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Abstract In this chapter, we outline some perspectives on embracing the datasets
gathered using Extended Non-destructive Testing (ENDT) during manufacturing or
repair process steps within the life cycle of bonded products. Ensuring that the ENDT
data and metadata are FAIR, i.e. findable, accessible, interoperable and re-usable, will
support the relevant stakeholders in exploiting the contained material-related infor-
mation far beyond a stop/go decision, while a shorter time-to-information will facili-
tate a prompter time-to-decision in process and product management. Exploiting the
value of ENDT (meta)data will contribute to increased performance by integrating all
defined, measured, analyzed and controlled aspects of material transformation across
process and company boundaries. This will facilitate the optimization of manufac-
turing and repair operations, boosting their energy efficiency and productivity. In this
regard, some aspects that are currently driving activities in the field of pre-process,
in-process and post-process quality assessment will be addressed in the following.
Furthermore, some requirements will be contemplated for harmonized and conjoint
data transfer ranging from a bonded product’s beginning-of-life through its end-of-
life, the customization of stand-alone or linked ENDT tools, and the implementa-
tion of sensor arrays and networks in joints, devices and structural parts to gather
material-related data during a product’s middle-of-life application phase, thereby
fostering structural health monitoring (SHM).
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6.1 Introduction

One of the foremost ongoing trends and initiatives is not only that data are collected
and exchanged for documentation purposes along a process or value chain, but
also that value can be added if the substantial information contained in these data
is extracted by the providers and owners. This typically means evaluating several
sets of interconnected metadata, measured characterization data or simulation-based
modelling data that constitute knowledge sources.

In the first of the subsequent sections, we accentuate the technical benefits of
consistently linking joints with their associated material-related data. We base our
selection of potential prospects on our perception of the distinctive prevailing global
transport of material goods, combination of logistic processes and transfer of ideas
along with the life cycle of material products such as adhesive joints. From this
network point of view, the urgent need for composite product data interoperability
for life cycle management and the sustainment of aircraft fleets was recently high-
lighted by McMillan et al. [1]. Next, we highlight how the balancing of customiza-
tion and efficiency will profit from a certain readiness for standardization and from
establishing the consistency of (meta)data formats. This will help overcome the
need for data translation at each interface [2]. In this context, we present the outline
of a research project that resulted in the successful development and implementa-
tion of a customized hand-held aerosol wetting test (AWT) device relying on the
core elements presented in the ComBoNDT project [3]. After that, we introduce
stepwise approaches for integrating ENDT investigations using optically stimulated
electron emission (OSEE) and the space-resolved findings in, e.g., material data
management systems while safeguarding data integrity. We show how the concept
developed in the ComBoNDT project [3] facilitates the linking of ENDT data with
design-relevant features that are significant along the life cycle of adhesive joints.
Finally, we complement the latter two surface quality-related approaches through
the prospect of material-integrated sensor networks and fibre-based sensors, thereby
facilitating the structural health monitoring (SHM) of adhesive joints.

6.2 Data Transfer Along the Product Life Cycle

In Chap. 1, we introduced the image of an enhanced triangular industrial automation
pyramid, in which only two of the three lateral faces of the pyramid were presented.
The third face, which was hidden in the sketch due to the limited angle of view rather
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than a limited awareness, represents the environmental impact during the manufac-
turing phase. Therefore, we highlight the environmental aspects during the complete
product life cycle in Fig. 6.1, showing the top view of a tetrahedron and sketching the
incorporation of the manufacturing process as a part of a product’s beginning-of-life
(BoL) period. In this way, the relevance of the manufacturing characteristics for the
sustainability of a product is illustrated.

