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Abstract - Aircraft engine nacelles serve
as essential structural elements that endure
which
include vibration and thermal stress and

severe operational conditions
aerodynamic loads which result in crack
development  throughout time. The
identification of these defects at an early
stage proves vital for maintaining the safety
and dependability of aircraft operations.
The digital twin-based crack detection
system developed in this study establishes a
framework for evaluating crack severity
through the application of image processing
and artificial intelligence methods. The
proposed system uses image preprocessing
techniques that begin with grayscale
conversion and Gaussian filtering before
using Canny edge detection to find crack
boundaries. The system employs an asset-
based damage assessment method that
calculates damage severity through pixel
analysis which displays the findings in both
graphical form and an interactive
dashboard. The nacelle 3D digital twin
model was created using Autodesk Fusion
360 to replicate actual structural conditions.
The system provides automatic inspection
capability while decreasing the need for
human work and enabling organizations to
implement predictive maintenance
procedures. The results allow for successful

crack detection which displays distinct
crack progression

that demonstrate how

patterns
computer  vision
technology and digital twin systems work
together to improve aviation structural

health monitoring systems.

Key words: Engine nacelle, crack detection,
digital twin, image processing, OpenCYV,

YOLO, structural health monitoring,
severity analysis
1.INTRODUCTION

Aircraft structures endure extreme
operational requirements which include
repeated load cycles and high-frequency
vibrations and extreme temperature
changes. The combination of these factors
leads to structural deterioration which
produces defects that include fatigue cracks
and corrosion and material degradation.
The engine nacelle serves three essential
functions in aircraft design by protecting
the engine and enhancing aerodynamic
efficiency and supporting
The nacelles
experience high risk from thermal and
mechanical stress because they endure both

critical aircraft systems.

types of stress throughout their operational
life. The traditional inspection process
which
inspection

requires two methods involve

manual visual and non-
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destructive testing (NDT) but those necessity to create a digital twin-based
methods take a long time to complete and crack detection system.
require specialized skills. The methods are

: o . 3.LITERATURE REVIEW
not capable of identifying cracks in
their initial stages because they do not I. Digital Twin Technology in Aerospace
provide continuous monitoring. Digital Systems — Michael Grieves (2014)

twin systems and computer vision _ o _
The study establishes digital twin

techniques have developed into valuable .
technology for aerospace through its

tools for automated structural health . ' '
monitoring because of the advancements creation of virtual aircraft system models
brought by Industry 4.0 technologies. The

project proposes an integrated system

which operate with actual sensor data from
operational aircraft systems. The system
dual monitoring and simulation process

which uses image processing and Al-based
enables performance assessment through

detection and digital

twin modelling to identify cracks direct measurement of  operational

performance against established

and determine their severity and show the
benchmarks. The study demonstrates that

current state of the structure. The system o _
digital twin technology enables

will improve inspection operations by o _ )
organizations to identify faults before they

minimizing errors made by people and

helping aviation companies implement occur while decreasing their operational

dangers and enhancing their maintenance

predictive maintenance. . _ -
operations which leads to predictive

2.PROBLEM DESCRIPTION maintenance research development.
Aircraft engine nacelles experience II. Digital Twin for Aircraft Structural
ongoing  stress and  environmental Health Monitoring — David J. Ewins
conditions which result in their components (2016)

developing cracks over time. The cracks . . . .
ping The research investigates digital twin

become dangerous because they spread ) . .
implementation for aircraft structural

until they cause complete structural failure.

) ) monitoring by uniting real-time sensor data
The current inspection methods depend on oY g

that includes vibration and stress and

human workers to conduct scheduled
temperature measurements. The

inspections which only reveal defects after ..

. study demonstrates that digital

extensive damage has taken place. The . o .

