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1. Introduction

Aviation is recognised as one of the top advanced technology sectors that 
contributes to economic growth and societal development. Regardless of the 
current, unprecedent COVID-19 crisis, there are a number of challenges that 
the aviation industry is confronted with, not the least of which are related to a 
pressing demand for optimization in operations and a broader sustainability 
agenda. Within the context of aircraft design and development, composites 
and other advanced materials and manufacturing techniques are increasingly 

reduced fuel consumption and emissions. More recently, new aircraft archi-
tectures and propulsion solutions are explored to select the best approaches 

parallel, the corresponding manufacturing technologies and processes have 
been adapted, evolved, and automated. This enabled higher production rates 
for larger or complex structures with further reduction in weight, waste, cost 
and, ultimately, environmental impact. The adoption of these technologies and 
methodologies have transformed aircraft manufacturing and resulted in many 
breakthroughs.

At the same time, these transformations are creating new challenges, transi-
tional processes, and a gap with reference to the corresponding maintenance, 
repair, and overhaul (MRO) practices, currently in use. MRO tasks vary from 
routine inspections to heavy overhauls, in which complicated tasks are typi-
cally characterized by unpredictable process times and material requirements. 

-
tion of Aviation MRO operations has therefore been of high interest as it costs 
tens of billions of dollars annually. Moreover, as the complexity of the materi-
als and structures increases, the maintenance complexity and unpredictability 
tend to also increase. For example, a characteristic concern is the long-term 
performance of the novel materials and composites structures, which are 
increasingly being introduced while at the same time, the MRO inspection and 

leading to time-consuming and labour-intensive processes. In general, MRO 
companies are currently striving to respond to pressing demand for decreased 
downtime, waste and costs without any compromise in quality and safety.
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This book is both a short introduction to the recent developments, challenges 
and opportunities in Aviation Maintenance, Repair and Overhaul (MRO), and 
also a presentation and discussion of the research focal areas and the key 
waypoints towards smarter and more sustainable MRO. Innovation and integra-
tion have always been key aspects of Aviation. Currently, evolutions in aircraft 
design, materials and production techniques are ahead of the MRO practices 
in use. This gap is creating a demand for new knowledge to develop and opera-
tionalise adaptive, digital, and sustainable MRO tools, applicable or integrated in 
modern aircraft systems and components. Key enabling technologies including 

(e.g. Structural Health Monitoring and Additive Manufacturing) can enable the 
next step in maintenance processes and reshape MRO.

The Aviation Engineering Group seeks advanced technologies and method-
ologies to optimize MRO processes and reduce aircraft downtime through 
practice-oriented research. This research therefore actively contributes to help-
ing aviation develop sustainable processes and is focused on two main topics: 
data analytics and prognostics to predict the maintenance needs and novel 
inspection and repair methodologies together with automated and sustain-
able tools to improve the maintenance implementation. In addition to applied 
research, the professorship is actively engaged in the educational process 
by incorporating research output into new knowledge and case studies for 
courses and modules of the Aviation degree programs, the CoPs of the Faculty 
of Technology, and various outputs of professional knowledge dissemination.
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2. Background

2.1 Historical perspective of maintenance in Aviation

Any aircraft component or system is inevitably subject to failure mechanisms 
such as corrosion and fatigue, which gradually result in some deterioration 

failure (Stamoulis, 2016). The goal of the Maintenance, Repair and Overhaul 
(MRO) processes is to cope with this deterioration or failure process and make 
the unserviceable component serviceable once again. In short, maintenance 
activities are carried out to keep an aircraft in its intended operational condition 
or to restore the airworthiness.

maintenance activities were mostly reactive or corrective, meaning that parts 
were only replaced or repaired after running into failure. Corrective mainte-
nance proved to be unsuitable to safety-critical systems or in cases where 
the system failure causes huge costs. In the last half of the 20th century, MRO 
providers used corrective maintenance in a mix with preventive maintenance 

predetermined intervals based on accumulated time and cycles, also known 
as scheduled maintenance. The main shortcoming of PvM is that the pre-
determined intervals are based on OEM design considerations, while actual 

of material and labour.
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Another subtype of proactive maintenance strategy which was recently intro-
duced is the condition-based maintenance (CBM), where recommended 
maintenance actions are based on information obtained through condition 
monitoring of the aircraft system or component. In literature, CBM and an 
even more proactive yet complex approach, the predictive maintenance (PdM), 
are applied interchangeably or linked implicitly. These approaches rely both 
on collected data and have a lot of commonalities, however they are focus-

prognostics (i.e., remaining useful life – RUL) to support the maintenance deci-
sion making (e.g., Tinga & Loendersloot, 2014 and Sprong, Jiang & Polinder, 
2019). As the use of relevant data and reliable algorithms is essential to the 
operational deployment of CBM and PdM, there are numerous technical and 
operational challenges that need to be addressed to exploit their full potential 
(Stamoulis, 2021).

maintenance and aviation maintenance is that MRO processes are mandated 
and monitored by regulatory authorities, such as the EASA and FAA, CAA and 
therefore the aircraft maintenance process is highly standardised, e.g., in 
MSG-3 (Maintenance Systems Group) and other directives. As a result of this 

stakeholders in the operational deployment of novel methodologies and inno-
vative technologies.

