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Abstract

Globally interconnecting machines, processes, and resources driven by exploring and advancing new technologies defined
Industry 4.0 (I4.0), resulting in, e.g., Cyber-Physical Production Systems (CPPS). The aircraft industry particularly struggled
with transforming production and Maintenance, Repair, and Overhaul (MRO) processes, replacing humans with machines
and automating as well as digitalizing significant parts of their value- and non-value-adding activities. However, in the
face of current social and environmental challenges, future industries will need to shift from purely technology-driven to
value-driven, working sustainably with resources, including human capital. Together, these approaches constitute the idea
of Industry 5.0 (I5.0). On the one hand, the aviation industry faces the challenge that even 14.0 concepts and technologies
are not yet fully exploited or implemented. On the other hand, due to the specific characteristics of aircraft production and
MRO as well as the environmental impact of the product, a tremendous potential arises regarding placing human well-being
back into the center of adding value and decreasing environmental footprint while building an industry that is resilient and
fortified against disruptions of this era. In line with the I5.0 terminology, in this work, we outline the challenges and oppor-
tunities of integrating I5.0 principles into the aircraft production and MRO industries, focusing specifically on the scope of
selected use cases.

Keywords Industry 5.0 - Aircraft Production & Manufacturing & Logistics - MRO - Human-centric - Sustainable -
Resilient

Abbreviations 11.0-5.0 Industry 1.0-5.0

Al Artificial Intelligence IoT&S  Internet of Things and Services
AM Additive Manufacturing MRO Maintenance, Repair, and Overhaul
AR Augmented Reality NDT Nondestructive Testing

CFRP Carbon Fiber-Reinforced Polymer OEE Overall Equipment Effectiveness
CPPS Cyber-Physical Production System PLC Programmable Logic Controller
CPS Cyber-Physical System PoD Point of Delivery

DT Digital Twin QA Quality Assurance

EASA European Union Aviation Safety Agency TRL Technology Readiness Level

EC European Commission VR Virtual Reality

FDM Fused Deposition Modeling WLI White Light Interferometry

FPI Fluorescent Penetrant Inspection WMS Warehouse Management System
GIM Green Intelligent Manufacturing

HAR Human Action Recognition

HCPS Human-Cyber-Physical System 1 Introduction

HDT Human Digital Twin

HRC Human-Robot Collaboration The 4th industrial revolution was defined by the need to

globally interconnect machines, processes, and resources,
increasing productivity and, thus, prosperity. Ten years after
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Resilient

Fig.1 Core values of 15.0 [4]

the term "Industry 4.0" became more widely used, having
been introduced at the Hannover Messe 2011 [1], the Euro-
pean Commission (EC) proclaimed "Industry 5.0" in an
effort to force current industries to reposition their roles in
society and explicitly consider current global environmental
challenges [2]. While 14.0 is technology-driven, the 15.0 is
value-driven. It is supposed to be a technology transforma-
tion with a particular purpose.

Up to now, authors, administrative authorities, and gov-
ernments across the world have interpreted the term I5.0
differently. However, according to the EC, I5.0 is shaped by
human-centricity, sustainability, and resilience (see Fig. 1)
[3], incorporating the idea that industries must become more
value-driven in addition to technology-driven, working sus-
tainably with resources, including materials and human capi-
tal, respecting the world’s resource limits, as well as consid-
ering societal objectives beyond jobs and economic growth.

The aircraft production' and MRO market shared by
design, manufacturing, and maintenance organizations,
according to EASA 21 J/G and 145 [5], is mainly dominated
by numerous manual, non-digitized processes resulting in
low levels of automation [6]. Despite the technologies and

' In this work, we define the ambiguous terms production and
manufacturing as follows: As in German, we differentiate between
the two. Manufacturing includes the processes around transforming
raw materials and creating physical workpieces, tangible goods, or
other discrete assets. We understand manufacturing as a technology-
focused process step. In contrast, production is the superordinate
term involving all processes of making a consumable good or capital
asset, including all activities from manufacturing, assembly, logistics,
finance, etc.
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advantages that were developed in the last ten years as a
result of 14.0, the introduction of these into the aircraft pro-
duction industry remains incomplete. The main challenge
that inhibits the implementation of service-oriented architec-
tures or intelligent, self-organized Cyber-Physical Systems
(CPS) is missing digital consistency caused by historically
grown processes, strict regulations, challenging system com-
plexity, small lot sizes/production rates, and mostly manu-
factory production within a fixed position assembly. Thus,
most processes are still performed manually throughout the
supply chain and throughout the aircraft’s lifecycle [7], e.g.,
manufacturing aircraft interior [8, 9], inspection [10, 11],
or assembly [12].

Due to the given aircraft production characteristics,
the industry can pioneer implementing 15.0 ideas. On the
one hand, fully automated production processes to elimi-
nate human participation are not feasible, primarily due to
strict regulations and the aircraft’s individual, longevity
characteristics. On the other hand, aircraft are significant
contributors to carbon emissions and environmental pol-
lution, making the potential of deploying sustainable tech-
nologies and concepts particularly high. Likewise, as seen
during the COVID-19 pandemic, the aircraft industry is
particularly vulnerable to non-influenceable disturbances
[13]. Given these unique challenges and characteristics,
the aircraft industry is especially suited for bypassing the
full implementation of 14.0 and instead directly focusing on
incorporating I15.0 ideas. The shift towards I5.0 allows the
industry to address its specific needs more effectively, such
as sustainability and resilience, by adopting a value-driven
approach rather than pursuing pure automation. Instead of
forcing a path toward complete automation, the industry can
embrace the transformative adaptation that I5.0 concepts and
ideas offer. Future technology ’decision-makers’ in the avia-
tion sector will play a crucial role in shaping the 5th indus-
trial revolution here, where the focus will shift from merely
globally interconnected and automated processes to inte-
grating intelligent systems that enhance human capabilities
and ensure sustainable and resilient operations. By directly
adopting 15.0 ideas and concepts, the sector can, therefore,
align with broader societal and environmental goals.

In line with the terminology and ideas behind 15.0, we
present several use cases in which we outline and elabo-
rate on the core characteristics, challenges, opportunities,
and enabling technologies/concepts for sustainable, resil-
ient, and human-centered activities in the different lifecycle
phases of an aircraft. While 15.0 has garnered significant
attention in broader industrial contexts, there is limited
exploration within the aircraft production and MRO sectors.
Much of the existing literature focuses on 14.0, emphasizing
technological advancements without sufficiently addressing
the shifts I5.0 represents. The integration of these princi-
ples, especially in this complex, highly regulated industry,
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Fig.2 Timeline with milestones from I1.0 to I5.0, first commercial flight, combined Airbus and Boeing commercial aircraft deliveries, and Air-

bus’ H,-based aviation goal (based on [2, 16-19])

presents unique challenges that have not previously been dis-
cussed. We seek to contribute here by providing a concrete,
case-driven analysis of how I5.0 principles can be applied
across different lifecycle phases of an aircraft - from manu-
facturing to maintenance.

The rest of this work is structured as follows: First, we
revisit the industrial revolutions in Sect. 2, including the
common [5.0 definition, characteristics, and enabling tech-
nologies in an industry-neutral way. In Sect. 3, we describe
how the aircraft industry lived through the previous indus-
trial revolutions and analyze what motivates the need for
15.0. In Sect. 4, we describe our analysis approach, including
how we structured the use cases in this work. We continue
with Sects. 5, 6, and 7, in which we elaborate on use cases
from manufacturing, intralogistics, and MRO, respectively.
Subsequently, in Sect. 8, we summarize, discuss, and con-
clude the results and findings of this work.

2 Industrial revolutions
2.1 Industry 1.0 to 4.0

The 1st Industrial Revolution (I1.0) saw the rise of
mechanical working machines powered by water or steam,
with the mechanical loom, developed by Edmund Cart-
wright in 1784, marking the beginning of mechanization
[14] (see Fig. 2 for the industrial revolutions timeline).

This era drastically improved productivity, aiding in the
provision of clothing and food. The 2nd Industrial Revolu-
tion (I2.0) introduced mass production through electrically
driven assembly lines, beginning with the first conveyor
belt in Cincinnati’s slaughterhouses around 1870. This
concept was further developed by Henry Ford for large-
scale industrial production. The 3rd Industrial Revolution
(I3.0) in the 1960s brought automation, enabled by Pro-
grammable Logic Controllers (PLC) like the Modicon 084,
allowing for streamlined processes and mass production
of product variants. This shift turned the market from a
seller’s to a buyer’s market, with increasing emphasis on
quality and uniqueness [15].

In contrast to the 1st to 3rd industrial revolutions, the
subsequent 4th and 5th were deliberately initiated, which
makes the term "revolution" debatable. The underlying
idea is that the evolution of technologies and processes
is not merely observed but intentionally driven by stra-
tegic initiatives, industry leaders, policymakers, and
researchers.