In the previous chapters of this book, we demonstrated that using advanced ENDT
tools and procedures facilitates the gathering of high-quality data from production
or repair processes based on adhesive bonding technology to obtain high-quality
products. From an overall material-related and process-comprehensive perspective,
the outcomes of the United Nations Conference on Environment and Development
(UNCED) in Rio de Janeiro, 1992, stressed that sustainability is the principal world-
wide political goal for the future development of humankind, and thus, shall be
respected during any product life cycle. This challenge encompasses environmental,
economic and social (or societal) aspects. Related tools supporting researchers and
developers in tackling these challenges are the internationally standardized life cycle
assessment (LCA) for the environmental part, life cycle costing (LCC) for the
economic assessment, which also accounts for the use and end-of-life phases, and
social life cycle assessment (SLCA), which may be applied after identifying the
system boundaries [4]. Product sustainability may also be captured following the
holistic concept of life cycle management (LCM). As pointed out in the framework
of the United Nations Environment Programme [5], “understanding, quantifying
and communicating the environmental impacts and resource consumption of prod-
ucts” are essential steps on the way towards a “resource-efficient twenty-first century

Output

Beginning-of-Life

Fig.6.1 Triangular pyramid highlighting the relevance of all product life cycle phases on a product’s
environmental impact
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green economy”’. Aggregation of the involved data at the product system level and
their management in databases support an intelligent understanding and a trajectory
towards sustainable development. Therefore, it is not surprising that LCA and LCC
are used in the early phases of aircraft structural design based on CFRP parts [6].
Calado et al. demonstrated in the framework of a combined LCA and LCC approach
that the quality control (QC) process step following the demoulding and finishing of
a CFRP part may be evaluated based on the QC cycle time and the reject rate of the
quality assurance step [6]. This approach throws light on the relevance of reliable and
accurate ENDT procedures not only for the quality assessment of CFRP parts before
the subsequent process step, but also for the ecological and economic impacts of
quality assurance when designing an adhesive bonding process. Considering merely
the surface quality of a CFRP adherend, space-resolving ENDT tools facilitating
a local cleaning on demand, while also largely avoiding false negatives within the
quality assessment, will guide and support process engineers in choosing an appro-
priate and sustainable pre-treatment in the case of a reject during QC. Beyond that, we
infer that the life cycle-based sustainability assessment of adhesively bonded prod-
ucts will largely profit from ENDT procedures and interoperable ENDT datasets, for
instance, for optimizing future material-related process steps or due to the availability
of joint-specific data that can guide individualized decisions during maintenance,
repair and overhaul (MRO) and the end-of-life phase.

Avoiding waste during all the life cycle phases of a product will contribute to
greatly enhancing its performance from a twenty-first century perspective. As Otte
et al. point out with respect to manufacturing, the “ability to quickly access and share
data is key to optimizing and streamlining any industrial production process” [7].
Following the apparently linear time axis in Fig. 1.4 (Chap. 1), which points from
input towards output in the material transformation process during adhesive bonding,
we would like to go beyond the view of a local manufacturing or repair process and
outline some examples of worldwide data-based workflows based on interlinking
several such pyramids and exchanging data from various sources and with distinct
data quality. For such global scenarios, we would like to draw upon aspects of the
nine Industry 4.0 clusters identified by Hermann et al. [8], namely interconnection,
collaboration, standards, security, data analytics, information provision, decentral-
ized decisions, physical assistance and virtual assistance. Referenced by worldwide
and European initiatives, holistic life cycle-based thinking and acting are gaining
meaning and visibility, thus embracing the putative perception of a finally ending
sequence of subsequent phases in a product’s life through a life cycle within a more
holistic conception, as depicted in Fig. 6.1. Therefore, in the more general perception,
such circular reasoning is, on the one hand, throwing light on connecting the end-of-
life (EoL) and beginning-of-life (BoL) scenarios of products from the material-based
technical, social, ecological and economic points of view comprising sustainable
development. On the other hand, maintenance and repair, as essential user cases
during the middle-of-life (MoL) life cycle phase [7], are gaining attention in light of
product life cycle assessment (LCA) procedures. Pragmatically, this means that for
any form of EoL recycling, material-related information on the BoL or MoL actions
and their effects shall be seminal. Material-related data that meet FAIR data principles



6 Integrating Extended Non-destructive Testing in the Life Cycle ... 335

and that are straightforwardly gathered during manufacturing or repair processes are
pathbreaking in this sense. The interoperability of exchanged data facilitates knowl-
edge management based on necessary ontologies like Basic Formal Ontology (BFO)
[7] or the recently developed European Materials Modelling Ontology (EMMO)
for applied sciences [9, 10]. EMMO is integrated into virtual marketplaces like
VIMMP [11, 12] or MarketPlace [13] and allows end-users to represent their manu-
facturing process and innovation challenges in a standard ontological form. This
is supported by smart targeted guidance through the whole translation process to
“deliver a full complete experience to companies”, profiting from an ontology-based
open translation environment grounded in EMMO [2].