2.2 Status and challenges in Aviation MRO

Optimization of Aviation Maintenance, Repair and Overhaul (MRO) operations 
has been of high interest in recent years for both the knowledge institutions and 
the industry as a total of $69 billion has been spent on MRO activities in 2018 
which represents around 10% of an airline’s annual operational cost1. More-
over, the aircraft MRO tasks are often characterized by unpredictable process 
times and material requirements. Especially Small and Medium-sized Enter-
prises (SMEs) are typically challenged by unpredictable volumes, variability in 

1 For example, see IATA (2019), https://www.iata.org/contentassets/bf8ca67c8bcd4358 b3d004 b0 
d 6d0916f/mctg-fy2018-report-public.pdf
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strive to respond to the increasing demand for decreased downtime, waste, 
and costs without any compromise in quality and safety (Stamoulis, 2021).

Currently, most maintenance strategies employ preventive maintenance as an 

Preventive maintenance is a long-time preferred strategy, due to increased 

its main drawback stems from the fact that the actual time of failure and the 
replacement interval of a component are hard to predict resulting in an inevi-
table suboptimal utilization of material and labour. This has two repercussions: 
First, the reduced availability of assets, the reduced capacity of maintenance 
facilities and the increased costs for both the MRO provider and the operator. 
Second, the increased waste from an environmental standpoint, as the subop-
timal use of assets, is also associated with wasted remaining lifetime for aircraft 
parts which are replaced while this isn’t yet necessary (e.g. Nguyen et al., 2019). 
The recently introduced CBM and PdM strategies aim to reduce maintenance 

-
tially result in optimally planned, just-in-time maintenance meaning reduction 
in unneeded inspections and increase in availability. However, there remain 
several technical and operational challenges to be addressed to exploit their full 
potential. Moreover, another key issue is the criticality of the component under 
consideration which can determine the best compromise for the replacement 
interval and the optimum maintenance strategy to be followed.

At the same time, as the complexity of the materials and structures increases, the 
maintenance requirements and costs tend to also increase. A major concern is the 
relatively unknown long-term performance of the novel materials and lightweight 
composites structures which are increasingly being introduced. The state-of-the-

to time-consuming and labour-intensive processes. Each non-destructive testing 
(NDT) technique has its own potential, however, it rarely achieves the capabilities 
for a full-scale diagnosis of possible defects and damage in a composite compo-
nent (Borst, Stamoulis & Sprik, 2019). Current preferred NDT techniques such as 
Ultrasonic C-scan which require long inspection times and high level of human 

-

service life of a component (Wang et al., 2020). Moreover, damages in composites 
structures currently lead either to extensive replacement or to time-consuming 
and labour-intensive repairs. There is still substantial work required to develop 
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operational implementation in practical applications.

2.3 Digitalisation and Key Enabling Technologies (KETs)

Advancements in key technologies enable the adoption of novel approaches 
and methodologies and digital technologies to optimize aviation MRO by mon-
itoring and predicting the aircraft status. Key Enabling Technologies (KETs2), 

Materials, e.g., Structural Health Monitoring (SHM) and Additive Manufacturing 
(AM) can enable the next step in maintenance transition from preventive to 
condition-based and predictive: aircraft can be kept in a safe and airworthy con-
dition, and MRO processes are optimized by decreasing downtime and costs.

Some of the most promising examples include (Stamoulis & Apostolidis, 2022):
 – Aircraft data of critical components with the use of sensors technology and 

of the corresponding aircraft systems.
 – -

nostics and prognostics, e.g., detection and assessment of hazards/defects/
damages and Remaining Useful Life (RUL) estimation.

 – -
ing by determining maintenance tasks optimal slots and facilitating the 
decision-making.

 – AI-based, automated inspection tools and additive-type, novel repair 
methodologies.

2.4 Societal and sustainability considerations

MRO organizations and systems are not limited in scheduling, inspection, and 
repair processes, but have many aspects that need to be considered such as 
human and societal challenges, not the least of which are related with human 
factors and sustainability.

2 Kennis-en Innovatieagenda Sleuteltechnologieën, https://www.nwo.nl/sites/nwo/files/assets/20 
191015%20KIA-ST_1.pdf
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A key issue towards the operational deployment of digitalisation and automa-
tion in MRO is the cultural and organisational transition since these innovations 
involve a complex interaction between humans and systems. Whether we are 
considering processes or tools, the interface between these digital systems and 

into account challenging human factors such as reluctance or reservations. 
To overcome these obstacles, a user-centric design has been proposed that 
organisational members are willing to trust and use (Ton et al., 2020).

Further, sustainable aviation is a strategic theme which involves all the stake-
holders of the sector. The aviation industry works increasingly on a broad 
sustainability agenda3, supported by demands from both the public and the 
government4. The technological solutions discussed in the previous paragraph 

-
ational challenges. There is an urgent need for practice-oriented research to 
develop methodologies and solutions in real-world problems.

The objective of the professorship is to contribute to the sustainable operational 
readiness across the industry, with the focus on improving the maintenance 
management and the technical operations.

-

 – Less unneeded maintenance and reduced waste of materials, which are 
currently replaced when this isn’t yet necessary.

 – Less deteriorated aircraft engines and systems that can operate at a 

consumption.
 – Fewer operational disruptions, shorter lead times and overall decreased 

downtimes.

