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Abstract—In large civil aircraft manufacturing a time-
consuming post-production process is the non-destructive inspec-
tion of wing panels. This work aims to address this challenge and
improve the defects’ detection by performing automated aerial
inspection using a small off-the-shelf multirotor. The UAV is
equipped with a wide field-of-view camera and an ultraviolet
torch for implementing non-invasive imaging inspection. In par-
ticular, the UAV is programmed to perform the complete mission
and stream video, in real-time, to the ground control station
where the defects’ detection algorithm is executed. The proposed
platform was mathematically modelled in MATLAB/SIMULINK
in order to assess the behaviour of the system using a path
following method during the aircraft wing inspection. The UAV
was tested in the lab where a six-meter-long wing panel was one-
side inspected. Initial results indicate that this inspection method
could reduce significantly the inspection time, cost, and workload,
whilst potentially increasing the probability of detection.

Index Terms—Non-Destructive Testing, Ultraviolet light, Auto-
mated inspection, Defects detection, UAV

I. INTRODUCTION

Over the last few years, the number of air passengers carried
worldwide has increased by 63.1% [I]l. In many forecasts,
121, is depicted that in the next twenty years the world
annual passenger and cargo air traffic is expected to have an
upward trend with an approximately annual growth rate at
4.5%. At the same time, the post-production and maintenance
Non-Destructive Inspection (NDI) or Non-Destructive Testing
(NDT) on aircraft is anticipated to be in high workload
levels. Motivated by this, global players from commercial
aircraft industry design new production lines to accelerate the
inspection process by utilising automated systems for heating,
cleaning, chemical applications, and so forth. However, some
inspection tasks are still carried out by a human operator. As a
result, this might slow down the inspection chain. A promising
solution for this challenge is the utilisation of automated
systems, as proposed in [4]], where an automated non-contact
laser ultrasonic technology has the potential to increase the
annual revenue by up to 26.3% and crack detection rates from
44% to 95% during the inspection.

Recently, Unmanned Aerial Vehicles (UAVs) have attracted
significant attention, for both military and civil applications,
due to the advancements in processing power, miniaturisation
of sensors and components that have led to an increase in the

number of areas where they can be deployed. More precisely, a
UAV could perform missions, such as search & rescue, disaster
relief, surveillance, surveying, and so forth. Several researchers
[51-[10], have proposed the use of small UAVs for monitoring
and inspection of infrastructures, such as buildings, wind tur-
bines, photovoltaic systems, power transmission lines, and gas
pipelines. More precisely, the employment of UAVs for aerial
inspection could minimise the risk of height hazard, inspection
time, and cost, since large areas under inspection are mainly
assessed, in real-time, by minimum human interventions and
without the utilisation of any special infrastructure , ,
[O1-{13].

Taking into consideration the aforementioned benefits of
the aerial inspections, this work assesses the significance of
using a UAV on accelerating and improving the aircraft’s wing
panel inspection. Although research has been carried out on
automated aerial inspection and maintenance on aircraft parts
by using UAVs, no studies have been reported. The majority
of the published papers, in this field, implement autonomous
ground vehicles or robotic arms for defects detection.
However, those autonomous systems might not be suitable for
all the applications, because ground vehicles might not inspect
high facilities, whilst robotic arms might require expensive
equipment and appropriate infrastructure.

The main purpose of the NDT is to define the airworthiness

Fig. 1. The aerial vehicle used in the proposed inspection methods.
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(a) The concept of using the onboard UV-light for flow penetrant
testing.

(b) Aerial visual inspection of the top aspect of a wing.

Fig. 2. Aerial inspection.

of a component without damaging it. In general, several NDT
methods are available, such as those mentioned in [[15]], [16]],
include techniques such as visual, borescope, liquid penetrant,
Eddy current, ultrasonic, acoustic emission, magnetic particle,
and radiographic. Among these NDT methods, this study
focuses on the visual and liquid penetrant inspection of wing
panels by performing preprogrammed missions with a small
quadrotor that is illustrated in Fig. [I] The work presented in
this paper covers the development of the complete system for
aerial wing inspection, includes the developed path following
algorithm and the defect detection algorithm, and assesses their
performance.

The paper is organised into six sections. In the follow-
ing section, the selected aerial platform and experimental
setup are presented. The third section describes the applied
path following method for the aerial wing inspection in a
simulation environment. In the fourth section, the developed
image processing method for the defects’ detection is analysed,
while the scenario of the performed non-destructive testing is
presented. Section five assesses the obtained results from the
inspection and the fidelity of the system. In the last section,
the significance of the findings is outlined, while further work
on this study is recommended.

II. HARDWARE SELECTION AND EXPERIMENTAL SETUP

In this section, the subsystems and architecture of the
experimental setup are described. The setup mainly consists
of the aerial vehicle, the Ground Control Station (GCS), and
the wing panel for inspection.

