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Abstract

This paper describes a Mixed Reality (MR) framework for the Non-destructive Evaluation (NDE) of aircraft struc-
tures supplementing maintainer Dent and Buckle Chart procedures. The motivation for this research lies in
the question of how MR can be used to reduce labour-intensive inspections and supplement aircraft condition-
based maintenance. Results demonstrate that state-of-the-art laser scanning can improve manual assessment
of dent damage and processes can be automated, helping reduce inspection time and increase accuracy in
locating and evaluating damage as well as reduce decision-making time in operations. This paper includes
alignment with stakeholder requirements and maintenance procedures to ensure end-user acceptability of MR
through verification. Additionally, verification and validation trials have been performed at an Maintenance,
Repair and Overhaul (MRO) organizations for an end-to-end evaluation of the NDE framework. This adds qual-
itative and quantitative results enabling a comparison of the existing procedure using Dent & Buckle Charts
and the proposed MR-NDE process for time, accuracy and resourcing improvements to aircraft sustainment and
operations.
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1. Introduction
Conventional NDE approach for damage in a metallic structure subject to impact is stipulated in the
procedure for aircraft Dent and Buckle Charts. The approved Structural Repair Manual (SRM) has
an extensive description for assessment of dent damage and how it should be documented. This
procedure can be time-consuming, labour-intensive and lack accuracy in the localisation and mea-
surement of dent damage. In recent years, new advanced approaches to dent damage assessment
for aircraft have progressed using structured light scanners with good success at a local level, e.g.
8Tree dentCheck1. However, their output lacks global (whole of aircraft) localisation. While localisa-
tion across the aircraft through a Digital Twin (DT) [1] concept has been explored [2], also relative to
damage and proximity to stiffened structures in [3]. Such capabilities are in commercial development,
however in a manual step process, for example by company AerinX2 and dent & buckle3, Airbus is
trialling a digital approach to the SRM in the form of a mobile or tablet device application named Airbus
for Mechanics [4]. This approach includes a questionnaire to documenting damage at the point of
occurrence to triage and organise the maintenance organisation, however it is still a labour-intensive
process.

Mixed Reality (MR) has proven to be a beneficial technology that can support implementation of
aircraft proactive condition-based maintenance by more effectively delivering maintenance data to

1https://www.8-tree.com/
2https://aerinx.com/
3https://www.dentandbuckle.com/
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the end-user [5]. MR can supplement better comprehension of complex tasks and enhance in-situ
decision-making for maintenance practitioners [6, 7]. Devices, such as Tablets (e.g., Apple iPad) and
Head-Mounted Displays (e.g., Microsoft HoloLens II) allow interactive digital content to be augmented
or overlaid onto real world objects mixing with a person’s spatial environment [8, 9, 10]. MR offers a
step change in NDE, an additional tool augmenting the end-user’s visual maintenance practice, and
digitising information for real-time remote collaboration where skilled labour is limited, while removing
the paper-based approaches. This can greatly improve maintenance tasks [11, 12]. This is the rea-
son for incorporating MR in the Dent & Buckle charts process. The capability for NDE using DT models,
at an individual aircraft level [13] can be rapidly provided to the end-user with in-situ visualization of
damage [14], which will help in the Dent & Buckle General Visual Inspections (GVI) processes. Fur-
thermore, the acquired data for damage visualization happens during maintenance activities. In order
to improve efficiency, laser scanning system are currently developed [15], [16]. Yet, the information
on requirements on laser-scanning solutions is limited. Different studies focus on comparison of 3d
laser scans for the use at aircraft structure, [17], [18]. They are limited to hand-hold solutions and fo-
cusing on accuracy and precision aspects, only. In order to approach a global and efficient inspection
of an aircraft, scalability and process requirements for implementation solutions are still open.

1.1 Research Questions
The focus and application for this research is in the context of digitalisation and process improvement
of the Dent and Buckle SRM procedures common to aircraft operations and sustainment programs.
The framework is yet to be developed for proactive condition-based maintenance to be coupled with
MR to deliver structural anomaly data to end-users. This would enable non-destructive inspections
on an individual aircraft level and supplement decision support in operations [19]. This leads to the
following research question to be answered:

• How can aircraft data be integrated with aircraft structural integrity programs and be deployed to
an end-user via Mixed Reality for non-destructive evaluation and assist in proactive condition-
based maintenance?