3 Air-France KLM Sustainability Commitments: https://www.airfranceklm.com/en/system/files/07 
_2019_-_sustainability_factsheet_afkl_en.pdf

id.nl/actueel/nieuws/2020/06/26/kabinet-biedt-financiele-steun-aan-klm-als-gevolg-van-de-co 
ronacrisis
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Further, the broad adoption of novel propulsion technologies will accelerate 
the transition to a cleaner aviation, including the use of sustainable aviation 
fuels and electric propulsion supported by the necessary infrastructure and 
design of maintenance.
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3. Data, digitalisation and prognostics in MRO

3.1 The Predictive Maintenance building blocks

As the MRO providers try to address the complexity and uncertainty of the 
aircraft maintenance processes, the use of data-driven methods can provide 
meaningful information and insights into the way aircraft systems and compo-
nents are operated and maintained. The rise of the so-called Industry 4.0 and 
the leverage of enabling technologies such as the Internet of Things (IoT) and 

approach or a predictive maintenance strategy.

components to deploy a predictive maintenance approach (Stamoulis & Apos-
tolidis, 2022), as illustrated in Figure 2:

2. Data acquisition: data transfer between the monitored asset and the data 
storage and data transformation so data can be stored in a useful form.

3. Data storage/management: platform on premises or in the cloud to ensure 

4. Data analytics: data pre-processing, so algorithms are fed with the right 
input and development of prognostic algorithms and models (e.g., Machine 
Learning and AI) to identify patterns or other useful information (RUL, 
degradation).

5. Decision support: tools used (e.g., Digital Twins) to determine actions based 
on the provided information.
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Overall, added value is created by transforming the acquired data into predic-
tions about the system condition and other relevant, meaningful information 
so that maintenance can be carried out when and where needed. However, 
currently in most cases, a few of the components or building blocks of the 
predictive maintenance process are in place so that developed solutions 
focus on these individual components and not in operationally deploy the full 
cycle. Several projects associated with this research direction are presented 
in section 5.2.

3.2 Data in aviation MRO

-

(FDRs) during the 1950s. The idea was that the technical details of an accident 
could lead to improved designs and prevent further accidents. Recorders’ tech-

parameters, to digital on tape and then to solid state, able to record over 3000 

unchanged for decades.

In recent decades, as every new generation of civil aircraft creates more 

a lot of barriers have been removed and an increased number of opportunities 

growing exponentially, e.g., an Airbus A350 generates and archives 50 times 
more data than an Airbus A320 i.e. from 12000 parameters and 8.3TB to over 
670000 parameters and 450TB (Daily & Peterson, 2017). Therefore, data is 
increasingly becoming an asset for OEMs, aircraft operators and research 
organizations.

Some typical categories of data sources in Aviation MRO include:
1. Maintenance data
2. Flight recorder data
3. Sensors and Health Management systems data
4. External data

 – Weather data
 – Aircraft position data (such as ADS-B)
 – Benchmarking data gathered from similar systems or processes
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3.3 Data management

The life-cycle maintenance planning of aircraft components is based on vari-
ous techno-economic criteria, which make mostly use of heuristics, resulting in 
suboptimal solutions. At the same time, SME MRO providers underutilize their 
data, mainly due to data protection and focus on compliance. Other typical 
issues include the limited availability and low quality of historical data and the 

aircraft type. In addition, the availability of external data from airline operators, 

issues. Last, time-consuming data preparation work is often needed to make 
the data quality acceptable (Pelt et al., 2019).

MRO providers try to capitalize on this market, directly competing with the 

1. Traditional MRO providers can be more independent in their services, even-
tually selecting the tools and methods they use from multiple providers 
however they have limited accessibility to big data.

2. MRO providers who are at the same time aircraft operators are a separate 
category. The competitive advantage of those organizations is that as MRO 

businesses, which can be used for training their analytics models. Never-
theless, in this case, data accessibility and ownership are complex issues.

3. The third category is OEMs which usually have a better understanding of 
the technical aspects of their own products, however, they do not operate 
aircraft commercially. As a result, they rely on their customers to access 
operational data, a process that faces reluctance from the airlines since 

As a result, complex legal agreements are usually needed, making data 
accessibility challenging.

Several new data capturing, manipulation and sharing technologies are cur-
rently being developed, with the potential to change the landscape in data 

use of modern Big Data technologies. However, the availability, sharing and 
combination of data is still an issue that has technical and legal challenges. 
A promising solution is Federated Analytics (FA) technology which can be 
developed and act to combine and analyze datasets and algorithms located in 
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-
ership (Nilsson et al., 2018 and Li et al., 2020). The FA can provide a promising 
approach to MRO end users without risking unauthorized exposure of their 
data. The same applies to operators with legal, labor-related or geographical 
limitations in sharing their data. However, such concepts have only been tested 
in lab conditions. Before operational deployment a validation of the expected 

3.4 Data analytics and algorithmic methods

The key to unleash data potential and deliver meaningful insights lies in 

-
tion(s). For example, is the objective to detect abnormal behavior of an aircraft 
system or to predict the remainining useful life of a component? The goal to 
determine the KPIs and the variables, i.e., the input and target variables (Pelt 
et al., 2019).

There are numerous schemes in the literature (e.g., Han et al., 2012) that can be 
used to classify the data analytics & algorithmic methods. In terms of technical 
complexity, a method can be one or any combination of the following (Aposto-
lidis, Pelt & Stamoulis, 2020):
1. Fairly simple, making use of visualization techniques can be used for 

descriptive, exploration, monitoring and communication purposes.
2. Simple to moderate, consisting of a wide range of statistical data mining 

techniques such as correlation to identify patterns and meaningful infor-
mation from large pools of data

-
rithms for prognostics and recommendations for decision-support systems.

