i.e. the wing with the
leading-edge slats, capable to carry respectively high loads.

Technology Readiness Level, the TRL is especially used in aerospace, slightly different
definitions are applied and economical aspects are usually not considered. The European Space
Agency (ESA) definitions are:

TRL1 Basic principles observed and reported




TRL2 Technology concept and/or application formulated

TRL3 Analytical & experimental critical function and/or characteristic proof-of-concept
TRL4 Component and/or breadboard validation in laboratory environment

TRL5 Component and/or breadboard validation in relevant environment

TRL6 System/subsystem model or prototype demonstration in a relevant environment (ground
or space)

TRL7 System prototype demonstration in a space environment

TRL8 Actual system completed and "Flight qualified" through test and demonstration (ground
or space)

TRL9 Actual system "flight proven” through successful mission operations

TOPICS in the FP7 calls are detailed sub-categories of Bareas? and Bactivities® that clearly
describe the requirements a consortium should respond to with its research proposal. The
following topics are addressed by the AISHA+ consortium. The topics in bold are specifically
tackled by the project proposal.

AREA: 7.1.4.2 Aircraft Operational Cost

AAT.2007.4.2.6. Maintenance

AREA 7.1.3.4 Operational Safety

AAT.2007.3.4.2. Maintenance

AREA: 7.1.2.1 Aircraft Systems and Equipment for Improved Aircraft Throughput
AAT.2007.2.1.3. Maintenance and Repair

THERMOGRAPHY is able to detect temperature differences by imaging in the infrared. Defects
in materials and structural components can be characterised by their different response with
respect to transferred modulated or pulsed heat.




Potential Impact:

The AISHA 11 project aimed at the development of advanced monitoring systems for the
structural state of aircrafts using extended sensor networks. The project started with the
establishment of detailed specification sheets where aircraft operators and producers summarised
their technical and economical requirements for health monitoring systems. Finally, five
solutions for damage detection are investigated in the consortium: fatigue cracks in slat tracks of
an Airbus A 380, impact damage in the tail boom of the helicopter EC 153, fatigue cracks in the
helicopter tail boom of a Mil8, as well as corrosion in floor beams and fatigue damage in doubler
repairs of an Airbus A340.

It had to be ensured that the results obtained within the project are disseminated according to the
needs of the European Research Area and the European aircraft industry. An important event
was the open project meeting that was organised at the end of the project. Here, every partner
had the task to present the key results of the research obtained in the respective groups. The
presentations will finally be a part of dedicated proceedings to be published at an internet
journal.

The AISHA 11 was obviously also a success for the funding policy of the European Commission
within the FP7 programme, and the Directorate General for Research Transport/Aeronautics has
decided to highlight the AISHA Il sensors to illustrate the EU funding policy to a wider
audience, e.g. a video was produced on the occasion of the EC-organised Aerodays 2011 in
Madrid where finally just 3 of all recently funded European projects in aeronautics were
selected.

SOCIO-ECONOMIC IMPACT

With the more detailed description below, we especially try to respond to the challenges
formulated in the INNOVATION UNION

Firstly, the project OFFERS INNOVATIVE SOLUTIONS that are required to improve the
competitiveness of the Europe in aeronautics, one of the demands of the INNOVATION UNION

= The FLOOR STRUCTURE SENSOR recently implemented most probably represents the
first structural damage sensor in an operational airliner that approaches
commercialisation. It is also innovative because of the Eback to basics? approach, e.g. the
detection of corrosive liquids is performed by a so-called percolation sensor, and its
components could in principle be bought in a do-it-yourself store. Moreover, no
electronics is required during flight lowering weight and certification efforts.
Nevertheless, the estimated benefits for cost efficiency and safety are considerable.




The crack detection in slat tracks by painted crack gauges is innovative because the
intention is finally just to paint the sensor using a conducting primer during production
leading to SMART COATINGS. Reading out of the sensor signal is in principal possible
by a simple multimeter @ thus, also here, an innovative Bback to basics? approach was
followed.

The ON-LINE IMPACT DETECTION by optical fibres in composites is innovative
because maintenance relies on scheduled inspections determined by e.g. the number of
flight hours. Online-impact detection using single mode fibres would give the
maintenance the chance to perform a non-destructive material test according to a real
recorded incident. In turn, scheduled inspections could also be reduced. It is e.g. possible
that during scheduled inspections now, impacts are overlooked because the skin of the
composite material is usually barely affected, even when serious core damage is present.
The electro-corrosion monitoring using tape-sensors is innovative because it uses newly
designed sensors that do not always require online monitoring and where the
implementation threshold is low.