The 14.0 developments refer to the increase of network-
ing in production, which is technically driven by CPS in a
communication infrastructure of the Internet of Things and
Services (IoT&S) [20]. [21] discusses the key concepts of
14.0, which can be summarized as follows:

e Service-oriented reference architecture;
e Intelligent, self-organizing CPPS;
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e Interoperability between CPPS and humans;

e Adaptability and flexibility to changing requirements;

e Optimization for Overall Equipment Effectiveness
(OEE);

e Data integration across disciplines and entire lifecycle;

e Reliable and secured communications between busi-
nesses;

e Data security.

2.2 15.0

The term "Industry 5.0" - in short, integrating societal goals
and sustainable practices into the producing industries -
emerged in response to the current challenges of societies
and industries. 14.0 is characterized by technology-driven
advancements, such as the Digital Twin (DT) concept and
Artificial Intelligence (Al), aiming at enhancing production
efficiency and flexibility. In contrast, 5.0 complements these
technological advancements but focuses on value-driven
principles [22], e.g., principles of social justice and sustain-
ability [23]. By exploring the distinction between 14.0 and
15.0, it is essential to note that I5.0 is not a substitute or suc-
cessor to [4.0 but rather a progressive, expansive approach.
It is an umbrella term for extending the 14.0 thoughts,
enriching them with novel ones that account for and respond
to contemporary challenges. Essentially, it tries to answer
how industry and the latest social and environmental trends
and requirements can or must co-exist in harmony [24]. On
the tenth anniversary of 14.0, in 2021, this idea was taken
up by the EC (see Fig. 2), who recognized the importance
of repositioning the roles of European industries in society
and environment and so determined to advocate new ideas
in research and development to strengthen the industrial
landscape [4].

2.2.1 Fundamental blocks

Before the EC officially defined what 15.0 entails, a num-
ber of definitions were proposed in the literature [22], all
of which focused on different characteristics, including the
human-centric or human-robot co-working part [25-27],
novel technology [28], or outlining that the interweaving of
both is necessary. In such an approach, intelligent devices,
systems, and automation co-operate with human intelligence
and their knowledge [15]. In summary, the majority of the
authors rethink the position of the human part in the pro-
duction industry. The EC further extended these thoughts
and unified three fundamental blocks under the term I5.0:
human-centric, resilient, and sustainable (see Fig. 1).

Human-centric

Previous industrial revolutions were fundamentally
driven by the notion of separating machines from humans
(see Fig. 2), which resulted in advanced robotics even
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converging into humanoid robotics— in an effort to try to
mimic human behavior. In contrast, 15.0 places human skills
and intelligence back at the center, proposing that humans
and machines best work together [27]. The authors even
extend terminology, e.g., speaking of Human-Cyber-Phys-
ical Systems (HCPS), referring to including the human in
the cyber-physical interaction loop [23, 29-31] or Human
Digital Twins (HDT) naming DTs of humans [23, 32].

The 15.0’s human-centric idea is not only to utilize a
human operator’s skills and knowledge with the objective
of increasing productivity, e.g., designing flexible produc-
tion systems by incorporating Human-Robot Collaboration
(HRC) or corporation but supporting individual human
needs and interests through machines, placing the opera-
tor’s welfare at the center [33]. Instead of inquiring about
potential applications given a novel technology, according to
the EC [3], industries must question what technology can do
for us—Ileveraging technology in order to tailor the produc-
tion systems to the worker’s requirements. Concluding, 15.0
promotes falent, diversity, and empowerment [4].

Resilient

Crises and technological advances in this century have
shown that production systems can not be built without
being modified or retrofitted for years. Here the fundamental
5.0 block resilience denotes the imperative to enhance the
robustness of production systems, fortifying them against
disruptions, and ensuring their capability to furnish and
sustain critical infrastructure during periods of turmoil [3].
Therefore, 15.0 must be agile and resilient based on flexible
and adaptable technologies [4]. 14.0 focused on long, glo-
balized, connected value and supply chains, as well as cost-
effectiveness and efficiency, but these foundations have been
shaken during instances of geopolitical realignments and
calamities, e.g., the COVID-19 pandemic. It underlined the
vulnerability of our existing paradigm of globally intercon-
nected production, which is particularly crucial in instances
where value chains are instrumental in meeting fundamental
human necessities, e.g., healthcare and security. Rethink-
ing rigid and inflexible supply chains as well as prevailing
work methods and strategies is necessary but without de-
globalizing the industries.

Sustainable

The natural limits of the planet Earth are exceeded year
after year; industries must respond here and embrace sus-
tainability [3]. 15.0 leads to action on sustainability and
respecting planetary boundaries [4]. This entails estab-
lishing circular procedures summarized under the nine
Rs [34]: refuse, rethink, reduce, reuse, repair, refurbish,
remanufacture, repurpose, and recycle—minimizing waste
and environmental repercussions. Sustainability involves
curbing energy usage and emissions to prevent the deple-
tion and deterioration of our natural resources while also
fulfilling the requirements of the present generation without
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compromising those of the generations to come. Fulfilling
sustainable goals through implementing a circular economy
varies in complexity across industries and already embodied
practices [35]. In this context, [36] introduce Green Intel-
ligent Manufacturing (GIM)—a transitional paradigm that
describes the necessity of merging intelligent and green
technologies; in short, intelligent techniques enable green/
sustainable objectives.

2.2.2 Enabling technologies

According to a workshop with industry leaders organized by
the EC, six different core fields of technologies support the
concepts and ideas of 15.0 [2]:

1. Human-centric solutions and human-machine inter-
action technologies that interconnect and combine the
strengths of humans and machines;

2. Bio-inspired technologies that mimic natural systems
to improve functionality and efficiency, including, e.g.,
bio-intelligent manufacturing [37], and smart materi-
als, materials with embedded sensors and enhanced fea-
tures while being recyclable;

3. Real time-based DTs and simulation to model entire
systems;

4. Cyber-secure data transmission, storage, and analy-
sis technologies that are capable of secure data handling
and system interoperability;

5. Al e.g., to detect causalities in complex, dynamic sys-
tems, leading to actionable intelligence;

6. Technologies for energy efficiency and trustwor-
thy autonomy, as the technologies named earlier will
require large amounts of energy while demanding auton-
omy to increase resilience.

These fields do not exist independently, nor do they contra-
dict each other. Facing the complexity of 15.0 challenges,
they are to be connected and overlaid with each other. We
will use this taxonomy in the following of this work.

3 Aircraft industry

The lifecycle of an aircraft includes distinct phases: develop-
ment, production, MRO, retrofit, remanufacturing, and end-
of-life activities. Each of these phases shapes characteristics
that make the industry distinct from other industries, e.g.,
automotive. As outlined in previous work, the aircraft pro-
duction and MRO industry can be characterized by (see [6]
for a extensive elaboration):

1. High proportion of manual processes;

2. Dependence on expert knowledge (e.g., classifying
defects);

3. R-Processes, like, remanufacture, reuse and retrofit sys-

tems, subsystems, and components;

Fixed position final assembly;

Historically grown processes;

Distributed production with a large number of suppliers;

High levels of inspection, testing, occupational health

and safety, certification, and documentation.

Nk

These distinct characteristics influenced how the industry
passed through the industrial revolutions up to 14.0 and
also affect how I5.0 principles shape the industry. In the
following sections, we first review the industry regarding
the industrial revolutions up to 14.0 and then specifically
motivate I5.0.

3.1 Industries 1.0 to 4.0

Since the first commercial flight in 1914 (see Fig. 2), differ-
ent product innovations have been established on different
system levels, such as digital fly-by-wire technology or car-
bon fiber fuselages. However, disruptions, e.g., highly auto-
mated production lines, as in the automotive industry, have
not been implemented in aircraft production [38]. Thus, the
base product and the general boundary conditions remained.
Therefore, no typical line-type mass production, as estab-
lished in 12.0, and only a low level of automation (I3.0) was
introduced. In recent years, long after the automobile or con-
sumer electronics production, efforts were made to intro-
duce automation in processes such as carbon fiber prepreg
layup [39], cabin interior production [40], and the fuselage
assembly [41]. At the same time, 14.0 approaches began to
make inroads into aircraft production. These mainly include
digitalization, data integration, and networking, which are,
however, still on a low level compared to other industries
[6]. In the context of 14.0, moves are additionally made to
research and implement model-based systems engineering
in product development and production planning [42, 43],
information security measures in IIoT-based manufacturing
[44], HRC in assembly [45], Augmented Reality (AR) in
maintenance [46], and Al in inspection tasks [47], as will be
elaborated in specific use cases in Sects. 5 to 7.