From the material point of view, we would like to accentuate that in adhesive
bonding technology, the quality and durability of joints are crucially determined by
the scale-comprehensive effects of molecular interactions and mesoscopic transport
processes during the formation of adhesion between adherends and the adhesive
system [14]. On the one hand, we would like to express our expectation that ontolo-
gies will be the foundation for combining physics-based and data-driven approaches
in order to assess more deeply the formation of adhesion and its time-dependent
development during the BoL and MoL phases of bonded joints and the respective
products, thus contributing to more sustainable material development. On the other
hand, we would also like to exemplify that evaluating the ENDT datasets of pre-
bond adherend surfaces and adhesively bonded joints continues to advance and is
increasingly assisting in cleaning and joining processes in a growing number of user
cases.

From the process point of view, we estimate that the abundance of adherend
materials and their geometrical shapes, surface pre-treatment process steps, adhe-
sive systems (multi-layered and multi-component), application tools and implemen-
tations of the bonded joints involving distinct environments in production, main-
tenance and repair processes will drive the need for technological adaptation and
the demand for information exchange. We expect further customization of ENDT
tools and an increasingly individual definition and realization of their interfaces with
the surrounding network of catenated integrants of quality assurance systems, e.g.
with further NDT tools or by having control personnel organized within the automa-
tion pyramid. From our point of view, a systematic common language based on
shared top-level or domain-specific ontologies will greatly support the directed and
unambiguous communication and exchange of findable, accessible, interoperable
and reusable data and information.
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6.3 Customization and Further Advancement of ENDT
Tools and Procedures

Based on the available knowledge, e.g. that achieved within the ENCOMB and
ComBoNDT research projects, and driven by market reviews and customer feed-
back for detailing the technical and economic user case aspects, interested stake-
holders may instigate further developments along with the initiated ideas, thereby
contributing to innovative ENDT procedures in the third decade of the twenty-first
century. Here, we would like to show through examples that the customization of
ENDT tools and procedures is, on the one hand, based on the elaborated, docu-
mented and available outcomes of the last decade, at the end of which we performed
the developments described in the following. On the other hand, such customization
further facilitates tailored and improved customer interaction and increased customer
satisfaction.

In the previous chapters, we presented how customizing the operands was achieved
in the ComBoNDT research project by configuring a set of CFRP adherends
with different surface states. In addition, both the ENDT tools and the respective
procedures were technologically advanced. Beyond that, their customization while
following standardized approaches is a frequent challenge for studies focusing on
operator-related aspects. We would like to highlight here that within the consortium
of the ComBoNDT joint research project, this line of action was followed not only by
the contributing research institutions, but especially by the small and medium-sized
enterprise (SME) partners involved. Significantly, a fast and targeted response to the
increasing market demand for NDT technologies is being provided by innovative
SME:s [15].

In the following, we highlight the findings of the recently completed HANOB
joint research project, involving partners from institutional and SME research and
development (R&D), which developed a portable ENDT device used to perform
a handheld wetting test [16, 17]. Hereby, a portable measuring system to monitor
the wettability of surfaces was designed and developed, and a prototype setup was
constructed. The basic components comprise an aerosol nozzle for generating a well-
defined spray pattern of pure water, LED-based illumination, and a compact camera
for capturing the approx. 10 cm wide droplet pattern resulting in the substrate being
inspected, as sketched in Fig. 6.2.

With this easy-to-use setup, it is possible to detect, analyze and objectively eval-
uate changes in the wettability of components. For technologically relevant user
cases, it was also demonstrated that the effectiveness of the performed surface
pre-treatment procedures can be mapped and the presence of contaminants can be
detected. The developed compact prototype enabled a reliable surface quality inspec-
tion to be performed on intricately accessible surface regions and locally pre-treated
substrate surfaces. The manipulation and operation of the device, as well as user
prompting through a newly developed intuitive graphical interface operated via a
touchscreen, were designed to facilitate easy operation after brief operator training.
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Fig. 6.2 Sketch of a hand-held customized aerosol wetting test device

Once it has been further developed to achieve the readiness level of an industrial
device, this portable setup will provide an advantageous cost/performance ratio and
will be deployable not only in production, e.g. for the inspection of target areas, but
also in the field during repair processes in applications far exceeding aeronautical
user cases. Nonetheless, the example application we highlight in Fig. 6.3 shows the
HANOB demonstration setup during the inspection of a wing flap. Applied in such
demanding environments, this portable device will bridge visual inspection with the
naked eye and automated quality assessment.