To tackle this research question, the goal is to deliver a framework for maintainers that is capable of
being used in non-destructive inspections and integrated into procedures used in structural integrity
programs. This requires access to aircraft test models, DT structures (models and datasets) and
maintenance technician requirements. The overall objective is to test the technological feasibility and
economic sustainability of the proposed framework. The following sub-questions are supporting this
analysis:

• What kind of scanning technology is suitable for the characterization of dents?

• What is a suitable MR experience for maintainers during this process?

• What are the benefits of the proposed new process?

The paper is structured in the following sequence. Firstly, the following study elaborates the relevant
work, focusing on the industrial relevance for an efficient dent and buckle inspection and the needs
stated by airworthiness requirements. Secondly, we propose the innovative loCalize vIsualize docu-
meNt deNt And Buckle chARts (CINNABAR) workflow, describing the applied individual technologies
such as data acquisition and visualization to support NDE diagnostics. Thirdly, the results present
preliminary proof-of-concepts and the visualization applications are then tested under realistic con-
ditions at the facilities of a commercial MRO organization. Fourthly, the discussion elaborates the
strength and weakness of the developments.This paper closes with the conclusions and an outlook.

This paper is part of the CINNABAR project. It introduces the novel framework and analyses the poten-
tial, while [20] explains the development of the human-machine interface as well as the visualizations.
Lastly, paper [21] prepares and analyses the industrial trial study and [22] examines the benefits for
MRO business processes.
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(a) (b)

Figure 1 – Based on work by [23], damages of the fuselage are the highest mentioned incidents as
illustrated in Figure 1a. The impact of the SRM is indicated by the big font size which equals the

overall number of occurrences, represented in the word cloud in Figure 1b.

2. Relevant Work
2.1 Motivation for Improved Dent and Buckle Inspection
First traces on relevant use-cases are derived from the analysis of the service difficulties report pre-
pared by [23]. Aviation regulations require companies to report any operational or structural problems
they encounter [24, 25]. The Federal Aviation Administration (FAA) collects these reports in a public
database called Service Difficulties Report System (SDRS) 4. This database includes the following
information along with the report itself, which is in free text including the information of the location
of the finding. In total, 59,656 reports about the Airbus A320 family from January 2016 to June
2023 are examined. According to 70% of the reports, the problem was found during "Inspection /
Maintenance," which could range from a quick check to a major overhaul.

As shown in Figure 1, the findings are categorised according to their respective ATA-chapter. The
details of the free text for the fuselage in Figure 1b is illustrated by the word cloud. The font size
indicates the frequency of the mentioned word. Apparently, most incidents are mentioned on the
floor panel as well as on the frame. The SRM is mentioned as it is the relevant reference for handling
and repair of these damages. For the following analysis, the damage category "dent" is considered,
only. It is described as follows: "A dent is a damaged area which is pushed in, with respect to its
usual contour. There is no cross-sectional area change in the material, area edges are smooth." .

In order to enable new measuring technology and improve their operational efficiency, current inspec-
tion tasks are considered and are questioned. The associated inspection tasks [26] for the described
use-case in Section 4.of an A320 are covered by the Maintenance Planning Document (MPD) tasks
532165-01-3 for fuselage at frame 24 through frame 35. The inspection frequency must not exceed
4300 flight cycles or 8600 flight hours. The duration of the inspection tasks is estimated to be 2.16 h
[27].

This includes the scheduled maintenance, but excludes the unscheduled maintenance which con-
siders the non-routine arising, inspection by demand due to wear, atypical usage, foreign object
debris (FOD) or other natural weather events e.g., hailing. As theses occur unpredictably and to over-
come time constraints, an efficient inspection is desired.

4https://sdrs.faa.gov/ accessed on 25/10/2023
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3. Materials and Methods
The project name CINNABAR is derived from the concept of localising, visualising and documenting
dent and buckle chart. In this research a dent is characterised as a damaged area, where the
nominal surface area or contour is pushed inwards, to the extent that there is no cross-sectional
area change in the material and area edges are smooth. In Section 3.1the state-of-the art dent and
buckle inspection process is explained as well its improvement by the CINNABAR work frame. Different
scanning technologies are compared in Section 3.2. In Section 3.3, the mixed reality software and
hardware used are explained, as well as a more in-depth description of the development of the MR-
NDE process and underlying workflow.