3.2 Motivation for 15.0

The need for a faster transformation and implementation
of new technologies and measures in aircraft production
has increased over the last few years. With its globally dis-
tributed supply chains and the nature of the product as a
transport medium, the aircraft production industry is espe-
cially vulnerable to disruptions and crises worldwide, for
instance, the COVID-19 pandemic. Boeing and Airbus
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combined commercial aircraft delivery rates tripled from
1989 to pre-pandemic, but halved in 2020 (see Fig. 2). The
world passenger volume has recovered year by year since
then, but the aircraft delivery still has not recovered fully.
Socio-economic factors such as demographic change lead
to a shortage of qualified personnel, on which aircraft pro-
duction is especially dependent due to its unique character-
istics. Finally, climate change became ubiquitous. Due to
the impact of aviation on the climate, ambitious but neces-
sary goals in fossil fuel emissions reduction were set, which
paved the way towards an actual disruption: the develop-
ment of a hydrogen-powered passenger aircraft [48] (see
Fig. 2). This bears the opportunity to co-design products
and production for the first time to allow for the expedient
introduction of 13.0, 14.0, but also 15.0 measures in aircraft
production. Thus, not only the aircraft itself but also its pro-
duction can and must become more sustainable, resilient,
and human-centric.

4 Analysis approach

This paper adopts a case-driven research approach to explore
the integration of 15.0 concepts / ideas into the aircraft pro-
duction and MRO industries. We focus on identifying ena-
bling key technologies, challenges, and opportunities, aim-
ing to provide a view of how I5.0 principles can be applied.
The use cases presented in this study are derived from the
authors’ ongoing and past research projects as well as inter-
views with experts within the field. While we do not aim to
cover all possible scenarios with the selected use cases, our
objective in this publication is to advance research on 5.0
applications in this domain through the given use cases.

Based on the use cases, we identify gaps and propose
potential solutions, practices, and ideas that address these
gaps in the scope of I5.0 practice in the aircraft production
and MRO industry. Each of the use cases in the Sects. 5, 6,
and 7 is structured into three parts:

1. A summary of the use case, outlining the context,
objectives, and the specific challenges it addresses
within the aircraft production or MRO processes;

2. Exploring how I5.0 technologies / ideas / principles
can be implemented within the use case. We refer to
enabling technologies as outlined in Sect. 2.2.2 and stick
to the same naming convention, although the terms span
categories, which describe a set of particular technology
bricks. We put these in italics;

3. Discussion of the specific challenges and opportunities
associated with the use case, particularly in relation to
15.0’s three key objectives: human-centricity, sustain-
ability, and resilience.

@ Springer

After the presentation of the use cases, we consolidate
and summarize in Sect. 8.1, which constitutes a synthesis
of the insights gained from the use cases. In Sect. 8.2, we
specifically outline the enabling technologies that are most
relevant, providing a clear guide for industry stakeholders
or researchers looking for implementation insights into 15.0
principles in the aircraft production and MRO sector. The
presented approach ensures that the results are grounded in
both theoretical knowledge, as presented in Sects. 2.2 and 3,
and practical applications, as we present in the subsequent
use cases. This dual focus enhances relevance and ensures
actionability and applicability in real-world settings.

5 Manufacturing

Manufacturing activities in highly complex commercial
aircraft production are multifaceted, including typical forg-
ing, forming, casting, and machining processes in fabricat-
ing, e.g., fuselage, wing, or engine parts. A variety of metal
and non-ferrous metal alloys are used here. These heavy-
weighted materials were first replaced to a large extent in the
A380 and Boeing 787 during the early 2000s. The 787 car-
ries a reportedly 50% carbon/epoxy airframe structure [49],
saving up to 17% fuel [50]. However, an aircraft requires an
assortment of materials and manufacturing processes on the
finer to the larger scale. Besides fabricating the individual
parts, assembly is the most important and time-consuming
production activity, with more than 50% of the workload
[51]. The airframe structure assembly has different levels,
starting with fuselage section parts and ending in marrying
the overall fuselage ton and wings [52]. Third-party compa-
nies design, manufacture, and fully assemble engines, interi-
ors, and avionics, while propulsion system-relevant, landing
gear, and other electrical, hydraulic, and pneumatic systems
are typically pre-assembled at the OEM’s production facili-
ties. The final assembly is mostly done manually, where
most of the value-adding activities are conducted inside the
aircraft. Pre-assembly is difficult based on the dimensions,
narrow accesses, and individual configurations. Following
the assembly tasks, inspection for Quality Assurance (QA)
is an integral and highly important activity since the aircraft
has critical safety characteristics.

The activities involved in aircraft manufacturing, whether
conducted by humans or assisted by machines, are par-
ticularly relevant to the concepts and ideas of I5.0. This is
reflected in the seven individual use cases presented in the
following sections.
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5.1 Smart materials and bio-inspired technologies
through 3D printing

Carbon fiber composites have long represented a promising
material for aircraft production due to their low weight and
high stiffness and strength [53]. This lightweight material
poses its own challenges for manufacturing complex parts
with high curvature, as the fibers are most often woven into
fabrics that have to be laid up into expensive molds [53].
This common production method also makes it hard to
facilitate the anisotropic property of the composite material
fully [54]. With the Additive Manufacturing (AM) method
of Fused Deposition Modeling (FDM), the possibility of
placing singular fiber strands is opened up while also not
requiring molds and enabling structurally optimized parts
to be manufactured [54].

By being able to inlay copper wires or even use the car-
bon fibers themselves as conducting material, this manu-
facturing method can be used for the production of smart
materials. Furthermore, the structural optimization process
oftentimes results in bio-inspired geometries. This multi-
dimensional manufacturing is supported by novel methods in
FDM, where additional movement freedom enables the fib-
ers and wires to be placed out-of-plane and in the direction
of load and current distribution flow. The method of non-
planar printing in combination with varying the layer height
requires new slicing and pathplanning methods that make
use of the increased degrees of freedom [55, 56]. Carbon
fibers are also able to be recycled [57], making this process
an important realization of 15.0 manufacturing principles.

Regarding the central goals of 15.0, the possibility of
rapid and dynamic manufacturing using AM represents an
important part of achieving resilience in manufacturing.
Rapid prototyping can accelerate the development of sub-
stitutes. AM as a whole opens up new possibilities with the
advantages of material diversity, design freedom, reduced
lead times and on-demand production. Additionally, print-
ing machines are widely available and easily configured
due to the open source nature of many important projects
in the past and foreseeable future. To achieve sustainability
beyond recycling, AM enables efficiency gains by promoting
localized manufacturing, which results in reduced logistics
emissions, lightweight construction, and material diversity
that enables the use of ecological and biodegradable mate-
rials. Finally, AM requires a workforce with a combination
of technical skills and creativity, including design for AM,
machine operation, and post-processing. All of the reasons
stated above establish the relevance and applicability of AM
for the topic of 15.0, with the central focus being on the state
of the art in 3D printing, like multidimensional printing and
non-planar carbon fiber AM.

Fig.3 AR-assisted robot programming in aircraft fuselage manufac-
turing

5.2 Skill-independent AR-assisted robot
programming

Integrating robotic automation within aircraft manufactur-
ing, especially in the final assembly, presents various chal-
lenges. Due to a substantial level of customization, limited
availability of digital models, and size-scaling tolerances,
traditional mass-production-oriented robot programming
strategies cannot be used efficiently. A potential solution
stems from the utilization of AR-assisted robot program-
ming (see Fig. 3). With AR’s ability to freely combine digi-
tal and real content in interactive interfaces, classic features
of offline programming systems can be transformed and
employed to create more efficient shopfloor-near robot pro-
gramming systems [58].

As a medium, AR is not limited to a specific setup and
can be implemented using a diverse range of technologies
and adapted to various applications. This designability
addresses the challenges posed by the ongoing demographic
change, as it enables developers to not only use AR as a
means to increase the efficiency of workflows but also tai-
lor application design and process execution tightly to each
individual user’s skill level and specific requirements. Such
personalized interfaces have the potential to elevate job sat-
isfaction, reduce frustration, and lower skill requirements.
This creates accessibility to the complex area of industrial
robot programming, especially to individuals with varying
levels of expertise or other limitations that are challenged
by standardized interfaces and workflows. Here, AR serves
as a technology for human—machine interaction to combine
the strengths of both.

The primary challenge that needs to be addressed in the
scope of 15.0 centers around establishing a comprehensive
understanding of how AR applications can be customized
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to different human users. That entails harnessing their spe-
cific skills and knowledge while ensuring plannable and
secure outcomes of executed tasks. An additional challenge
originates from the necessary software development effort
to create these personalized user interfaces. For developers
and users, it is required to comprehend how various types
of AR technologies, especially in the areas of visualization,
interaction, and tracking, can be efficiently combined and
presented to a diverse user group.