As both the portable prototype and the industrial robot-aided AWT devices for
automated large area inspection yield complex yet similar datasets, we anticipate
that standardizing the data acquisition and analysis and further developing data post-
processing options for AWT findings will amplify the application portfolio of this

Fig. 6.3 HANOB demonstration setup operated for the inspection of a wing flap from Airbus
Germany
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ENDT method. Based on the insights and experience gained in the ComBoNDT
project reported in Chap. 5, we anticipate that robust physics-based or data-driven
post-processing procedures will contribute to increasing the process reliability in
coating, painting and bonding applications. For example, our probability of detec-
tion (POD) investigations of the AWT datasets obtained for CFRP surfaces showed
that in the release agent contamination scenario, the performance of the testing proce-
dure depended on the selection of the characteristic image feature to be evaluated.
We revealed a better detection performance when using the feature of wettability
instead of using the feature of droplet diameter. As a next step, from the data post-
processing point of view, we suggest performing a POD calculation by coupling the
two approaches to determine whether the performance can be advanced even further.
From the test setup point of view, the area density of the applied aerosol droplets
might be further adapted to be optimum for this scenario. Thereby, an automatized
optimization of the monitoring process, e.g. by tuning both the aerosol deposition and
the feature-dependent detection performance, could facilitate reproducibly adjusted
and customized inspection settings. We would like to highlight that at the end of
the day, the multi-dimensional optimization of several parameters would be desir-
able, which would require extended modelling resources. Thereby, the advantageous
interplay between quality assurance and digitalization is showcased.

6.4 Harmonized Presentation of ENDT Data and Metadata

Currently, the European Commission is orchestrating several ongoing European
initiatives to establish an open innovation environment that, from our point of view,
will also have a substantial impact on product quality control. We base these prospects
on, for instance, the discernible progress in establishing a standard data structure for
materials characterization (i.e. CHAracterization DAta (CHADA) [18]) and mate-
rials modelling (i.e. MOdellingDAta (MODA) [19]) with a range of potentially
very different approaches and methods. We highlight here examples of those activ-
ities under the umbrella of the European Commission, which are embodied by the
interacting [20] European Materials Modelling Council (EMMC) [21, 22] and the
European Materials Characterisation Council [23], both of which have gained high
visibility due to their agile web presence.

As an example, in Fig. 6.4, we suggest an approach for a CHADA documenta-
tion implying metadata aspects for the inspection of a CFRP part using the ENDT
technique known as optically stimulated electron emission (OSEE). We would like
to highlight that such an approach exceeds that described in Chap. 1 due to its
more comprehensive and standardization-oriented setting. Moreover, embracing the
physics of material interactions, as described by Romanos et al. [18] for impacting
probes (here: ultraviolet light) and detected probes (here: photoelectrons), may be
perceived as an expression of a physics-based consideration of the material properties
and the characterization process itself. We may consider a physics-based approach
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Fig. 6.4 Example of a CHADA (CHAracterization DAta) documentation implying metadata
aspects, probe/surface interactions, and data processing steps for the inspection of a CFRP part
using the optically stimulated electron emission (OSEE) ENDT technique; composed following the
approach described by Romanos et al. [18]

complementary to rather data-driven regression methods that aim to find mathemat-
ical structures for the analysis of experimental information [24]. Combining both
approaches systematically will be greatly facilitated by the interoperability of models
and data.