Overall, added value is created by transforming the acquired data into 
knowledge, reasoning, predictions, and ultimately, decisions and actions. Nev-
ertheless, each problem must be approached with the appropriate, feasible 

investment taking also under consideration that the increased complexity is 
not necessarily an advantage. For example, complex and not transparent AI 
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methods, more relevant with the standard practices and engineering logic 
might be more attractive in certain cases.

3.5 Digital twins

Digital Twins (DT) are currently considered as a promising approach to address 
the problem of unpredictability in MRO operations. A DT is the combination of 
multiple state-of-the-art technologies embedded in three distinctive compo-
nents, which are the physical entities in the physical world, the virtual models 
in the virtual world, and the connected data that tie the two worlds together 
(Grieves, 2014). However, it is not a fundamentally new concept, as it is rooted 
in a wide range of conventional system simulation and control methods (Glaes-
sgen & Stargel, 2012).

agreed that a DT can be considered as a detailed digital representation of 
the physical components of an aircraft system with the use of relevant data 
from various sources, such as real-time sensor data and historical maintenance 
data, a combination that can describe, optimize and predict the performance 
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behaviour and the Remaining Useful Life (URL) of an aircraft system or an MRO 
process with the use of simulation, prognostics, diagnostics, and analytics (Liu 
et al., 2018). This digital representation provides information about the current 

-
cution (Li, C., et al., 2017).

Simulation models can employ data-driven, physics-based or hybrid methods to 

and other data analytics methods can also be used to match the device’s behav-
ior and project it to future operating conditions (West & Blackburn M, 2017).

Figure 4: Digital Twin (Apostolidis & Stamoulis, 2021)

A Digital Twin enables operators to understand, predict, and optimize the per-
formance of their physical assets or analyze the behavior of a device after a 
failure or a technical issue (Apostolidis & Stamoulis, 2021). In addition, simu-
lation models can play a crucial role in designing new maintenance practices 
for systems and assets. This practice can be assessed in the virtual environ-
ment and deployed in the physical one (Qi & Tao, 2018). This way, an MRO 
provider can run experiments that will lead to an optimal operation of their 
assets. Nevertheless, various technical limitations complicated the develop-



KONSTANTINOS STAMOULIS 21

of necessary enablers, such as the data-related and the Internet of Things (IoT) 

device (Wright & Davidson, 2020).

3.6 Decision support tools and human factors

of the data analysis output into recommendations for decision making and 

reduce downtime, waste and costs through labour, inventory and material 
management and processes optimization without any compromise in quality 
and safety.

Individual case studies conducted with the use of a wide range of data and ana-
lytics proved to be successful in delivering better information and prognostics 
including (Pelt, Stamoulis & Apostolidis, 2019):
1. Accurate monitoring of performance degradation.

3. Prediction of remaining useful life of components.

Nevertheless, a major challenge to be addressed is the cultural and organisa-
tional transition towards the operational deployment of data-driven, decision 
support systems and tools. The human factors related to this transition include 
reluctance and reservations by human decision-makers in use of automatically 
calculated information and recommendations. To overcome these obstacles, a 
user-centric design has been proposed that organisational members are willing 
to trust and use (Ton et al., 2020).
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4.  MRO challenges and innovation opportunities 
for aircraft novel materials, structures and 
propulsion technologies

4.1 Composite materials in aviation

Since the 1960s, the aerospace industry has increasingly been incorporating 
composite materials due to their superior mechanical properties (e.g., spe-

behaviour such as fatigue and corrosion resistance. These characteristics make 

translated into reduced fuel consumption and emissions. Nevertheless, it was 
not until 2005 when composites became the principal construction material 
in civil and military aircraft5, with primary, wing and fuselage structural compo-
nents applications as illustrated in Figure 5.

Figure 5: Evolution in composites aircraft applications (Airbus, 2013)

5 Composites are used for up to 50% per weight, in modern civil (e.g. Boeing 787, Airbus A350) and 
military aircrafts (e.g. NH90, F-35)
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The increasing use of composites in place of traditional metallic alloys cre-
ates new challenges in inspection and damage assessment, as composites are 
non-homogeneous and anisotropic6 materials. Moreover, it is well established 
that aircraft composite structures are particularly susceptible to impact damage 
where induced damage can occur within numerous locations at various levels 

-
age accumulation within a composite is closely related to the actual strength 
and lifetime prediction of the component. Especially, the occurrence of barely 
visible impact damages (BVID) in composite components is a serious prob-
lem, which threatens the structural safety of an aircraft, and should be timely 
detected (Stamoulis et al., 2020).

4.2 Mature and emerging inspection methodologies

are largely labour-intensive and slow processes that are carried out by human 
operators. These techniques are based on a wide spectrum of methodologies 
but are typically time-consuming and highly dependent on the operator. MRO 

required to periodically repeat this process to be able to perform inspections.

Non-Destructive Testing (NDT) state-of-the-art

for inspections during the lifecycle of an aircraft part. These NDT techniques 
include the most established and widespread wave-based methods of ultra-
sonic testing (UT) and acoustic emission, and other, emerging methods such as 
optical-based laser shearography and terahertz testing or computed tomogra-

area of interest and/or disassembly tasks with a consequent increased air-
craft downtime.