In this work, the commercially available Bebop 2 Power,
from Parrot, was chosen as the platform for performing the
aerial inspection of the wing panels. This quadrotor is 0.3 m in
diameter and weighs 0.52 kg, whilst is capable to perform mis-
sions in both indoor and outdoor environments. This version
of Bebop 2 has an upgraded battery capacity that extends the
flight time to 30 min. However, the UAV has a reduced flight
endurance of approximate 17 min, due to the extra payload of
the UV-light. The onboard platform sensors ensure accurate
positioning and control of the air vehicle. More precisely, the
UAV is equipped with an IMU, a GPS, a downward camera,
and an ultrasonic sensor for defining the attitude and position
of the vehicle. The platform is equipped with an 8 GB internal
flash memory that is sufficient for recording long-duration
videos. Furthermore, is equipped with 14-megapixel CMOS
wide-angle camera with digital image stabilisation that can
capture full high-definition at 1080p and 30fps video. It is
worth noting that the custom-made wide-angle lens and the
advanced anti-distortion system of the onboard camera allow
the UAV to perform visual inspection above or below the
wing as is presented in Fig. 2a] This module is important for
both tested inspection methods. Another critical component
of the air vehicle is the Wi-Fi module that is utilised for
receiving commands and live streaming images and video to
a mobile/tablet or in this project to the GCS.

Last but not least, Bebop 2 is compatible with other instru-
ments such as FLIR ONE Pro camera that can be used for
thermal inspection.

In order to perform the penetrant flow detection, a UV light
that fulfils the following requirements is needed:

o The wavelength range of the UV light has to be between
315nm to 400 nm with a peak at 365 £ 5nm.

o The intensity at examination surface has to be between
12Wm~2 and 50 W m~2.

o The battery has to be rechargeable.

o Have as minimum size and weight as possible.

Considering the aforementioned requirements, the UGV3 UV
LED torch, from Labino, was chosen and mounted on the pro-
posed UAV as is illustrated in Fig.[I] The UV light is 0.159 m
long, weighs 0.21 kg and provides the right illumination levels
for the inspection. More precisely, at a distance of 1 m from the
panel, the torch emits a mid-light beam with an approximate
intensity of 18 Wm™2. Using trigonometry, the diameter of
lighting can be deduced about 0.26 m.

The aerial platform connects wirelessly to the GCS for
transmitting, in real-time, video of the inspection and receiving
flight commands. The GCS is a workstation with a wireless
USB module. The primary objective of this subsystem is to
execute the algorithms in order to detect, display, classify and
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Fig. 3. Desired waypoints and trajectory used for the simulations.

log defects from the inspection. Another important objective
is to send flight commands to the aerial platform.

In this work, a wing panel was utilised to examine the
fidelity of the proposed aerial NDT methods. A 6 m long wing
panel was vertically mounted to perform the visual and flow
penetrant inspection methods, as shown in Fig. However,
an example of a complete wing, from an Airbus 320, is also
presented in Fig. 2b] in order to illustrate the applicability of
the proposed concept in horizontally installed wings.

III. PATH FOLLOWING METHOD

The proposed platform was designed and mathematically
modelled in MATLAB/SIMULINK in order to assess the
behaviour and performance of the quadrotor using a path
following method during the aircraft wing inspection.

In this study, different types of path following algorithms,
such as carrot-chasing, non-linear guidance law (NLGL), pure
pursuit and LOS-based, vector field-based, and LQR, could
be considered. However, the NLGL was chosen and examined
because is an easy-to-implement algorithm and robust against
wind disturbances [[17].

Fig. [3] presents the waypoints and trajectory that need to
be followed in the simulation of a two-sided inspection. The
total inspection time for two-side wing panel was estimated at
1200, for a total approximately flight distance of 252 m. The
velocity of the vehicle is considered constant. In the simulation
model, a wing panel with 6.5 m span, 2.33 m chord, and 0.3 m
thickness, is considered. The wing panel is assumed as a
rectangular surface for simplifying its design complexity. The
proposed inspection method is based on the full coverage of
the rectangle with UV lighting disks, as is shown in Fig. [
The UAV keeps 1m separation distance from the wing panel
(x-axis) and hence the UV lighting diameter, which expresses
the disks, is about 0.26 m. In the simulated mission, the UAV
follows waypoints that have separation distance (D) 0.26 m
along y-axis, 0.13m in z-axis, as is shown in Fig. @ An

)
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(a) Waypoints’ separation distance along y-axis and z-axis.

(b) Full coverage of the rectangle with UV lighting disks.

Fig. 4. NDT simulated inspection.

example of a wing panel that is completely covered by UV
lighting disks as is illustrated in Fig. [Ab] In this example,
the number of waypoints for one-side inspection is set at 494
waypoints.



IV. NON-DESTRUCTIVE TESTING

Currently, the time length required for the penetrant flow
detection process, when performed by one technician, varies
with respect to the surface length; from 1h to 4h. The
aerial inspection was designed and developed in order to
further reduce the cost and the time of this process. The UAV
captures high-quality video and transmits it, in real-time, to
the workstation, while simultaneously it is been saved in the
internal memory. The GCS receives the video frames and
executes the image processing algorithms to detect and classify
defects.