We start by assessing further details of the recently presented systematic CHADA
documentation shown in Fig. 6.4 for the required user responsibilities, comprising
several aspects common to multiple-stage analytical processes. Both material-
oriented, i.e. operand-related, and instrumental, i.e. operator-related, competencies
are highlighted. In addition to setting up a specimen to be analyzed and a sensor
before a surface inspection, the CHADA approach stresses the importance of cali-
bration in accessing the characteristic material-related properties from the measured
properties of analytical probes. The concept detailed in Chap. 1 and implemented in
the ensuing chapters is based on preparatively adjusting finely graduated and tech-
nologically relevant surface states to purposefully vary operand features. Starting
from such a set of customized operands, we effectively established both the partic-
ular sensor response and the response of a standardized technologically approved
test for assessing design-relevant (mechanical) features. In this regard, we would
like to refer to the discussion in Chap. 3 on the OSEE findings for CFRP coupon
specimens. We inferred from our investigations that the OSEE response is affected
by both deposited contaminants and the lateral inhomogeneities of the CFRP surface
following the manual grinding process. Furthermore, we discussed that de-coupling
these two aspects might broaden the application scope of this ENDT technique. We
accentuate here that such a de-coupling might be achieved through sophisticated data
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analysis or the investigation of materials with a well-known composition and struc-
ture. In a certain manner, this reasoning places a focus on monitoring and describing
the progress and effects of the manual grinding process used for CFRP surface pre-
treatment. One lesson learned during the ComBoNDT research project was that the
CFRP surface curvature imposes not only challenges related to the accessibility of
the CFRP surface for the ENDT tool, but also issues related to a higher lateral inho-
mogeneity of the abrasive surface pre-treatment. In a physics-based approach, visu-
alizing the latter might be achieved by locally accessing the distribution of exposed
carbon fibres and capping by the matrix material as a position-dependent feature of
the CFRP surface. Following the more pragmatic concept described in this book, such
local variations intrinsically rather contributed to variations in a signal background
or to a signal width, and we considered it essential to characterize and document
these implications for each user case and contamination scenario based on care-
fully manufactured reference specimens. This is one of the reasons why we included
their consideration within the ten heuristic quality assessment principles outlined in
Chap. 1.

From the material application perspective, on the one hand, the ENDT datasets
obtained for adherend surfaces in a harmonized way can (from a technical point of
view) be communicated and immediately assessed along the process chain in those
production and repair user cases that profit from adhesive bonding. On the other hand,
the consequences of such relevant material-related information on the behaviour of
an adhesive joint are not intuitively evident. Therefore, it is essential to link the
inspection data to the material features that are relevant to the design, and eventually
the durability, of the device or structural part incorporating the inspected adherend.
As outlined in Chap. 1, this link is provided by applying the concept developed in the
ComBoNDT project. For example, enhancing the procedure described by Tornow
et al. [25], Moutsompegka et al. demonstrated this conceptual approach by linking
OSEE-based ENDT data for one scenario of one user case [26] with design-relevant
fracture toughness findings. In Fig. 6.5, which is based on test results obtained in tech-
nologically relevant user cases during the ComBoNDT, we exemplarily demonstrate
that findings from the fracture toughness tests qualitatively and even quantitatively
go along with the scenario-specific ENDT inspection datasets obtained from surface
monitoring of CFRP adherends with OSEE before the bonding process.

6.5 Sensor Systems, Arrays and Networks for Assessing
MoL Data

Following a life cycle approach, a product’s beginning-of-life (BoL) period
comprises the manufacturing phase, which is succeeded by the middle-of-life (MoL)
period. It is attractive to apply non-destructive evaluation (NDE) and ENDT tech-
niques developed for adhesive bonding processes not only during manufacture, but
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Fig. 6.5 Exemplary representation of outcomes from the ComBoNDT research project showing
links between the fracture toughness (Gy¢ or Gyc) measured for CFRP adhesive joints and normal-
ized OSEE intensities measured for the surface of one of the adherends introduced in the bonding
process. Distinct scenarios representing a deviation from a qualified surface pre-treatment process
were considered for a production (P) and a repair (R) user case. a Reduced Gy¢ values qualitatively
go along with reduced OSEE intensities; b characteristic curves quantitatively depict scenario-
specific connections between the design-relevant mechanical joint feature Gy and the ENDT
signal measured using OSEE