5.3 AR-assisted H, leakage inspection

Hydrogen is expected to play a significant role in the decar-
bonization of the aircraft industry in the upcoming decades.
Hydrogen is odorless, extremely flammable, and has the
capacity to escape through even the smallest cracks due to
its dimensions as the smallest element. Regular leak inspec-
tion of components conveying hydrogen is an important core
competence, especially in aviation, in order to ensure safe
assembly, operation, and maintenance. The limited acces-
sibility and dimensions of aircraft components, along with
the unstable behavior of leakage gas flows, necessitate man-
ual measurements, as automation remains technologically
complex, inflexible, and cost-intensive. A possible use case
could be the inspection of hydrogen-carrying pipe systems
between the hydrogen tank and the fuel cell during ground
checks, as shown in the upper part of Fig. 4. All components
undergo a standardized testing procedure, which includes a
pressure drop test, a soap bubble test, and, finally, the use
of sniffing devices. However, manual leakage testing with
sniffers is time-consuming and strongly dependent on the
expertise of individual technicians. Electrochemical sniffer
devices measure the hydrogen concentration only at spe-
cific points on the sensor and can be equipped with suction
devices. The manual process control is complex because
the sensor can only detect the invisible gases with a delay,
resulting from both the sensor principle and the duration
of gas transport from the intake to the sensor surface [59].
The integration of AR systems, a human—machine inter-
action technology, can assist humans in the inspection pro-
cess by providing additional digital information and com-
plementing employees’ flexibility and individual expertise.
AR glasses overlay real machine parts and measuring equip-
ment with 3D animations and metaphoric visualizations to
enhance sensor guidance during the inspection process,
allowing for full utilization of both hands. This results in a
more efficient and standardized inspection process, improv-
ing safety and data acquisition quality. For the given use
case, the lower part of Fig. 4 shows how an AR applica-
tion can assist users by locating the correct components to
measure from a digital inspection plan, replacing traditional
paper-based documentation. During the inspection, optimal
sensor trajectories are visually presented (e.g., using a ring
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collider for circular motion) while ensuring correct sensor
positioning and velocity for the specific sniffing sensor with
real time tool tracking devices attached. These trajectories
are derived from system component data and are dynami-
cally adjusted based on real-time tracking. When a measure-
ment trajectory has been successfully completed, the ring
collider is colored green. Additionally, the sensor signals
are analyzed, processed, and visualized in real-time, effec-
tively making the otherwise invisible gas visible through
holograms. Further data analysis and visual user feedback
support precise leak localization. The integration of a digital
database enables comprehensive documentation of the meas-
urement process, ensuring traceability and compliance with
quality standards. AR-assisted inspections not only improve
hydrogen leakage detection but also enhance the overall
quality and efficiency of various other inspection tasks. By
merging digital tools with human expertise, such a system
can significantly reduce errors, improve safety, and adapt
to changing procedures. This approach places the worker’s
expertise at the center of the process while reducing cogni-
tive load.

The rapid emergence of new hydrogen systems and air-
craft variants-such as fuel cells and H, combustion turbines-
increases the need for flexible AR applications tailored to
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Fig. 5 a Flexible assembly station for aircraft interior assembly including a cobot and a laser projector; b Visual assistance by projecting a com-

ponent’s position (based on [45])

each design. Application development requires adapting AR
hardware, tracking methods, UX guidelines, and communi-
cation interfaces. To meet this demand, authoring systems
must enable leak inspection applications to be configured
with digital models, metadata, and domain knowledge while
requiring minimal specialized expertise [60]. In particular,
these authoring systems must provide the definition of opti-
mal sensor trajectories for leak inspections. In aerospace,
detailed 3D CAD models of aircraft and hydrogen compo-
nents used for authoring greatly facilitate the integration of
AR assistance systems. Furthermore, process data captured
during inspections can optimize workflows by integrating
usability metrics and operator feedback. Process digitaliza-
tion and data analysis enable the identification of error-prone
components and support refinements in inspection proce-
dures, ultimately enhancing safety and efficiency in aviation
maintenance.

5.4 Flexible assembly of aircraft interior
components

Aircraft interior components, made from lightweight com-
posite materials, are highly customized products since they
serve as a unique feature to differentiate from competitors.
The assembly of the broad range of variants is often met
with manual processes. Current research and development
investigate how some of the processes can be automated
or supported to meet the increasing production rates. The
combination of hardware for physical and cognitive assis-
tance can enable a flexible and semi-automated assembly in
the form of CPS, connecting the digital-modeled assembly
process with the assembly station hardware in the real world.
An example is shown in Fig. 5a, in which a cobot (physi-
cal assistance) is combined with a laser projection system

(cognitive assistance) for the assembly of an aircraft cabin
monument. Cobots, being inherently safe to operate in a
human-robot shared workplace, can safely perform, e.g.,
pick-and-place operations for threaded inserts and attach-
ments, serving as a third hand. In addition to pick-and-place
tasks, tasks such as the precise application of adhesives can
also be carried out with a cobot, which requires a high level
of repeatability. Cobots increase the flexibility of an assem-
bly station, primarily due to the intuitively online program-
ming capabilities that allow for quick re-programming to
new assembly variants. Projection-based assembly guidance
relaxes the necessity of manually estimating a component’s
position and searching for the respective assembly instruc-
tions in digital or non-digital documentation (as shown in
our example in Fig. 5b). For example, laser projectors can
display visual assembly instructions, not only components’
positions but also further instructions, directly onto the work
surface, ensuring that components are assembled correctly.
Furthermore, the commissioning of that hardware can be
supported by using models of the processes and resources
[61]. We refer the reader to [45] for further information on
flexible assembly stations and the multi-variant assembly of
aircraft interior components.

Concerning I5.0 technologies, examples in the literature
show the use of individualized human—machine interaction
technology but with a different focus than 5.0 suggests. So
far, the objective of the approaches described above is to
increase productivity to meet the growing demand for pas-
senger aircraft. However, using semi-automated assembly
systems can also be looked at from a human-centric perspec-
tive, improving ergonomics by reducing repetitive tasks and
supporting unskilled workers when working on unfamiliar
tasks. Furthermore, the model-based commission allows
for the quick reconfiguration of existing resources to new
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Fig.6 a Workstation for multi-variant assembly processes in aircraft interior production; b Azure Kinect depth image and skeleton reconstruc-

tion [62]

products, which can result in more resilient production.
Customization, in this case, is not only customer-driven but
also a result of continuously changing product design, result-
ing in more lightweight construction to reduce the aviation
industry’s environmental impact by lowering fuel consump-
tion. This can be met with flexible, hybrid assembly systems,
adding economic value and enabling more ecological pro-
duction with human-centric technologies.

5.5 Human Action Recognition (HAR)-based
progress detection in manual assembly

Based on the use case described in the previous section, the
flexible assembly of aircraft interior components and the
investigation of manual assembly processes for multi-variant
products are important 14.0 considerations. By introducing
HRC [62], it is possible to increase both efficiency and flex-
ibility within these processes. HRC embodies the synergy
between human workers and robotic systems in a shared
operational environment. Central to this collaboration is
the cultivation of mutual awareness—a dynamic interplay
where humans and robots understand each other’s capa-
bilities, intentions, and actions. Humans gain insight into
the robot’s real-time status, intentions, and potential areas
of assistance. Machines can decipher human movements,
expressions, and verbal cues through advanced sensors
and communication interfaces, allowing them to anticipate
and respond to human needs more effectively [63]. HAR
methods can establish such a communication channel from
the human to the machine through movement tracking, in
contrast to, e.g., performing gestures to confirm completed
process steps, which are non-value-adding activities [62].
One core component of HAR is a sensor capable of perceiv-
ing humans in the process. Figure 6 depicts a HAR-ready
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workbench to assemble aircraft interior components (as
described in the previous section). It is equipped with an
Azure Kinect camera that outputs not only 2D-RGB images
but also depth data. The Azure Kinect directly outputs skel-
eton reconstructions in a connected graph, in which nodes
represent a human’s joints. This graph can then be used to
estimate actions over time and be mapped to the respective
modeled assembly process. In a fixed-positioned assembly
station, one camera can be sufficient, as shown in Fig. 6,
compared to larger assembly stations, which can demand
a set of cameras to cover the overall human working space.
We refer the reader to [62, 63] for further information on
the technical concepts behind the HAR-ready workbench.
Motivated by I4.0 key contents, the aforementioned
human—machine interaction technology, HAR, can be used
to detect the assembly progress non-invasively, which con-
stitutes an important contribution towards the goals of 15.0.
The heightened mutual awareness fosters a safer and more
productive collaboration, where each participant’s strengths
are leveraged to optimize task execution, problem-solving,
and overall operational efficiency. Thus, we assign this par-
ticularly to the I5.0 idea of "human-centric.” It enables a
non-invasive process observation, which does not distract
the worker’s flow and can integrate the human into a digital
process twin. As a result, HAR is an enabler for individual
configurations of the workplace and robot programs, which
includes exploiting human-individual process flexibilities to
adapt to different skill levels and preferences. Furthermore,
optical assembly tracking and HAR can be used to moni-
tor ergonomics and increase operational safety, especially
in collaboration with robots. That is attributable to the key-
word "human-centric’ or, if the worker’s labor is considered
a resource, also to the context of ’sustainability’. Since the
developed HAR system is subject and process-independent,
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a possible adaptation to lot size one production enables pro-
ductivity despite frequent changes in the product. Combined
with the ability to adapt to different skill levels of workers,
we can estimate that this will increase system resilience.