3.1 CINNABAR Workflow
The framework steps are summarised in the flow chart shown in Figure 2, illustrating how digitali-
sation and MR supplement the preliminary assessment of damage to the point where a maintainer
makes a decision based on the scans. The process is started either by a scheduled event such
as an MPD task or by an unscheduled event, e.g., due to an undesired impact by Ground Support
Equipment (GSE). A Pilot Report (PIREP) or a Maintenance Report (MAREP) starts the documentation
process and triggers an evaluation of the found damage.

Three different damages categories exist - permanent (Repair Cat A), permanent allowable damage
with operating limits (Repair Cat B), temporary allowable damage (Repair Cat C). SRM first classifies
a dent by its dimensional characteristics, namely length, width (W) and depth (D). Apart from other
properties, like the type of material and the position with respect to certain aircraft parts or other dents,
the measures of width and width/depth (W/D) ratio are the only dimensional ones used to classify the
damage as allowable, also referred to as Allowable Damage Limits (ADL) or not allowable, the latter
meaning that a repair is needed, immediately or within a certain number of cycles (if some conditions
are met). This information is then reported in the dent and buckle chart. Often a representation of the
damage is sent to the aircraft manufacturer, who provides detailed instructions about how to conduct
the repair [28, 29].

In order to accelerate the process, we propose a scanning technology which performs a detailed 3D
scan, followed by a localisation of the damage and finally, assessment of the damage. The decision
on how to proceed is based on the current, Standard Operating Procedure (SOP) classification . In
order to clarify the decision processes, we propose a mixed reality category which represent a new
step towards mixed reality and differentiates from existing decision processes. With the completion
of maintenance tasks, a Certificate Return to Service (CRS) is issued.

3.2 Detailed 3D Scan
The CINNABAR proof-of-concept was developed in a laboratory environment utilising a static Boe-
ing B737 left wing section cut-out, a controlled setting for results verification and validation purposes
[11, 30, 31, 32], Figure 3 illustrates the relevant results. Scans were performed of the entire structure,
before a dent was created in the surface and again scanned to produce the dataset for analysis. In
order to create a dent for evaluation a form of drop testing [30, 31] was performed on a static rep-
resentative aircraft wing structure, consisting of 4-6 mm thick painted aluminium alloy with stiffened
regions, as opposed to a Bare Metal Inspection (BMI) . It should be noted that the procedure for
creation of dents is outside of the scope of this paper and the inclusion is for the readers context
only, while the authors are more focused on the assessment of damage that has occurred, which can
include tool drops, bird-strike, foreign object debris FOD, adverse weather, etc. [32].

Various 3D scanners were used during the project, the different methods and advantages of which
are described here. Terrestrial laser scanners are suitable for rapid recording of large objects or ar-
eas, such as an entire aircraft fuselage. These are usually operated on a tripod and capture the entire
space around the scanner in a 360° panoramic image in just a few minutes, whereby the image is
only limited by the device itself. The distance between the laser scanner itself and the surface of the
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Figure 2 – CINNABAR Workflow

measurement object is determined using a time-of-flight method [33]. In order to capture the mea-
surement objects in their entirety, the scanner must be moved with its tripod around the object. For
this project, the RTC360 from Leica Geosystems is used, as shown in Figure 5 (c). This system uses
a visual inertial system to register the recordings of the individual positions, which enables real-time
tracking of the scanner movements between the recording positions. By using color sensors, RGB
color texture values can be added to the individual measurement points [34]. The result is a 3D point
cloud that represents the object in the digital space. The accuracy of this system is limited, among
other things, by the diameter of the laser beam and is specified by the manufacturer for the RTC360
as 1.9 mm for the RTC360 at a measuring distance of 10 m [34].