also during repair, which is a conceivable user case during a product’s MoL. Proce-
dures for monitoring the surface quality of adherends are tailored to open adhesive
joints, i.e. the process steps before the application of the adhesive. Beyond that,
the approaches sketched in Fig. 1.4 (in Chap. 1) with respect to manufacturing
processes encompass bonding quality assessment, which is immediately relevant
for all life cycle phases that are governed by a closed adhesive joint, for instance, in
the case of composite parts. Accordingly, cyber-physical systems (CPS) relevant for
ENDT during the BoL period are also technically relevant for the MoL of a product,
facilitating the networking between the machines and equipment as part of the phys-
ical world and the cyberspace or internet as part of the digitalized virtual world.
As outlined in the previous chapters, sensing systems based on sensors facilitate
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the observation and documentation of processes or the characteristics of a mate-
rial object that are not visible to the human eye and cannot be recorded with other
human senses [27]. As highlighted by Grosse and discussed in the previous chap-
ters, a sensor acts as a filter that can significantly influence the way humans look at
processes and material properties, e.g. by introducing more or fewer distortions and
alterations to the data, and thus, the transmission of information. These considera-
tions are featured in Fig. 1.4 (Chap. 1) by highlighting how relevant the quality of
cyber-physical interaction is for the quality (assessment) of the output provided by
a bonding process.

Moreover, the application of ENDT systems is conceptually closely related to
the user cases expected during the MoL period of adhesive joints, such as those
comprising the service aspects of MRO. In this context, conventional NDT proce-
dures, such as ultrasonic or X-ray-based inspection or thermography, are rather
mature technologies, yet they are intermittently applied. Their reliability has been
extensively demonstrated, for instance, in testing aerospace components to detect
defects, cracks, corrosion or other degradation features as part of quality assurance
and in-service inspection [28]. Following this statement, and also in accordance with
the previous chapters, recent directions comprise automated, fast and cost-effective
in-service and in-situ monitoring, e.g. of aircraft. However, such conventional NDT
procedures rely on access to structural parts with external probes or equipment, thus
they are not suitable for condition-based maintenance concepts, and they require
human intervention [29]. Beyond that and over an extended period of time, perma-
nently installed SHM systems facilitate the application of non-destructive evaluation
and testing methods to survey the state and condition of load-bearing structural
components, primarily motivated by further enhancing safety [30, 31]. Following
SAE Standard ARP6461, SHM is defined as “the process of acquiring and analyzing
data from on-board sensors to evaluate the health of a structure” [29]. To achieve
this, SHM systems include three key elements [29] and three steps [32]. Following
Giiemes et al., these elements comprise first, a network of sensors that are perma-
nently attached to the structure, which is essential for performing automated inspec-
tions; second, on-board data handling and computing facilities for processing data in
real-time; and third, algorithms that compare recently acquired data with stored data
on the pristine structure. In this way, after correcting for environmental factors, a
damage index may be calculated and information about damage existence, localiza-
tion and type may be provided. Furthermore, damage severity may be quantified, and
the residual life may be predicted [32]. Such prognosis is closely linked to diagnosis,
or the evaluation of structural health, which is the main objective of SHM; prog-
nosis and diagnosis conceptually differ in the tools they use: prognosis is mainly
focused on statistical analysis, while diagnosis is more related to sensors, signal
processing and algorithms for damage identification [29]. Giiemes et al. record that
some authors consider prognosis to be the fifth level of SHM, with levels one to
four being related to damage detection, localization, classification and quantification
of damage, respectively. Accordingly, Haldar [33] attributes the latter two devel-
opment levels, with respect to the technical sophistication of SHM systems, to the
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assessment of damage and the prediction of development. Augustin et al. under-
line that the development and integration of a suitable sensor network is a major
challenge facing scientists and engineers of SHM systems [34]. They list eligible
methods for SHM systems, including fibre optic sensors, piezoceramic transducers
for Lamb wave excitation and collection, vibration-based methods, acoustic emis-
sion techniques and electrical conductivity methods. In the following, we highlight
recent achievements in diagnosis and provide insights for guided wave propagation,
electromechanical impedance or fibre Bragg grating sensors.