In the transformation from 14.0 to 15.0, HAR methods
can make an important contribution to human-centric solu-
tions and human—machine interaction, which interconnect
and combine the strengths of humans and machines. Inte-
grating the worker into a digital process twin is a prerequi-
site to addressing the worker’s strengths, weaknesses, and
other needs to develop a safe, inclusive process shifted to
human-centricity.

5.6 In-progress monitoring systems

As already outlined in previous use cases, assembly pro-
cesses in aircraft production are characterized by manual
operations on a smaller to a larger scale. This is mainly due
to the fact that aircraft assembly is defined by a multitude
of time-parallel tasks in a large environment, multiple vari-
ants, and often difficult accessibility. These boundaries favor
human capabilities; therefore, value-added work is often
exclusively human-centric within aircraft assembly pro-
cesses. However, this combination of human involvement
within multiple, time-parallel assembly processes leads to
a lack of transparency on the shopfloor and a lack of infor-
mation feedback to the production control. As a result, in
addition to the actual assembly processes, the employees
usually also perform the task of feeding back information to
the production control system, which leads to an immense
expenditure of time, continuous distraction, and a growing
potential for errors [64].

Optical sensor data can capture actions on the shop floor
and digitalize processes that serve automated in-progress
monitoring. The humans can then fully focus on their actual
value-adding work. Meanwhile, continuous information
flow and the empowerment of production control to react to
deviations from the target state at an early stage are secured
[65]. Progress monitoring relieves employees from time-
consuming and recurring evaluation and data transmission
tasks and reduces susceptibility to errors. The collected data
can be compared with component and assembly models,
process-relevant information, and deviations from the target
state can be extracted. We reach a form of human—machine
interaction when information derived from the actions on
the shopfloor influences the process again through produc-
tion control.

However, the implementation of an optical sensor sys-
tem is a complex and time-consuming task [66], especially
within the application of a large-scale assembly with its
multiple parts and actors. In addition, once a system is con-
figured, it rarely allows any adaptations to meet product or
process changes. Current approaches [67], therefore, model

the sensor system in combination with the respective pro-
duction environment, its parts, and human actions in order
to simulate and optimize the sensor data beforehand. The
advantages are that the sensors’ viewing areas can efficiently
be designed to cover multiple tasks, improve the quality of
the collected data, and flexibly simulate any modifications
based on the model before applying them to the produc-
tion system. Moreover, simulation allows the design of the
system to avoid any interference of any human action or to
reduce unintentional recording of human movements. The
opportunity to flexibly simulate any change of product or
process and to quickly adapt the system’s configuration can
also increase the resilience of the entire system.

5.7 Customizable assistance for manual inspections

Similar to assembly processes, many inspection processes
on aircraft components within manufacturing are also char-
acterized by a high manual work share [68]. Typical qual-
ity features, e.g., for aircraft cabin elements, which have to
be checked manually, are geometrical characteristics like
steps and gaps or surface finishes [69]. In addition to the
barriers to automation, such as the size of the components
or small lot sizes, the knowledge for identifying and clas-
sifying defects, e.g., for visual inspections or for carrying
out processes with specific test equipment, is dependent on
the knowledge of the human expert [70]. That means the
employees performing the work on the shop floor cannot
be easily replaced. It is therefore important to assist them in
their work, not only to make the process efficient but also to
make experts feel as comfortable as possible in their work,
counteract fluctuations of skilled employees, and to keep
knowledge within the company. Although there are a few
isolated approaches in the literature for the support of pro-
cesses within the production of large components, such as
fault management in shipbuilding [71], inspection [72], or
assembly [73, 74] of large components, there is a lack of cus-
tomizable assistance solutions motivated by the well-being
of the worker in this environment.

Technologies that have been incorporated in these use
cases are, e.g., mobile devices with capabilities of AR
features and projection systems (light [75], laser [76], or
video[77]), which are able to cover large work areas. How-
ever, these solutions have in common that they are strongly
driven by the process to be supported and are less oriented
to the needs and preferences of the worker on the shop floor.
In the context of I5.0’s targeted human-centeredness through
human-centric solutions and human—machine interaction
technologies, it will be necessary to adapt these technolo-
gies even more to the individual to be supported [78]. For
example, this can be realized by combining several technolo-
gies or by adaptively switching individual assistance func-
tionalities on or off based on the user’s current needs. These
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Fig. 7 Customizable assistance systems for manual inspections

needs can be identified, e.g., based on the current demand
for assistance functions (e.g., based on vital signs, such as
fatigue or alertness) or simply on personal preferences [79]
(see Fig. 7).

The strongly focused human-centeredness of 15.0 and,
thus, the related improvement of working conditions will
be driven even more strongly in future by a bottom-up
approach, whereby the actual needs of people will take
center stage since many assistance technologies have already
reached a satisfactory technical maturity for specific applica-
tions within the framework of 14.0. An even better alignment
of the available technologies with the people using them
offers the opportunity to improve the working conditions of
employees in the long term and to make the best possible
use of their expertise and process knowledge. At the same
time, the proven mechanisms of assistance systems, such as
shortening learning times and reducing error rates, will be
refined through feedback from users. In the aviation industry,
which is characterized by a high demand for skilled work-
ers, this will indirectly contribute to a higher resilience of
manual processes.

6 Intralogistics

With up to 60% of all A320 components supplied by
12000 suppliers [80], the aircraft manufacturing and
MRO business is highly dependent on reliable supply
chain and logistics processes. In the following sections,
we focus on intralogistics, which deals with the organiza-
tion, execution, and optimization of the flow of resources
within a specific location, such as a warehouse, distribu-
tion center, or manufacturing facility [81]. In the case of
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aircraft production and MRO, manufacturing facilities
span multiple buildings and aircraft hangars. That is why
intralogistics processes also extend across a large number
of buildings and huge factory sites. Despite various 14.0
efforts to automate these intralogistics processes here and
reduce the need for human labor, production and MRO
supplying logistics are still largely carried out manually
nowadays [82]. With challenges such as a variant-rich
product spectrum [40], highly complex assembly scenar-
ios [65, 67], and a wide variety of delivery points, future
developments are unlikely to alleviate the need for human-
based intralogistics processes. Therefore, and with addi-
tional challenges such as demographic change and labor
shortages in mind, adapting intralogistics processes offers
a unique opportunity to align with I5.0 principles. Figure 8
depicts an overview of the supply chain from suppliers to
assembly. We have marked the use cases presented in the
next sections accordingly.

6.1 Lean and flexible material supply

The delivery and supply of materials at the production site
are often facilitated through specialized material deliv-
ery load carriers that contain the assembly-specific num-
ber of parts. Until arrival at the Point of Delivery (PoD),
a lot of manual commissioning, buffering, and forwarding
steps using designated hangar areas are usually required. A
streamlined material flow with an increased level of automa-
tion in such buffer zones, the introduction of small, modu-
lar, and transportable buffers, and direct delivery routing
are beneficial for achieving a more sustainable and resilient
delivery chain.
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Fig.8 Overview of the supply chain from suppliers to assembly and the intralogistics use cases (Sects. 6.1, 6.2, and 6.3) selected from it

Introducing semi-automation in buffer zones will allow
robotized material commissioning and packing. A large
portion of the material can be handled by robots so that
humans can focus on parts that require special attention and
handling, which results in a more human-assistive or human-
centric solution that combines the strengths of humans and
machines. The installation of IoT sensors along the delivery
chain and the utilization of data-driven algorithms and Al
to detect anomalies, as well as modern Warehouse Manage-
ment Systems (WMS), which are capable of planning the
next material picks, inventory placement, delivery routes,
and estimating future material demand, makes it easier to
adapt to disruptions and identify alternative routes quickly.

Challenges in semi-automated buffer zones include inte-
grating human—machine interactions without disruption or
disorder and gaining employee acceptance of automation.
However, it enhances productivity by automating repetitive
and simple tasks, enabling workers to focus on higher-value
activities, reducing physical strain, and improving satisfac-
tion on the job. Further, developing and implementing port-
able material buffers realized as dark storage systems out-
side the production facilities allow for achieving increased
sustainability due to reduced space requirements within the
buildings, less heating and climatization demands, and can
help reduce transport distances and minimize commission-
ing and material-preparation processes. However, a com-
bination of IoT sensor data, a WMS, and semi-automated
material handling and delivery is a step forward towards a
responsive and resilient on-site delivery chain.