Further, each NDT technique has its own potential but rarely achieves the capa-
bilities for a full-scale diagnosis of possible defects and damage evolution in a 

6 Composites exhibit anisotropic mechanical properties (e.g. strength) due to orientation of the 
reinforcement material; That is, their properties vary depending upon which geometric axis they 
are measured along, as opposed to metallic materials
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composite component (Borst, Stamoulis & Sprik, 2019). For example, current pre-
ferred NDT techniques such as Ultrasonic C-scan which require long inspection 

complex composites geometries and cannot provide details on how damage 

Overall, as the volume and structural complexity of composite parts continue to 
grow, the cases of multi-NDT techniques are becoming increasingly important 
in maintaining structural integrity. Ongoing research in this approach is also 

NDT methods (e.g. Xiao et al., 2019). An example of a multi-domain tool, i.e., 3D 
structural light scanning/lock-in thermography/laser shearography, capable of 
providing the complete technical status of the composite component in one 
inspection step has been recently proposed by NLR7.

Despite recent promising theoretical research results and proof of concepts 
with the use of AI-based, automated systems (e.g., Mahmod et al., 2019) in 
improved NDT techniques, there is still substantial work required to develop 

to promote their practical implementation in industry.

7 http://www.composite-maintenance.com/dcmc-innovation-tracks/nondestructive-research 
-in-service/
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Structural Health Monitoring (SHM) and CBM implementation
To address the NDT limitations and drawbacks, the concept of Structural Health 

of acquiring and analysing data from on-board sensors to evaluate the health 
of a structure”8. The data obtained from an SHM system can be used for the 
implementation of a condition-based maintenance (CBM) approach which was 
introduced in section 2.1. By means of a continuous monitoring and an early 

-
tenance tasks, and avoiding unnecessary inspections at the same time.

waves methods (Aliabadi and Khodaei, 2018). SHM has been implemented for 
-

structures has not yet scaled-up to real aircraft structures application. The main 
reasons for the slow adoption by industry are the necessity of extensive vali-
dation and the requirement that methods have to be proven to be robust and 

2018). Further, there is a need for improved, reliable raw data collection by SHM 
sensors and robust SHM algorithms (Güemes et al., 2020).

4.3 Automated and innovative repair methodologies

Currently, MRO repairs in aviation typically include manual and slow processes 
that are highly dependent on the operator skills. In addition, the damage 
assessment process is characterized by the limitations, that are elaborated in 
section 4.2, and also dependent on manual, time-consuming and inaccurate 

expensive repairs leading to increased downtime and additional costs.

Robotics for automation
As a logical consequence of the advancements in automation of aircraft manu-
facturing and in particular the automation of composite structures production, 
more attention is recently paid to the automation of MRO. Automation of com-

by increasing accuracy and consistency, especially in the case of complex 

8 According to SAE Standard ARP6461
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geometries. The entire process from a damaged to serviceable component 
can be divided into six phases (Figure 7) as observed in practice and supported 
by literature9.

Figure 7: Typical MRO composite repair process (Borst et al., 2020)

Several parties are working on solutions for automation of composite repair 
operations including 3D scanning and measurement of the damaged area as 
well as material removal and repair execution by a robot or a cobot. Examples 
are found at Lufthansa’s CAIRE, a mobile device for removing material layers, 
while hanging onto the structure using suction cups10 and the Reply5 machine 

11.

Advanced welding and additive manufacturing-type repairs
In addition to the automation of conventional, mechanical machining processes 
for repair, recent research focuses on the application of advanced welding 
processes and additive manufacturing (AM)-type techniques. Especially, aircraft 
engine components are exposed to extreme operational conditions to increase 

-
cient repair strategies to increase the lifetime of such high-value components. 
Novel welding processes such as the Cold Metal Transfer (CMT) are promising 

-

10 -
able: https://www.lufthansa-technik.com/caire-repair-robot.

11
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as compared to conventional welding techniques, e.g., dabber Tungsten Inert 
Gas (TIG) welding.

Then, the AM techniques have already proved their potential in manufacturing 

GE Aviation very recently completed the prototype testing of a new turboshaft 
engine with extensive use of AM. This prototype serves as the technology pipe-
line to meet next generation, engine requirements and expected to meet a 
series of aggressive performance goals including a 35% reduction of fuel con-
sumption and a 45% reduction of production and maintenance expenses, as 
compared to current engines12. Regarding the MRO sector challenges, AM-type, 
deposition techniques such as the High-Pressure Cold Spray (HPCS) and the 
Laser Direct (Energy) Deposition (LDD/LDED) provide promising fast, quality 

engine parts and systems to further extend their service life. For example, 
an HPCS repair process has been developed13 for the repair of corroded and 
worn helicopter gearbox components (Kay & Karthikeyan, 2016). Moreover, 
experimental studies succeeded in repairing damaged turbine blades based 
on a new semi-automated algorithm using an LDD technique (Wilson, 2014).

4.4 Novel propulsion technologies

More recently, new aircraft architectures and propulsion solutions are explored 
-

cient and cleaner aviation. 14

technologies (Stamoulis & Apostolidis, 2022):
1. Full-electric aircraft aiming predominantly in the regional, commuter seg-

ment due to the battery energy density limitation.

combinations and degrees of hybridization and are aiming at short- to 
medium-range applications.