One 3D scanning method that offers greater accuracy is the structured-light method. Such a sensor
consists of a projector and one or two cameras. The projector projects a pattern, often a striped
pattern, onto the surface of the object to be measured. The pattern is distorted by the curvature of
the surface. This distorted pattern is detected by the camera sensors and the distance between the
sensor and the surface is determined using triangulation in order to reproduce the three-dimensional
shape. This method is characterized by its high resolution and high accuracy [35]. However, it
can be very time-consuming for large measurement objects. This method can be used with various
systems. In addition to smaller, hand-held systems, there are also larger systems that are operated
on tripods. For the evaluation of the dents in this project, the Artec EVA from Artec 3D [36] and the
Artec Space Spider [37] as a hand-held scanner and an ATOS Compact Scan from Carl Zeiss GOM
Metrology GmbH [38] as a larger system are used, which is shown in Figure 3. Both devices record a
measuring field defined by the systems with a single image and must be moved for larger surfaces to
be recorded. As already mentioned, this method has a higher accuracy, although this is slightly lower
for hand-held systems. According to the manufacturer, the accuracy for the Artec Eva system and the
Artec Space Spider are up to 0.1 mm and for the ATOS Compact Scan System up to 0.01 mm, which
provides a significantly better digital image of the dents on the aircraft. The results are triangulated
surface meshes where the original object is described by a finite number of surface points, which are
connected by lines to form triangular surfaces.
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(a) (b)

(c) (d)

Figure 3 – New impact damage on Boeing B737 Wing Section; (a) showing structure light scanning
process with reference points on structure and blue light indicating capture area; (b) Dent manually

measured using vernier calliper; (c) CloudCompare assessment of dent; (d) Artec Studio 17
Professional dent assessment
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3.3 Mixed Reality Damage Assessment
Detailed description in terms of software development of the Augmented Reality (AR) application
are analyzed in [20]. The MR application experience guides the end-user through the dent damage
assessment process. The dent is measured by intuitively drawing a virtual outline along the shape
boundaries using end-users preferred index finger (see Figure 4 (a)). The created shape provides
information about the dent dimensions in terms of length and width. As depicted in Figure 4 (b),
distances to relevant regions of the structure are calculated, from the dent to the two nearest stiffened
parts, either a stringer, rib or frame. With sufficient alignment of the real aircraft with its DT, the
position can be calculated and stored. Known dents must be relocated for monitoring purposes and
thus a DT can help in the dent searching and the distinguishing process. The preliminary MR damage
assessment is performed by combining localisation and measurement procedures. The combination
of both position and shape helps in identifying the allowable limits. With the knowledge of the dent
limits, the application can support end-users in decision-making. The image can be enriched with
meta data, such as dent location and size. In an “offline” inspection process, the created report can
be checked and the dent can be evaluated with high precision scanners to create a detailed 3D scan
see Figure 4 (c). If end-users find new dents or identify changes in known dents, they can take a
picture of the current aircraft section to create a report of the currently inspected dent and its virtually
attached drawings Figure 4 (d). Data verification and decision-making can be supported with virtual
interaction techniques to reflect decision results back to the DTs database. The functionality to touch
and draw virtual shapes on a real surface.

4. Results
4.1 Scanning Technology - Laboratory Results
As shown in Table 1, the preliminary results for the different technologies are compared for the same
dent as shown in Figure 3.

Table 1 – Comparison of technology application for Dent and Buckle Assessment: For fast localization
and independent and asynchronous measurement only

Technology Measurements (N=3) Time Accuracy Resources
Type Length (mm) Width (mm) Depth (mm) W/D (qualitative) (qualitative) (qualitative)

0. Manual 39.37 33.93 1.03 34 Control Variable Moderate
1. Hand-held Scanner 38.41 34.65 1.10 32 Fast Moderate Moderate
2. Laser Scanner 36.39 32.14 1.36 24 Fast High Moderate
3. Fixed-Structured Light Scanner 51.65 44.94 1.66 27 Slow High High
4. HoloLens 169.7 137.1 N/A N/A Fast Low Low

4.2 Scanning Technology - Airbus A320 Case Study
After the first feasibility studies inside the lab, the next objective is to test the developed equipment
under realistic conditions. The CINNABAR proof-of-concept framework was verified on the Airbus
A320 D-Advanced Technology Research Aircraft (ATRA) at DLR Braunschweig, Germany perform-
ing a laser 3D scan of a known dent. According to the existing Dent and Buckle chart the dent is
approximately located forward left fuselage at stringer 24-25 between frame 27-28, with parameters
length 40, width 30 and depth 0.4 mm. As shown in Figure 5, there is significant variance among
measurements and approaches, anecdotally supported by maintainers onsite. The results can be
found in Table 2.