. twins maintain continuous

current methods lack the ability

to monitor situations in real time and to structural monitoring which enables them

forecast future events. to discover initial damage indicators that
include cracks and deformation. The

An automatic intelligent system )
& Y method enables maintenance  staff

is required to identify cracks durin ) ) i
q Y 8 to operate without manual inspections

their initial development stage and to assess ) . .
while achieving better maintenance

the level of damages while delivering ..
) .. productivity and workplace safety.
ongoing supervision. The current lack of

integrated systems demonstrates the
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III. Machine Learning for Predictive
Maintenance in Aerospace — Jay Lee
(2018)

The research investigates how machine
learning algorithms can process operational
data to discover patterns which lead to
equipment failure. Predictive models use
vibration and temperature data to create
that identify potential
they happen.
findings demonstrate how

failures
The
aerospace
practices better
reliability and shorter downtime while they

forecasts
before

maintenance achieve
use more efficient maintenance scheduling
methods which makes the research
aerospace

important ~ for  practical

operations.

IV. Deep Learning for Crack Detection in
Structures — Yoshua Bengio (2017)

The research proves that Convolutional
(CNNs) can
successfully identify cracks which exist in
The model
to identify defects through training on
extensive datasets that simulate different

Neural Networks

structural images. learns

operational scenarios. The study shows that
deep learning technologies
detection performance while decreasing

improve

inspection duration which marks a
significant progress in automated structural
assessment systems.

V. Predictive Digital Twins Using
Probabilistic ~ Graphical Models -
Michael Kapteyn et al. (2020)

The research study shows that digital twin
technology  achieves  better  failure
prediction results through its combination
with

probabilistic modeling methods.

Bayesian

The
system combines real-time sensor data with
mathematical modeling techniques which

allows for improved uncertainty evaluation
and system behavior prediction
capabilities. The research demonstrates its
ability to help develop

predictive maintenance

sophisticated
systems
demanding
that

which operate within
engineering environments

include aircraft engines.
4.PROPOSED SYSTEM

The developed system functions as a smart
system which detects and tracks cracks
in aircraft engine nacelle systems through
its monitoring capabilities. The system
consists of three main components: image
processing module, severity analysis
module, and digital twin visualization.

OpenCV techniques are used to process the
captured images which show the nacelle.
The system identifies cracks through edge
detection algorithms
while determining their severity based on
pixel density measurements. The results are
stored and visualized through graphs which
display the progression of cracks over time.
A dashboard is developed using Gradio to
enable user interaction and real-
time monitoring. The design team creates a
3D digital twin model of the nacelle
through Autodesk Fusion 360 which
enables visualization of its structural
conditions and simulation of crack growth.

Advantages of the Proposed System
1. Early Crack Detection

The system uses image processing to
identify cracks during their initial phase
which assists in preventing significant
aircraft component structural failures.

2. Reduced Manual Effort
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The system performs inspections through
automation which decreases the need for
while also

human visual evaluations

minimizing errors caused by user fatigue.
3. Faster Inspection Process

The system can process images at a higher
speed than traditional methods which
allows for immediate operational decisions.

4. Quantitative Severity Analysis

The system delivers severity measurements

in percentage form which enhances
maintenance decision accuracy through

objective assessment.
5. Crack Progression Monitoring

The graph-based visualization method
allows users to monitor crack development
during different inspection processes.

6. Real-Time Visualization (Dashboard)

The interactive dashboard system provides
users with immediate access to results
which enhances their ability to monitor and
access information.

7. Cost-Effective Solution

The system decreases the requirement for
costly Non-Destructive Testing (NDT)
tools and the necessity of conducting
manual inspections.

8. Supports Predictive Maintenance

The system tracks crack growth patterns
which enable maintenance work to be done
before equipment breakdown happens.

9. Integration with Digital Twin Concept

The system delivers a virtual nacelle model
which helps users understand and simulate
the nacelle's structural performance.

10. Scalable and Extendable

The system allows for extension to
additional aircraft parts which includes
wings and fuselage while supporting

advanced Al system connections.
11. Consistent and Reliable Results

The system uses algorithms for detection
which produce consistent results through
multiple inspection rounds.

12. Easy Implementation

The system wuses commonly available
technologies which include Python and
OpenCV and Gradio to achieve easy
deployment and replication.