12 https://www.ge.com/additive/additive-manufacturing/industries/aviation-aerospace
13
14

Available: https://reports.nlr.nl/bitstream/handle/10921/1555/NLR-CR-2020-510-public.pdf?sequ 
ence=4&isAllowed=y
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3. Hydrogen aircrafts that still face several volume and storage related 
challenges and will expected to provide solutions in the medium and long-
range segments.

4. Sustainable alternative fuels that are the only foreseeable solution to 

15

For the successful transition to cleaner low-emissions aviation, several chal-
lenges associated with the respective technologies must be addressed (Figure 
8) while there is still a gap in the analysis and design of the necessary mainte-
nance strategies and infrastructures.

15 Graph by A. Apostolidis, Aviation Engineering Research Group (2020).
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5. Applied research in Aviation MRO engineering

5.1 Research focus

The Aviation Engineering professorship seeks advanced technologies and 
methodologies to optimize MRO processes and reduce aircraft downtime 
through practice-oriented research. This research therefore actively contrib-
utes to helping aviation develop sustainable processes and is focused on two 
main topics: data analytics and prognostics to predict the maintenance needs 
and novel inspection and repair methodologies together with automated and 
sustainable tools to improve the maintenance implementation.

The professorship will pursue the following research directions with direct 
applications to the MRO domain:
 – Data analytics and prognostics for transition to condition-based and pre-

dictive maintenance.
 – Non-destructive testing, structural health monitoring, and damage assess-

ment innovations with focus on composite structures and engines parts.
 – Novel repair methodologies including automation of repair processes (e.g., 

robotics, additive manufacturing).
 – Design of maintenance for sustainable propulsion solutions (e.g., mainte-

nance of electric aircraft and sustainable aviation fuels).
 – Human factors and safety systems.

(HTSM) top sector16 and especially with the challenges, priorities and research 
topics of the roadmaps Aeronautics17 and Smart Industry18.

16 The HTSM roadmaps are bottom-up initiatives from science and industry within the Top Sector. In 
their subdomain, they include applications and technologies, priorities and implementation, and 
partners and process, see: https://www.hollandhightech.nl/sites/www.hollandhightech.nl/files/Do 
cumenten/KIAs/HTSM%20Knowledge%20and%20Innovation%20Agenda%202018-2021.pdf

17
www.nlr.nl/wp-content/uploads/2021/05/HTSM-Roadmap-Aeronautics-2020-2025-Final-2020 
-08-31.pdf

18 Smart Industry roadmap, Research agenda for HTSM, ICT and the route for NWA, 28 August 

stry-2020.pdf
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5.2 Data analytics & prognostics for MRO

costs through labour, inventory, and material processes optimization in MRO 
without any compromise in quality and safety as described in Chapters 2 and 
3. The Aviation Engineering professorship has previously completed a RAAK 
MKB applied research project on data mining in MRO and recently initiated 
new research on predictive maintenance and MRO decision-support sys-

new research project proposal on AI-based, cross-industry MRO optimization 
solutions to reduce energy, material and labour waste is in application status 
(Horizon Europe Framework Program).

Data mining in MRO (RAAK MKB, completed)
The Aviation Engineering research group in cooperation with the aviation 
industry has conducted an applied research project (2016-19) to explore MRO 
optimization with the use of data mining methods. More than 25 cases have 

is applied to have a structural guideline throughout the project. Individual case 
studies conducted with statistical and machine learning methods were success-
ful at prediciting, among others, the duration of planned maintenance tasks as 
well as the optimal maintenance intervals, the probability of the occurrence of 

Predictive maintenance (R&D Mobility Fund, approved)
This study includes the development of AI-based predictive maintenance (PdM) 
models in collaboration with TU Delft and KLM Engineering & Maintenance. 
The models are developed and validated by using historical data from non-
safety critical, aircraft cooling system. Further, a federated analytics architecture 
has been employed to address the data scarcity and data sharing challenges. 

geographical locations to create value for all parties without compromising 

decision support systems is investigated by exploring which corrective actions 
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MRO decision-support systems (R&D Mobility Fund, approved)
This study is related with the outputs of the Predictive Maintenance study of 
the same project in collaboration with TU Delft and KLM. The project objectives 

as follows:
 – An MRO simulator for maintenance concepts evaluation at a strategic level, 

 – -
tical level.

 – Decision-support tools for human resources planning at an operational 

5.3 Innovations in inspection and repair tools

Advanced materials such as composites have become the principal construc-
tion materials of modern aircraft structures despite their shorter track record 
and their relatively unknown long-term performance. At the same time, the 

increasing demand and complexity, leading to time-consuming and labour-in-
tensive processes as described in Chapter 4. This gap is creating a demand for 
new knowledge to develop and operationalise adaptive, digital, and sustain-
able MRO tools, applicable in modern aircraft systems and components. The 
Aviation Engineering professorship is currently participating in a RAAK MKB 
project on the automation of composite repairs and will participate in a four-
year project on Smart MRO together with a Dutch consortium that includes 
KLM, JetSupport, NLR, TNO and TU Delft.