Three scanning techniques were employed: two hand-held lasers (Artec Eva and Artec Space Spi-
der) as well as the the Leica RTC360 laser scanner. The laser scanner utilized a 3 mm grid resolution
and automated point alignment, requiring 12 scans for full aircraft coverage. The hand-held lasers
scanners are focused only on the spot of interest. For better performance foils are placed next to the
dent to enhance scanning area without losing tracking. Post-processing involved creating distance
maps and analyzing dent dimensions.
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(a) (b)

(c) (d)

Figure 4 – Interactive Hololens application for documentation of the found dent; (a) Outlining the
contour of the dent; (b) Display of calculated instances to critical structures; (c) Displaying results of

3D Scanner; (d) Photography menu
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Table 2 – Results of Damage Assessment at ATRA

Technology Measurements (N=3)
Type Length (mm) Width (mm) Depth (mm) W/D
0. Manual D&B Chart 40 30 0.4 75.00
1. Hand-held Scanner (Artec EVA) 34.33 41.33 0.4 103.33
2. Hand-held Scanner (Spider) 37 46 0.35 131.43
3. Terrestial Laser Scanner 31 20 0.15 133.33

4.3 Mixed Reality User Study Results for Damage Assessment at MRO Organization
For the validation of the visualization and human-machine interface with the mixed reality application,
an initial validation is conducted at an MRO Organization in Germany. Here multiple industrial quali-
fied aircraft maintainers are presented with the MR applications and motivated to test this on a mobile
fuselage panel of an Airbus A330-330 stringer 13-17 Frame C57-C59. Due to industrial constraints,
the number of trial participants (N=3) is limited, however due to their professional experience and
their work routine in an industrial environment, their feedback is rated as highly qualified.

First of all, the most experienced participant was instructed to inspect and measure the dent as
shown in Figure 6. Table 3 lists the results in terms of the direct comparison between the manual and
assisted damage assessment of a mobile fuselage panel and presented at the Hangar of an MRO
Organization.

Table 3 – Results of User Study: Damage Assessment

Technology Measurements Time
Length (mm) Width (mm) Depth (mm) W/D [mm:ss]

Manual 70 60 1.8 33.33 12:59
HoloLens 74 55.5 N/A N/A 3:59

In the following semi-structured interviews, the participants were encouraged to familiarize them-
selves with the application as well as describing their observation while operating with the Hololens
at the fuselage panel. The technology assessment for the MR application is detailed in [20] and [21].
Both works stress the requirements regarding the reliability and validity. Furthermore, following as-
pects are analysed : Integration into current workflow, consideration of resources (time and costs),
and as human factors and environmental aspects (e.g., wearable device or free hand interaction). In
addition, system requirements in terms of finding dents, measuring, and user-interface design (e.g.,
information input) and its visualizations are identified as requirements and described. In terms of
process improvement, localization and navigation are defined. In terms of the design of the digital
twin, connectivity is required. Significant key observations are listed in Table 4.

5. Discussion
5.1 Discussion on 3D Scan Technology
The different technologies applied here have respective advantages and disadvantages, which will
be discussed in this section and a preferred technology discussed for the CINNABAR framework. This
study trialled different approaches to the assessment of dents in both representative and actual air-
craft structures, providing a suitable basis for a qualitative comparison within the context of dent
assessments and as such have the following qualities in Table 5.

The reported solution is in the dimensions of centimeters, which matches reports like [39].The re-
quirement put by Airbus as relevant is higher by definition in millimeters. Either an improved localisa-
tion technology is required which asks for higher preparation and installation time. This is considered
unacceptable for MRO processes.

Laser scanning provided fine measurements but encountered visibility issues, failing to cover all
parts during scans. Hand-held scanning, with its foil technique, improved scanned area coverage.
However, post-processed models did not detect dents, necessitating adjustments in foil application

9
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(a) Airbus A320 D-ATRA in Hangar at DLR
Braunschweig being scanned by Laser scanner

imaging.