An aspect that is inherent to the development and advancement of sensor systems
and networks for NDT is considering the comprehensive applicability of such proce-
dures in the distinct processes and environments of various technological sectors.
For instance, approaches based on guided wave propagation, as well as electrome-
chanical impedance, in composite materials and material joints have been widely
investigated for the purpose of damage assessment. Here, we consider damage as
not only an extensive loss of material functionality, but also an implied degradation
of relevant material features as compared to the starting state. Widening this scope
even further towards assessing this starting state, as well as the material surface,
we proposed, tested and established both of these techniques for the non-destructive
evaluation of adherends and adhesively bonded CFRP parts following the production
and repair processes investigated within the frame of the ENCOMB and ComBoNDT
joint research projects. Chapter 3 presented the ENDT results of the guided wave-
based studies for surface characterization, and Chap. 4 described the electromechan-
ical impedance results for adhesive bond evaluation. Taking this into consideration,
the approaches of damage detection and the assessment of the adhesive bond state
may be combined using the same sensor systems and networks. However, in this
context, we must still answer the question of how to deploy the sensors. As one
answer, designing a correct—and admittedly complex—network is the first step to
success. Numerous sensor network solutions are being developed in the academic
environment, and over the last decade, some of the results have been further devel-
oped and commercialized by companies. One of the better-known examples is the
Stanford Multiactuator—Receiver Transduction (SMART) layer concept, which was
conceived at Stanford University and later commercialized by Acellent Technolo-
gies, Inc. [35]. The SMART layer concept allows for the deployment of a sensor
network on a surface, as well as embedding it in a layered composite as one of
the plies in the layerwise composite structure. Quite recently, a new approach to
sensor networks was proposed: the stretchable sensor network [36]. The leading idea
behind this is to have a network that can be deployed across a large area yet remains
compact prior to its deployment. Although such ideas do not provide an answer to
the problem of how the sensors should be deployed on the structure, the placement
of the sensors can be tackled by various approaches. Some of the popular strate-
gies are based on evolutionary algorithms, such as genetic algorithms [37], whereby
elliptic-based damage localisation algorithms may be used as a basis for optimisa-
tion. Here, the locations of actuating and recording transducers correspond to the
ellipse foci, and the circumference of the ellipse informs about the source of wave
reflection. If there is no damage or other discontinuity, then no reflection occurs. The
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type of transducer network determines the positioning of these ellipses. A different
approach to the concept of a sensor network involves placing two transducers at each
network node—an actuating and a receiving transducer [38]. Such transducer place-
ment causes the resulting ellipses to be almost circular. Distributed systems are used
not only for damage location, but also in damage identification for crack shape recon-
struction [39]. A very informative review of the problem of optimal sensor placement
was presented by Ostachowicz et al. [40]. Meanwhile, the sensor placement oriented
towards hot spot monitoring is based on a tomography approach in which a localized
area surrounded by sensors is monitored [41]. This was successfully applied for the
debonding of stiffening elements from the skin of a composite wing [42], and here
we can find a good link between damage detection and the assessment of adhesive
bonds. In contrast to distributed networks and tomography approaches, there have
also been attempts to employ a concentrated network of transducers. Researchers
have analyzed various sensor placements in order to identify the optimum solutions.
One of the most popular solutions has a circular shape, and there are examples with
13 [43] or 16 [44] sensors forming the circle. A special case of concentrated arrays
is represented by the phased arrays that use a special method of signal processing
to simulate wave interference. This effect allows for amplifying waves reflecting
from an area of damage [30]. The simple phased array is linear in shape and has
been successfully used for locating damage in aluminium specimens both with and
without surface curvature [45], as well as in composites [46]. In summary, based on
the achievements presented within the scope of this book and in published studies on
sensor networks [35-40], we suggest that the same sensor networks may be used for
both damage and adhesive bond assessment. Only the signal processing approaches
are different for both applications and need to be tailored to the specific task. Such
customisation will thus require knowledge of the respective technological environ-
ment, as well as standards for communication within the greater supervisory control
and data acquisition (SCADA) network. SCADA has become the standard and is
currently in operation on wind farms to gather measurements of wind speed, bearing
and oil temperatures, voltage, power produced and other variables [47]. Therefore,
the integration of new damage and adhesive bonding monitoring techniques should
be integrated into the SCADA scheme.