FIXAR – Automation of composite repairs (RAAK MKB, ongoing project)
This applied research project is co-funded by SIA-RAAK, and involves three Uni-
versities of Applied Sciences (AUAS, Inholland, Saxion) and a consortium of Dutch 
SMEs. The objective is to support Small and Medium Enterprises (SMEs) by imple-
menting knowledge and new technologies which in the case of FIXAR focus on 
the automation of repair procedures. The explored automated repair processes 
include 3D scanning and measurement of the damaged composite area as well 
as damaged material removal carried out by a robot or a cobot. The research 
program is ongoing and will have a project delivery deadline in March 2022.
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Smart MRO – Innovations in inspections and repairs of aircraft 
composites and engines parts (R&D Mobility Fund, approved)

repair methodologies that are applicable in modern aircraft systems and com-
ponents such as composite structures and engine parts. AUAS is collaborating 
with a Dutch consortium that includes KLM, JetSupport, NLR, TNO and TU Delft. 
Main research activities include the development of innovative, non-contact 
NDT techniques for composite components and engine parts, automated 3D 
measurement system and image processing methods for complex geometries 
as well as the application of advanced additive manufacturing-type techniques 
in MRO. Overall, the objectives are the increased automation and integration 
of MRO processes and the reduced waste by minimizing the unnecessarily 
rejected, high-value aircraft parts.

5.4 Human factors and safety systems

The Aviation Engineering professorship has been active in addressing Human 
Factors & Safety (HFS) problems for both large organisations and SMEs. The 
professorship performs applied research related to real-life cases and prob-
lems, having as a goal to improve and innovate professional practice to support 

advanced decision-making systems. Earlier contract research projects on MRO 
safety yielded preliminary results following the study of a large MRO, located in 

and utilising tools such as Work-As-Done (WaD), Work-As-Imagined approach 

a RAAK PRO research project has been conducted on developing metrics for 
Safety Management Systems (SMS) in Aviation which resulted in the develop-
ment of two tools for organisation’s SMS and safety culture. Further, a future 
research project in preparation is also described next to this end.

Measuring safety in aviation (RAAK PRO, completed)
The Aviation Engineering professorship has conducted a four-year (2015-2019) 
RAAK PRO funded applied research project on developing metrics for SMS and 

safety performance, and lack of objective criteria to that end. The aim of this 
project was thus to help aviation organizations verify the safety performance 
of their organizations. The project developed two tools, namely AVAC SMS and 
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AVAC SPC: the former tool measures three areas within an organization’s SMS 
and the latter measures three areas in the organization’s safety culture pre-
requisites to foster a positive safety culture.

Safety systems in MRO (RAAK PRO, in preparation)
Following the conceptualisation of alternative safety metrics (RAAK PRO, 2015-

whether these provide viable solutions in MRO organisations, and to address 
the research gap in MRO safety systems. The latter problem was also scoped 
via research on maintenance incident data that show the problematic reporting 
elements and a compliance culture approach, hindering data and, as a result, 
safety systems decision making in MROs. Organisations following a compliance 
approach commonly aim to gather as much data as possible, overlooking data 
quality. In addition, challenges in SMEs remain and are linked to variability (of 
operations, data, etc.) and lack of predictability. Hence, the objective of this 
proposal is to address risks in continuing airworthiness and maintenance and 
to support the MRO’s complex transition to a predictive strategy via proactive-
ness and predictive quality performance data.

5.5 Sustainable propulsion solutions

as hybrid electric: partly on kerosene, partly electric as also described in Section 

also currently explored. The Aviation Engineering professorship contributes to 
targeted sustainability research initiatives, such as the Dutch Electric Aviation 

Sustainable Aviation Fuel pilot projects in collaboration with KLM.

Maintenance of electric aircraft (Dutch Electric Aviation Centre, approved).
The Aviation Engineering professorship contributes to the Dutch Electric Avia-

between Delft University of Technology, Deltion College, and the AUAS. For the 
successful transition to cleaner, low-emissions aviation, several challenges asso-
ciated with the respective technologies must be addressed while there is still 
a gap in the analysis and design of the necessary maintenance strategies and 



36 INNOVATIONS IN THE AVIATION MRO

infrastructures. As a part of our work at DEAC, the research group is collaborat-
ing with TU Twente in mapping the needs of maintenance of electrical aircraft.

Sustainable Aviation Fuels (Bright Sky consortium, MRO working group)
This study is conducted under the Bright Sky consortium, in collaboration with 
KLM Engineering & Maintenance. In general terms, MRO providers aim to move 
towards SAF-compatible operations, to accommodate this kind of demand and 

projects aim to investigate three aspects of SAF engine MRO. First, to under-
stand the impact of SAF in engine performance during testing, so the results 
are compatible with the current, standard processes. Second, to investigate the 

oiling systems, seals etc. This will reveal the maintenance particularities of SAF 
fuel blends. Last, as engine testing with the use of SAF will become a standard 
practice in the future, the details of such an endeavour need to be determined 
mostly the aspects related to fuel supply, storage and operational procedures.
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6.  Impact on higher education and knowledge 
dissemination

In addition to applied research, the Aviation Engineering professorship is 
actively engaged in the educational process by incorporating research output 
into new knowledge and case studies for courses and modules of the Aviation 
programs, CoPs of the Faculty of Technology, and professional masterclasses. 
Further, the objective of the research group is to upscale collaborations and 
contributions in higher degrees (Masters, PDEs and PhDs).

6.1 Impact on Aviation Bachelor Program

The two Aviation professorships – Aviation Engineering (AE) and Aviation Man-
agement (AM) – currently focus on four of the Aviation program’s themes: 
Maintenance, Repair and Overhaul, New Repair Methodologies and Safety and 
Human Factors (AE) and Airport and Space Capacity (AM), as shown in Figure 9.