(b) Dent 30 mm in front of Frame 28 and 45 mm above
Stringer 23 on D-ATRA

(c) Manual dent assessment procedure (d) Analysis of point cloud scan using open source
CloudCompare 3D point cloud and mesh processing

software.

Figure 5 – Damage scanning and assessment at D-ATRA
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Table 4 – Table: Key observations of user study interviews at MRO Organizations

I. Technology Assessment

Strength

· Interactive usability with documentary such as SRM is helpful for
evaluating the damage assessment.
· Global Localisation is rated as very beneficial feature.
· Automated dent assessment is appreciated as well as link to
critical structures.

Weakness
· Low resolution of the Hololens is criticized and described
as "too coarse".

II. Process Assessment

Strength
· Crew members having access to a detailed DB (database) chart can
aid in understanding aircraft status and maintenance requirements.
· Hololens application can guide the maintainer through assessment
procedure and an extended version may enhance decision based
on history data establishing and decision making rules.

Weakness

· Existing flow chart of SRM is reported to be "fault prone"
due to its visualization and lacking additional information.
· Additional mental work load due to anticipated consequence
of a false decision.
· Complains about the cumbersome interactions with the SRM pdf files
for the different sections of the aircraft.

III. Inspection and Diagnosis

Strength

· Growing interest in automated dent localization to
streamline repair processes, allowing maintenance
crews to focus their efforts efficiently.
· Scanning algorithm could give solution to assessment of rounded
structures such as wing edges, where traditional inspection methods
may prove inadequate.
· Invisible tracing of dents, in particular for airlines that prepare
sticker-free solution.

Weaknesses

· MRO organization uses small stickers which mark detected dents.
This visual mark eases the process as it informs involved personnel
about a known existence of a dent. However, this simple
state-of-the-art technical solution may lead to a cluttered vision.

IV. Data Governance and Digital Twin

Strength
· State-of-the-art technology offers a solution for rapid dent
assessment but it fails to interconnect these to further meta-models
or other resources automatically.

Weakness

· Addressing dent repairs, there is a need for systems to accurately
track and manage damage information, ensuring that data on dents
remains in the system even after panel replacement.
· There is a noted concern about the inflexibility in data requests
at the central hub, highlighting the need for more adaptable
processes to cater to specific operational needs.
· Ensuring flexible accessibility of data across various platforms and
devices is crucial for effective decision-making and adaptable
operational efficiency.
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(a) Inspected dent and scratch on fuselage panel
close to STR 30 and Frame 24. The outline of the dent

is indicated with a dotted circle.

(b) Manual measurement of depth: The measurement
assessment takes around four times longer than an

digitized measurement by means of a Hololens, yet it
misses the depth measurement.

Figure 6 – Trial study for AR application on Airbus A330 panel section with industrial maintainers

Table 5 – Evaluation of different Scanning Technologies

1. Hand-held structured light scanner

Pros
· Portable hand-held structured light scanner (approx. half of a millimetre)
· Fast scanning at a local level

Cons
· Lacks precision for global model creation and has a small capture volume
· Requires processing to remove noise and produce suitable mesh for comparison

2. Terrestrial laser scanning

Pros
· Rapid scans (several minutes) and easy to operate (approx. half of a millimetre)
· Portable pieces of equipment
· No preparation of object needed and tolerant to minor movements

Cons
· Lower resolution (e.g., depth of damage) is difficult to capture
· No current process to characterise damage
· Captures point cloud requiring additional processing step for contour comparison

3. Fixed structured light scanner

Pros
· High resolution (approx. tenth of a millimetre)
· Reliable outputs
· supports damage characterisation (e.g., depth) based on contour reconstruction

Cons
· Labour intensive – calibration (often several times)
· Lengthy preparation (e.g., placement of marker references) and processing
· Bulky equipment, requiring ideal conditions (e.g., no movement)

4. Microsoft HoloLens 2

Pros
· Ease of use
· All-in-One System
· Hands-free

Cons
· Resolution inadequate (max. ∼10mm accuracy)
· Requires reference to aircraft for (self-) localization

and post processing parameters. Lessons learned highlighted the importance of reference structures
and careful post-processing parameter selection.