A. Image processing algorithm

The image processing algorithm was developed in
Python/OpenCV. In the source code, the frame passes from
different processing stages in order to give the desired out-
come. An example of the image processing sequence is given
in Fig. 5] where the implemented image processing algorithm
output is shown. More specifically, Fig. [5d| illustrates the
captured image under UV light. Next, Fig. [5b| presents the
gamma corrected image, where only the defects are high-
lighted. Additional filters were also applied to reduce the noise
and other false positives in the image. The Canny edge detector
follows in the script and prepares the image with the detected
defects for classification. Following that, the developed code
estimates the relative size and metric position of the defects on
the image, as is illustrated in the Fig.[5c] It is worth mentioning
that, at the end of the mission, the number of the detected
defects are calculated and displayed. In the example of Fig. [5}
the algorithm detected 114 defects with size from 2.54 mm to
12.7 mm.

B. Inspection Scenario

Another function of the workstation is to define the mission
plan of the aerial platform according to the object dimensions
and NDT method. The experimental inspection follows a
similar procedure to the simulated with the difference that no
path following method is applied. In addition, the mission used
as a test case here is of one-side inspection of the six-meter
long wing panel. This scenario contains 18 waypoints with 1 m
separation distance, in y-axis and 0.5 m in z-axis, as illustrated
in Fig. [0l The UAV starts its mission with an autonomous
take-off (green arrow) and ends in the last waypoint with an
autonomous landing (blue arrow). The overall mission lasts
118, where at each waypoint the UAV hovers for 6s.

For the inspection, the workstation sends a predefined
position coordinates to the UAV. In the visual inspection, the
vehicle follows the mission scenario by using the downward
camera and the ultrasonic sensor. In the flow penetrant inspec-
tion, an external positioning system such as VICON system or
a Real-Time Location System (RTLS) is required to support
the guidance law of the UAV since the dark environment does
not allow the optic flow algorithm to work properly. In this
experiment, the penetrant was applied only in the area marked
by the green rectangular as shown in Fig. [6]

(a) Raw captured image.

(b) Filtered image.

(c) Size and position of detected defects on image.

Fig. 5. Sequence of image processing method.

V. RESULTS AND DISCUSSION

Simulation results indicate that the NLGL provides satis-
factory performance. More precisely, the complete inspection
of a whole panel, using NLGL, lasted 1260 s that corresponds
to less than 5% discrepancy from the estimated.

The results of the actual aerial inspections indicated that the
UAV can carry out successfully both visual and flow penetrant
inspections. In visual inspection, the aerial vehicle was robust
and stable using the optic flow algorithm. The UAV could
land with an uncertainty up to +0.15m, in x-axis and y-
axis, from the defined landing point. It was observed that



Fig. 6. Automated aerial wing inspection using 18 waypoints.

the ambient light of the inspection room significantly affected
the performance of the optic flow algorithm and hence the
vehicle’s behaviour and performance.

The GCS was able to receive, display, process and log
the streamed video from the UAV. However, it was noticed
that few frames were lost during the transmission. A possible
explanation for this might be the chosen video settings, such
as the video codec and quality. Another possible explanation
might be the computational load of the workstation since it has
to read, process, display, and save videos (raw and processed)
in parallel. However, for the highest fidelity and robustness,
a post-processing inspection is recommended using the same
algorithm with the video file that is saved in vehicle’s memory.

Consequently, the automated inspection method proposed in
this study permits the operator to focus on the results of raw
and processed videos, without concerning with flight skills,
training, regulations, and safety. It is worth mentioning that
the operator with a press of the button could start the mission
or terminate it by performing an autonomous landing. The
implemented NDT method is designed to be GPS-independent
and perform indoor inspection based-on onboard sensors.

VI. CONCLUSIONS

This study contributes to reducing the risk, time, and cost
of the NDT by performing an automated aerial inspection.
This research shows that the integration of a commercially
available UAV equipped with a UV torch provides an easy-
to-implement and robust method for visual and flow penetrant
inspection. Simulation tests, in which the NLGL is applied on
the modelled UAYV, confirm reasonable tracking performance
for the aerial wing inspection. Furthermore, experimental re-
sults show that the proposed components and architecture can
offer additional capabilities to the operator such as automated
record-keeping. Moreover, the results of this investigation
reveal that the performance of the proposed image processing
method can successfully detect defects even in a size of
2.54 mm. Although the designed system is for real-time image
processing, findings identify that a post-processing can provide
more reliable results but with an approximate time penalty of
2 min.

In the future, the fidelity and performance of the image
processing algorithm would be further evaluated and validated
by a qualified NDT inspector. In this manner, the probability
of detection could be accurately determined. Additional work
needs to be done on the computer vision algorithm in the
area of the automatic defects classification based on their
type, size, and significance. Moreover, the development of a
graphic user interface, which would display a 3-D model of
the inspected object with all detected defects projected on it, is
scheduled for future work. More path following methods will
be studied for determining the most appropriate guidance law
for aerial inspection. Further experimental aerial inspections
will be carried out including the studied path following method
to validate the behaviour and performance of the simulation
model.
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