Figure 9: Aviation program’s themes for education and research
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Aviation Engineering track
The Aviation Engineering professorship is associated with several learning lines 
including Aircraft Systems, Structures and Materials, Maintenance and Life-Cycle 
Management and Regulations, Security and Safety, and various courses including 
Airframe Mechanics, Gas Turbine Performance, Aviation Maintenance Manage-

objective here is to continuously bridge the gap between applied research and 
education by translating and incorporating research outcomes into new knowl-
edge and professional projects and products for the educational modules.

In addition, the professorship actively contributes to the curriculum committee 
of the Bachelor Program as well as to the recently started curriculum redesign 
process. The aim is to revise the body of knowledge and skills (BOKS) and 

the students and help them to further develop their professional and per-
sonal talents. As presented in the earlier chapters, the Aviation MRO industry 
encompasses a variety of complex and multidisciplinary assignments (see also 

engineer must also exhibit basic knowledge of adjacent domains (e.g. logis-
tics, data analysis) or general disciplines (e.g. business, safety, sustainability) to 
become more of a so-called T-shaped professional.

Figure 10: Multidisciplinary nature of Aviation MRO domain
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That being the case, the redesigned curriculum follows a more integrated 
approach of engineering and operations themes in years one and two. This 
approach ensures a broad basis in terms of knowledge and competencies 

Readiness”, i.e., the optimum and sustainable deployment of aircraft and the 
supporting infrastructure, systems, and procedures. In addition, the goal of the 

Aviation Honours Engineering Program

education in research, innovation, and technology. This program is based 
on interactive lectures and workshops from lecturers, researchers and pro-
fessionals that support students to create innovative solutions for Aviation’s 
engineering real-world problems. The knowledge level in the Honours program 
is higher than the regular specialization tracks of the Bachelor program while 
additional research skills are developed and practised during the program. 
Honours projects’ themes are aligned with ongoing research themes of the 
Aviation Engineering research group.

Higher degrees programs
The Aviation program is currently collaborating with Embry-Riddle Aeronauti-
cal University in the part-time Master of Aviation Maintenance (MAM) degree 
program for professionals. The objective of the MAM program is to provide 
knowledge and develop skills and abilities necessary for students to become 

industry. The program is also suitable for professionals who have experience 
in supervisory and managerial roles and are committed to a lifelong learning 
for continuing professional development.

The objective of the professorship is to upscale collaborations and contribu-
tions in higher degrees (Masters, PDEs and PhDs).

-
ulty of Technology (FT)” in 2021, an ongoing faculty-wide redesign of courses is 
focusing on Communities of Practice (CoPs) and connecting students, lecturers, 
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-
vant and quality education and research and are elaborated in sub-themes in 
CoPs (year 3 and 4 bachelor’s degree programs).

The Aviation Engineering research group is associated with several CoPs under 
-

-

for life). We also contribute to the development of the new Faculty studios, such 
-

laboration and synergy within and outside the Faculty of Technology.

Predictive Maintenance CoP
In this cross-sectoral CoP, we are focusing on the operational deployment of 
predictive maintenance (PdM) approaches. The employment of a predictive 
maintenance methodology creates added value by transforming the acquired 
data into predictions about the condition of a system/asset and other relevant, 
meaningful info (e.g., RUL) so that maintenance can be carried out when and 
where needed. The related PdM methodologies are elaborated in Chapter 3 
while the research topics are presented in Section 5.2.

6.3 Knowledge dissemination and professional masterclasses

The Aviation Engineering research group contributes to knowledge dissemi-
nation by various outputs in the form of technical reports, panel discussions, 
conference presentations and peer-reviewed publications. Moreover, a two-day 

was shared and discussed with participants from both academia and industry. 
A new edition of this international conference is organized for 2023.
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Further, knowledge developed by research outcomes is disseminated towards 

short, workshop-type, professional courses. Currently, an increased number 
of these professional masterclasses are being developed with the objective to 

-
ational Readiness”. An example of the new masterclasses directly related to 

AI in Aviation MRO”.

Applications of AI in Aviation MRO
This masterclass aims at provide a clear understanding of the potential of data-
driven methods in Aviation MRO. The maintenance of aircraft is a very complex 

-
cies. Participants are provided with a thorough overview of the technical areas 
that can be improved with the employment of AI-based methods. As aircraft 
operators aim to understand the behaviour of their assets over a long period 
of time, the use of data-driven methods can provide additional insights into the 

has the potential to identify patterns in technical data produced by the aircraft 
systems and reveal valuable information about the physical status of these 
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Content Summary

This lecture is both a short introduction to the recent developments, challenges 
and opportunities in Aviation Maintenance, Repair and Overhaul (MRO), and 
also a presentation of the research focal areas and the key waypoints towards 
smarter and more sustainable MRO.

Innovation and integration have always been key aspects of Aviation. Currently, 
evolutions in aircraft design, materials and production techniques are ahead of 
the MRO practices in use. This gap is creating demand for new knowledge to 
develop and operationalise adaptive, digital and sustainable MRO tools, appli-
cable or integrated in modern aircraft systems and components.

The Aviation Engineering professorship seeks advanced technologies and meth-
odologies to optimize MRO processes and reduce aircraft downtime through 
practice-oriented research. This research actively contributes to helping avia-
tion develop sustainable processes and is focused on two main topics: data 
analytics and prognostics to predict the maintenance needs and novel inspec-
tion and repair methodologies to improve the maintenance implementation.
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