In SHM applications ranging from aircraft to civil infrastructure, fibre optic
sensors (FOS) are potentially very well suited to measuring variables such as temper-
ature, electrical current, strain and pressure, even when working in electromagnetic
fields, at high temperature or humidity, or in an aggressive chemical environment;
also, they have demonstrated surprisingly high reliability [48]. During their life cycle,
many adhesively bonded structures experience long-term dynamic loads in the MoL.
phase, which might lead to the preliminary performance reduction of bonded joints
exposed to relatively low load levels [34]. Recently, we reported on the intrusive effect
of adhesive bond strength and adhesive layer thickness and quality when embedding
optical glass fibres carrying fibre Bragg grating sensors directly in the 0.1 mm thin
adhesive bond formed by the structural and repair film adhesives applied in CFRP
joints [49]. We showed that influences on the fatigue limit of the tested film adhesive
joints were negligible whenever optical glass fibres with total diameters smaller than
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100 pm were embedded. Having information on structural events or states avail-
able at arbitrary times may reduce the occurrence of unscheduled events, facilitate
preventive maintenance [50], and pave the way towards condition-based structural
maintenance [51].

Summing up, the research on and development of reliable SHM systems is of
great importance. Conventional NDT provides non-destructive and effective tools for
detecting and localizing damage in a predefined area and can form part of an SHM
system; however, SHM is much more than NDT [52]. For SHM purposes, fibre-
based sensors and smart materials may be integrated permanently into the monitored
structures and the data may be collected continuously or at least periodically [53]. The
collected data are then transferred to a computer system, where they are processed
and analyzed for possible defects or changes in the material characteristics, e.g.
damage accumulation, in almost real-time [52]. This is crucial not solely for FOS-
based sensing because the collected data have little value without proper analysis
and the extraction of information about the health state of the structure [33]. In fact,
one of the major challenges of SHM systems is related to damage identification and
assessment taking place in a mostly unsupervised learning mode [54]. Moreover, the
scope of an SHM system enfolds different monitoring and learning levels. On the
lowest level, the SHM system only monitors a certain structure or the assembly of a
system (e.g. the wing of an aircraft), while on an advanced level the whole structural
system is involved (e.g. the whole aircraft). On an even higher level, the data from all
individual structural systems (e.g. all aircraft) are pooled and analyzed for recurring
damage patterns or principles that can be applied to the whole fleet [52], as outlined
in Fig. 6.6.

The successful integration of an SHM system leads to prolonged maintenance
intervals, a reduction in maintenance costs, a resource-conserving exchange of wear
parts, and a further increase in safety [34].
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6.6 Synopsis

Encouraged by the foreseeable availability of high-quality data from the advanced
ENDT procedures presented in the previous chapters of this book and inspired by the
numerous impulses from fruitfully cooperating in a joint research project, we have
indicated in this last chapter that we might already project some facets of possible
answers onto central future questions, such as:

e What are the drivers in worldwide digitalization and data exchange along the
life cycle of a (material) product?

For instance, sustainable and holistic life cycle product management will benefit
from high-quality and relevant information provided to managers because there
is some truth in the saying “You can’t manage what you can’t measure” [55].

e How can we contribute ENDT datasets from quality assessment as an input to

worldwide workflows among the involved stakeholders?
On the one hand, after a bonding process during BoL (e.g. manufacturing),
material-related ENDT metadata and data may be available during MoL preven-
tive maintenance and thereby allow for an evaluation of changes in the material
state. On the other hand, in the case of MoL repair, a tailored device facilitating
local ENDT may guide decisions by remote experts for cases of required cleaning
on demand.

e How can quality assurance of local material-related transformation processes be
promoted by receiving from external sources an input of material-related data
gathered during earlier or subsequent life cycle phases?

For example, in a bonding process during BoL or MoL (e.g. repair), the quality
assessment may be guided by data obtained during the manufacturing of the
adherends or during the application of the bonded joint (e.g. using SHM).

All of these questions may be posed for various types of material operands that are
changed (e.g., joined) by distinct operators during a broad range of, e.g. adhesion-
based, processes within the life cycle of products in different applications. This means
that there is still a wealth of aspects and phenomena to be explored. Notwithstanding
this, we are convinced that in facing these challenges, the advancement of ENDT tools
and procedures achieved in the ComBoNDT research project, as well as FAIR data
structures, lay a good technological and knowledge basis that is open for application!
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