5.METHODOLOGY

The procedure begins when researchers
obtain images and then process the images
through grayscale conversion and Gaussian
blur methods to achieve better image
quality. The Canny edge detection method
detects crack boundaries by detecting sharp
intensity gradients which define the crack
path.

The severity
researchers to measure the proportion of
cracked pixels against the overall pixel

analysis  of requires

count which produces an objective
assessment of damage. The system stores
its results in a dataset which users can
explore through graphical representations

that display crack development.

The system incorporates YOLO to perform
object detection and create visual displays
while Gradio enables the development of an
interactive dashboard which users can use
to monitor system activities.
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Figure 1: workflow

6. SYSTEM ARCHITECTURE

The proposed system architecture is
designed as a multi-stage pipeline that
performs automated crack detection,
analysis, and visualization for aircraft
engine nacelles. The system operates
through interconnected stages which work
together to achieve its complete system
functionality.

The system starts with image input which
requires multiple nacelle images for
different inspection stages to be collected
and uploaded into the system. The analysis
process uses these images as the main data
source.

The next stage is image preprocessing,
where the input images are enhanced to
improve detection accuracy. The process
involves two main steps which include
converting images into grayscale format for
lower processing requirements and using
Gaussian blur to eliminate both noise and
undesired image changes. The steps ensure
that only essential elements are shown
which include crack defects.

The Canny edge detection algorithm serves
as the crack detection method which the
system uses after the preprocessing stage.
The method detects crack boundaries by
locating areas in the image which show
abrupt changes in brightness levels. The
detected edges represent potential crack
regions on the nacelle surface.

The system begins its process of
determining crack severity after it detects
cracks in the material. The system measures
crack severity by calculating the crack pixel
ratio which requires two values: the number
of crack pixels which includes edge pixels
and the complete pixel count of the image.
The resulting percentage provides a
quantitative measure of damage severity,
which is further classified into categories
such as low, moderate, and high damage.

SYST[M ARCHITECTURE

Mlﬁﬂ--

Figure 2: System architecture

The data storage module holds the
calculated results, which are stored in
structured datasets that usually appear as
CSV files. This allows easy retrieval,
comparison, and further analysis of
inspection data.

The system generates graphs which display
various image severity values to show how
cracks develop throughout different
inspection times and stages. This method
enables researchers to study crack
development patterns while they evaluate
future danger levels.

The system operates through a dashboard
visualization module which Gradio and
Power BI use as its development tools. The
dashboard provides an interactive interface
where users can upload images, view
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detection outputs, analyze severity levels,
and monitor crack progression in real time.

The system combines three components
which include image processing and data
analysis together with visualization to
create a single framework that allows users
to monitor structural health of aircraft
nacelles with both high efficiency and
precise results.

7.WORKING PRINCIPLES

The system operates through its use of
image processing together with edge
detection techniques. The nacelle surface
cracks produce abrupt pixel intensity shifts
which become visible after the image
undergoes grayscale conversion. Gaussian
blur functions as a noise reduction tool that
measurement precision. The
Canny edge detection algorithm uses high

enhances

intensity gradient detection to find crack
boundaries. The system calculates severity
by measuring the crack edge pixel ratio
against total pixel count because higher
edge density results in more extensive
damage. The results undergo classification
and visualization processes which enable
complete monitoring and maintenance
decision support.

WORKING FLOW
e The system receives multiple
nacelle images which the user
uploads.

e The system processes each image
by converting it into grayscale
format.

e (Gaussian blur helps reduce noise
which results in better detection
accuracy.

e The Canny edge detection
algorithm detects crack boundaries

through its implementation.

e The system determines crack
severity by assessing the quantity of
edge pixels.

e The system classifies damage

severity into three categories, which
include low, moderate, and high
damage levels.

e The results get preserved in a
dataset, which researchers will use
for their analyses.

e The inspection stages generate a
graph which shows how cracks
develop over time.