5.2 Discussion on Challenges and Potentials of CINNABAR Workflow
Digitization of processes are realised in increments. Their priority and order is open to discussion,
depending on the constraints of the technology, but similarly limiting the performance requirements

12
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of the operated technology. The discussion delves into the fusion of advanced technology and in-
vestigates the impact at a top level. Specifically, exploring the integration of interactive usability with
resources like the SRM, aiming to optimize damage assessment procedures. Additionally, examina-
tion of the role of localization tools in this context. It must be stressed that due to limited resources,
the results represent a trend. The major findings are listed in the following Potentials & Challenges
(P&C):

• P&C I - Global Localization of Dent: Accurately locating and assessing the extent of dents
or buckles is crucial. The difficulty often lies in the complex geometries and inaccessible areas
of structures. Traditional methods might not provide the necessary precision or may be too
time-consuming. Advances in sensor technologies and imaging techniques, such as ultrasonic
testing or 3D scanning, offer the potential to improve localization accuracy and speed, providing
more detailed information about the damage.

• P&C II - Documentation of Processes: Maintaining thorough documentation is essential for
compliance and quality control but can be labor-intensive and prone to human error. Digital
tools and software solutions can streamline this process, enabling automatic data capture and
storage. This not only improves efficiency but also enhances the traceability and repeatability
of inspections.

• P&C III - Mixed Reality Decision-Making Support due to Input from SRM: Decisions re-
garding whether to repair a dent or buckle depend heavily on guidelines from the SRM, which
can sometimes be ambiguous or not directly applicable to every situation. Integrating artificial
intelligence with decision-making processes can aid in interpreting SRM guidelines more effec-
tively and suggest optimal repair actions based on historical data and predictive models. A
use-case study comparing AR and electronic document-based maintenance instructions con-
sidering tasks complexity and operator competency level [40]. A systematic literature review on
operated-centred needs of AR-assisted maintenance is explored in [41].

• P&C IV - Communication Between Different Stakeholders: Effective communication be-
tween engineers, technicians, quality control, and other stakeholders is critical but often com-
plicated by differing priorities and technical languages. Collaboration platforms and project
management tools can facilitate better communication, ensuring that all parties are updated
and can access relevant data in real-time. Furthermore, the need to enable a standardized
wording over various stakeholders with different cultural and career background would enable
a smooth process.

• P&C V - Impact of Previous Repairs on Decision Making: Previous repairs can significantly
influence the decision-making process for new damages. Lack of information about past repairs
can lead to sub-optimal or unsafe decisions. Using DTs and maintaining comprehensive digital
records of all repairs could provide a complete historical context. This allows for safer and more
informed decisions based on the cumulative history of the structure.

• P&C VI - Availability of Information: Often, the necessary information for making informed
decisions is incomplete or unavailable, which can delay the inspection process and potentially
compromise safety. Implementing a centralized database for storing all relevant information
and employing advanced data analytics can ensure that necessary data is readily available and
actionable.

In summary, while the inspection of dents and buckles presents various technical and operational
challenges, leveraging modern technology and data management practices offers significant potential
to enhance the efficiency, accuracy, and safety of these processes. These advancements can lead
to better outcomes in terms of structural integrity and lifespan, ultimately contributing to cost savings
and improved operational readiness.
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6. Conclusions
A novel framework has been demonstrated for supplementing dent and buckle chart inspection pro-
cedures on aircraft by maintainers, through the development of MR-NDE process utilising rapid laser
scanning techniques and digital measurements. Furthermore, this research compares scanning tech-
niques for quality and practical use in operation. The study included a use case on a static Boeing
B737 wing section cut-out and in-service Airbus A320. Results show that the laser scanning process
can be performed within minutes assessing approximately a 5− 10m2 surface with millimeter accu-
racy for locating damage and assessing the length, width and depth consistently.
Further verification and validation of the framework was performed on an Airbus A330 section at an
industrial MRO organization, with qualified maintainers. A total of three maintainers provided end-
user feedback on the MR damage assessment framework. The maintainers approved the assistance
in documentation and time savings, however criticized the low resolution and lack of decision-making
support of the mixed reality damage assessment. The MR damage assessment showed potential to
reduce process time by a factor of four in comparison to current SRM procedures. Future research
aims towards improvement of scanning algorithm and automated dent inspections.
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