The application of TIME-OF-FLIGHT and NON-LINEAR ULTRASONIC methods is
innovative because diverse disadvantages related to traditional linear ultrasonics can be
avoided, such as limited accuracy, dependency on contamination of surfaces.

The application of PSEUDO-DEFECTS is innovative because it saves development time
when the feasibility of detecting defects in real full-scale parts does not require the
destruction of the part.

The application of ARRAY TRANDUCERS, especially manufactures as comb
transducers or by air coupled electrets microphones is innovative because it enables fine-
tuning of ultrasonic plate waves and improved defect localisation.

The project also potentially offers solutions to the challenges described in the INNOVATION
UNION, such as CLEAN AND SMART MOBILITY, CLIMATE CHANGE and ENERGY
CHALLENGES and reducing GREENHOUSE GASES

Traditional aircraft parts are relatively heavy because they must reliably Esurviver the big
intervals between regular inspections. Permanent sensor networks allow a quasi-
continuous observation of aircraft parts and therefore, those parts can be made much
lighter which gives enormous opportunities to essentially reduce fuel costs.

The replacement of aircraft parts is frequently determined by fixed intervals & and this is
not always optimal if the parts are undamaged. Permanent sensor networks allow
replacing parts only when they really show defects or abrasion. This offers huge
opportunities to reduce waste of resources.

If permanent sensor networks are present, damage can be detected much earlier than in
the past. This allows a more specific allocation of manpower during maintenance, and it




essentially reduces repair time. This finally gives opportunity to save costs due to the
avoidance of unnecessary out-of-service time of an aircraft that are in the range of appr.
50.000 EURO per day. Moreover, if more airplanes are in service at a certain time
interval, the need for new airplanes will in turn be reduced.

MAIN DISSEMINATION ACTIVITIES AND EXPLOITATION OF RESULTS

Structural Health Monitoring can essentially be considered as a kind of automated sensor
network. Therefore, the development and selection of appropriate sensors plays a key role. For
the ultrasonic excitation and sensing, array systems are used in different configurations that
depend on the size of the full-scale parts applied. These arrays allow a tailoring of waveforms
due to their geometric shape and an electronically controlled signal delay. Despite of the
sophisticated detection concepts, these sensors has to be low-profile, i.e. they are not made for
versatile used and the price must be relatively low when a high amount of sensors has to be
implemented. Beside piezoceramic sensors, electrochemical, optical fibre and EMAT sensors are
successfully applied in the project.

The sensor systems selected require dedicated electronic steering and sensing, this especially
holds for tailored electronics for array transducers working at specific values under operational
conditions. Also in this case, not only piezoceramic transducers were considered, but also optical
fibre equipment and systems for electrochemical sensing.

An essential challenge is durable integration of transducers. Adhesives are under development
that are able to withstand typical temperature and stress variations. A special focus in this context
is the ability of sensor self-testing e.g. by impedance analysis. Furthermore, we could prove that
pre-stressing of sensors can essentially contribute to the mechanical stability of piezoceramic
transducers.

Before the selected technologies were applied to full-scale parts, experimental feasibility was
checked for simplified samples. Here, basic results were obtained e.g. for the detection of impact
damage by acoustic emission using optical fibres, the use of EMAT®Ss for crack detection, the
detection of corrosive liquids and corrosion by optical fibre - and electrochemical sensors, and
the application of pseudo-defects for validation purposes

Despite of the big importance of tailored transducer systems, extended signal management is
required to improve or even enable proper signal excitation and interpretation. This regards
standard signal conditioning, but also advanced data processing like pulse-compression and time
reversal, as well as imaging technologies for comfortable defect localisation. Moreover, the
determination of the optimised sensor positions depending on the individual full-scale part is
essential.




The functionality of a complete Structural Health Monitoring system not only depends on the
quality of signal interpretation but also on the prediction or at least estimation of the remaining
life time of the full-scale parts. Based on established models, data obtained from our transducer
systems can be used to enable these estimations.

At the final stage of the project, sensor systems will be implemented into the above mentioned
full-scale parts and extended test programmes will be performed.
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