6.2 Avoiding process disruptions through smart
load carriers

Despite the desire to become more and more productive,
workers have to perform many non-value-adding tasks in the
logistics process chain. Trends in Big Data and 14.0 lead to a
necessity to capture and acquire as much data from manual
processes as possible. In many cases, this results in an influx
of (process-disrupting) data inputs that are to be performed
by workers. On the other hand, components often have to
be searched for in this application environment, as it is diffi-
cult to keep track of all components in chaotic environments
with complex process chains and large assembly areas. Such
unnecessary activities can lead to workforce frustration but
can be avoided by introducing human-centric technologies.

Many 14.0 technologies need to be combined with tech-
nologies that are more associated with I5.0. Alternatively,
they need to be rethought with human-centric values at their
core. This involves taking familiar (technology-driven) con-
cepts, e.g., the intelligent load carrier [83-86], and rethink-
ing them in an I5.0 context. There is a wealth of technolo-
gies that can be reimagined as human-centric technologies.
Simple human—machine interfaces, such as a pick-by-light
system, as a basis for human—machine interaction, have the
potential to connect the digital world with manual processes
in a subtle and non-disruptive way. Pick-by-light systems
enable individualized assistance to nudge [83, 87] the
worker to the respective materials. Digitally knowing which
component has to be highlighted within the correct context
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and towards the correct worker requires a comprehensive
capture of the environment and continuous tracking of the
production process. In turn, comprehensive and real time-
based DTs of the process [6] serve as the backbone for such
systems, while Al-based visual applications may generate
the necessary process updates [88, 89].

Despite the human-centered approach to this technology,
human-centredness is a significant hurdle in deployment.
Factors such as individual data privacy, unwillingness to be
continuously tracked, mistrust of technology, and lack of
confidence in reliability - especially for Al-based systems
- are challenges yet to overcome. Increasing such systems’
pure Technology Readiness Level (TRL) can be associated
with 14.0 aims, whereas I5.0 developments should increase
the soft compatibility level with humans. Isolated technol-
ogy developments cannot address these issues, but they have
to be envisioned in a greater scope.

6.3 Human-centric material delivery and handover

As already indicated in the first use case (see Sect. 6.1), cur-
rent delivery concepts for assembly stations often rely on
designated PoDs using shelves and boxes for small materials
[82] and specialized load carriers for bigger components
and pipes. During assembly, an employee picks the material
needed for the next assembly step from that PoD and collects
the required tools.

Specialized cobot systems for HRC combined with DTs
and simulations that reflect the current assembly progress
can hand over tools and materials directly to the employee
when required [85, 90]. Besides, as some of the assem-
blies require the technicians to work in non-ergonomic and
uncomfortable positions, a demand-driven robot-to-hand
material and tool delivery—an example of human—machine
interaction—can significantly offer support and comfort.
Such systems can then also support the lifting and handling
of heavy materials.

With support in challenging assembly positions, e.g.,
over-head assembly, the technician can be relieved from the
material collection and handling, allowing them to focus
on tasks that require his full attention, creativity, problem-
solving competency, and decision-making. Additionally,
the time spent in uncomfortable positions is reduced. The
introduction of HRC allows the handing over of repetitive
and physically demanding tasks to robotics systems and fos-
ters a better partnership between humans and robots. Such
a human-centric working environment can help increase
worker safety, well-being, and satisfaction. A significant
challenge is developing and designing such a system, as
assembly for a variant-rich product is complex and difficult
to assess in its entirety. Additionally, DT models and simula-
tions, which were especially motivated by 14.0, need to be
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adapted to not only reflect the product and its environment
but also focus on the workers’ current actions and demands.

7 MRO

MRO encompasses a comprehensive set of procedures to
ensure an aircraft’s continued airworthiness and opera-
tional readiness throughout its life. This complex field
encompasses the essential tasks of maintaining, repairing,
and overhauling to keep the aircraft systematically safe and
dependable.

Scheduled maintenance activities ensure compliance with
safety regulations and manufacturer’s requirements. The
activities are separated into different hierarchy levels—the
so-called Checks, in which timeframes are influenced by
initial operation, flight hours/cycles, number of take-offs
and landings (flight cycles), and the operating area. Repair
involves reacting to any identified damage or malfunctions
recognized during inspections. These activities can range
from minor fixes or the replacement of components to the
substantial structural repairs necessitated by, e.g., bird
strikes. Overhaul includes all measures to bring all compo-
nents of a (sub-)system back to its initial condition. During
this activity, various aircraft components, e.g., the complete
cabin, are disassembled, rigorously inspected for signs of
wear and tear, repaired as needed, and, if necessary, replaced
to ensure the aircraft’s reliability and safety. Improvement
and advancements are, however, introduced during retrofit
[S].

The use cases in the next sections include examples tar-
geting 15.0 ideas and concepts in composite structure repair,
landing gear MRO, Nondestructive Testing (NDT), and
repairing / overhauling / repurposing cabin interiors.

7.1 Virtual Reality (VR)-assisted inspection using
scanning data

Inspection of components is an integral part of the MRO pro-
cess. Aircraft parts are inspected on a regular basis following
inspection schedules and guidelines defined by the aircraft
manufacturer to find defects and initiate the appropriate
repair. Since defects are often safety-critical, the inspection
has to be detailed and thorough. Of special importance is
the detection of cracks in the aircraft structure as well as
many of the aircraft’s components, like engine parts. Typical
processes for the detection of cracks are visual inspection
or manual Fluorescent Penetrant Inspection (FPI). These
manual inspection processes are often times unergonomic,
especially when conducted in restricted areas, provide health
risks due to chemicals and UV light (FPI), or are generally
tiring and repetitive. A solution to counteract these prob-
lems and humanize the process is the usage of automated
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Fig.9 a VR inspection of (a)
combustion chamber; b Typical
defect [46]

inspection systems using scanning technology. One example
of such a system is the automated crack detection system
for combustion chambers of aircraft engines developed by
[91]. The system uses robot-guided White Light Interfer-
ometry (WLI) to generate high-resolution 3D scans of the
component surface. The resulting high-density point clouds
are then automatically analyzed to find and classify cracks.
However, to safely detect all cracks, the algorithms are set
up sensitively, generating a significant amount of false posi-
tive test results, e.g., scratches on the component surface.
In order to sort out the false positive results and meet the
certification requirements, a manual review of the automated
test result is needed.

In order to keep the benefits regarding ergonomics,
health, and safety of the automated inspection, the assess-
ment can be conducted based on the digital representation
of the part—the scan—instead of the real part. Various
studies have demonstrated higher processing speeds and
lower error rates for the judgment of spatial data by the use
of VR [92-94], which is a technology for individualized
human—machine interaction. Therefore, a VR-based inspec-
tion system, providing an immersive virtual environment for
the assessment of scanning data (see Fig. 9), was developed
[46].

Following the concept of 15.0, the system combines
the strengths of humans and machines, contributing to
the humanization of the inspection process and keeping
the experienced staff as the final decisive and responsible
authority in the process. The tracked VR controllers allow
natural interaction with the virtual representation of the
object by hand movement. The object can be intuitively posi-
tioned and scaled to the operator’s needs without the physi-
cal limitations (e.g., size and weight) of the real part. The
stereoscopic visualization of the data enables the perception
of depth as well as improved spatial awareness compared
to traditional data visualization on flat screens. Due to the
detachment from the real part, the assessment can be con-
ducted by an expert independent from his working location

without the ergonomic limitations of the conventional pro-
cess, contributing to the resilience and sustainability of the
process by removing the need to bring the aircraft and the
expert to the same location.

7.2 Assisted repair of composite structures

During the lifecycle of an aircraft, damages to the structure
occur, e.g., due to lightning strikes or tools dropped during
maintenance. Additionally, aircraft structures are subjected
to environmental conditions such as temperature fluctuations
and cyclic loads that can result in material defects [95, 96].
While metal structures are usually repaired using doublers
fastened by rivets, this method is not very appropriate for
structural components made of Carbon Fiber-Reinforced
Polymers (CFRP). A method better suitable for CFRP is
the use of adhesively bonded scarf joints. For this, a funnel-
shaped contour has to be removed from the material so that a
patch made from CFRP can be bonded to the structural com-
ponent. Due to the highly individual defects, the removal of
the material is usually done by manual grinding, where one
main challenge is to transfer the planned target geometry to
the actual component. That process is very time-consuming
and costly and can only be achieved by highly skilled and
trained mechanics [97].

In order to facilitate the production of the scarf, reduce
the time factor, and increase repeatability, a physical assis-
tance system can aid the mechanic. An example of such a
physical assistance system is depicted in Fig. 10a. It is a
semi-automated milling system composed of an automated
axis that controls the infeed of a milling tool and two fur-
ther axes perpendicular to the infeed that can be moved
manually. The infeed axis reacts to the manual motion
and controls the infeed such that a scarf is milled accord-
ing to a previously specified geometry [98]. The system
can be mounted onto a surface through suction cups, even
on a curved aircraft fuselage (s. Figure 10b). This kind of
system supports the concept of 5.0 mainly in terms of
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Fig. 10 a Physical assistance system for the repair of composite structures; b Usage on an aircraft fuselage

human-centricity by combining the human’s strengths (e.g.,
flexibility and the ability to react to unforeseen incidents)
and the machine (e.g., high accuracy and repeatability)
through a human—machine interaction.