e The dashboard shows processed
images  together  with  their
corresponding severity values and
damage classification results.
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8. FLOW CHART 9.RESULT AND DISCUSSION
The system evaluation used images that
RGITAL TWIN BASED ARCRAFY NACELLE displayed crack progression stages which
Oerall System Working flow started from a hairline crack and reached
m full structural damage. The image
fA e processing pipeline results display a pattern
& i':‘::'.’f‘:::"' of increasing severity values which
e a— progresses through each testing stage. The
4 e system  successfully monitors  crack
0 ‘i':'_"‘.f:‘:.‘f'“ development through its complete growth
(ofl ‘_.:.:'.“.‘v‘.,.._...,u process.

& ;W;":f:" = The graphical analysis of severity (%)

- = = versus inspection stage shows a non-linear

= t“t:' trend that displays slow severity increase
W lj_;f;'-zm during early phases which becomes steeper
) ¢ ot s as the crack develops. This behavior
e matches crack propagation patterns which
e s display slow growth during the first stages
a"“ before reaching fast development through

repeated stress exposure. The identified
patterns serve as essential elements for both
failure forecasting and maintenance

scheduling.
z : x:_,.—-" - Dwrvage Lavsl
f ’ ol ¢-m (i GRAPH 1: Crack detection
? prps 7_""‘_(-" 1ea%  MODERATE
4 R === s an
S e p— Vg P— Vme 1
il TR T m Image Name Severity (%) Damage Level
GEAPH 1 CRACK ANALYSIS IMG_01.jpg 2.35 ——
IMG_02.jpg 7.81 Minor
IMG_03.jpg 15.62
IMG_04.jpg 24.17
IMG_05.jpg 38.91 Severe
IMG_06.jpg 55.34 Severe
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Crack Pragression in Aircraft Nacelle
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GRAPH 2: Crack inspection

The system shows excellent ability to

identify surface cracks through its
implementation of edge detection methods.
The extracted edges effectively display
crack boundaries which enable accurate
detection of damaged areas. The pixel
density-based severity calculation presents
a straightforward quantitative method that
enables comparison between various

inspection stages.

The system needs assessment of several
performance factors which create essential
The edge
detection system experiences accuracy

operational  requirements.
problems because various conditions exist
due to different image quality and lighting
conditions and background noise. The
system detects edges incorrectly because it
identifies non-crack elements such as
shadows and surface textures which results
in identification errors. The current method
identifies only cracks which are visible on
the surface while it fails to detect all
underground structural damage.

The system operates successfully as an
automated inspection and monitoring
solution because it combines -effective
performance with reduced need for human
intervention. Users can track real-time
crack progression through the system's two

visual tools which include graph-based
visualization and dashboard interfaces. The
research results show that researchers can
implement image processing together with
digital twin technology to monitor
structural health in aviation applications.

10.CONCLUSION AND
SCOPE

FUTURE

The project successfully demonstrates an
automated crack detection and monitoring
system for aircraft engine nacelles using
image processing and digital twin concepts.
The system detects surface cracks through
its pixel-based analysis method which
measures crack severity and displays crack
development through its graphical and
dashboard presentation system. The results
demonstrate that crack growth stages
correspond to different severity levels
which confirms that the method works

The
operations

effectively. system  improves

inspection by delivering
dependable inspection results which help
maintenance teams make better decisions
while decreasing their need for manual
inspections. The proposed solution
increases aviation safety and reliability
while advancing the development of smart

structural health monitoring systems.

The system requires future development
through the integration of advanced Al
models which trained specifically for crack
detection because this technology will
enhance system performance through its
detection capabilities. The
inclusion of real-time sensors and IoT-
based data enable
continuous monitoring instead of periodic
inspection. The system will gain real-world

accurate
acquisition  can
applicability through its extension which

enables users to perform 3D crack analysis
and subsurface defect detection. The
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development of a cloud-based platform can
allow remote monitoring of multiple
aircraft, and the approach can be expanded
to other structural components such as
wings and fuselage. The system will
become a complete predictive maintenance
solution which organizations can use

through these advancements.
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