The use of an assistance system mainly supports human-
centricity as it relieves the mechanic from time-consuming
and monotonous tasks. It also carries the potential to reduce
the effort for documentation by implementing automated
digital documentation based on the data recorded by the
machine. The knowledge of the machined geometry allows
for patches to be fitted exactly to the scarf. Furthermore, the
data stored in the DT can be used at later times within the
lifecycle of the aircraft, e.g., in case of another defect near
the location of the previous repair or even during recycling,
when it might be important to know the exact condition of
the component to choose a recycling strategy, thus contribut-
ing to increased sustainability. The resilience is increased by
reducing the dependence on a few specialized mechanics to
produce the desired scarf geometry.

7.3 Al-assisted inspections

In landing gear MRO, structural components are checked
visually for any defects, such as cracks or corrosion [47].
In case of corrosion, the defect has to be removed, and the
component has to be evaluated for reuse [99]. Inspections
in aircraft MRO, as already outlined in 7.1, are time-con-
suming and especially safety-critical tasks, and a variety of
technologies have been developed over the years to improve
the process.

In the case of visual inspection, imaging sensors can be
utilized, especially for difficult-to-access areas. Evaluating
incoming images by means of Al may assist the worker by
filtering unusual events (defects) for still-human evalua-
tion, reducing the inspection effort for each component and
reducing the timespan for human concentration/attention
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[100]. Al-assisted inspection enhances the human’s cog-
nitive capabilities, and since a final decision is made with
the operator, it forms a human-centric solution. Automated
defect removal by grinding with industrial robots is a com-
mon approach to increase productivity as well as protect
employees from health-endangering dust and noise. How-
ever, 100%-automation is not feasible in landing gear MRO
due to a variety of geometries or random defect locations;
the worker will likely still be needed for special cases despite
increased automation. After corrosion defect removal, the
component reusability has to be determined, which is a
safety-critical decision. The evaluation requires in-depth
component knowledge so that some employees, with their
expertise, have been considered irreplaceable, limiting over-
all resilience. Approaches using a decision tree and near-
est neighbor algorithms may be used in future to identify
similar historic repairs to support the decision. However,
the engineer will not be substituted in the near future due to
regulatory reasons, which also forms this a human-centric
solution; therefore, these approaches are about providing a
basis for decision-making.

In the context of 15.0, assisting or automating the defect
detection, removal, and component evaluation contributes
to the goal of human-centricity and resilience by releasing
the worker from tedious, time-consuming inspection and
evaluation as well as health-hazardous removal tasks, coun-
teracting the shortage of skilled workers. Also, automated
processes yield efficiency potential in terms of component
reusability, avoiding spare parts made of high-grade materi-
als, contributing to sustainable MRO. However, in addition
to technical difficulties during implementations, the applica-
tion of these technologies in industry faces regulatory hur-
dles, e.g., with regard to the reliability of the technologies
or liability.
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Fig. 11 This work’s use cases
and the related I5.0 core values
(M: Manufacturing; MRO:
Maintenance, Repair, and Over-
haul; I: Intralogistics)
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7.4 Re-pair/-furbish/-manufacture of aircraft
interior components

Throughout a commercial aircraft’s operational lifespan,
cabins are modified several times to adapt to evolving cus-
tomers’ and airlines’ requirements and needs. These adjust-
ments are primarily motivated by enhancing passenger sat-
isfaction but also increasing the airline’s revenue through
introducing, e.g., additional seat rows [101, 102]. Complete
recycling of the cabin interior is only partially possible, as
highly processed composite materials are often used here.
Focusing on the concept of the circular economy, the top-
ics of reusing, repairing, refurbishing, and remanufacturing
move into the foreground.

When deciding which of these processes suits a particu-
lar cabin component, the as-designed documentation of the
components is required on the one hand, and an as-is state
assessment, e.g., for visual defects, on the other. Already
proposed technologies, e.g., 3D scanning [101] and AR sys-
tems [103], enable operators to gather such an as-is state
inside the cabin. Alternatively, the assessment can take place
post-disassembling. A value-adding technology here can be
a system to automate assessing the component-individual
as-is state, e.g., image and Al-based anomaly detection so
that the as-is state assessment is an integral part of planning
the cabin overhaul.

The idea of digital imaging and managing the as-is state
based on as-designed and newly acquired data is subject to
current (industry) research efforts in recent years. Previously
described aims are not only increasing the planning reli-
ability but also automation of planning tasks, which entails
everything under the overarching concept of implementing a
DT that replicates the real physical object instance following

the 14.0 directive [101, 102, 104]. However, in the context of
15.0, the asset’s DT can additionally serve as an automated
assessment of cabin components’ repair, refurbishment, or
remanufacturing potentials. The industry can contribute
here by implementing circular economy practices based on
exploiting information and data from the digital to the physi-
cal instance.

8 Challenges and opportunities
8.1 Use cases summary

The use cases given in the previous sections target dif-
ferent facets of 15.0°s core values. Summarizing these, as
depicted in Fig. 11, with an effort to outline intersections,
all three values, human-centric, resilient, and sustainable,
are targeted with different extents and superimpositions.
The use cases from manufacturing (see Sects. 5.2 and
5.4-5.7) mainly contribute to the overlap between increas-
ing a system’s resilience and setting the human into the
center of the process. Flexible, adaptable human-based
production systems, as shown in the use cases, are cur-
rently subject to research. Besides technology, e.g., AR,
serving to assist a human, accelerating the ramp-up of a
process in the context of introducing novel technologies,
e.g., inspection processes for new H, systems, is a promis-
ing direction and targets sustainable values (see Sect. 5.3).
Lastly, as already discussed, AM parts reinforced with
carbon fibers can be the basis for flexible, customized,
bio-inspired parts, contributing on the one hand to saving
fuels by reducing an aircraft’s weight but also to manufac-
turing parts demand-based, saving grounding times and
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environmentally costly worldwide shipping of parts. It is
not unusual for an aircraft to be grounded for a few days,
waiting for parts manufactured on the other side of the
world. So AM can provide resilient and sustainable values
in the context of aircraft design, manufacturing, and repair.

The examples of implementing 15.0 ideas in the con-
text of valuing up intralogistics processes in the aircraft
production and MRO domain are either increasing resil-
ience through lean processes (see Sect. 6.1) or facilitating
human work through smart, connected, and uniform tech-
nologies, thereby serving the idea of placing the human’s
demands back into the center (see Sects. 6.2-6.3).

Two of the use cases in MRO processes aim to minimize
repair demands (see Sects. 7.2-7.3). A human-assisted sys-
tem allows for minimal invasive repairs by fully utilizing
expert knowledge. On the one hand, some argue that this
approach restores value to humans by not completely replac-
ing them; on the other hand, combining the universal and
generalizable skills of humans with the strength, persever-
ance, and objectivity of machinery can significantly increase
the resilience of the repair process/system. Moreover, con-
current digitalization or, at first, digitizing the object under
test allows for remote assessments, reducing environmental
travel expenses and minimizing the stress and strain of time-
consuming travel on the operator (see Sect. 7.1). Finally, the
last use case targets accelerating circular economy practices
in the aircraft industry by utilizing the idea of an always
up-to-date DT to accelerate the assessment of repairing,
refurbishing, and remanufacturing aircraft interiors. Mak-
ing such quantities more easily available resources for this
purpose will undoubtedly lower the threshold to incorporate
a circular practice on the business side as well.

In the following section, we will discuss the challenges
of enabling technologies to implement I5.0 principles in the
context of aircraft production and MRO.

8.2 Enabling technologies

Working towards the 15.0 core values of human-centricity,
sustainability, and resilience, different already existing and
future technologies enable applications. As this work already
uses a case-driven approach, multiple technologies exist,
but only a few have been proven and evaluated at a high
TRL. The next subsections will discuss individual enabling
technologies in the aircraft production domain following
the taxonomy from a workshop with European industrial
leaders (see Sect. 2.2.2). This discussion is based on the
insights gained from the use cases presented in this work
while acknowledging that additional enabling technolo-
gies may also exist outside the scope of this analysis. Out
of the six enabling technology categories (see Sect. 2.2.2),
the four categories mentioned in the next subsections are,
from our point of view, the most prominent and relevant in
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the context of aircraft production and MRO. While cyber-
secure data transmission, storage, and analysis capable of
secure data handling are certainly important topics, from
the perspective of research gaps in aircraft production and
MRO process-near applications, they are often already lived
practice. Similarly, technologies for energy efficiency and
trustworthy autonomy, while essential, are more relevant
to the product aircraft itself rather than the production and
MRO infrastructure. From our perspective, it addresses the
need for reliable autonomy in operating aircraft across the
globe, less the production and MRO infrastructure.

8.2.1 Individualized human-machine interaction

The value of human-centric production is driven by the
need to place the human into the core, into the center of a
process. Therefore, feeding input to and gathering output
from the human operator must be technologically enabled.
Additionally, focusing on the individual needs and skills of
the operator, these technologies must be able to (re-)act indi-
vidualized. Aspects such as multilingual speech and gesture
recognition capture a human’s current action or state (see
Sect. 5.5) and are considered at TRL 5-6, but as shown in
the use case, are not actually implemented in current indus-
tries. Also, tracking technologies to automatically assess
the physical strain and stress of employees are subject to
research.

On the other hand, the cognitive relief of an employee
through an assistance system, as shown in the use case
depicted in Sect. 5.7, is actively pursued in the industry.
Also, augmented, virtual, or mixed-reality systems play a
particular role since they, individually, directly enable input
and output to the human operator (see Sects. 5.2-5.3). How-
ever, the shift in paradigms during the progression from 14.0
to I5.0, namely the evolution from an efficiency-oriented
digitalization to a more considerate utilization of available
resources, poses various challenges to the employment of
AR within industrial applications. The shift holds the poten-
tial to facilitate the integration of a more diverse workforce
into industrial settings. However, it overall demands an
increased level of customization of assistance applications
(AR or other technologies), thus emphasizing the neces-
sity of extended research within the domain of industrial
assistance systems and the underlying human-machine
interaction.

The complementary to cognitive assistance is physical
assistance through mechanical actuators, e.g., in the form of
collaborative robots, which are online teachable and adapt-
able to new processes or individualized operators’ needs.
Instead of teaching a cobot, a subsequent intersection is
physically enhancing the human operator. The technology
is basically already proven in operational industrial systems,
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but the flexible and lean integration into existing processes
requires further research and development, as shown in 5.4.

8.2.2 Bio-inspired technologies and smart materials

Bio-inspired technologies in aviation are driven by opera-
tional benefits, foremost reduction of fuel consumption,
and thus heavily contribute to general sustainable aviation.
Examples are bionic-inspired frames and stringers that can
be produced through 3D printing [105]. Although recent
advantages made 3D printing for metallic components
both economically feasible and aviation safety compliable,
increasing the TRL for composite structure 3D printing (see
Sect. 5.1) can further benefit this goal. However, the effects
of such sustainability contributions can only take place for
newly produced aircraft. Due to the long lifecycle and the
high value of existing aircraft, this is a slow-paced contribu-
tion to a sustainable aviation industry.

In the meantime, e.g., the bio-inspired AeroShark [106]
technology that is retrofitted on planes offers a significant
decrease in fossil fuel burn for the current fleet. Neverthe-
less, even such technology is subjected to aircraft production
and maintenance characteristics as it requires sufficiently
extensive facilities to perform this unique and unusual
type of retrofit. Due to the novelty of this technology, no
automated application procedures are available, leading to
further manual processes that the various above-discussed
technologies can aid.

8.2.3 DTs and simulation

DTs digitally replicate a physical asset, instance-wise, to
enable applications such as simulations. For example, the
idea is to first test and simulate modifications of an existing
system in a virtual environment before introducing changes
into the real world. The implementation of a holistic DT of a
complete aircraft or an aircraft final assembly line is theoret-
ically ideal, as products and processes are often not digitally
modeled, and many different types and dynamic multi-scale
models are required. Also, focusing on incorporating the
human part, the concept of a HDT is still subject to research.
For example, to enable human-centric intralogistics, already
existing DTs and simulations need to be extended to include
the workers’ current activities, then forming an HDT to infer
their demands and, e.g., enable robot-to-hand material deliv-
ery. For such, further research in HRC is required on how to
hand over material in flexible assembly processes.

Closely related to DTs are aspects like data transmission,
storage, and analysis technologies, which are particularly
complex as a result of having to process large amounts of
data. Instead of dealing with a holistic digitally enabling
system, purpose-bound and domain-specific, data and infor-
mation can be used to replicate (sub-)systems [6]. This basis

may then serve as the enabling technology for further appli-
cations that fulfill the core values of human centricity, work-
ing, and operational safety.

8.2.4 Al

Future advances in Al have the potential to benefit many
aspects of aviation. Excluding applications such as opti-
mized flight path routing and passenger guidance, the pre-
sented use cases consider Al as a tool to support future
production aspects, including interactive and autonomous
responses of robots and assistance systems. Matching and
combining human expert knowledge with Al-based experts
has significant application potential in all inspection and
defect analysis aspects, e.g., as shown in Sect. 7.1. The
multifaceted nature of defects, combined with additional
contextual aspects such as the expected lifetime or histori-
cal failure history of the component, results in a complex
problem that cannot be solved by either a human or a tech-
nological system alone. The latter is necessary to navigate
the high dimensionality of the problem, and the former to
enable customer confidence and traceability throughout the
inspection process. Additionally, Al-based systems have the
potential to utilize the formalized knowledge of production
and product DTs, as discussed above. However, Al is only
able to optimize entire process chains if granted access to
appropriate databases.

8.3 Discussion and outlook

Since the beginning of this century, industries have faced
various societal and environmental challenges, and the
COVID-19 pandemic-related shutdowns have shaped the lat-
est most significant interruption. Among many other actions,
a governmental, EU-backed response was formulating and
standardizing a new terminology as a complement to 14.0.
The I5.0 values—human-centric, sustainable, and resil-
ient—now aim to prioritize values in the industrial sector
to influence the direction of campaigns, funding, research,
and development. The traditional objective of increasing
productivity will not succeed in winning the markets of the
future, especially in light of demographic change, and when
industries have to take full responsibility for the current and
future environmental impact of their products. To find a
common term for this, we have introduced Consideration
as an overarching I5.0 representation (see Fig. 2). I5.0 pon-
ders the various societal, environmental, and deductivating
industrial needs. In addition to the definitions given by the
EU, we encourage current research to work on an 5.0 refer-
ence architecture/framework to be able to name, measure,
and classify 15.0 added value in a standardized way, but also
to be guided in the three value directions.
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Moreover, future work could involve conducting a sys-
tematic literature review and interviews with experts to
evaluate a more extensive variety of I5.0 use cases. This
could enable a more comprehensive understanding of the
15.0 principles’ potential and allow for the development of
further recommendations in the domain and accessing tech-
nology’s TRLs, as, e.g., done in [107] in the context of 14.0.

Strictly speaking, current aircraft production and MRO
market companies are not using the 15.0 terminologies but
are already working on various aspects of the transformation
from technology-driven to value-driven concepts without
explicitly stating so. As we have outlined in the various use
cases, the aircraft industry as a whole is grappling with the
complex requirements of 15.0. However, previous research
and development topics on technologies already partially
fulfill the core values of 15.0 in various aspects, although
they may be required to be redefined or rethought in their
application. All industrial revolutions have been made pos-
sible by the development of novel technologies, as will 15.0,
but their use may differ from 14.0.

In 2011, Europe’s Flightpath 2050 introduced the notion
of serving society’s needs in addition to maintaining global
leadership [108], thus targeting an I5.0 core value of protect-
ing the environment and leading, e.g., to Airbus’ current
H,-based aviation research and development efforts. Here,
further research is needed to take new technologies and
novel applications to the next level and introduce them on
a larger scale. On the one hand, it is interesting to develop
existing approaches and technologies further, as outlined
in the use cases, especially in the intralogistics, repair,
and overhaul markets. Aircraft fleets are not replaced on a
day-to-day basis, so the overhaul and retrofitting of exist-
ing (sub-)systems must be targeted with the aim of achiev-
ing sustainable values. In this case, human-centricity and
resilience values follow this core objective. On the other
hand, disruptive changes in the product aircraft require flex-
ible, adaptable production systems capable of bringing new
technologies to market in a timely manner—ramp-ups must
be shortened. Many bright minds will be shaping the tech-
nologies of the future, and the 15.0 idea encourages them
to focus on the three core values rather than just increasing
production efficiency, which would further exacerbate con-
temporary social and environmental challenges.

In conclusion, the unique nature of aircraft production
and MRO, as well as the environmental impact associated
with the products themselves, allows for a significant poten-
tial to prioritize human well-being, reduce environmental
impact, and fortify the industry against disruptions in this
era. In the context of mostly already missed 14.0 targets and
according to the motto "now more than ever”, the aircraft
industry, in particular, is now responsible for tackling the
challenges of the current era. Therefore, it needs to take a
major step in the direction of 15.0, enforcing and working

@ Springer

on multiple enabling technologies from the 14.0 to the 15.0
context.
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